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Executive Summary

This report presents the results and performance evaluation of the Stage A enhanced
attenuation (EA) remedy implemented during November 2015 to sequester residual
uranium that presents a continuing source of contamination to groundwater in the
300-FF-5 Operable Unit in the 300 Area of the Hanford Site. Past contaminant releases at
waste disposal sites in the 300 Area Industrial Complex resulted in persistent uranium

contamination within the underlying soil and groundwater.

Cleanup of the 300 Area is being accomplished under the Comprehensive Environmental
Response, Compensation, and Liability Act of 19801 in accordance with the 300 Area
Record of Decision (ROD).2 Uranium is identified as a contaminant of concern in both
soil and groundwater. Part of the selected remedy for uranium contamination in the

300 Area is EA of uranium using polyphosphate solutions to sequester the uranium and
reduce its mobility in the vadose zone, periodically rewetted zone (PRZ), and top of the

aquifer.

Enhanced attenuation of uranium is being implemented at a 1.2 ha (3 ac) area of high
residual uranium contamination in the 300 Area Industrial Complex in accordance with
the 300 Area ROD. Uranium sequestration will occur in two sequential stages (Stage A
and Stage B), as described in the remedial design report/remedial action work plan

addendum.3

Stage A was implemented from November 6 through 18, 2015 within an area of
approximately 0.3 ha (0.75 ac). Polyphosphate solutions were applied to the vadose zone
using a near-surface drip infiltration system, to the PRZ using subsurface injection, and to
the top of aquifer using deeper subsurface injection. Soil samples were collected before
and after treatment from three pairs of collocated boreholes to compare uranium
concentrations and uranium leaching characteristics before and after the application of

polyphosphate solutions. Groundwater samples and water levels were collected before,

1 Comprehensive Environmental Response, Compensation, and Liability Act of 1980, 42 USC 9601, et seq.,

Pub. L. 107-377, December 31, 2002. Available at: http://epw.senate.gov/cercla.pdf.

2 EpA and DOE, 2013, Hanford Site 300 Area Record of Decision for 300-FF-2 and 300-FF-5, and Record of Decision
Amendment for 300-FF-1, U.S. Environmental Protection Agency and U.S. Department of Energy, Richland,
Washington, Richland, Washington. Available at: http:/pdw.hanford.gov/arpir/index.cfm/viewDoc?accession=0087180.
3 DOE/RL-2014-13-ADD2, 2015, Remedial Design Report/Remedial Action Work Plan Addendum for the 300 Area
Groundwater, Rev. 0, U.S. Department of Energy, Richland Operations Office, Richland, Washington. Available at:
http://pdw.hanford.gov/arpir/index.cfm/viewDoc?accession=0081151H.
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during, and after application of polyphosphate solutions to evaluate the effectiveness of
the treatment. Electrical resistivity tomography (ERT) was used to monitor the migration

of polyphosphate solutions applied using infiltration.

The Stage A treatment performance was evaluated in accordance with the sampling and

analysis plan,* based on the following aspects of the treatment:
e Monitoring of dissolved uranium concentrations in downgradient groundwater wells

e Post-treatment assessment of phosphate delivery and distribution within the

subsurface
e Monitoring of groundwater to detect mobilization of uranium to groundwater
e Fate and transport modeling to predict downgradient uranium concentrations
e Assessment of the effect of polyphosphate solutions on aquifer properties

The data collected during and following the treatment indicate using injection wells to
deliver high phosphate concentrations to the PRZ and to the top of aquifer was
successful. The PRZ is the principal target zone of the remedy because it is deemed to be
the primary contributor of uranium mass to the aquifer. Both the PRZ and aquifer
injections were able to deliver high phosphate concentrations to the target depths
containing residual uranium. The concentrations of phosphate in the groundwater
continued to remain high following treatment, indicating further that delivery of

phosphate was achieved within the PRZ and the aquifer.

The delivery of phosphate using infiltration to the lower vadose zone and PRZ was
uneven because of the subsurface media heterogeneities that led to variable vertical flow
velocities along the infiltrated depth. Due to varying travel times, the chemical reactions
between infiltrating solutions and the soil column resulted in non-uniform precipitation of
phosphate within the vadose zone, with some phosphate precipitating within shallow

portions of the vadose zone above the target depth.

The column leach testing of soil samples collected from the PRZ, where high phosphate

concentrations were delivered using injection, indicates residual uranium in the

4 DOE/RL-2014-42, 2015, 300-FF-5 Operable Unit Remedy Implementation Sampling and Analysis Plan, Rev. 0,
U.S. Department of Energy, Richland Operations Office, Richland, Washington. Available at:
http://pdw.hanford.gov/arpir/index.cfm/viewDoc?accession=0079669H.
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post-treatment samples is less leachable than uranium in the pre-treatment samples.
Results of the sequential extraction tests indicate the chemical interactions from addition
of polyphosphate solutions to the vadose zone, PRZ, and aquifer led to some initial
mobilization followed by reprecipitation of uranium. The chemical interactions have
resulted in conditions favorable for formation of the amorphous calcium-phosphate
phases that result in sequestration of uranium. A conceptual model of the chemical
interactions resulting from polyphosphate solution application was developed based on
the laboratory analyses and field observations. However, detailed laboratory testing has
not been conducted to confirm the conceptual model or to evaluate potential secondary

effects of adding high-concentration polyphosphate solutions to the 300 Area sediments.

Groundwater samples collected from the two closest wells downgradient of the Stage A
area during the 6 months following the treatment show a significant decline in dissolved
uranium concentrations, and concentrations have remained below the cleanup level

(30 pg/L). Longer term groundwater monitoring is needed to confirm these trends.

A three-dimensional numerical model was used to simulate fate and transport of uranium
in the vadose zone and unconfined aquifer in order to evaluate the effectiveness of the
Stage A remedy. The modeling results predict reductions in groundwater uranium
concentrations downgradient of the Stage A EA area in the near future and in the longer
term as a result of the Stage A remedy. The model predicts that for the first year, due to
treatment, the extent of the groundwater uranium plume will be considerably reduced in
the Stage A area and will remain reduced, compared to the prediction for the no action
case. The longer term simulated concentrations for the two closest downgradient wells
that showed sharp declines in uranium concentrations following Stage A treatment
indicate a gradual concentration increase but remain below the concentrations predicted
for the no action case. The gradual rise reflects the combined effect of slow continued
desorption of uranium into the aquifer from the Stage A area and contribution to the
aquifer from areas outside of the Stage A area. The longer term predictive cases assume
the post-treatment model parameters remain unchanged over the simulated time period.
Due to these assumptions, the uncertainty in these longer term estimates is high and
needs to be considered when making decisions.

Aquifer properties were evaluated to assess whether aquifer permeability was reduced
due to the precipitation of phosphate minerals following infiltration and injection of

polyphosphate solutions. Field testing methods, such as slug tests, were not conducted
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using the Stage A injection and monitoring wells. Instead, the effect of the polyphosphate
applications was assessed by comparing aquifer hydraulic properties in the vicinity of the
Stage A area before and after treatment. The evaluation indicated the polyphosphate

injections and infiltration did not alter the hydraulic conductivity of the aquifer.

Based on the results of Stage A uranium sequestration, Stage B uranium sequestration
operations will follow the same general design approach as used during Stage A
treatment, with refinements made on how the polyphosphate solutions are delivered to
the treatment zone. The 0.9 ha (2.25 ac) Stage B treatment area will consist of two depth
intervals where polyphosphate solutions are injected into the lower vadose zone and PRZ.
Polyphosphate solutions will be delivered to the lower vadose zone and PRZ through a
network of up to 48 injection wells, each screened in the lower vadose zone and the PRZ.
Up to 24 monitoring wells, an ERT network, pre-treatment and post-treatment soil
sampling, and downgradient groundwater sampling are planned for evaluation of the

Stage B treatment performance.

Vi
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1 Introduction

This report presents the results and performance evaluation of the Stage A enhanced attenuation (EA)
remedy implemented during November 2015 to sequester residual uranium that provides a continuing
source of contamination to groundwater in the 300-FF-5 Operable Unit (OU) in the 300 Area of the
Hanford Site.

The 300 Area encompasses approximately 105 km? (40 mi?) adjacent to the Columbia River in the
southern portion of the Hanford Site (Figure 1-1). The 300 Area includes a smaller operations area, called
the 300 Area Industrial Complex, comprising several facilities and waste disposal sites that supported
uranium fuel production and research and development activities. Past contaminant releases at waste
disposal sites in the 300 Area Industrial Complex resulted in persistent uranium contamination within the
underlying soil and groundwater.

Completion of the soil and groundwater cleanup is being accomplished under the Comprehensive
Environmental Response, Compensation, and Liability Act of 1980 (CERCLA) in accordance with

EPA and DOE, 2013, Hanford Site 300 Area Record of Decision for 300-FF-2 and 300-FF-5, and Record
of Decision Amendment for 300-FF-1, hereinafter called the 300 Area Record of Decision (ROD).
Uranium is identified as a contaminant of concern in both soil and groundwater. Part of the selected
remedy for uranium contamination in the 300 Area Industrial Complex is EA of uranium using
polyphosphate solutions to sequester the uranium and reduce the mass of mobile uranium migrating into
the groundwater. The polyphosphate solutions interact with the sediment to form calcium-phosphate
minerals that can bind residual uranium, thereby sequestering the uranium in situ.

Enhanced attenuation of uranium is being implemented at a 1.2 ha (3 ac) area of high residual uranium
contamination in the 300 Area Industrial Complex in accordance with the 300 Area ROD (EPA and DOE,
2013). Uranium sequestration will occur in two sequential stages (Stage A and Stage B), as described in
DOE/RL-2014-13-ADD2, Remedial Design Report/Remedial Action Work Plan Addendum for the

300 Area Groundwater.

Stage A was implemented from November 6 through 18, 2015, by infiltrating and injecting
polyphosphate solutions at high concentrations into the vadose zone, periodically rewetted zone (PRZ),
and top of the unconfined aquifer within an area of approximately 0.3 ha (0.75 ac) (Figure 1-2).

The Stage A treatment performance is evaluated in this report in accordance with Appendix B of
DOE/RL-2014-42, 300-FF-5 Operable Unit Remedy Implementation Sampling and Analysis Plan
(hereinafter called the sampling and analysis plan [SAP]). The evaluation focuses on the following
aspects of the treatment: (1) the change in uranium concentrations in groundwater downgradient from the
Stage A area; (2) the delivery and distribution of phosphate to the lower vadose zone, PRZ, and top of the
aquifer; (3) the mobilization of uranium to groundwater; (4) fate and transport modeling to predict the
uranium concentrations in groundwater downgradient of the Stage A area; and (5) effect of the
polyphosphate solutions on aquifer properties due to precipitation of phosphate minerals.

This report also identifies refinements needed for implementation of Stage B, based on the evaluation of
the Stage A treatment performance. Stage B uranium sequestration will be performed in an adjacent area
of approximately 0.9 ha (2.25 ac).

1-1
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Figure 1-1. Map of the Hanford Site, 300 Area, and 300 Area Industrial Complex
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1.1 Purpose

The purpose of this report is to present the results and evaluate the performance of the Stage A uranium
sequestration treatment. This report discusses the operational approach used for the Stage A
polyphosphate applications and provides the operational and characterization data and observations
collected before, during, and after the Stage A treatment.

Information on the final design and installation of the Stage A uranium sequestration system is
documented in SGW-59455, 300-FF-5 Operable Unit Stage A Uranium Sequestration System Installation
Report. Site layout plans and equipment design sheets are contained in ECR-15-000692, 300 Area
Chemical Injection System (Attachment A of SGW-59455).

1.2 Site Description

The 300 Area is located adjacent to the Columbia River in the southern portion of the Hanford Site
(Figure 1-1). This section of the Columbia River is within the Hanford Reach, a nontidal, free flowing
section of the Columbia River in Washington State. The Hanford Reach extends from the Priest Rapids
Dam downstream to the slack water of Lake Wallula, which was created by McNary Dam.

1.2.1 Background

Operations in the 300 Area began in 1943. The 300 Area Industrial Complex included the buildings and
facilities where the majority of uranium fuel production and research and development activities took
place. Large volumes of liquid waste containing uranium were discharged to the soil column through
waste disposal sites in the 300 Area Industrial Complex. Two former liquid waste disposal sites are
located close to the Stage A EA area (Figure 1-2). The primary waste stream disposed to these two waste
sites was process waste from nuclear fuel fabrication as described below.

e The 300 Area North Process Pond (Waste Site 316-2) was located to the northeast of the Stage A
EA area. This waste site consisted of several separate sections separated by dikes. From 1948 to 1974,
this site was used to dispose of cooling water and low-level liquid waste from the 300 Area fuel
fabrication facilities. Lack of infiltration was a problem for the pond because it accumulated sludge
containing large amounts of uranium and copper. The bottom of the pond was periodically dredged,
and the sludge was deposited on the dikes. The site was remediated from May 1998 through
January 1999 by excavating contaminated soil to a maximum depth of 7.5 m (25 ft) and backfilling
the excavation.

e The 300 Area Process Trenches (Waste Site 316-5) were located north of the Stage A EA area.
This site consisted of two trenches, each 468 m (1,535 ft) long, operated alternately. From 1975 to
1994, the trenches were used to dispose of cooling water and low-level liquid waste from the
300 Area fuel fabrication facilities. In 1991, the site was partially remediated through an expedited
response action, which removed 0.3 to 0.9 m (1 to 3 ft) of contaminated soil and sludge from the
bottom and sides of the trenches, respectively. The contaminated soil and sludge were stockpiled at
the north end of the trenches. Final remediation, under CERCLA, was conducted from July 1997
through February 1998 by excavating contaminated soil to a maximum depth of about 5.5 m (18 ft)
and backfilling the excavation.
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Solid waste was disposed in burial grounds and shallow landfills from 1943 through the 1950s.
Two former solid waste burial grounds are located near the Stage A EA area (Figure 1-2).

e The Solid Waste Burial Ground No. 2 (Waste Site 618-2) and Dry Waste Burial Ground No. 3
(Waste Site 618-3) were located to the southwest of the Stage A EA area. From 1951 through 1955,
these waste sites were used to dispose of uranium-contaminated solid waste, including contaminated
equipment and contaminated metal wastes, from 300 Area Industrial Complex facilities. Solid Waste
Burial Ground No. 2 was remediated from August 1996 through November 2004 by excavating
contaminated material to a depth of approximately 6 m (19.7 ft) and backfilling. One location was
excavated to groundwater (between 11.5 and 15 m [37.7 and 49.2 ft] bgs). Dry Waste Burial Ground
No. 3 was remediated from September 2004 through October 2004 by excavating contaminated
material to a depth of approximately 5 m (16 ft).

Contaminant releases at waste sites resulted in uranium contamination in groundwater that exceeds the
30 pg/L cleanup level in the 300 Area ROD (EPA and DOE, 2013). In 2015, the area of the uranium
plume in the 300 Area Industrial Complex was approximately 0.34 km? (0.13 mi2) (DOE/RL-2016-09,
Hanford Site Groundwater Monitoring Report for 2015).

1.2.2  Physical Setting

The following sections provide a summary of the site geology and hydrogeology for the 300 Area
Industrial Complex and Stage A EA area. Detailed information on the geology and hydrogeology of the
300 Area is presented in Chapters 3 and 4 of the 300 Area remedial investigation (RI)/feasibility study
(FS) report (DOE/RL-2010-99, Remedial Investigation/Feasibility Study for the 300-FF-1, 300-FF-2, and
300-FF-5 Operable Units). Detailed information on the geology and hydrogeology of the Stage A area is
presented in the borehole summary report for the Stage A injection and monitoring wells installed in 2015
and 2016 (Chapter 3 of SGW-59465, Borehole Summary Report for the Installation of Nine Injection
Wells, Twenty-One Monitoring Wells, and Three Boreholes in the 300-FF-5 Operable Unit).

1.2.2.1 Geology

The ground surface in the 300 Area Industrial Complex is relatively flat, except for the steep embankment
that slopes to the Columbia River. The surface elevation for the 300 Area Industrial Complex is
approximately 115 m (377 ft) (Section 3.1 of DOE/RL-2010-99).

The stratigraphic units that underlie the 300 Area Industrial Complex, from youngest to oldest, are the
eolian surficial deposits, Hanford formation, and Ringold Formation. These sediments overlie the
Columbia River Basalt Group (Figure 1-3):

o Eolian deposits (Holocene age): The most recently deposited sediment is a discontinuous veneer
containing eolian (windblown) sand and/or sand and gravel backfill deposited within waste sites that
were excavated during remediation. These deposits generally overlie the 300 Area Industrial
Complex, with a typical thickness of approximately 1 to 6 m (3.3 to 19.7 ft).

e Hanford formation (Pleistocene age): The Hanford formation cataclysmic flood deposits generally
comprise three subunits (silt-dominated, sand-dominated, and gravel-dominated), which grade into
one another both vertically and laterally. In the 300 Area Industrial Complex, the Hanford formation
is primarily composed of the gravel-dominated subunit with a typical range in thickness from 12 to
24 m (40 to 80 ft). The gravel-dominated sequence is coarse-grained, basalt-rich, clast-supported,
open framework, sandy gravel with variable silt and clay content. As a result, the Hanford formation
permeability is generally several orders of magnitude greater than that of the underlying Ringold
Formation. The inferred contour map of the contact between the Hanford formation and Ringold
Formation is shown in Figure 1-4.

