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Summary

A treatability test was conducted for the In Situ Redox Manipulation (ISRM) technology at the
U. S. Department of Energy’s Hanford, Washington 100D Area. The target contaminant was
dissolved chromate [Cr(VD)] in groundwater. The ISRM technology involves creating a perme-
able subsurface treatment zone to reduce mobile chromate in groundwater to an insoluble form.
The ISRM permeable treatment zone is created by reducing ferric iron [Fe(I)] to-ferrous iron
[Fe(I)] within the aquifer sediments. This is accomplished by injecting aqueous sodium dithio-
nite into the aquifer and withdrawing the reaction products.

The goal of the treatability test was to créate a linear ISRM barrier by injecting sodium dithionite
into five wells. Well installation and site characterization activities began in the spring of 1997.
The first dithionite injection took place in September 1997. The results of this first injection
were monitored through the spring of 1998; the remaining four dithionite injections were carried
out in May through July of 1998. '

These five injections created a reduced zone in the Hanford unconfined aquifer 150 feet in length
(perpendicular to groundwater flow) by 50 feet wide. The reduced zone extended over the thick-
ness of the unconfined zone, which is approximately 15 feet. Analysis of recent groundwater
sampling events shows that the concentrations of chromate [Cr(VI)] in groundwater in the
reduced zone have been decreased from starting concentrations of approximately 900 ppb to
below analytical detection limits (<7 ppb). Chromate concentrations are also declining in some
downgradient monitoring wells.

Laboratory analysis of iron in the soil indicates that the barrier should remain in place for

approximately 20 to 25 years. These measurements will be confirmed by analysis of sediment
cores in FY 1999.
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1.0 Introduction

This report describes the results of the site characterization, emplacement, and grotindwater
monitoring activities conducted for the In Situ Redox Manipulation (ISRM) Treatability Test for
chromate contamination in the aquifer on the west side of 100-D Area (100-HR-3 Operable Unit)
of the Hanford Site (see Figures 1.1 and 1.2). Fruchter et al. (1997) contains the Treatability Test
Plan that describes the treatability test, Data Quality Objectives, permitting requirements, cul-
tural and biological survey results, data gathering activities, and sampling/analysis plan. The
objective of the 100-D Area ISRM Treatability Test is to develop performance and cost data at a
pilot-scale for an assessment of this technology for treating chromate-contaminated groundwater
at the Hanford Site. A smaller-scale proof-of-principle test for this technology was conducted at
the 100-H Area during 1995 and described in Fruchter et al. (1996, 1998).

1.1 Background

The Hanford Site is in southeastern Washington (Figure 1.1). Hanford was established in 1943
to produce plutonium for nuclear weapons using reactors and chemical processing plants. The
100 Area of the Hanford Site is located along the Columbia River and includes nine deactivated
U.S. Department of Energy (DOE) nuclear reactors used for plutonium production between 1943
and 1987. Operations at the Hanford Site are now focused on environmental restoration and
waste management. In November 1989, the U.S. Environmental Protection Agency (EPA)
designated the 100 Area of the Hanford Site a Superfund site and placed it on the National
Priorities List because of the soil and groundwater contamination from past operation of the
nuclear facilities. To organize cleanup efforts under Superfund, contaminated areas at the nine
deactivated reactors were subdivided into areas called "operable units."

The 100-HR-3 Operable Unit is in the north-central part of the Hanford Site along a section of
the Columbia River known as the "Hanford Reach.” This operable unit includes the groundwater
underlying the 100-D/DR and 100-H Reactor areas and the 600 Area in between. The 100-D/DR
Area is the site of two deactivated reactors: the D Reactor, which operated from 1944 to 1967,
and the DR Reactor, which operated from 1950 to 1965. The H Reactor operated from 1949 to
1965.