1-5



9-1

}_S(age A Enhanced 4
Attenuation Area

NW }7316-5 300 Areaﬁ 316-1 South SE
. o < Process Trenches FProcess Pond4
X &
% T E
P b al o RITL P P2
E $ o o VEET § o o > v
g & o i &L v v
120 > o3 K g9 888 o &
> 00 M & 3
L —— I
110 ﬂ ‘
Calumbia
- L River
v
Q
2 . .
5 Ringold Unit E
= 90
o
© !
=
o
2 —___——___

80 \,_

Ringold Lower Mud

70 Ringold Unit A —,
m Ringold Unit A
’—_’r Basalt ‘
60
Legend
316-5
U Well 300 Area
(39983 Pracess Trenches
- Well Screen Interval Map Legend Ly
— — — June 2015 Water Table +  Well Location
— — — December 2015 Water Table :-_-_-_-_: Stage A Enhanced Attenuation Area
Hanford Waste Sites of Interest
Ringold Unit £ Cross Section Line
Cross Section Line Buffer (100 m)
Ringold Lower Mud
Ringold Unit A
Basalt South Process Pond
0 399-2-1
Note: 2x vertical exaggeration. =
Cross Section is based on L)
the interpolation of known
geologic picks within
a 100 m buffer.
CHSGW20160085

Figure 1-3. Cross Section of the General Geologic Features of the 300 Area Industrial Complex and Stage A Enhanced Attenuation Area

0 ‘A3 ‘¥T965-MOS



LT

166 —4 4-1-69

1-72\‘é11(3$§16 ) Vs NG
-
- 99.33
1-91?

__
A
& @
8%
tog

: s ;
\ & 1-75>£'/1-77
\ 180, o P - :

. 100.91
\ v 7 124 b
/ £

o ot

300 Area Ringold-Hanford Contact Structure Map
©  Ringold Elevation (m) Encountered in Boreholes

& A Stage A Monitoring Wells

® Stage Alnjection Wells 5 10 15 m

101'96
?1-35 Well Prefix '399-" omitted I S —
137 "1 stage A Boundar
— Stag Y 0 25 50 ft
CHSGW20170008a]

Contour Interval = 0.5m

Figure 1-4. Inferred Contour Map of the Contact Between the Hanford Formation and Ringold Formation

0 ‘A3 ‘¥T965-MOS



SGW-59614, REV. 0

¢ Ringold Formation (late Miocene to Pliocene age): The Ringold Formation is an unconsolidated to
semiconsolidated sedimentary sequence deposited on the basalt by the ancestral Columbia River.
The gravel-dominated Ringold Formation upper coarse unit (Unit E) is up to 24 m (80 ft) thick and is
composed of pebble-cobble gravel compacted within a matrix of fine- to medium-grained sand with
silt. A finer grained interval of silt and fine sand occurs at or near the top of the Ringold Formation
Unit E over portions of the 300 Area Industrial Complex. The Ringold Formation Unit E overlies the
Ringold Formation lower mud (RIm) unit, a silt and clay-dominated layer, which ranges up to 24 m
(80 ft) thick. These RIm fine-grained, low-permeability sediments form an aquitard that significantly
impedes the downward flow of groundwater. The Ringold Formation lower coarse unit (Unit A) is a
silty, sandy gravel that occurs locally below the RIm. The RIm, or the Ringold Formation Unit A
where present, forms the base of the unconfined aquifer system and overlies the basalt.

Injection and monitoring wells were installed to support implementation of the Stage A EA remedy for
uranium (Figure 1-5). During drilling of the Stage A wells, only the gravel-dominated units of the
Hanford formation and Ringold Formation Unit E were encountered (Chapter 3 of SGW-59465).

The Ringold Formation Unit E was not fully penetrated.

Backfill placed into the remediated 316-2 North Process Pond and 316-5 300 Area Process Trenches is
composed of Hanford formation sandy cobble gravel and clast-supported gravel. Large boulders are often
present throughout the backfill material. Backfill in the 316-5 300 Area Process Trenches is present from
ground surface to 4.9 to 5.5 m (16 to 18 ft) below ground surface (bgs). Backfill in the 316-2 North
Process Pond extends from ground surface to no greater than 7.5 m (25 ft) bgs. Disturbed surface
sediments surrounding the trenches and the pond extend from ground surface to approximately 0.6 m

(2 ft) bgs.

The Hanford formation underlies the Stage A EA area between 0.6 and 15.4 m (2 ft and 50 ft) bgs
(Figures 1-6 and 1-7). Rip-up clasts composed of silt and gravelly silt, present in abundance throughout
the Hanford formation, are encountered sporadically throughout the Stage A area. Rip-up clasts are
typically composed of nonindurated to very well indurated, massive to finely laminated silt, clayey silt,
and gravelly silt. The rip-up clasts encountered throughout the Stage A area range in size from a few
centimeters (inches) up to 1.2 m (4 ft).

The gravel-dominated Ringold Formation Unit E is present across the Stage A area between 11.4 and
15.5 m (37 and 50.5 ft) bgs (Figures 1-6 and 1-7).The silty sand to silt, fine-grained Ringold Formation
subunit that locally overlies the gravel-dominated Ringold Formation Unit E in the vicinity of the 316-1
South Process Pond was not encountered during drilling in the Stage A area. However, stratigraphically
equivalent, discontinuous sand lenses were encountered in the top meter (top few feet) of the Ringold
Formation Unit E in some of the deep injection and monitoring wells.

1.2.2.2 Hydrogeology
The following information is obtained from Section 1.2 of the SAP (DOE/RL-2014-42).

The vadose zone in the 300 Area Industrial Complex consists primarily of backfill materials and
unconsolidated gravels and sand of the Hanford formation. The average thickness of the vadose zone is
10 m (33 ft). However, the vadose zone thickness varies with the seasonal stages of the Columbia River
and distance inland from the river. Rising groundwater elevations resulting from higher Columbia River
stages seasonally saturate lower portions of the vadose zone, while lower river stages result in falling
groundwater elevations that de-water these same lower portions of the vadose zone. These fluctuating
groundwater elevations create the PRZ. Generally, wells adjacent to the river within the 300 Area
Industrial Complex show larger variations in water level elevation in response to river stage changes than
wells located at increasing distance from the shoreline.
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Figure 1-6. Southwest-Northeast Cross Section of Stage A Enhanced Attenuation Area
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Figure 1-7. Northwest-Southeast Cross Section of Stage A Enhanced Attenuation Area



SGW-59614, REV. 0

In the Stage A area, the PRZ is defined as the portion of the vadose zone from 105.0 to 107.0 m elevation
that is contacted by typical seasonal increases in the groundwater elevation (Figure 1-8). The lower
vadose zone, from 107.0 to 108.5 m elevation, represents the portion of the vadose contacted by increases
in groundwater elevation in atypical high water years. The low elevation of the water table is 105.0 m.

The unconfined aquifer occurs in the highly permeable, gravel-dominated Hanford formation and in the
underlying, less permeable gravel-dominated Ringold Formation Unit E.

Paleochannels carved into Ringold Formation Unit E sediments are filled with Hanford formation sand
and gravel and act as preferential pathways for groundwater flow and for intrusion of river water during
periods of high river stage. Paleochannels have not been identified in the Stage A area (Figure 1-4).

The Ringold Formation lower mud unit is a confining layer (i.e., aquitard) that forms the base of the
unconfined aquifer and is characterized by very low-permeability fine-grained sediment. This hydrologic
unit prevents further downward movement of groundwater contamination to the deeper aquifers.

The thickness of the unconfined aquifer along the Columbia River shoreline is about 25 m (80 ft).

Ground surface elevation ~ 115m / 377.3 ft

114m
374t

112m
367.45ft

110m
3601t
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35433k Lower Vadose Zone (108.5-107m)

Elevation
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A 4
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32808t
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Figure 1-8. Elevations of the Periodically Rewetted Zone and Lower Vadose Zone in the
Stage A Enhanced Attenuation Area
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1.2.2.2.1 Groundwater Flow

Groundwater in the unconfined aquifer discharges to the Columbia River via upwelling through the
riverbed and riverbank seeps. The flux from the unconfined aquifer is very low compared to the flow of
the river. Because the river stage regularly fluctuates up and down, flow beneath the shoreline oscillates
back and forth, with river water intruding into the unconfined aquifer and mixing with groundwater at
times. When the river stage drops quickly to a low elevation, riverbank seeps appear.

Groundwater flow velocities beneath the 300 Area in the Hanford formation portion of the aquifer can be
relatively rapid, with a velocity of 15.2 m/d (50 ft/d) estimated during a polyphosphate tracer test in
December 2006 (PNNL-17708, Three-Dimensional Groundwater Models of the 300 Area at the

Hanford Site, Washington State). However, the hydraulic gradients change direction in response to river
stage, which fluctuates on seasonal and multiyear cycles. Consequently, groundwater flow is not always
directed toward the river.

In general, regional groundwater flow converges on the 300 Area from the northwest, west, and
southwest, inducing a southeast or east flow direction in the 300 Area (Section 3.6.1.3 of
DOE/RL-2010-99). During periods of extended high river stage (typically March through June), water
flows from the river into the aquifer.

The rise and fall of the river stage create a dynamic zone of interaction between groundwater and river
water affecting groundwater flow patterns, contaminant transport rates (e.g., uranium in groundwater),
groundwater geochemistry, contaminant concentrations, and contaminant attenuation rates.

1.2.2.2.2 Movement of Uranium Contamination

Uranium contamination remaining in the vadose zone resulted from active liquid waste discharge of
uranium-bearing solutions during 300 Area operations. Uranium soil concentrations vary within the soil
column, with higher concentrations associated typically with finer grained sediments. Uranium is
mobilized during periodic rewetting of the lower portion of the vadose zone due to Columbia River stage
fluctuations. The groundwater within the PRZ leaches residual uranium and drains under gravity,
providing a pathway for dissolved uranium to reach the aquifer. Due to periodic river stage fluctuations
and depending upon the inland distance from the river, the groundwater flow direction can change over a
wide area and distribute the dissolved uranium within the aquifer. As a result of mixing of river water and
groundwater, the alkalinity also varies spatially and temporally within the aquifer and can lead to variable
speciation of uranium aqueous complexes. The amount of uranium leaching from the PRZ is affected by
both the degree of saturation of the sediments and the alkalinity of the solution. The combination of
uranium desorption and dilution in the river water/groundwater mixing zone results in a varying
distribution of uranium concentrations in the aquifer.

1.2.3 Enhanced Attenuation Remedy Timeline

The 300 Area ROD (EPA and DOE, 2013) was issued in November 2013. Figure 1-9 shows the
chronology of the significant activities, investigations, and decisions completed after issuance of the ROD
that support implementation of uranium sequestration at the Stage A EA area. On the figure, key
documents and decisions are shown above the timeline; investigations and actions are shown below the
timeline. Chapter 7 of this document contains a bibliography that provides information on the documents
shown on the timeline. Environmental investigations and remedial actions conducted in the 300 Area
before the 300 Area ROD was issued are summarized in the 300 Area RI/FS report (Section 1.3 of
DOE/RL-2010-99).
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1.3 Uranium Sequestration Technology Description

The uranium sequestration technology was developed during treatability tests, and the technology was
adapted for use as the EA remedy.

1.3.1 Treatability Tests

A treatability test was conducted at the 300 Area Industrial Complex to evaluate the use of polyphosphate
as a remedial technology to sequester uranium (PNNL-18529, 300 Area Uranium Stabilization Through
Polyphosphate Injection: Final Report). The treatability test included both laboratory and field studies.
The laboratory studies evaluated applying polyphosphate to vadose zone and PRZ sediments to
immobilize uranium and prevent it from leaching to the aquifer. The field study evaluated direct
sequestration of dissolved uranium in groundwater by injecting polyphosphate into the aquifer.

Laboratory tests demonstrated that when a soluble form of polyphosphate is injected into uranium-bearing
saturated porous media, immobilization of uranium can occur due to formation of relatively insoluble
uranyl-phosphate minerals, such as autunite (Ca(UO2)2(PO4)2-nH,0).

Results of the field study demonstrated that, upon direct injection, the polyphosphate amendment could
be effectively distributed over a relatively large lateral extent. Monitoring wells located at a radial
distance of 23 m (75 ft) showed phosphate concentrations as high as 40 to 60 percent of the injection
concentrations, which indicated that uranium sequestration could be effectively implemented on a full
field scale.

Laboratory-scale column studies (PNNL-21733, Use of Polyphosphate to Decrease Uranium Leaching in
Hanford 300 Area Smear Zone Sediment) also were conducted to evaluate short- and long-term effects of
polyphosphate treatment on uranium leaching from 300 Area PRZ sediments. Under idealized laboratory
conditions, a wide range of polyphosphate treatments resulted in significant (average 54 percent)
decreases in leached uranium mass in columns run for up to 1 year. Polyphosphate treatment decreased
uranium leaching through the formation of nonuranium calcium-phosphate precipitates coating uranium
surface phases, uranium adsorption to precipitates, or slow formation of uranium-phosphate precipitates.
The simulated phosphate delivery strategy that resulted in the greatest decrease in uranium leaching
involved maximizing stop-flow conditions to increase phosphate-sediment reaction time before
groundwater advection, and the use of high-concentration (~50 mM) polyphosphate solutions.

1.3.2 Enhanced Attenuation Remedy

Based on the results of the treatability tests, uranium sequestration using polyphosphate solutions was
adapted for use as a remedy for uranium in the 300 Area. During Stage A, two different polyphosphate
solutions were blended and then infiltrated and injected into the vadose zone, PRZ, and top of the
unconfined aquifer. The blend of orthophosphate! and pyrophosphate solutions was used to take
advantage of the reaction kinetics of each compound. Orthophosphate combines with naturally occurring
calcium in the vadose zone pore water for rapid formation of a monocalcium phosphate rind around
sediment surfaces, some of which contain mobile uranium. Pyrophosphate hydrolyzes, or breaks down,
slowly to orthophosphate over time, which allows for enhanced transport of phosphate to the lower
vadose zone and PRZ and formation of the calcium phosphate rind.

The primary sequestration mechanism is the formation of an amorphous (unstructured) monocalcium
phosphate rind that coats the sediments containing uranium and thereby reduces the dissolution of
uranium-bearing mineral phases. Over months to years, this rind is expected to crystallize to form a stable
calcium-phosphate mineral, hydroxyapatite (Cai0(PO4)s(OH3)), which has very low solubility. During
crystallization, some incorporation of uranium into the hydroxyapatite structure is also expected.

1 Orthophosphate refers to phosphate associated with monosodium (primarily) along with disodium species.
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2 Uranium Sequestration Implementation Approach

This chapter provides an overview of the approach used to implement uranium sequestration in the
Stage A EA area. The sections summarize the objectives, design, and implementation of the Stage A
polyphosphate infiltration and injection. The final section briefly discusses changes that were made from
the original Stage A design when the Stage A system was completed and operated in the field.

2.1 Stage A Objectives

The objectives for the Stage A polyphosphate applications to sequester uranium include the following
elements summarized from SGW-58976, Field Instructions for Uranium Sequestration in the 300 Area.

e Implement uranium sequestration on 0.3 ha (0.75 ac) using polyphosphate injection in nine wells
spanning a length of 75 m (246 ft) and polyphosphate infiltration in the vadose zone from
near-surface infiltration lines covering the area.

e Optimize the use of two injection skids to maximize the amount of polyphosphate solution in the
vadose zone and PRZ through infiltration followed by well injections into the PRZ. Use two
submersible river pumps to deliver makeup water to the mixing skids.

o Refine the use of the high-concentration formulations of orthophosphate and pyrophosphate solutions
previously used in pilot test applications.

e Monitor delivery of polyphosphate solutions at selected monitoring wells using downhole
instrumentation, electrical resistivity tomography (ERT), and groundwater monitoring in accordance
with sampling and analysis protocols.

¢ Evaluate the treatment effectiveness of the Stage A polyphosphate application based on the phosphate
distribution efficiency, overall decrease in uranium leachability in vadose zone and PRZ soil samples,
decrease in uranium mobilization to groundwater, and changes to hydraulic conductivity of the
aquifer due to precipitation of phosphate minerals.

o Apply experience and lessons learned from the Stage A application of polyphosphate solutions to a
larger scale for Stage B.

The effectiveness of the Stage A phosphate applications in meeting these objectives is evaluated in
this report. The proposed design of Stage B is discussed in Chapter 6.

2.2 Stage A Design

As specified in the 300 Area ROD (EPA and DOE, 2013), EA using uranium sequestration involves
infiltrating and injecting polyphosphate solutions into the vadose zone, PRZ, and top of the aquifer to
sequester, or bind, residual uranium by forming insoluble minerals. The target area for application of the
polyphosphate solutions is a 1.2 ha (3 ac) area containing a persistent source of mobile uranium that
contributes to contamination of the underlying groundwater. Uranium sequestration in the EA area is
anticipated to reduce the mass of soluble uranium, thereby reducing the amount of uranium available to
leach into the groundwater.
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The conceptual design for implementing uranium sequestration in two stages is provided in
DOE/RL-2014-13, Integrated Remedial Design Report/Remedial Action Work Plan for the 300 Area
(300-FF-1, 300-FF-2 & 300-FF-5 Operable Units), hereinafter called the remedial design report/remedial
action work plan (RDR/RAWRP). The conceptual design for Stage A included the number and spacing of
injection wells and infiltration lines, polyphosphate solution formulations, and injection and infiltration
volumes and rates, based on chemical arrival responses observed during previous treatability tests in the
300 Area. The SAP (DOE/RL-2014-42) describes the monitoring required during injection and
infiltration.

The Stage A polyphosphate applications were timed to coincide with the low river stage of the Columbia
River to maximize the thickness of PRZ into which polyphosphate solutions could be injected
(DOE/RL-2014-13-ADD?2).

The following sections summarize the design of the Stage A uranium sequestration system as it was
installed and implemented. Information on the Stage A uranium sequestration system is obtained from
SGW-59455.

2.2.1 Stage A Enhanced Attenuation Area

In accordance with the RDR/RAWP, a supplemental post-ROD field investigation was conducted from
December 30, 2014, through January 15, 2015, to collect uranium soil concentration data to refine the
location of the Stage A EA area. Three boreholes were drilled within the EA area proposed in the

300 Area ROD (EPA and DOE, 2013). Samples were analyzed to provide uranium leachability data and
to fill data gaps in the uranium conceptual site model (CSM). Results of the field investigation are
provided in SGW-58830, 300-FF-5 Supplemental Post-ROD Field Investigation Summary. Data collected
during the supplemental field investigation were used to refine the uranium soil distribution within the
region of the EA area. Based on the revision, the location and shape of the Stage A area were modified to
coincide with the region of highest anticipated uranium concentrations in the PRZ.

Because two of the three post-ROD field investigation boreholes were not within the refined Stage A
area, uranium soil concentrations were measured in samples collected from two wells drilled in the
refined Stage A area during implementation of Stage A. Minor modifications to the shape of the Stage A
EA area were made during site setup in the field to accommodate existing infrastructure and site
topography. The final Stage A area is shown in Figure 1-5.

2.2.2 Stage A Injection Wells

The Stage A injection system included nine combination PRZ and aquifer injection wells (Figure 1-5).
Each injection well was constructed with two screened intervals, with one screen in the PRZ and one
screen in the upper part of the aquifer. The screens are separated by a grout seal at the interface of the
bottom of the PRZ and top of aquifer to allow isolated injection (using inflatable packers) into either the
PRZ or top of the aquifer.

The injection wells were drilled using a sonic drill rig between July 15 and July 28, 2015, in accordance
with SGW-58553, Description of Work for the Installation of Twenty Two Monitoring Wells and Nine
Injection Wells in the 300-FF-5 Operable Unit, FY2015. A summary of the drilling and well construction
details are contained in SGW-59465. The injection wells were developed by overpumping in order to
obtain maximum flow rates.

2-2



SGW-59614, REV. 0

The wells are screened from elevations of approximately 108.9 to 105.9 m (depths of 6.1 m [20 ft] to

9.1 m [30 ft] bgs) through the PRZ and from elevations of approximately 104.3 to 101.3 m (depths of
10.7 m [35 ft] to 13.7 m [45 ft] bgs) in the aquifer, based on the seasonal low water table elevation.
Figure 2-1 shows the construction of a typical injection well, PRZ monitoring well, and aquifer
monitoring well. The seasonal low water table in this region is estimated to be at an elevation of 105.0 m
(depth of approximately 10 m [33 ft] bgs), and the seasonal high water table in this region is estimated to
be at an elevation of 107.0 m (depth of approximately 8 m [26 ft] bgs). Therefore, the seasonal PRZ is
approximately 2 m (6.6 ft) thick in this region (Figure 1-8). In atypical high water conditions, the
elevation of the high water table is estimated to be 108.5 m (depth of approximately 6.5 m [21 ft] bgs),
making the lower vadose zone approximately 1.5 m (4.9 ft) thick in this region. Figure 2-2 shows each of
the injection wells and the elevations of the well screens and total depth.

2.2.3 Stage A Monitoring Wells

The Stage A monitoring system included 26 individual monitoring wells, consisting of 13 collocated well
pairs (including 2 existing well pairs and 1 well from the post-ROD investigation). For each well pair, one
well is partially screened in the PRZ, and one well is screened in the aquifer to enable monitoring of these
two zones. The monitoring well system includes three monitoring well pairs upgradient of the Stage A
treatment area, 6 monitoring well pairs within the Stage A treatment area, and four monitoring well pairs
downgradient of the Stage A treatment area (Figure 1-5).

The PRZ and aquifer monitoring wells were drilled using a sonic drill rig between June 9 and July 13,
2015, in accordance with SGW-58553. A summary of the drilling and well construction details are
contained in SGW-59465. All of the monitoring wells were developed with a submersible pump using a
pumping rate of approximately 4 L/min (1 gal/min).

The 13 PRZ monitoring wells are screened from elevations of approximately 105.9 to 104.3 m (depths of
9.1 m [30 ft] to 10.7 m [35 ft] bgs) (Figure 2-1). The PRZ wells were screened across the lower portion of
the PRZ and top of the aquifer to ensure the presence of groundwater for sampling the uppermost portion
of the aquifer during low water conditions. With the exception of well 399-1-84, the aquifer monitoring
wells are screened from elevations of approximately 102.8 to 101.3 m (depths of 12.2 m [40 ft] to 13.7 m
[45 ft] bgs). Well 399-1-84 is screened from elevations of approximately 100.2 to 98.6 m (depths of

14.8 m [48 ft] to 16.3 m [53 ft] bgs) because of a deep silt layer that would have encompassed the planned
screened depth. Figure 2-3 shows each of the monitoring wells and the elevations of the well screens and
total depth.

2.2.4  Stage A Infiltration System

A polyphosphate solution infiltration system was installed within the Stage A area in accordance with
SGW-58976. The infiltration network consisted of high-density polyethylene liquid distribution lines
installed approximately 1.8 m (6 ft) bgs to prevent accumulation and wicking of sodium and phosphate up
into the surficial soil, which would inhibit the establishment and growth of vegetation. The drip lines
were spaced approximately 2 m (6.5 ft) apart, resulting in a total of 44 lines aligned southeast to
northwest (Figure 2-4).
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Each drip line was designed to infiltrate polyphosphate solutions at a rate of 8 L/hr (2 gal/hr) from each of
the emitters spaced 0.36 m (14 in.) apart along the drip lines. Each drip line was installed with a pressure
regulator set at 103.4 kPa (15 Ib/in?) and was connected to a flexible header hose through which the
polyphosphate solution was delivered. The specification of liquid distribution lines was selected to
achieve a liquid application rate of at least 511 L/min (135 gal/min) over the 0.3 ha (0.75 ac) Stage A
treatment area. Details of the infiltration system installation are provided in SGW-59455.

2.25 Stage A Chemical Mixing Skids and Site Infrastructure

Two chemical mixing skids were used during Stage A in accordance with SGW-58976. Each skid was
capable of delivering polyphosphate solution at a flow rate of up to 1,136 L/min (300 gal/min). Skid 1
delivered polyphosphate solution to six injection wells at a time; the target design rate was 189 L/min
(50 gal/min) per well. Skid 2 delivered polyphosphate solution to the infiltration network; the target
design rate was 511 L/min (135 gal/min). Flowmeters and sample ports were provided on each skid to
monitor and collect samples of the polyphosphate solution.

Feed water for the polyphosphate solutions was obtained using two separate submersible pumps, each
capable of supplying up to 1,136 L/min (300 gal/min). The pumps were set in the Columbia River
approximately 9.1 m (30 ft) apart and approximately 30.5 m (100 ft) from shore. Feed water was piped
from the Columbia River to the chemical mixing skids, where it was filtered and then blended with the
phosphate chemicals in an inline mixing chamber. Following mixing, a manifold routed the
polyphosphate solutions to transfer hoses for distribution to the injection wells and infiltration lines.
Flowmeters and pressure gauges were installed on each manifold to monitor the polyphosphate solution
flow rates.

Phosphate chemicals were delivered to the site in tanker trucks in concentrated liquid form and stored in
eight 30,283 L (8,000 gal) tanks. The tank configuration included two tanks containing pyrophosphate
solution and six tanks containing orthophosphate solution. Two separate chemical distribution lines
routed the phosphate chemicals to the chemical mixing skids. The chemical feed pumps were set to mix
the phosphate chemicals and feed water automatically at the specified ratios. Details of the chemical tank
and mixing skid installation are provided in SGW-59455.

2.2.6  Stage A Electrical Resistivity Tomography Network

Infiltration of polyphosphate solutions into the vadose zone and PRZ increased the electrical conductivity
of the vadose zone by increasing both liquid saturation and pore fluid specific conductance. These
changes enabled use of time-lapse ERT for remotely monitoring the advancement of the wetting front of
the polyphosphate solution through the vadose zone and PRZ.

An ERT network was installed in the Stage A area (Figure 2-5). The longer ERT array (Line A-A’),
oriented east-west through the Stage A area, was monitored using 60 electrodes at 1.5 m (5 ft) spacing.
The shorter array (Line B-B’), oriented north-south through the Stage A area, was monitored using

47 electrodes at 1.5 m (5 ft) spacing. Details of the ERT network installation are provided in SGW-59455.

2.2.7 Stage A Enhanced Attenuation System Configuration

Figure 2-6 is an aerial view of the Stage A uranium sequestration system showing the location of the river
pumps, chemical mixing skids, chemical storage tanks, and general location of the Stage A treatment
area. The injection wells and ERT network can be seen within the Stage A EA area.
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2.3 Stage A Timing and Order of Treatment

Design of the Stage A EA treatment system specified application of polyphosphate solutions using near-
surface infiltration into the vadose zone, direct injection into the PRZ, and direct injection into the top of
the aquifer. Stage A treatment of the EA area occurred over 13 days from November 6 through
November 18, 2015.

Polyphosphate solution was injected through nine injection wells into the unconfined aquifer on
November 6, 9, and 16 (days 1, 4, and 11). On each day, a different combination of six injection wells
was used for approximately 8 hours (Table 2-1). The design sequence of the Stage A aquifer injections
was to inject polyphosphate solution into the aquifer at least 1 day before, during, and after the
polyphosphate infiltration period to establish a layer of phosphate in groundwater below the infiltration
area in order to remediate uranium that might be flushed to groundwater during infiltration operations.
The design sequence also called for conducting injections into at least six wells at a time, during daytime
hours while varying the locations of the six wells being injected over the 3 days in order to maximize the
distribution of phosphate in groundwater below the infiltration area.

Infiltration of polyphosphate solution was continuous (24 hr/d operation) for 217 hours, starting
November 7 and concluding November 16 (days 2 through 11) (Table 2-1). Polyphosphate solution was
delivered to all 44 infiltration lines simultaneously. Infiltration was continued after ERT imaging and
sustained increases in groundwater specific conductivity confirmed that the infiltration solution had
reached the PRZ and aquifer in order to deliver the required amount of chemical to the vadose zone and to
ensure the PRZ moisture content was maximized prior to injection into the PRZ.

Polyphosphate solution was injected into the PRZ on November 16, 17, and 18 (days 11, 12, and 13).
Each day, a different combination of six injection wells was used for approximately 8 hours (Table 2-1).

The volumes and rates of polyphosphate solution injected and infiltrated during Stage A are provided in
Section 4.3 of this report.

Table 2-1. Summary of Stage A Uranium Sequestration Operations

Average Duration of
Infiltration Rate | Total Injection Operations
Operation Day | Aquifer Injection | PRZ Injection Achieved Rate Achieved
(Date) Wells? Wells? (L/min [gal/min]) | (L/min [gal/min]) | Start | Stop
1 (Nov. 6) 1-89, 1-90, 1-91, - - 1,136 (300) 0854 1646
1-92,1-93, 1-94
2 (Nov. 7) - - 212 (56) - 0716 b
3 (Nov. 8) - - 198 (52) - b b
4 (Nov. 9) 1-92, 1-93, 1-94, - 197 (52) 1,136 (300) 0935 1600
1-95, 1-96, 1-97
5 (Nov. 10) - - 202 (53) - b b
6 (Nov. 11) - - 254 (67) - b b
7 (Nov. 12) -- - 316 (84) - b b
8 (Nov. 13) - - 311 (82) - b b

2-13



SGW-59614, REV. 0

Table 2-1. Summary of Stage A Uranium Sequestration Operations

Average Duration of
Infiltration Rate | Total Injection Operations
Operation Day | Aquifer Injection | PRZ Injection Achieved Rate Achieved
(Date) Wells? Wells? (L/min [gal/min]) | (L/min [gal/min]) | Start | Stop
9 (Nov. 14) - - 303 (80) - b b
10 (Nov. 15) - - 298 (79) - b b
11 (Nov. 16) - - 303 (80) - b 0800
1-95, 1-96, 1-97, -- -- 1,136 (300) 0930 1600
1-89, 1-90, 1-91
- 1-89, 1-90, 1-91, - 1,136 (300) 1855 | 0300
1-92, 1-93, 1-94
12 (Nov. 17) -- 1-92, 1-93, 1-94, -- 1,136 (300) 0404 1200
1-95, 1-96, 1-97
13 (Nov. 18) - 1-95, 1-96, 1-97, - 1,136 (300) 0700 1300
1-89, 1-90, 1-91

a. All well names begin with 399-.
b. 24 hr/d infiltration began on November 7 and concluded on November 16, 2015.

Monitoring during Stage A polyphosphate infiltration and injection included (1) pre-treatment (baseline)
groundwater and soil sampling; (2) monitoring of skid system parameters and chemical concentrations,
ERT, and groundwater during treatment; and (3) post-treatment groundwater and soil sampling. Sampling
and analysis requirements are described in Chapter 6 of SGW-58976 and Chapter 3 of the SAP
(DOE/RL-2014-42). Sampling and monitoring methodology is described in Chapter 3 of this report.

2.4 Deviations from Design

The following bullets summarize instances where implementation and operation of the Stage A treatment
and monitoring differed from the design presented in DOE/RL-2014-13-ADD2 and the SAP
(DOE/RL-2014-42). The potential impact of the deviations is also discussed.

e DOE/RL-2014-42 states “Infiltration and injection will be performed in September through October,
the time of year when the river stage is low and groundwater flow direction at the EA area will be to
the southeast.” The Stage A application of polyphosphate solution (infiltration and injection) was
conducted in November 2015. Groundwater levels in the treatment area began to climb during the
period in early November when operations were conducted. Although not conducted during the
optimal low river stage season (September and October), the groundwater levels were low (within
0.3 m [1 ft] of September and October water levels) and the flow direction was to the southeast during
this time, based on increased phosphate concentrations detected in this direction. The difference in
groundwater levels represents less than about 10 percent of the 3 m (10 ft) long PRZ injection screen
interval, so the impact to treatment effectiveness is not considered significant.

e  Aquifer monitoring well 399-1-84 was screened from 14.6 m (48 ft) to 16.2 m (53 ft) bgs, due to a
deep silt layer that would have encompassed the planned screened depth. All other aquifer monitoring
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wells were screened from approximately 12.2 m (40 ft) to 13.7 m (45 ft) bgs in accordance with the
design. Aquifer monitoring well 399-1-84 was used for sampling, although it was screened in a
deeper part of the aquifer. The data are considered adequate for the purpose of monitoring the
constituents of concern in the aquifer.

The infiltration system was not operated at 511 L/min (135 gal/min). The initial flow rates ranged
from 197 to 212 L/min (52 to 56 gal/min). After modification of pressure regulators, flow rates
ranged from 298 to 316 L/min (79 to 84 gal/min). Also, the infiltration system was operated for a
longer period of time in order to achieve application of the design volume. Nonuniform flow rates or
lower flow rates throughout the infiltration emitter network could have affected vertical fluid
velocity, which potentially negatively impacted phosphate distribution in the vadose zone.

Daily sampling of all 26 monitoring wells during the treatment application was not feasible with
available resources. Seven wells within the Stage A EA area were sampled daily. This limited number
of daily sampling locations presented challenges in thoroughly evaluating Stage A performance
because daily samples were not available to monitor changes at the other 19 locations during
treatment.

Water levels and field parameters (specific conductivity, temperature, pH, and oxidation-reduction
potential) were monitored every 30 minutes using downhole instruments in 6 monitoring wells rather
than in all 26 monitoring wells. Additional wells could not be configured with instrumentation
because of lack of equipment, and manual monitoring of this number of wells at 4-hour intervals was
not feasible with available resources. This limited number of continuous sampling locations presented
challenges in thoroughly evaluating Stage A performance because continuous samples were not
available to monitor changes at the other 20 locations during treatment.
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3 Sampling and Monitoring Methods

This chapter describes the methods used for sampling, analysis, and monitoring of soil, groundwater,
polyphosphate solutions, and electrical resistivity before, during, and after completion of treatment
activities to determine the initial site conditions and changes during and following implementation of the
Stage A EA remedy.

3.1 Soil Sampling and Analysis

Soil samples were collected during borehole drilling before and after application of polyphosphate
solutions. The soil samples were analyzed for uranium concentrations and used for uranium leachability
analyses. The leachability data were collected by Pacific Northwest National Laboratory (PNNL) during
four different laboratory tests (Section 1.0 of PNNL-25420, Analytical Data Report for Sediment Samples
Collected from 300-FF-5: Boreholes C9580, C9581, and C9582, included in Appendix A of this report):

e Sequential uranium extraction tests — These tests quantify how uranium in sediment samples is
distributed among surface phases that require different strengths of extraction solutions to remove the
uranium from the sediment. Uranium phases that require stronger solutions have slower leaching
characteristics under normal field conditions.

o Labile uranium leach tests — These tests evaluate the quantity of uranium that is readily solubilized
into the aqueous phase, helping define the most mobile portion of uranium in a sediment sample.
The test simulated field conditions expected during groundwater-soil interactions in the PRZ
(Section 4.2 of PNNL-25420, included in Appendix A of this report).

o Flow-through column tests on both intact soil samples and fine-grained (<2-mm size fraction)
repacked columns — These tests provide information about the rate of uranium released into
groundwater.

e Identification of uranium mineral phase(s) and surface coating(s) — Identification of mineral phases
can be used to interpret uranium leaching behavior based on the types of surface phases present.

Comparison of data from the pre-treatment and post-treatment boreholes is used to evaluate the
distribution of the uranium and phosphate and the sequestration of uranium.

Analytical results for the soil samples are summarized in Section 4.1. The data are provided in
Appendix A.

3.1.1 Pre-Treatment Sampling and Analysis

Soil samples were collected from three boreholes drilled in accordance with SGW-58261, Description of
Work for Borehole Drilling, Sampling, and Construction of Monitoring Wells in Support of the
300-FF-5 OU Supplemental Post ROD Field Investigation. Boreholes C8933, C8936, and C8938 were
drilled from December 30, 2014 to January 15, 2015 (Figure 3-1). The borehole locations were selected
based on elevated uranium groundwater concentrations observed at wells 399-1-17A and 399-1-55.
Boreholes C8936 and C8938 were completed as monitoring wells (399-1-67 and 399-1-68, respectively).
Borehole C8933 was decommissioned. Well 399-1-67 was used as part of the monitoring well network
for the Stage A EA area. The data from the boreholes drilled in December 2014 through January 2015
were used to select the location for the refined Stage A EA area.

Because boreholes C8933 and C8938 were outside of the refined Stage A EA area, two additional
boreholes inside the EA area were sampled to characterize pre-treatment uranium concentrations.
Boreholes C8940 and C9451 were drilled from July 7 to July 14, 2015, and completed as monitoring
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wells (399-1-76 and 399-1-80, respectively) (Figure 3-1). Soil samples were collected from boreholes
C8940 and C9451 in accordance with SGW-58553.

Continuous split-spoon samples were collected from these five boreholes from approximately 3.1 m
(10 ft) bgs to 11.4 m (37 ft) bgs and analyzed for total uranium concentrations in accordance with
SGW-56993, Sampling Instruction for the 300-FF-5 Operable Unit Supplemental Post ROD Field
Investigation. The samples were not analyzed for phosphate concentrations. The total uranium results
were used to select discrete samples for leachability characteristic tests, uranium-bearing mineral-phase
analyses, and flow-through column tests. The uranium leachability characteristic data were used to
document the pre-treatment leachability of uranium in the vadose zone and PRZ at these locations and
refine the CSM.

3.1.2 Post-Treatment Sampling and Analysis

Soil samples were collected from three boreholes drilled after the Stage A polyphosphate application in
accordance with SGW-59369, Description of Work for the Installation of Three Boreholes in the
300-FF-5 Groundwater Operable Unit, FY2016. Boreholes C9580, C9581, and C9582 were drilled from
January 5 to January 11, 2016 for post-treatment characterization of the Stage A EA area. Each post-
treatment borehole was drilled at a location adjacent to one of the three pre-treatment boreholes within the
Stage A EA area (Figure 3-1).

Continuous split-spoon samples were collected and analyzed for total uranium and uranium leachability
in accordance with SGW-56993 to determine the post-treatment uranium leaching characteristics in soil.
The samples for uranium leachability characteristic tests, uranium-bearing mineral-phase analyses, and
flow-through column tests were collected at the same depth intervals that were selected for the
pre-treatment soil samples. The uranium leachability characteristic data were used to characterize the
post-treatment leachability of uranium in the vadose zone and PRZ at these locations and to refine the
CSM.

The following two methods were used to analyze for phosphorus in the post-treatment soil samples.
Water-based sample extractions were analyzed using ion chromatography, which measures the
phosphorus present as the phosphate ion. The results represent phosphate in the soil that is soluble in
water. Acid-based sample extractions were analyzed using inductively coupled plasma-optical emission
spectroscopy, which measures the phosphorus present as elemental phosphorus. The results are closer to
an approximation of total phosphorus in the soil samples. Although most of the elemental phosphorus
may be present as phosphate, results of the two methods are not directly comparable. In this report, the
total phosphorus is assumed to represent phosphate because the treatment solutions contained significant
guantities of phosphate.

3.2 Groundwater Sampling and Monitoring

Groundwater sampling and monitoring was conducted prior to, during, and following the Stage A
uranium sequestration treatment.

3.2.1 Manual Monitoring

Groundwater was sampled from all 26 Stage A PRZ and aquifer monitoring wells (Figure 1-5) to evaluate
the distribution and concentration of uranium and phosphate in the PRZ and aquifer. Samples were
collected before, during, and after treatment. A portable pump was operated at a nominal flow rate of

3.8 L/min to 7.6 L/min (1 gal/min to 2 gal/min). Typically, three well volumes were purged, and the
sample was collected after field parameters (pH, specific conductivity, dissolved oxygen, oxidation-
reduction potential, and temperature) had stabilized.
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Figure 3-1. Location of Characterization Boreholes in the Stage A EA Area
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The new PRZ and aquifer monitoring wells installed for Stage A were developed in June and July 2015
using a submersible pump. The pre-treatment well development data are provided in Appendix B.

Prior to treatment (August 28 through September 2015), 1 round of samples was collected from all
26 wells to determine baseline (pre-treatment) conditions.

During treatment and the day after treatment (November 6 through November 19, 2015), groundwater
samples were collected daily from a subset of five PRZ wells (399-1-67, 399-1-75, 399-1-77, 399-1-81,
and 399-1-87) and two aquifer wells (399-1-65 and 399-1-74) (Figure 3-2). These samples were collected
to determine the influence of the polyphosphate solution infiltration and injection in the PRZ and aquifer
and the impact to uranium.

For the month following treatment (November 20 through December 16, 2015), groundwater samples
were collected weekly from all 26 monitoring wells.

The pre-treatment and post-treatment samples were analyzed for the constituents listed in Table 3-1.
The samples collected during treatment were analyzed for the characteristics listed in Table 3-1 plus
selected metals (calcium, sodium, and uranium) and anions (phosphate).

PNNL collected groundwater samples from seven downgradient wells (399-1-23, 399-1-16A, 399-1-17A,
399-2-1, 399-2-2, 399-2-3, and 399-1-7) before, during, and following application of polyphosphate
solutions at the Stage A EA area (Figure 3-3). The samples were analyzed for groundwater characteristics
(dissolved oxygen, specific conductance, pH, and temperature), water level, metals (calcium, iron,
magnesium, manganese, potassium, sodium, and uranium), and anions (chloride, fluoride, nitrite, nitrate,
phosphate, and sulfate).

Analytical results for the groundwater samples are summarized in Section 4.2. The data are provided in
Appendix C.

3.2.2 Automated Monitoring

Automated groundwater measurements were obtained from monitoring wells before, during, and
following Stage A uranium sequestration treatment.

3.2.2.1 In Situ Measurements

Data logging downhole instruments were deployed in six Stage A aquifer monitoring wells for continuous
monitoring of water levels and field parameters (specific conductivity, temperature, pH, and oxidation-
reduction potential). One well (399-1-70) was upgradient of the Stage A treatment area, two wells
(399-1-82 and 399-1-84) were downgradient of the Stage A treatment area, and three wells (399-1-76,
399-1-80, and 399-1-86) were within the Stage A treatment area (Figure 3-4). Water levels and field
parameters were measured in situ every 30 minutes from September 11 to December 28, 2015. The data
were stored on data loggers, which were manually downloaded at the conclusion of the monitoring
period. This information was used to evaluate the distribution and migration of the polyphosphate
solution in the aquifer.

Analytical results for the automated groundwater measurements are discussed in Section 4.2.2. The data
are provided in Appendix D.
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Table 3-1. Constituents Monitored in Groundwater Samples

Characteristics Metals Anions
Bicarbonate alkalinity Calcium Chloride
Carbonate alkalinity Magnesium Phosphate
pH Potassium Sulfate
Specific conductivity Sodium
Oxidation-reduction potential Uranium

\

Dissolved oxygen

Temperature

Six groundwater wells (399-1-12A, 399-1-16A, 399-1-23, 399-1-7, 399-2-2, and 399-8-1) in the vicinity
of the Stage A EA area and the 300 Area river gauge (station SWS-1) were monitored as part of the local
automated water level network (AWLN) (Figure 3-5). Water levels and, in some wells, temperature and
specific conductivity, were logged at 15-minute intervals during 2014, 2015, and 2016 and stored on
dataloggers or data collection telemetry units. The data were used to monitor the extent of migration of
the polyphosphate solution and to evaluate the impact of the injections on nearby water levels. The data
also were used to assess whether aquifer permeability was reduced due to the precipitation of phosphate
minerals by comparing aquifer hydraulic properties in the vicinity of the EA area before and after
polyphosphate application (Section 5.2.2). Results for the automated groundwater measurements are
discussed in Section 4.2.2. The data are provided in Appendix D.

3.3 Operations Monitoring

Field measurements and samples for laboratory analysis were collected to monitor the infiltration and
injection system operations. Results for the operations monitoring are discussed in Section 4.3.

Flow rates for the pyrophosphate chemical, orthophosphate chemical, and filtered river water entering the
infiltration and injection mixing skids were displayed continuously on control panels and inline
flowmeters that were mounted on the mixing skid piping at various locations. Flow rates were monitored
at the control panel and inline flowmeters and recorded hourly by operations personnel. Injection
wellhead pressure readings and flow rates were measured and recorded hourly for each injection well
during injection operations.

Grab samples of the polyphosphate treatment solutions were collected at the start of infiltration or
injection and then every 4 hours throughout the duration of the operation. Field measurements of pH,
temperature, specific conductivity, oxidation-reduction potential, and dissolved oxygen of the
polyphosphate treatment solution grab samples were recorded by operations personnel.
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The primary design parameter for successful completion of the infiltration and injection treatment was to
deliver polyphosphate solutions to the vadose zone, PRZ, and top of the aquifer that contained specific
concentrations of orthophosphate and pyrophosphate. The orthophosphate and pyrophosphate
concentrations were monitored using samples of the polyphosphate treatment solution collected daily
from the discharge end of the infiltration and injection skids. One sample of river water was collected for
each skid prior to mixing with the chemicals. The samples were analyzed at an offsite laboratory for the
constituents listed in Table 3-2. The analytical results associated with these samples are provided in

Appendix E.

Table 3-2. Constituents Monitored Daily in Polyphosphate Solutions

3.4 Electrical Resistivity Tomography

Real-time ERT was conducted by PNNL in the Stage A EA area to monitor the spatial and temporal
change in electrical conductivity corresponding to the advancement of the polyphosphate infiltration
solution through the vadose zone. Baseline ERT surveys were collected prior to polyphosphate infiltration
in order to image pre-infiltration subsurface structure and establish baseline conditions. Infiltration of the
polyphosphate solution increased electrical conductivity in the vadose zone and PRZ by increasing both
the degree of saturation and the specific conductance of the pore fluid. These changes enabled use of
time-lapse ERT for remote monitoring of the advancement of the wetting front of the polyphosphate
solution. ERT imaging surveys were conducted at 12-minute intervals and reported on a dedicated
website. The turnaround time from the beginning of a survey until time-lapse images were available on
the website was approximately 30 minutes.

The ERT electrodes were deployed along two transects bisecting the length and width of the infiltration
area (Figure 2-5). Line A-A’ consisted of 60 electrodes and extended a total length of 89.9 m (295 ft).
Line B-B’ consisted of 47 electrodes and extended a total length of 70.1 m (230 ft). Each electrode
consisted of a 1.88 cm (0.75 in.) diameter carbon steel rod, approximately 40.6 cm (16 in.) long.

Each ERT measurement required applying a voltage across a pair of electrodes to induce current flow

within the subsurface.

ERT data were recorded from November 2 through December 16, 2015, with the exception of three short
periods caused by site power supply interruptions. For time-lapse imaging, surveys were continuously
collected and processed to provide a chronological sequence of image frames that illustrate the change in
bulk conductivity with time. Subtracting the baseline image (i.e., the pre-treatment image) from the time-
lapse images reveals the change in bulk conductivity caused by the polyphosphate solution, thereby
providing the distribution of solution in space and time. The time-lapse images were then analyzed to
investigate solution delivery performance and timing. Results for the ERT monitoring are discussed in
Section 4.4. A detailed description of the ERT operations and imaging interpretation is provided in
PNNL-SA-25232, Electrical Resistivity Tomography Report, which is included as Appendix F of this

report.
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3.5 Numerical Modeling of Uranium Fate and Transport

A numerical model was developed to evaluate the fate and transport of uranium in the vadose zone and
unconfined aquifer following the injection and infiltration of polyphosphate solutions within the Stage A
EA area. Two environmental calculation files were prepared to document development of the model and
are provided in Appendix G of this report: ECF-300FF5-16-0087, Determination of Vadose Zone
Uranium Concentration Distribution Extents and Development of a Three-Dimensional Geologic
Framework Model for the 300-FF-5 Operable Unit, Hanford Washington, and ECF-300FF5-16-0091,
Uranium Transport Modeling in Support of the Stage A Enhanced Attenuation Remedy at

300-FF-5 Operable Unit.

3.6 Long-Term Groundwater Monitoring

Semiannual long-term groundwater samples were collected from four downgradient wells (399-1-17A,
399-1-7, 399-2-1, and 399-2-2) in December 2015 and June 2016 in accordance with the SAP
(DOE/RL-2014-42). The samples were analyzed for groundwater characteristics (specific conductance,
pH, temperature, and turbidity), water level, uranium, and gross alpha. Analytical results for the
groundwater samples are summarized in Section 4.2. The data are provided in Appendix H.

3.7 Data Management

A data review and usability determination was conducted in accordance with Section 4.4 of the SAP
(DOE/RL-2014-42). The CH2M HILL Plateau Remediation Company (CHPRC) Sample Management
and Reporting (SMR) organization, in coordination with the 300-FF-5 OU Project Manager, was
responsible for ensuring analytical data were appropriately reviewed, managed, and stored in accordance
with the applicable programmatic requirements governing data management methods. All samples
submitted to analytical laboratories were accompanied by appropriately filled out chain-of-custody forms.

All operational monitoring, field measurements, and quality control (QC) data were recorded on data
sheets by operations in accordance with SGW-58976. The original data sheets were reviewed by
operations and transferred to the 300 Area field lead following completion of injections. The 300 Area
field lead provided the data sheets to SMR for archiving. The data sheets are included in Appendix I.

Data review and verification were performed to confirm sampling and chain-of-custody documentation
was complete. This review included linking sample numbers to specific sampling locations, reviewing
sample collection dates and sample preparation and analysis dates to assess whether holding times were
met, and reviewing QC data to determine whether analyses met the data quality requirements specified in
the SAP (DOE/RL-2014-42).

Data validation of laboratory samples was completed. No major deficiencies were found. There were no
minor deficiencies leading to qualification of sample results as estimates. The data validation report is
provided in Appendix J.

3.8 Lessons Learned from Stage A Operations

Post-job review meetings covering the Stage A uranium sequestration activities were held on December 9
and 10, 2015. Representatives of the groups and disciplines that supported and executed installation and
operation of the Stage A system participated in the meetings. These lessons learned have been considered
during planning of the Stage B uranium sequestration activities. The report on the lessons learned review
of Stage A implementation is provided in Appendix K.
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4 Sampling and Monitoring Results

This chapter provides the results for sampling and monitoring of soil, groundwater, polyphosphate
solutions, and electrical resistivity before, during, and after the completion of treatment activities to
determine initial site conditions and changes resulting from implementation of the Stage A EA remedy.

4.1 Soil Sampling and Leachability Characteristics

Soil sampling and analysis was conducted before and after application of polyphosphate treatment
solutions. Samples were analyzed for uranium and tested for leachability characteristics.

4.1.1 Pre-Treatment Sampling and Analysis

Five boreholes were drilled and sampled to determine pre-treatment characteristics of the vadose zone,
PRZ, and top of the aquifer (Section 3.1.1). The locations of the pre-treatment boreholes are shown in
Figure 3-1.

Soil samples collected from the pre-treatment boreholes were analyzed for total uranium concentrations.
The total uranium results were used to select discrete sample intervals for comprehensive tests on
uranium leachability, mineral phase association, and soil characteristics.

4.1.1.1 Total Uranium and Phosphate Results

Samples collected in boreholes C8933, C8936 (well 399-1-67), and C8938 (well 399-1-68) during
January 2015 and boreholes C8940 (well 399-1-76) and C8951 (well 399-1-80) during July 2015 were
analyzed for total uranium concentrations. A summary of total uranium results is provided in
Appendix A.

Concentrations of total uranium ranged from 0.141 to 41.4 pg/g. Background uranium levels in 300 Area
soil have been previously calculated as 3.21 ug/g (Section 3.1 of SGW-58830). Pre-treatment samples
showed elevated uranium above background levels at all five borehole locations.

Among the three boreholes sampled in January 2015, the highest concentrations of uranium were found in
borehole C8936 (Figure 4-1). The location of the refined Stage A area was selected to include borehole
C8936. Based on the relatively low uranium concentrations in boreholes C8933 and C8938, the refined
Stage A area did not include these locations (Section 2.2.1 and Figure 3-1). Samples from boreholes
C8940 and C9451, which were drilled within the refined Stage A area in July 2015, had slightly higher
uranium concentrations in the lower vadose zone and PRZ than boreholes C8933 and C8938.

4-1



SGW-59614, REV. 0

Uranium, ug/g

—— Pre-Treatment Borehole C8940 Total Uranium
Pre-Treatment Borehole C9451 Total Uranium

0 5 10 15 20 25 30 35 40 45
0 I 1 1 1 1 1 L L L
| —&— Pre-Treatment Borehole C8933 Total Uranium
I —@— Pre-Treatment Borehole C8936 Total Uranium
2 . : —a&— Pre-Treatment Borehole C8938 Total Uranium
I
|

— — - Background Value

Lower
Vadose
Zone

Periodically

/>’ Rewetted

Zone

Sample Depth Below Ground Surface, m

CHSGW20170068

Figure 4-1. Total Uranium Concentrations in Pre-Treatment Boreholes C8933,
8936, CB8938, C8940, and C9451.

Phosphate extraction using nitric acid was conducted on selected pre-treatment samples from
boreholes C8940 and C9451 (PNNL-25420, included in Appendix A of this report). Results from the
pre-treatment samples provide an average phosphate concentration of 1,750 mg/kg, indicating that
residual phosphate exists in this area from past liquid discharges (Section 6.3 of ECF-300FF5-16-0091,
Uranium Transport Modeling in Support of the Stage A Enhanced Attenuation Remedy at

300-FF-5 Operable Unit, included in Appendix G of this report).

4.1.1.2 Uranium Leachability Characteristics Test Results

Semi-selective chemical extractions were conducted on 10 pre-treatment soil samples. The semi-selective
extractions were performed sequentially in the following order: weak acetic acid, strong acetic acid,
ammonium oxalate, and nitric acid. The results are presented in Figures 4-2 and 4-3 as the percent of
uranium extracted during each extraction along with the total extracted uranium concentration. The total
extracted uranium concentrations ranged from about 7 to 126 pg/g, with the highest concentration
observed in a sample from borehole C8936. In almost all samples, the weak acetic acid and nitric acid
extracted the highest uranium concentrations. The weak acetic acid extractions target the weakly adsorbed
and readily leachable uranium-bearing carbonate mineral phases, while the nitric acid extraction targets
the nonleachable (strongly bound) uranium associated with crystalline oxides, hydroxides, and clays that
remain after all other extractions have occurred. The strong acetic acid and ammonium oxalate extractions
target the strongly bound (surface complexed) uranium and uranium associated with amorphous oxides of
iron, manganese, aluminum, and silica.
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Figure 4-2. Results from the Semi-Selective Sequential Extraction Experiments on Pre-Treatment
Samples from Boreholes C8933, C8936, and C8938
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Figure 4-3. Results from the Semi-Selective Sequential Extraction Experiments on Pre-Treatment
Samples from Boreholes C8940 and C9451
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The relatively large fraction of uranium associated with the carbonate mineral phases, based on the weak
acetic acid extractions, indicates that the labile and readily leachable uranium fraction varies from 20 to
50 percent of the total uranium. In the sample from a depth of 8.2 m (27 ft) bgs in borehole C8936 with
the highest extracted total uranium concentration of approximately 126 ug/g, the labile uranium fraction
is around 43 percent. Because this sample is located near the PRZ, it is likely that the relative mobility of
the labile uranium contributes to contamination of the groundwater (Section 4.5.2 of SGW-58830).

The leachable (labile) uranium concentrations determined using the sodium bicarbonate (and sodium
carbonate) extraction method are compared with the weak acetic acid extraction method in Figures 4-4
and 4-5. Samples showing higher uranium concentrations from sodium bicarbonate/carbonate extraction
also tend to indicate higher concentrations from weak acetic acid extraction; however, the latter extraction
leads to larger uranium concentrations. This implies that most of the uranium that is potentially labile is
associated with soluble carbonate mineral phases with a relatively smaller amount weakly complexed at
the surface sites (Section 4.5.2 of SGW-58830).

4.1.2 Post-Treatment Sampling and Analysis

Three boreholes were drilled and sampled in January 2016 to determine post-treatment characteristics of
the Stage A EA area (Section 3.1.2). The three boreholes were drilled adjacent to three pre-treatment
boreholes, resulting in the following corresponding collocated borehole pairs: C9451 and C9580; C8940
and C9581; and C8936 and C9582 (Figure 3-1).

4.1.2.1 Total Uranium and Phosphate Results

Sampling performed in boreholes C9580, C9581, and C9582 was used to obtain post-treatment total
uranium and phosphate concentrations in the vadose zone, PRZ, and top of the aquifer. A summary of the
results for total uranium and other selected metals (calcium and phosphorus) and anions (chloride,
fluoride, nitrate, nitrite, phosphate, and sulfate) from the post-treatment boreholes is provided in
Appendix A. The samples also were used to test for leachability characteristics, including total uranium
extracted by sequential extraction (Section 4.1.2.2). The pre-treatment and post-treatment total uranium
concentrations and total extracted uranium concentrations are shown on Figures 4-6 through 4-8.

Post-treatment borehole C9580 shows total uranium values near or below the background value

(3.21 pg/g) with the exception of the sample collected from the PRZ (9.1 to 9.2 m [29.5 to 30 ft] bgs)
(Figure 4-6). Total uranium concentrations in the collocated pre-treatment borehole C9451 are highest in
the lower vadose zone and PRZ. At this location, the maximum concentrations in pre- and post-treatment
samples are 12 pg/g and 7.6 pg/g, respectively. The maximum total extracted uranium concentrations
based on sequential extraction in pre- and post-treatment samples are 15.7 pg/g and 13.6 pg/g,
respectively.

Post-treatment borehole C9581 samples from just above and within the PRZ (7.8 to 8.8 m [25.5 to 28.5 ft]
bgs) contained total uranium concentrations that slightly exceeded the background value (Figure 4-7).
Total uranium results from the adjacent pre-treatment borehole C8940 also exceeded the background
value in the PRZ. At this location, the maximum concentrations in pre- and post-treatment samples are
11.5 pg/g and 5.3 pg/g, respectively. The maximum total extracted uranium concentrations based on
sequential extraction in pre- and post-treatment samples are 15.5 pg/g and 5.9 pg/g, respectively.
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Figure 4-6. Total Uranium Concentrations and Total Extracted Uranium in Pre-Treatment
Borehole C9451 and Post-Treatment Borehole C9580
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Figure 4-7. Total Uranium Concentrations and Total Extracted Uranium in Pre-Treatment
Borehole C8940 and Post-Treatment Borehole C9581
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Total uranium concentrations in samples from post-treatment borehole C9582 exceed the background
value at all depths sampled; concentrations were highest in the lower vadose zone (Figure 4-8). Uranium
concentrations in the collocated pre-treatment borehole C8936 exceeded background in all but the
shallowest sample. At this location, the maximum concentrations in pre- and post-treatment samples are
41 pg/g and 100 pg/g, respectively. The maximum total extracted uranium concentrations based on
sequential extraction in pre- and post-treatment samples are 125.8 pg/g and 105.3 pg/g, respectively.
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Figure 4-8. Total Uranium Concentrations and Total Extracted Uranium in Pre-Treatment
Borehole C8936 and Post-Treatment Borehole C9582

Comparing total uranium concentrations and total extracted uranium based on sequential extraction in
collocated pre- and post-treatment borehole samples indicates the uranium concentrations remained
largely unchanged in the soil following treatment. Some difference in vertical concentration profiles is
expected based on natural variability in the soil column. However, uranium concentrations in the
pre-treatment and post-treatment pairs are of the same order of magnitude. This shows that most of the
uranium present in the soil remained in place, and only a limited amount was displaced during infiltration
and injection (Section 6.3 of ECF-300FF5-16-0091, included in Appendix G of this report).

The vertical profiles of phosphate concentrations detected in the post-treatment boreholes can be used to
indicate the distribution of the phosphate delivered by the polyphosphate solutions. Phosphate
concentrations obtained by performing water extraction (analyzed using ion chromatography) are shown
in Figure 4-9; phosphate concentrations obtained by performing acid extraction (analyzed using
inductively coupled plasma-optical emission spectroscopy) are shown in Figure 4-10. The highest
concentrations in boreholes C9580 and C9581 occur at approximately 5 m (16.4 ft) and 2 to 3 m (6.6 to
9.8 ft) bgs, respectively, suggesting that more phosphate in the infiltration solutions precipitated in upper
vadose zone. (The high concentration at 5 m [16.4 ft] bgs in borehole C9580 corresponds to the presence
of a thin silt zone.) However, the phosphate concentrations are relatively higher throughout the vadose
zone in borehole C9580. Phosphate concentrations in borehole C9582 are relatively low throughout the
vadose zone. All three boreholes show increased phosphate concentrations in the PRZ, reflecting the
direct injection of phosphate solution at that depth.
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Figure 4-10. Phosphate (Total Phosphorus as Phosphate) Concentrations based on Acid Extraction

in Samples from the Post-Treatment Boreholes
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Phosphate extraction using nitric acid was conducted on selected post-treatment samples from boreholes
C9580, C9581, and C9582 (PNNL-25420, included in Appendix A of this report). Phosphate
concentrations are typically higher than 2,000 mg/kg (i.e., higher than the pre-treatment average
concentration) for samples from borehole C9580 and for deeper samples from borehole C9582

(Figure 4-11). These elevated concentrations are consistent with contact by phosphate-bearing solutions
resulting from Stage A treatment. Borehole C9580 has high phosphate concentrations throughout its
depth profile, consistent with the ERT data. The ERT data show that infiltrating solutions migrated to
about 6 m (19.7 ft) bgs (i.e., above the lower vadose zone) in most of the Stage A area but were able to
reach the water table in the western region where infiltration was more rapid and where borehole C9580
is located (Section 4.4). Higher phosphate concentrations observed in deeper samples from borehole
C9582 appear to be a result of polyphosphate injections into the PRZ. The higher phosphate concentration
for the deeper sample from borehole C9581 also is consistent with injections delivering high
concentrations of phosphate (Section 6.3 of ECF-300FF5-16-0091, included in Appendix G of this
report).

The relative vertical distribution of phosphate in post-treatment boreholes based on nitric acid extraction
(Figure 4-11) is consistent with laboratory analyses of phosphate concentrations in sediment samples
collected from the post-treatment boreholes (Figures 4-9 and 4-10). The magnitude of phosphate
concentrations derived from acid extraction (Figure 4-10) is similar to the phosphate concentrations based
on nitric acid extraction (Figure 4-11). Concentrations derived by water extraction are lower (Figure 4-9).
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Reference: Figure 6-16 in ECF-300FF5-16-0091, Uranium Transport Modeling in Support of the Stage A Enhanced Attenuation
Remedy at 300-FF-5 Operable Unit (included in Appendix G of this report).

Figure 4-11. Concentration of Phosphate (Total Phosphorus as Phosphate) Based on 0.5 M Nitric Acid
Extraction on Post-Treatment Samples

Based on the vertical profile of phosphate concentrations, direct injection of polyphosphate solutions into
the PRZ is a more effective method than infiltration for delivery of phosphate to the PRZ.

4-10



SGW-59614, REV. 0

4.1.2.2 Uranium Leachability Characteristics Test Results

Semi-selective chemical extractions were conducted on nine soil samples collected from the three
post-treatment boreholes. The sample intervals were selected to correspond with those tested in the pre-
treatment boreholes. Semi-selective extraction was performed on the post-treatment samples using the
same sequence as used for the pre-treatment samples: weak acetic acid, strong acetic acid, ammonium
oxalate, and nitric acid. Results are presented in Figures 4-12 and 4-13 as the percent of uranium
extracted during each extraction along with the total extracted uranium concentration.

The total extracted uranium ranged from 2.4 to 105 pg/g. Consistent with the total uranium results, the
highest uranium concentrations were extracted from the five samples collected from borehole C9582.
Borehole C9582 is collocated with borehole C8936, which contained the highest concentrations of total
uranium among the pre-treatment boreholes (Figure 4-1).

In all of the post-treatment samples, strong acetic acid extracted the highest concentrations of uranium,
ranging from 37.5 to 56.8 percent of the total extracted uranium concentration. The strong acetic acid
extractions selectively target the (strongly bound) uranium surface complexed with carbonate minerals.

The relative contribution of uranium from each semi-selective extraction is compared for samples from
similar depths in the pre-treatment borehole C9451 (Figure 4-14, shown on the left) and the collocated
post-treatment borehole C9580 (Figure 4-14, shown on the right). In each of the sample pairs, the relative
contribution of uranium from the strong acetic acid extraction is higher in the post-treatment sample,
indicating more uranium is strongly bound by surface complexation. Most of the post-treatment samples
also show a decrease in the relative contribution from the weak acetic acid and nitric acid extractions,
indicating that less of the uranium is readily soluble or nonleachable.

Figure 4-15 shows the relative contribution of uranium from each semi-selective extraction for samples
from comparable depths in pre-treatment borehole C8940 and the collocated post-treatment borehole
C9581. Figure 4-16 shows the relative contribution of uranium from each semi-selective extraction for
samples from comparable depths in pre-treatment borehole C8936 and the collocated post-treatment
borehole C9582. The sample pairs show a similar change in the relative contribution of uranium in the
extractions between pre-treatment and post-treatment conditions.

Each extractant solution was also analyzed for phosphorus, calcium, aluminum, iron, and manganese.
Results for these analyses are discussed in Section 6.3.1 in ECF-300FF5-16-0091 (included in
Appendix G of this report). The results are used in Section 5.2 of this report to develop the conceptual
model of geochemical reactions resulting from application of polyphosphate solutions.

The readily leachable (labile) uranium concentrations determined using the sodium bicarbonate and
sodium carbonate extraction method are presented in Figure 4-17. The amounts of uranium that are
weakly surface complexed and readily leachable from weak acetic acid extraction also are presented for
comparison. The three shallower samples from borehole C9582 (samples B347P0, B347P5, and B347R1
from the lower vadose zone) have higher uranium concentrations from sodium bicarbonate/carbonate
extraction and from weak acetic acid extraction. These results imply most of the uranium that is
potentially labile in these samples is associated with soluble carbonate mineral phases. Similar results
were obtained for the pre-treatment samples, suggesting phosphate from infiltration did not reach the
lower vadose zone at this location.
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Figure 4-14. Relative Uranium Extraction Contribution in Borehole Pair C9451-C9580
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Figure 4-16. Relative Uranium Extraction Contribution in Borehole Pair C8936-C9582

4-15



9T-¥

u Bicarbonate/Carbonate Weak Acetic Acid

Uranium (pg/g)

Borehole C9580, Borehole C9580, Borehole C9580, Borehole C9581, Borehole C9582, Borehole C9582, Borehole C9582, Borehole C9582, Borehole C9582,
6.6 m (B347C6) 8.2m (B347D8) 8.9m (B347F1) 8.6 m(B347L4) 6.3m (B347P0) 7.1 m (B347P5) 7.8 m (B347R1) 9.1m (B347R7) 10.2 m (B347T7)

CHSGW20160304

Figure 4-17. Uranium Concentration from Sodium Bicarbonate/Carbonate Extraction Compared with the Uranium Concentration from
Weak Acetic Acid Extraction for Post-Treatment Borehole Samples
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The distribution of phosphate and uranium is not uniform among the three post-treatment boreholes.
Uranium concentrations in boreholes C9580 and C9581 are at or below the background concentration at
depths above the PRZ. Uranium concentrations in borehole C9582 exceed the background concentration
throughout the vadose zone and PRZ. The vertical distribution of uranium is similar in the collocated
pre-treatment samples. Phosphate concentrations in boreholes C9581 and C9582 are relatively low in the
vadose zone. Phosphate concentrations in borehole C9580 are higher. As a result, only overall trends can
be compared.

Flow-through column leach tests were conducted on three intact samples and four repacked columns
containing less than 2 mm size fraction material from post-treatment boreholes (Table 6-4 in
ECF-300FF5-16-0091, included in Appendix G of this report). The depth intervals were selected based on
the distribution of uranium concentrations in the soil and the depth of the pre-treatment samples.

Results from flow-through column leach tests performed on two intact lower vadose zone samples from
pre-treatment borehole C8936 are compared to intact lower vadose zone and PRZ samples from
collocated post-treatment borehole C9582 in Figure 4-18. The total uranium soil concentrations based on
sequential leach tests are shown next to the column test results. Initial high uranium concentrations
decline over the first few pore volumes, after which the rate of decline is slower. The intermittent increase
in concentrations and gradual decline results from resumption of flow following the stop-flow events.
The total uranium soil concentration in all five samples is high (ranging from 31 to 126 ug/g), and the
effluent concentrations are sustained, indicating uranium mass has not been depleted. Results for
repacked columns containing less than 2 mm size fraction material correspond to the results for the intact
samples from the same depths (Section 6.3 of ECF-300FF5-16-0091, included in Appendix G of this
report).

Comparison of Post & Pre-Treatment Samples (Field-Textured)
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Reference: Figure 6-28 in ECF-300FF5-16-0091, Uranium Transport Modeling in Support of
the Stage A Enhanced Attenuation Remedy at 300-FF-5 Operable Unit (included in
Appendix G of this report).

Figure 4-18. Comparison of Effluent Uranium Concentrations from Column Leach Tests Performed
on Intact (Field-Textured) Samples from Post-Treatment and Pre-Treatment Boreholes

4-17



SGW-59614, REV. 0

The flow-through column leaching behavior of the pre-treatment samples from the lower vadose zone
(B30541 and B30543) is similar to the leaching behavior observed for the two post-treatment samples
from the lower vadose zone (B347P4 and B347R0). High phosphate concentrations were not available in
the pre-treatment samples, and they were not delivered to the post-treatment lower vadose zone samples
by infiltration. The results for the post-treatment sample from the PRZ (B347T6) show that initial
concentrations are lower and remain low throughout the duration of the experiment. The low effluent
concentrations indicate the post-treatment sample from the PRZ most likely was impacted by phosphate
injection into the PRZ and that the injected phosphate appears to have sequestered uranium. Because all
three post-treatment boreholes show similar high phosphate concentrations at depth (Figure 6-17 in
ECF-300FF5-16-0091, included in Appendix G of this report), similar leaching behavior of uranium is
likely in all three locations.

Labile uranium leach testing was conducted on aliquots of the less than 2 mm size fraction samples from
the three post-treatment boreholes. The results indicate uranium-containing carbonates are present in the
soil in sufficient amounts to continue to dissolve and release uranium even after 66 days of continuous
testing. This type of nonequilibrium, kinetically controlled leaching in contact with a bicarbonate aqueous
solution could be expected to continue under field conditions. However, the amount of uranium leached is
relatively low for three samples from borehole C9580, one PRZ sample from borehole C9581, and two
PRZ samples from borehole C9582 (Figure 5-6 in PNNL-25420, included in Appendix A of this report).
The amount of uranium leached is relatively high for four samples above the PRZ from borehole C9582.
These results suggest that the labile uranium concentration remains relatively low in samples where the
phosphate concentration is above background due to possible reactions of the uranium with calcium
phosphate (Section 6.3.3 of ECF-300FF5-16-0091, included in Appendix G of this report).

4.2  Groundwater Sampling and Monitoring

The following subsections provide results of groundwater sampling and monitoring conducted before,
during, and after application of polyphosphate treatment solutions to the vadose zone, PRZ, and top of the
aquifer. The purpose of the sampling was to monitor the effects of the polyphosphate solutions on the
groundwater and evaluate performance of the remedy.

42.1 Manual Monitoring

Manual groundwater monitoring is described in Section 3.2.1. Analytical results for the samples collected
as part of operational monitoring are provided in Appendix C of this report, and analytical results for the
samples collected as part of long-term monitoring are provided in Appendix H.

Phosphate concentrations were minimal in the three pairs of monitoring wells (399-1-72/73, 399-1-70/71,
and 399-1-66/69) upgradient from the treatment area (Figure 1-5). These wells were located outside the
radius of influence (ROI) of the polyphosphate injections, and the phosphate data suggest that
groundwater was not flowing toward the northeast during and after treatment.

Figure 4-19 shows trend plots of phosphate concentration at the 10 pairs of Stage A monitoring wells
located inside and downgradient of the EA area and at groundwater well 399-1-23 located downgradient
of the EA area. In the two aquifer monitoring wells sampled daily (399-1-65 and 399-1-74) (Figure 3-2),
the trend plots show no significant increase in phosphate following aquifer injections despite their close
proximity to the injection wells. In four of the five PRZ monitoring wells located in the EA area and
sampled daily (399-1-75, 399-1-87, 399-1-67, and 399-1-77), a significant increase in phosphate
concentrations (to approximately 4,000 to 8,000 mg/L) immediately following PRZ injections was
followed by a decrease, which suggests that PRZ injections were effective at delivering a high
concentration of phosphate to the PRZ for a short duration. However, the plot of the fifth PRZ monitoring
well sampled daily (399-1-81) showed no significant increase in phosphate following PRZ injections,
most likely because it was not within the ROI of the injections or in the flow path of groundwater.
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Figure 4-19. Phosphate Concentration and Specific Conductance Trends in Stage A Monitoring Wells
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In the weekly samples taken after polyphosphate treatment, data showed that phosphate concentrations in
the PRZ and aquifer were much lower (approximately <2,000 mg/L) than concentrations immediately
following injections. This suggests that phosphate reached the PRZ and aquifer in the EA area during
treatment, but concentrations reduced as the phosphate was diluted and migrated in the groundwater.

The distribution of phosphate in the PRZ on November 20, 2015, 2 days after PRZ injections were
completed, is shown in Figure 4-20. The distribution of phosphate in the aquifer on November 20 and
December 3, 2015, is shown in Figures 4-21 and 4-22, respectively. The two figures for November 20,
2015, show relatively high concentrations in the PRZ, but not in the aquifer, following PRZ injections.
The figure for December 3, 2015, indicates that the phosphate is draining from the PRZ to the aquifer.
The western Stage A area drained faster than the eastern Stage A area, consistent with ERT data for
infiltration rates (Section 4.4).

Figures 4-23 and 4-24 show trend plots of uranium concentrations in the PRZ and aquifer in the

26 monitoring wells. In the monitoring wells sampled daily during treatment, a pulse of uranium was
observed shortly after infiltration began. Application of the polyphosphate solutions with higher ionic
strength would be expected to temporarily mobilize uranium. There were minimal changes in uranium
concentration in the monitoring wells upgradient from the EA area or outside the downgradient flow path
of the groundwater.

Trend plots of uranium, phosphate, and specific conductance through June 2016 (7 months after the
completion of polyphosphate injection and infiltration) are shown for downgradient wells 399-1-23,
399-1-17A, 399-1-7, and 399-2-2 in Figures 4-25 through 4-28. The locations of the wells are shown on
Figure 3-3. All of the data for these wells and for wells 399-1-16A, 399-2-1, and 399-2-3 collected by
PNNL between September 2015 and June 2016 are provided in Appendix C; the data collected by
CHPRC in December 2015 and June 2016 are provided in Appendix H.

o  Well 399-1-23 (~5 m [16 ft] downgradient of the Stage A area) and well 399-1-17A (38.1 m [125 ft]
downgradient of the Stage A area) show steep increases in specific conductance and phosphate
concentrations approximately 1 week after the start of polyphosphate application. Concentrations
slowly declined but remained slightly elevated above pre-treatment concentrations as of June 2016.
During this same timeframe, uranium concentrations decreased below pre-treatment concentrations
and the cleanup level (30 pg/L).

o Well 399-1-7 (157.0 m [515 ft] downgradient of the Stage A area) shows a gradual increase in
specific conductance and phosphate concentrations approximately 1 month after the start of
polyphosphate application. Concentrations had not started to decline as of June 2016. During this
same timeframe, uranium concentrations decreased and remained below pre-treatment concentrations
and the cleanup level.

o Well 399-2-2 (280.4 m [920 ft] downgradient of the Stage A area) shows no significant increases in
specific conductance or phosphate. Uranium concentrations in this well have fluctuated and were
typically lower in June (high river stage) than in December (low river stage). The low concentrations
near the cleanup level in June 2016 may reflect this seasonal variation.

The data collected from wells farther downgradient of the Stage A EA area corroborate the observations
made at monitoring wells within and near the EA area, which show that any temporary spikes of uranium
in the aquifer due to polyphosphate application have not impacted groundwater quality. Conversely,
uranium concentrations downgradient of the Stage A EA area have decreased due to the Stage A
phosphate application.
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Figure 4-20. Distribution of Phosphate in the PRZ on November 20, 2015
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Figure 4-21. Distribution of Phosphate in the Aquifer on November 20, 2015
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Figure 4-22. Distribution of Phosphate in the Aquifer on December 3, 2015
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Figure 4-23. Uranium Concentration Trends in Stage A PRZ Monitoring Wells
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Figure 4-24. Uranium Concentration Trends in Stage A Aquifer Monitoring Wells
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Figure 4-25. Groundwater Specific Conductance, Uranium, and Phosphate Concentrations in Well 399-1-23
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Figure 4-26. Groundwater Specific Conductance, Uranium, and Phosphate Concentrations in Well 399-1-17A
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Figure 4-27. Groundwater Specific Conductance, Uranium, and Phosphate Concentrations in Well 399-1-7
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Figure 4-28. Groundwater Specific Conductance, Uranium, and Phosphate Concentrations in Well 399-2-2
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Groundwater monitoring results for well 399-1-17A show temporary increases in trace metals such as
arsenic and vanadium following application of the polyphosphate solutions (Figure 4-29). Both arsenic
and vanadium are likely naturally occurring and possibly being mobilized from dissolution of iron oxides
and clay minerals from interaction with phosphate-bearing solutions. Vanadium could also be made
available from dissolution of a uranium-bearing mineral, such as carnotite.
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Figure 4-29. Temporary Increase in Arsenic Concentration in Well 399-1-17A
following Polyphosphate Treatment

4.2.2  Automated Monitoring

Automated groundwater monitoring is described in Section 3.2.2. Analytical results for the automated
groundwater measurements are summarized in Appendix D of this report.

4.2.2.1 In Situ Monitoring

Data loggers were installed in six aquifer monitoring wells inside and outside of the Stage A EA area
(Figure 3-4). Specific conductance measurements recorded using the dataloggers indicate the extent of the
polyphosphate solution migration. Figure 4-30 shows the correlation between the specific conductance
measured using the data loggers and the phosphate concentration analyzed in groundwater samples from
five of the six monitoring wells that were in or downgradient from the EA area. The sixth data logger was
in a monitoring well (399-1-70) upgradient from the EA area that did not receive a significant amount of
phosphate. Specific conductance at monitoring wells 399-1-80, 399-1-82, and 399-1-84 did not change
(Figure 4-19). This is consistent with groundwater samples from the wells, which contained low
concentrations of phosphate. Specific conductance measured at monitoring wells 399-1-76 and 399-1-86
increased after each aquifer injection (Figure 4-19). Phosphate was not measured daily in these two wells;
however, the specific conductance/phosphate correlation (Figure 4-30) indicates phosphate was present in
the aquifer.
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Reference: Figure 6-7 in ECF-300FF5-16-0091, Uranium Transport Modeling in Support of the
Stage A Enhanced Attenuation Remedy at 300-FF-5 Operable Unit (included in Appendix G of
this report).

Note: Regression excludes outlier.

Figure 4-30. Electrical Conductivity and Phosphate Correlation

4.2.2.2 Water Level Monitoring

Six groundwater wells in the vicinity of the Stage A treatment area and the 300 Area river gauge (station
SWS-1) were continuously monitored as part of the local AWLN (Figure 3-5). The water levels and river
stage measured before, during, and after the injections were used in the numerical fate and transport
modeling described in Chapter 5 of this report and in ECF-300FF5-16-0091 (included in Appendix G of
this report). The water levels and specific conductivity measurements were used in the evaluation of the
impact of phosphate injections on aquifer properties described in Chapter 5 of this report.

4.3 Operations Monitoring

The following subsections describe the results of operations monitoring of the Stage A infiltration and
injection systems. The data are provided in Appendix E of this report.

4.3.1 Infiltration System

Infiltration was initiated on November 7, 2015. One mixing skid was used to mix concentrated
orthophosphate and pyrophosphate chemicals with filtered Columbia River water and deliver the
polyphosphate solution to the infiltration system distribution header. From the distribution header, the
polyphosphate solution was delivered to infiltration drip lines (Figure 2-4). The configuration of the
infiltration system is described in Section 2.2.4.

The infiltration system was operated 24 hr/d for 271 hours, ending on November 16, 2015. During the
first 4 days of infiltration, the polyphosphate solution infiltrated at average flow rates ranging between
197 and 212 L/min (52 and 56 gal/min) (Table 2-1). This flow rate was less than half of the design flow
rate of 511 L/min (135 gal/min). On November 11, 2015, the 103 kPa (15 Ib/in?) pressure regulators
connecting each drip line to the header were replaced with 138 kPa (20 Ib/in?) pressure regulators.

The average flow rate increased, ranging between 254 and 318 L/min (67 and 84 gal/min), for the
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remaining 5 days of infiltration. Figure 4-31 shows the average daily infiltration flow rates for the 10 days
of infiltration.
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Figure 4-31. Stage A Daily Average Infiltration Flow Rates

Conductivity levels on the first day of infiltration were higher than anticipated in the treatment solution
discharging from the mixing skid to the infiltration lines. This indicated the solution may have contained
a higher phosphate concentration than intended. Operations personnel continued to collect field
measurements every 4 hours to monitor conductivity. These data continued to show elevated conductivity
levels and confirmed the phosphate concentrations were higher than desired. The issue was traced to
inaccurate flow rates displayed on the skid control panel. Using the more accurate flow rates displayed on
the in-line flowmeters, operators were able to adjust the mixing parameters and bring the phosphate
concentrations into the desired range. The success of the adjustment was confirmed by the field
measurements.

Totalizer volumes recorded on the inline flowmeters at the conclusion of the infiltration operations on
November 16, 2015, indicated 3,342,889 L (883,194 gal) of polyphosphate solution was delivered to the
vadose zone during Stage A. The actual volume was less than the design volume of 3,679,420 L
(972,000 gal) by 10.1 percent.

The polyphosphate solution used for infiltration was composed of a mixture of 90 percent orthophosphate
and 10 percent pyrophosphate, by weight as phosphate. The target infiltration concentrations are provided
in Table 4-1. The composition of the infiltrated solution for the three primary components (sodium,
potassium, and phosphate) is shown in Figure 4-32, based on daily samples collected from the infiltration
skid. During infiltration, phosphate concentrations were generally maintained around 5,000 mg/L

(50 mM) except for the first day of infiltration when the concentrations were around 12,000 mg/L due to
operational issues related to mixing with river water. Sodium and potassium concentrations varied in
proportion to the phosphate concentrations, with the sodium concentrations being slightly greater than
potassium concentrations.
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Table 4-1. Target Concentrations for Vadose Zone Infiltration

Approximate Target
Target Infiltration Infiltration Concentration of
Concentration Phosphate
Infiltration Solution Component (mM) (mg/L)
Orthophosphate* 47.5 4,520
Pyrophosphate (NasP,07) 2.5 480
Total approximate phosphate (PO4) 50 5,000
concentration
* Mixture of NaH2PO4-NazHPO4-KH2PO4-K2HPO4.
14000
13000 - ®Phosphate
= Potassium
12000 1 = Sodium
11000 A
__ 10000 1
d
E 9000 -
E 8000 -
£ 7000 -
S 6000 |
o
o 5000 -
4000 -
3000 -
2000
1000 -
U 4
11712015 11/8/2015 11/9/2015 11/10/2015 11111/2015 11/12/2015 11/14/2015 11/15/2015

Date

Source: Figure 6-3b in ECF-300FF5-16-0091, Uranium Transport Modeling in Support of the Stage A Enhanced
Attenuation Remedy at 300-FF-5 Operable Unit (included in Appendix G of this report).

Note: No sample taken on November 13, 2015.

Figure 4-32. Stage A Infiltration Solution Daily Sample Concentrations at the Mixing Skid

4.3.2 Injection System

Injections into the top of the aquifer were conducted on November 6, 9, and 16, 2015 (Table 2-1).
Injections into the PRZ were conducted between November 16, 17, and 18, 2015 (Table 2-1).

The duration of each round of injections was 8 continuous hours; starting and ending times for the
injections are provided in Table 2-1. During injections, the polyphosphate solution was delivered
simultaneously to six of the nine injection wells at a combined target flow rate of 1,136 L/min

(300 gal/min). Instruments on the injection mixing skid were monitored to ensure that appropriate flow
rates and system parameters were maintained.

4-32




SGW-59614, REV. 0

Totalizer volumes recorded on the inline flowmeters at the conclusion of the final aquifer injection on
November 16, 2015, indicated 1,697,722 L (448,492 gal) of polyphosphate solution was delivered to the
top of the aquifer during Stage A. The actual volume exceeded the intended design volume of

1,635,298 L (432,000 gal) by 3.7 percent.

Total volumes of polyphosphate solution delivered to each well during aquifer injections is shown in
Figure 4-33. The volume injected into seven of the nine wells exceeded the target volume of 181,699 L
(48,000 gal) of polyphosphate solution per well. Wells 399-1-95 and 399-1-97 accepted solution at rates
less than the target operational parameter of 189 L/min (50 gal/min). This deficiency was anticipated due
to very low pumping rates experienced when the wells were developed during construction (Appendix B).
The low injection rates and pumping rates in these two wells are consistent with the presence of the less
permeable Ringold Formation in the lower portion of the screened intervals in the aquifer (Figure 2-2).

In an effort to mitigate the lower flow rates for wells 399-1-95 and 399-1-97, flow rates (and subsequent
volumes) were increased to the adjacent wells (399-1-91, 399-1-94, and 399-1-96).
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Figure 4-33. Stage A Aquifer Injection Volume Per Well

Totalizer volumes recorded on the inline flowmeters at the conclusion of the final PRZ injections on
November 18, 2015, indicated 1,809,474 L (478,014 gal) of polyphosphate solution was delivered to the
PRZ during Stage A. The actual volume exceeded the design volume of 1,635,298 L (432,000 gal) by
10.7 percent.

Total volumes of polyphosphate solution discharged to each of the nine wells during PRZ injections are
shown in Figure 4-34. The volume injected into all of the wells exceeded the polyphosphate treatment
solution target volume of 181,699 L (48,000 gal).
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Periodically Rewetted Zone Injections
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Figure 4-34. Stage A PRZ Injection Volume Per Well

The polyphosphate solution used for aquifer and PRZ injections was composed of a mixture of 90 percent
orthophosphate and 10 percent pyrophosphate, by weight as phosphate. The target infiltration
concentrations are provided in Table 4-2. The composition of the injected solution for the three primary
components (sodium, potassium, and phosphate [PO4]) is shown in Figure 4-35, based on daily samples
collected from the injection skid. Concentrations were higher on the days when solutions were being
injected (Figure 4-35), and lower on days when they were infiltrated (Figure 4-32), per the design
objectives. During injection, phosphate concentrations varied from around 8,000 mg/L to 9,000 mg/L
(84 to 95 mM), reflecting variability in the manufacturing of the concentrated solution and mixing with
the river water in the mixing skids. Sodium and potassium concentrations varied in proportion to the
phosphate concentrations, with the sodium concentrations being slightly greater than potassium
concentrations.

The sample collected on November 16 represents both the aquifer injection and PRZ injection solution on
that day of the operation. On November 16, a decision was made to continue 8-hour PRZ injections
through the night rather than shut down in the afternoon and restart the following morning. Therefore, a
second sample of the phosphate treatment solution was not collected when injections were transitioned
from the top of the aquifer to the PRZ on November 16.

Table 4-2. Target Concentrations for Aquifer and PRZ Injections

Target Injection Approximate Target Injection
Concentration Concentration of Phosphate
Injection Solution Component (mM) (mg/L)
Orthophosphate* 78.4 7,450
Pyrophosphate (Na4P207) 4.1 790
Total approximate phosphate (PO4) concentration 82.5 8,240

* Mixture of NaH2PO4-Na2HPO4-KH2PO4-K2HPO4.
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Source: Figure 6-3a in ECF-300FF5-16-0091, Uranium Transport Modeling in Support of the Stage A Enhanced Attenuation
Remedy at 300-FF-5 Operable Unit (included in Appendix G of this report).

Figure 4-35. Stage A Injection Solution Daily Sample Concentrations at the Mixing Skid
Application of polyphosphate solution through injection met the design parameters.

4.4 Electrical Resistivity Tomography

Real-time ERT was used to image the spatial and temporal change in electrical conductivity
corresponding to migration of the polyphosphate infiltration solution through the vadose zone. The ERT
network is described in Section 2.2.6, and ERT data collection is described in Section 3.4. The ERT
report (PNNL-SA-25232) is provided in Appendix F.

44.1 Pre-Treatment Monitoring

The baseline (pre-treatment) ERT image represents the bulk conductivity distribution prior to infiltration
of polyphosphate solution. The baseline image is critical because it is subtracted from every time-lapse
image to reveal the change in bulk conductivity with time. During Stage A infiltration operations, the
change in bulk conductivity is caused by the increase in saturation and pore fluid conductivity.

The baseline image can also be used to infer geologic structure or other properties related to spatial
variations in porosity, saturation, pore fluid conductivity, texture, and mineralogy.

The baseline image for the time-lapse imaging was collected at 6:00 a.m. on November 6, 2015, just prior
to the onset of polyphosphate solution injection into the saturated zone (Figure 4-36). The image shows
background levels of low conductivity as expected for this region and conditions. However, some
localized regions of elevated conductivity are evident. Prior to the acquisition of the baseline image, the
performance of the polyphosphate solution infiltration system was tested by injecting river water into the
infiltration lines. Areas of elevated bulk conductivity likely resulted from the infiltration performance test.
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Reference: Figure 4.1 from PNNL-SA-25232, Stage A Uranium Sequestration Amendment Delivery Monitoring Using
Time-Lapse Electrical Resistivity Tomography (included in Appendix F of this report).
Figure 4-36. Baseline ERT Images for the Stage A EA Area

Due to the increase in saturation and likely change in pore water specific conductance, the baseline image
does not represent absolute native conditions. However, the conditions shown are well within the range
caused by natural precipitation events for this period (SGW-59455).

4.4.2  Monitoring During Treatment

Figure 4-37 shows ERT images for operating days 1 through 5 (November 6 through November 10, 2015).
The column of images on the left depicts the bulk conductivity measurements for line A-A’ (line A).
The column of images on the right depicts the bulk conductivity measurements for line B-B’ (line B).

4-36



SGW-59614, REV. 0
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Reference: Figure 4.3 from PNNL-SA-25232, Stage A Uranium Sequestration Amendment Delivery Monitoring
Using Time-Lapse Electrical Resistivity Tomography (included in Appendix F of this report).

Note: The white, gray, and black contour lines represent increases in bulk conductivity of 0.002, 0.003, and
0.004 S/m, respectively.

Figure 4-37. Change in Bulk Conductivity from Baseline Conditions on Operational Days 1 through 5

On day 1 (November 6, 2015), polyphosphate solution was injected into the aquifer wells. Increases in
conductivity are evident below the water table beneath both ERT lines. There also appears to be a slight
increase in vadose zone conductivity during day 1, which may be an artifact of limited imaging
resolution.

Polyphosphate solution infiltration began on day 2 (November 7, 2015) and ended on the morning of

day 11 (November 16, 2015). Figures 4-37 and 4-38 show marked increases in bulk conductivity as the
solution wetting front moves toward the water table from day 2 to day 10. On day 10, ERT images
display increases in bulk conductivity throughout the unsaturated zone beneath each line, suggesting the
presence of polyphosphate solution throughout, with the caveat that resolution limitations disable the
capability to resolve small (less than approximately 1 m? [35 ft®]) regions that may have been left
untreated. With the exception of one region on the western end of line A and one on the southern end of
line B, the polyphosphate solution wetting front appears to have advanced relatively uniformly beneath
both lines. There is no evidence of untreated regions beneath either line (Section 4.2 of PNNL-SA-25232,
included in Appendix F of this report).

Figure 4-37 shows that the polyphosphate solution reached the water table relatively quickly within the
region below the western end of line A, from approximately 15 to 22 m east of the westernmost end of the
line. The relatively low increase in conductivity suggests lower saturation compared to the upper mid- and
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eastern sections of line A from days 2 through 5. Conductivity below the western end of line A steadily
increased from days 6 through 10 (Figure 4-38). All of these observations are consistent with relatively
coarse-grained, higher porosity materials at the western end of line A (Section 4.2 of PNNL-SA-25232).

The southern end of line B, from approximately 48 to 50 m south of the northernmost end of the line,
exhibits relatively low increases in conductivity during infiltration (Figures 4-37 and 4-38). However, the
southern end of line B shows a significant increase in conductivity down to the water table on day 10.
The time-lapse images suggest significant lateral flow of polyphosphate solution above an elevation of
approximately 110 m (5 m [16.4 ft] bgs). Lateral flow from adjacent infiltration lines delivered
polyphosphate solution deeper below the southern end of line B. These observations suggest that vertical
flow may have been relatively low beneath the southern end of line B because of relatively low solution
application rates rather than geologic heterogeneities (Sections 4.2 and 5.1 of PNNL-SA-25232).
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Reference: Figure 4.4 from PNNL-SA-25232, Stage A Uranium Sequestration Amendment Delivery Monitoring Using
Time-Lapse Electrical Resistivity Tomography (included in Appendix F of this report).

Note: The white, gray, and black contour lines represent increases in bulk conductivity of 0.002, 0.003, and 0.004 S/m,
respectively.

Figure 4-38. Change in Bulk Conductivity from Baseline Conditions on Operational Days 6 through 10
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443 Post-Treatment Monitoring

Figures 4-39 and 4-40 show ERT images collected after completion of polyphosphate solution application
through the infiltration system. These images show bulk conductivity decreasing with time as
polyphosphate solution drains from the unsaturated zone, starting at the water table and progressing
upward. By day 25, the unsaturated zone appears to have reached a relatively steady-state condition of
elevated conductivity, suggesting the presence of polyphosphate solution in the residual pore water.
Increases in conductivity after day 25, particularly near the surface, are likely associated with significant
precipitation events that occurred during that period (Section 4.2 of PNNL-SA-25232, included in
Appendix F of this report).
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Reference: Figure 4.5 from PNNL-SA-25232, Stage A Uranium Sequestration Amendment Delivery Monitoring Using
Time-Lapse Electrical Resistivity Tomography (included in Appendix F of this report).

Note: The white, gray, and black contour lines represent increases in bulk conductivity of 0.002, 0.003, and 0.004 S/m,
respectively.

Figure 4-39. Change in Bulk Conductivity from Baseline Conditions on Operational Days 11 through 15
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Note: The white, gray, and black contour lines represent increases in bulk conductivity of 0.002, 0.003, and 0.004 S/m,
respectively.

Figure 4-40. Change in Bulk Conductivity from Baseline Conditions on Operational Days 20, 25, 30, and 34
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5 Stage A Enhanced Attenuation Performance Evaluation

The expected outcome of the Stage A EA using polyphosphate solution application is uranium
concentrations in groundwater downgradient of the EA treatment area will be lower than before the
treatment (Appendix B of DOE/RL-2014-42). Furthermore, mobilization of uranium resulting from
seasonal fluctuations in groundwater elevations is expected to be diminished because the uranium will be
sequestered “in situ” within the vadose zone and PRZ. This may be expected to result in less seasonal
variation in uranium concentrations in the underlying groundwater. The conceptual pattern of one
possible groundwater response to the EA is depicted in Figure 5-1.
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Source: Figure B-1 in DOE/RL-2014-42, 300-FF-5 Operable Unit Remedy Implementation Sampling and Analysis
Plan.

Figure 5-1. Schematic of Projected Concentrations and Trends from EA

Figure 5-1 is simplified to show a linear change in concentrations following treatment, but in reality
concentrations are expected to change in a more complicated manner varying spatially and temporally
within the aquifer. It may take more than one cycle (e.g., 1 year) of seasonal fluctuations in groundwater
elevation to evaluate the change in uranium groundwater concentrations affected by polyphosphate
solution application.

Five performance measures for Stage A treatment are evaluated in this chapter:

e Phosphate delivery and distribution

o Effect of polyphosphate applications on geochemical processes and aquifer properties
e Mobilization of uranium to groundwater

e Downgradient uranium groundwater concentrations

e Uranium fate and transport modeling
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The Stage A EA treatment performance is evaluated using the following lines of evidence in accordance
with DOE/RL-2014-42:

e Groundwater data from samples collected before, during, and after polyphosphate solution application
¢ Uranium leachability data collected before and after Stage A polyphosphate solution application

e Fate and transport modeling before and after Stage A polyphosphate solution application

¢ Real-time monitoring of the polyphosphate solution movement in the vadose zone, PRZ, and aquifer
e Aquifer properties before and after the polyphosphate solution treatment

Treatment effectiveness also is evaluated based on the polyphosphate solution distribution resulting from
infiltration and injection operations.

5.1 Polyphosphate Delivery and Distribution

This discussion is supported by the real-time monitoring of phosphate line of evidence and the analysis of
soil samples needed for the leachability data line of evidence. Real-time ERT was used to evaluate
polyphosphate solution infiltration by imaging the changes in spatial and temporal distribution of
electrical conductivity in the vadose zone and PRZ. A complete discussion of the ERT imaging
implementation and data interpretation is presented in PNNL-SA-25232, Stage A Uranium Sequestration
Amendment Delivery Monitoring Using Time-Lapse Electrical Resistivity Tomography (included in
Appendix F in this report).

Samples were collected daily from five PRZ and two aquifer monitoring wells (Figure 3-2) to evaluate the
distribution of polyphosphate solution during operations (Sections 3.2.1 and 4.2.1). Analytical results for
the samples are in Appendix C of this report.

Automated monitoring was conducted at six aquifer monitoring wells (Figure 3-4) to evaluate the
distribution of polyphosphate solution (Sections 3.2.2 and 4.2.2). The data are summarized in Appendix D
of this report.

5.1.1 Polyphosphate Solution Distribution in the Vadose Zone During Infiltration

Figure 5-2 shows the ERT images beneath line A-A’ (east-west-oriented array) and line B-B’ (north-
south-oriented array) (Figure 2-5) prior to treatment (baseline) and after an elapsed time of 1.5 days.

As shown in the 1.5-day images, some areas beneath the infiltration area (white ellipses) show no change
in electrical conductivity, indicating a lower rate of application of solution from some of the infiltration
lines. However, time-lapse images (Figures 4-37 and 4-38) show that flow rates in these zones were
sufficient for solution migration to the water table. It may be that low flows in these zones were
compensated by lateral flow from adjacent infiltration lines with higher flow rates (Section 5.1 of
PNNL-SA-25232, included in Appendix F of this report). Correspondingly, some areas beneath ERT
lines show good function of infiltration lines and a high rate of application, such as on the northern,
western, and eastern ends of the infiltration area.

Figure 5-3 shows the depth-averaged vertical fluid migration velocity, or the rate of downward movement
of infiltration fluids, across ERT lines A-A’ and B-B’. Interpretation of ERT data indicated polyphosphate
solution wetting-front advancement rates ranging from 0.75 to 3.00 m/d (2.5 to 9.8 ft/d). Although the
wetting-front velocity varied across the EA area, polyphosphate solution reached the water table across
the entire infiltration area in 7 days or less after the start of infiltration (3 days prior to the end of
infiltration).
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Reference: Figures 5.1 and 5.2 in PNNL-SA-25232, Stage A Uranium Sequestration Amendment Delivery
Monitoring Using Time-Lapse Electrical Resistivity Tomography (included in Appendix F of this report).

Figure 5-2. Baseline and Day 1.5 ERT Images
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Figure 5-3. Average Phosphate Solution Migration Velocity

The highest rates of migration were on the western end of line A-A’, along with areas of higher migration

velocity on the eastern end of line A-A’ and on the farthest southern end of line B-B’. The central portion

of the Stage A area generally showed slower velocities than those along the western, eastern, and southern
ends.

With the exception of the western end of line A-A’, the vertical migration rates infer a horizontally
stratified structure. These include a lower migration velocity zone of approximately 0.75 to 1.0 m/d

(2.5 to 3.3 ft/d) bounded above and below by higher velocity zones of approximately 1.5 to 1.75 m/d
(4.9 to 5.7 ft/d) (Figure 5-3). Estimates of solution arrival times suggest a decrease in hydraulic
conductivity at an elevation of approximately 110 m (5 m [16.4 ft] bgs), which is consistent with patterns
observed in the time-lapse images. For example, Figures 4-37 and 4-38 show the highest increase in bulk
conductivity above approximately 110 m, which may have been caused by elevated polyphosphate
solution saturation above this elevation because of reduced downward flow rate at and below this
elevation. Interpretation of the time-lapse images indicates significant lateral migration above 110 m,
which could have been caused by the presumed low hydraulic conductivity zone at and below this
elevation. It appears this low hydraulic conductivity zone may have aided the overall performance of the
infiltration system by promoting lateral flow above 110 m, thereby creating an even horizontal
distribution of solution and compensating for variable application rates that appear to have occurred
within the infiltration system (Section 5.4 of PNNL-SA-25232, included in Appendix F of this report).

During days 6 through 10 (November 11 through November 15, 2015), bulk conductivities greater than
0.004 S/m (black contour in Figure 4-38) were restricted to the region above an elevation of 109 m (6 m
[19.7 ft] bgs), indicating high-concentration phosphate-bearing solutions were present in the sediments
above the lower vadose zone and PRZ. The 0.002 S/m and 0.003 S/m contours (white and gray contours)
reach the water table (Section 6.2 of ECF-300FF5-16-0091, included in Appendix G of this report).
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The vertical profiles of phosphate concentrations in soil samples from the post-treatment boreholes are
consistent with the ERT data (Figures 4-9 and 4-10). Borehole C9580 near the western end of line A-A’
shows high phosphate concentrations throughout its depth profile, consistent with the relatively rapid
migration of infiltrated polyphosphate solutions and higher bulk conductivity in that location. The sharp
increase in phosphate concentration at about 5 m (16.4 ft) depth is due to the presence of a silt lens, which
slowed the downward movement and increased saturation of polyphosphate solution at this depth.
Borehole C9581 shows higher phosphate concentrations at elevations in the upper vadose zone, consistent
with poor performing infiltration lines and lower solution application rates in the middle southern portion
of the EA area where borehole C9581 is located. At borehole C9582, the amount of phosphate
precipitation above the PRZ does not appear to be appreciable and may have been the result of local
heterogeneities in permeability that could have precluded uniform distribution of phosphate at the far
eastern end of the EA area (Section 6.3 of ECF-300FF5-16-0091).

5.1.2 Polyphosphate Distribution in the PRZ during PRZ Injection

PRZ injections were conducted from November 16 through 18, 2015, after completion of infiltration
operations when moisture content in the PRZ was maximized.

Water levels were measured and groundwater samples were collected for analysis of phosphate and
specific conductance in five PRZ monitoring wells (Figure 3-2). Groundwater elevation, phosphate
concentration, and specific conductance at PRZ monitoring wells up to 10.4 m (34 ft) away from the
nearest injection well showed positive hydraulic and chemical influence as a result of PRZ injections.
Groundwater elevation increases on the order of 0.5 m (1.6 ft) were measured during PRZ injections
(Figure 5-4). Spikes in phosphate concentrations ranged from 86 to 160 percent of the target in situ
concentration of approximately 5,000 mg/L (phosphate associated with a mixture of 47.5 mM
orthophosphate and 2.5 mM pyrophosphate)®. These spikes were also consistent with spikes in specific
conductance, which increased from a background of approximately 500 uS/cm up to 4,404 to

9,790 uS/cm (Figure 5-5).

The ROI for PRZ injections during Stage A operations was estimated based on the phosphate
concentrations and specific conductance in samples from the PRZ monitoring wells (Figures 4-19, 5-4,
and 5-5). High levels of specific conductance and phosphate concentrations near or above the target

in situ concentration of approximately 5,000 mg/L were detected in monitoring wells 399-1-67 and
399-1-75 (4.9 m [16 ft] from injection wells 399-1-97 and 399-1-90, respectively) and in monitoring
well 399-1-77 (10.4 m [34 ft] from injection well 399-1-93). In monitoring well 399-1-81 (13.1 m [43 ft]
from injection well 399-1-89), a steep drop-off in phosphate and specific conductance was observed
compared to the wells located within 12.2 m (40 ft) of an injection well. Based on these observations, and
assuming no preferential flow pathways, the average PRZ injection ROI during Stage A is judged to be
around 10 to 12 m (33 to 40 ft). This ROl is expected to be variable within the vadose zone due to effects
of heterogeneity in the geologic media, volume of injected solution, and injection time.

5.1.3 Polyphosphate Distribution in the Aquifer during PRZ and Aquifer Injection

Agquifer injections were conducted prior to, during, and immediately after polyphosphate solution
infiltration (November 6, 9, and 16, 2015, respectively).

1 To account for dilution in the PRZ and aquifer, the design injection concentration was increased in order to meet the
target in situ concentration. The concentrations chosen for injection were 78.4 mM orthophosphate and 4.1 mM
pyrophosphate, which leads to injected phosphate concentration of about 8,240 mg/L.
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Water levels were measured and groundwater samples were collected for analysis of phosphate and
specific conductance in two aquifer monitoring wells (Figure 3-2). These data show that aquifer injections
resulted in lower chemical concentration changes in the aquifer monitoring wells than those changes
observed during PRZ injections. Spikes in phosphate concentrations detected in aquifer monitoring

wells 399-1-65 and 399-1-74 were 0.1 and 14 percent of the target in situ phosphate concentration of
approximately 5,000 mg/L, respectively, whereas phosphate spikes during PRZ injections were 36 and

51 percent of the target in situ concentration, respectively (Figure 5-6). Phosphate spikes in the aquifer
also persisted for several days longer after PRZ injections compared to aquifer injections.

The observations in phosphate concentration spikes were also generally consistent with spikes in specific
conductance.

5.1.4 Phosphate Transport Modeling During Treatment and Post-Treatment Time Periods

Polyphosphate solution injection and infiltration were simulated based on the operational records for
Stage A. The rate of injection and infiltration along with the timing and locations were consistent with the
Stage A operation schedule presented in Table 2-1. Phosphate concentrations varied over time as well.
The simulated plume maps of phosphate in the aquifer are presented in Figure 5-7 for times during
treatment and following treatment.

The figure shows the phosphate plume increasing in size during phosphate solution applications and for a
period afterwards. The figure shows how the phosphate plume is predicted to reduce significantly in size
after about 1 year (December 2016).

5.1.5 Other Monitoring

Specific conductance, temperature, and pH were also monitored using automated sensors deployed in
upgradient aquifer wells (399-1-70), aquifer wells within or at the edge of the Stage A area (399-1-80,
399-1-86, and 399-1-76), and downgradient aquifer wells (399-1-82 and 399-1-84) (Figure 3-4). General
observations in parameter trends are summarized in the following paragraphs.

In upgradient well 399-1-70, minor increases in specific conductance and decreases in pH were observed
during the aquifer and PRZ injection events, indicating some hydraulic influence from injections in the
Stage A area. Well 399-1-91, the nearest injection well to well 399-1-70, is located approximately 21 m
(69 ft) to the south.

Wells 399-1-86 and 399-1-76, located within and at the downgradient edge of the Stage A EA area,
respectively, generally exhibited increases in specific conductance and decreases in temperature and pH
during aquifer and PRZ injection events. Changes in parameters were more dramatic during PRZ
injection events than aquifer injection events. Parameter changes in well 399-1-80, located slightly
cross-gradient of the nearest injection well, were much less compared to the other two wells.

More dramatic increases in specific conductance and decreases in pH were observed 1 week after

PRZ injections. These changes may be due to delayed arrival of polyphosphate solution from the
cumulative infiltration and injection efforts.

Downgradient well 399-1-82, located approximately 43.6 m (143 ft) downgradient of the nearest injection
well (399-1-92), exhibited a steady increase in specific conductance and decrease in pH with the increase
starting several days after the first two aquifer injection events, indicating a groundwater velocity on the
order of 15.2 m/d (50 ft/d). Parameter changes in downgradient well 399-1-84, located approximately
15.2 m (50 ft) southeast of the Stage A area, were more difficult to discern due to the variability in
background groundwater conditions.
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Figure 5-6. Groundwater Elevation, Phosphate Concentrations, and Specific Conductance in
Aquifer Monitoring Wells during Aquifer and PRZ Injections
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Source: Figure 7-20 in ECF-300FF5-16-0091, Uranium Transport Modeling in Support of the Stage A Enhanced
Attenuation Remedy at 300-FF-5 Operable Unit (included in Appendix G of this report).

Figure 5-7. Simulated Phosphate Concentration Distribution in the Aquifer for November 20, 2015,
through December 31, 2016 (page 1 of 2)
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Source: Figure 7-20 in ECF-300FF5-16-0091, Uranium Transport Modeling in Support of the Stage A Enhanced
Attenuation Remedy at 300-FF-5 Operable Unit (included in Appendix G of this report).
Figure 5-7. Simulated Phosphate Concentration Distribution in the Aquifer for November 20, 2015,
through December 31, 2016 (page 2 of 2)

5.2 Effect of Polyphosphate Applications on Geochemical Processes and
Aquifer Properties

This section is supported by the leachability data line of evidence as well as the fate and transport
modeling and groundwater data lines of evidence. The flow-through column and batch leach tests indicate
residual uranium in the post-treatment samples is less leachable where higher concentrations of phosphate
were delivered to the subsurface soils. The tests indicate injection of polyphosphate solution in the PRZ
was more effective in delivering sufficient phosphate than infiltration of polyphosphate solutions from the
near-surface through the vadose zone (Sections 6.2 and 8 of ECF-300FF5-16-0091, included in

Appendix G of this report).

Results of the sequential extraction tests indicate the anticipated chemical interactions, which take place
with the addition of polyphosphate solutions to the 300 Area vadose zone, PRZ, and aquifer, did occur as
expected. The results indicate the interactions have resulted in the sequestration of uranium
(ECF-300FF5-16-0091). In the pre-treatment samples, uranium is associated with crystalline iron oxides
and clays, with a lesser amount complexed with carbonate minerals. In the post-treatment samples,
uranium is strongly bound with carbonate minerals, weakly complexed with carbonate minerals, and
present as silicate minerals. The data from the uranium leachability characteristics testing, particularly the
sequential extraction tests, and field observations were used to develop a conceptual model of the
geochemical processes resulting from application of the polyphosphate solutions to the vadose zone and
PRZ. However, detailed laboratory testing has not been conducted to confirm the conceptual model or to
evaluate potential secondary effects of adding high concentration polyphosphate solutions to the 300 Area
sediments.

5.2.1 Conceptual Model of Geochemical Processes

In the sediments, uranium is found associated primarily with crystalline oxides of iron (including
aluminum and manganese), clay minerals, and carbonate minerals (primarily the calcium carbonate
mineral calcite, CaCQOs3). Some of the uranium may also be associated with silicate minerals
(PNNL-20004, Uranium Sequestration in the Hanford Vadose Zone using Ammonia Gas: FY 2010
Laboratory-Scale Experiments).

5-11



SGW-59614, REV. 0

The uranium sequestration remedy depends on calcium being made available in solution to complex with
phosphate leading to precipitation of amorphous monocalcium phosphate. Over a period of several weeks,
the amorphous monocalcium phosphate recrystallizes to di- to octa-calcium phosphate and eventually
forms hydroxyapatite over several months to years (PNNL-21733).

A conceptual model of possible reactions resulting from infiltration/injection of phosphate-bearing
solutions is presented in Figure 5-8. Based on the column leach tests, sequential extraction leach tests, and
the geochemical evaluations and reactive transport modeling described in Appendix B of
ECF-300FF5-16-0091, the following sequence of primary reactions appears to have occurred during the
Stage A application of polyphosphate solutions:

¢ As sodium-potassium-bearing polyphosphate solution contacts the sediment:

— Cation-exchange reactions lead to release of calcium (Ca?*) ions from the sediment into the
solution (example shown for exchange with sodium):

Na*® + 0.5 Ca-X €= Na-X + 0.5 Ca*

— As more calcium becomes available in the solution, the aqueous complexation of Ca?* with the
phosphate species (e.g., HPO4%) will lead to formation of calcium hydrogen phosphate (CaHPOQ,)
under the chemical conditions at the 300 Area. With continued addition of phosphate and reaction
with Ca?*, the aqueous concentrations would increase, leading to the precipitation of amorphous
calcium phosphate that thermodynamically favors formation of calcium phosphate-bearing
mineral phases, such as hydroxyapatite and whitlockite. In this process, hydrogen ions (H") are
released:

5 Ca?* + 3 HPO4%* + H,0 - Cas(PO4)sOH + 4 H'

Hydroxyapatite

3 Ca?* + 2 HPO4% - Cas(POu), + 2 HY

Whitlockite

e Asthe pH starts to decline due to continued supply of H*, buffering reactions start to occur where
H* ions are consumed and pH is buffered. The following reactions consume H* ions:

— Surface complexation-based reactions, primarily with reactive iron oxyhydroxide mineral
surfaces (represented as =FeOH), will occur to consume H*:

=FeOH + H,PO4 + H* &> =FeH,PO4 + H,0
=FeOH + HPO4% + H* €= =FeHPO. + H,0

— Mineral reactions that lead to consumption of H* ions can cause mineral phase dissolution.
For uranium-bearing mineral phases that are associated with carbonates and silicates (represented
by mineral uranophane as shown below), such reactions would lead to dissolution of the mineral
and release of uranyl ion that could result in increased dissolved concentrations of uranium:

Ca(H3O)2(U02)2(Si04)2(H20)3 +6H"€> Caz+2 U022+ + 2 Si0, + 9 H,0

Uranophane
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Reference: Figure 6-24 in ECF-300FF5-16-0091, Uranium Transport Modeling in Support of the Stage A
Enhanced Attenuation Remedy at 300-FF-5 Operable Unit (included in Appendix G of this report).
Figure 5-8. Conceptual Model of Probable Reactions Occurring in the Subsurface from
Infiltration of Phosphate-Bearing Solutions

— Other carbonate-bearing mineral phases, predominantly calcite, that are present in the sediments
will undergo dissolution in order to consume H* ions:

CaCO;3 + H" = Ca®* + HCOg3"

While there is continued supply of phosphate, the released Ca?* made available from the reactions
shown above will continue to bind with HPO,? to form calcium phosphate-bearing mineral phases
(e.g., hydroxyapatite), which then lead to release of H* ions (as shown previously). This cycle of
release of H*ions followed by consumption of H*ions will continue as long as a supply of both
phosphate and reacting iron oxyhydroxide surfaces and minerals (primarily uranium-bearing
carbonates and silicates and calcite) is maintained. If and when the surface capacity is reached
(i.e., all surface sorption sites are at equilibrium with the influent solution) and if the buffering
mineral phases completely dissolve away, then phosphate concentrations will rise to match the
influent solution concentrations. Some phosphate will also react with the calcium (that is made
available from ion exchange reactions), leading to calcium phosphate-bearing mineral phases. In this
process, any uranium in the solution will adsorb on the newly formed surfaces or become bound
within the mineral and be sequestered.

While surface reactions occur quickly and initially buffer the pH, the primary buffering reactions are
likely to be controlled by mineral phase dissolution. As a result, the kinetics of the mineral dissolution
along with initial available amount of reactants plays an important role in describing the behavior of
the system.
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o Due to varying pH, the aqueous speciation of phosphate will be dominated by either dihydrogen
phosphate (H-.PO4") or HPO.?. As the pH reduces below approximately 7.2, H.PO4~ becomes the
dominant agueous phosphate species:

HPO42' +H" &> H,PO4

e The aqueous complexes formed by uranium will depend on the ratio of HPO4*/HCQ3 in the solution
and pH. As long as the activity ratio of HPO4,*/HCOj3" remains greater than 10° and pH is below 8,
formation of uranyl orthophosphate mineral phase, (UO2)3(PO4)2(H20)a4, is favored assuming no
other reactants are in the solution.

The conceptual model described above is consistent with the observations where dissolution and
reprecipitation are noticed on sediment samples following treatment. The results of sequential extraction
tests conducted on post-treatment samples indicate a relatively larger fraction of uranium associated with
carbonate minerals and relatively lower fraction associated with iron oxides and clay minerals when
compared to the pre-treatment samples. This is attributed to dissolution of uranium-bearing
oxyhydroxides followed by incorporation of uranium with the calcium-carbonate-phosphate-bearing
amorphous phases by surface adsorption and/or co-precipitation. Observed changes in association of
calcium and iron, based on sequential extraction results from pre- and post-treatment samples, are
consistent with the observations made for uranium and support the conceptual model. Further details are
presented in ECF-300FF5-16-0091 (included in Appendix G of this report).

5.2.2  Aquifer Properties

This section is supported by the aquifer properties line of evidence. The purpose of evaluating aquifer
properties is to assess whether aquifer permeability was reduced due to the precipitation of phosphate
minerals following infiltration and injection of polyphosphate solutions (Section B2.5 of
DOE/RL-2014-42). Field testing methods, such as slug tests, were not conducted using the Stage A
injection and monitoring wells. Instead, the effect of the polyphosphate applications was assessed by
comparing aquifer hydraulic properties in the vicinity of the Stage A EA area before and after treatment.
The assessment is summarized from Appendix E of ECF-300FF5-16-0091 (included in Appendix G of
this report). The evaluation indicated the polyphosphate injections and infiltration did not alter the
hydraulic conductivity of the aquifer (Appendix E of ECF-300FF5-16-0091).

Water levels in well 399-1-23 (located downgradient) were compared to water levels in well 399-1-12
(located upgradient) (Figure 3-5). The assumption for this analysis is that water levels in well 399-1-23
could be influenced by injections because of the proximity of the well to the injection sites, but that water
levels in well 399-1-12 should not be affected by changes caused by injection because of its upgradient
location and distance from the Stage A treatment area. Water level fluctuations in both wells before,
during, and after treatment remained similar (Figure 5-9). During treatment, the specific conductance in
well 399-1-23 increased, indicating it received polyphosphate solutions when they were applied in the
Stage A treatment area (Figure 5-10). During this same time, specific conductance in well 399-1-12
remained at background levels, indicating no or negligible influence of polyphosphate solutions during
treatment (Figure 5-11). Well 399-1-23 showed large increases in specific conductance during injection of
polyphosphate solution but continued to have similar water levels as well 399-1-12 during and following
treatment. Therefore, it can be concluded polyphosphate solution injections caused either no appreciable
changes or only negligible changes in aquifer properties (porosity or permeability). Evaluation of the
absolute difference in head between these two wells also indicated that no or only negligible change in
aquifer properties occurred (Appendix E of ECF-300FF5-16-0091).
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Figure 5-9. Water Level Elevation in Wells 399-1-23 and 399-1-12
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