During reactor operations, hexavalent chromium, or chromate, in the form of sodium dichromate
(Na,Cr,0,) was used as an anticorrosion agent in the reactor cooling water. Large volumes of
reactor cooling water containing sodium dichromate and short-lived radionuclides were dis-
charged to retaining basins for ultimate disposal in the Columbia River through outfall pipelines.
Liquid wastes from other reactor operations (decontamination, water treatment, etc.) also con-
tained significant quantities of hexavalent chromium. These wastes were discharged to the soil
column at cribs, trenches, and french drains or leaked from storage facilities. Contaminant
plumes in groundwater have resulted from these former waste disposal practices. Groundwater
beneath the D/DR and H Reactor areas is contaminated with hexavalent chromium and is
flowing toward and entering into the Columbia River from the natural water-table gradient.
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In addition to the reactor areas, high concentrations (~ 1,000 pg/L) of hexavalent chromium were
detected in the groundwater in the 100-HR-3 Operable Unit along the western edge of the 100-
D/DR Area at well 199-D4-1, which was drilled in the fall of 1996 (see Figures 1.2 and 1.3).
This is the location of the ISRM Treatability Test described in this report (see Figure 1.2). Well
199-D4-1 was drilled following a characterization program that detected hexavalent chromium
concentrations in excess of 600 pg/L in the pore waters of the Columbia River substrate along
the 100-D/DR Area (Peterson et al. 1998; Hope and Peterson 1996; Connelly 1997a). The
elevated hexavalent chromium concentrations detected in the pore waters of the river substrate
pose a potential risk to aquatic organisms in the Columbia River. The 199-D4-1 well (which was
drilled approximately 152 m (500 ft) inland from the highest concentrations measured in the
river substrate pore water) helped identify groundwater as the source of the hexavalent chro-
mium in the Columbia River substrate pore water (Connelly 1997a). Characterization activities,
including four new wells drilled during the summer of 1997 (Weeks 1997; Connelly 1997b), are
continuing to help define the areal extent and the original source of this groundwater plume.

The Proposed Plan for Interim Remedial Measure at the 100-HR-3 Operable Unit (DOE 1995)
identified the preferred alternative for an interim remedial measure at the 100-HR-3 Operable
Unit. The preferred alternative is to pump contaminated groundwater from the 100-HR-3
Operable Unit, treat it by ion exchange, and then dispose of it using upgradient injection wells to
return it to the aquifer. The 100-D Area chromate “Hot Spot” near well D4-1 had not been
identified at the time the interim remedial measure for the 100-HR-3 operable unit was prepared
and was therefore not considered. The proposed plan also considered the possibility that alter-
native technologies could immobilize hexavalent chromium in the aquifer without pumping and
treating. One of those technologies, ISRM, would immobilize hexavalent chromium by
changing the soil and water chemistry in the aquifer and reducing the chromium to the less toxic
and less mobile trivalent form. The ISRM technology promises to 1) prevent movement of
hexavalent chromium to sensitive ecological receptors without creating the secondary waste
associated with surface treatment technologies and 2) reduce the need for long term operation
and maintenance required of pump-and-treat technologies. Thus ISRM could result in sub-
stantial cost savings over the pump-and-treat methods of groundwater plume remediation.

1.2 Technology Description

In Situ Redox Manipulation (ISRM) technology involves creating a permeable subsurface treat-
ment zone to reduce mobile chromate in groundwater to an insoluble form. An unconfined aqui-
fer is usually an oxidizing environment; therefore, most of the contaminants that are mobile in
the aquifer are mobile under oxidizing conditions. If the redox potential of the aquifer can be
made reducing, then a variety of contaminants could be treated (Figure 1.4a). Redox-sensitive
contaminants migrating through this treatment zone would be destroyed (organic solvents) or
immobilized (metals). A successful ISRM proof-of principle experiment conducted in the 100-H
Area in 1995 (Fruchter et al. 1996, 1998) demonstrated the ability to alter the redox potential of
the unconfined aquifer at the Hanford Site and to remove chromate from the groundwater.

The ISRM permeable treatment zone is created by reducing the ferric iron (Fe3+) to ferrous iron
(Fe2+) within the aquifer sediments. This is accomplished by injecting sodium dithionite
(Ng,S,0,) into the aquifer and withdrawing unreacted reagent and reaction products. The sodium
dithionite serves as a reducing agent for iron, changing ferric iron to ferrous iron within the

14
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unconfined aquifer sediments. Using standard wells to create the treatment zone allows treatment
of contaminants too deep for conventional trench-and-fill technologies. Sodium dithionite is a
strong reducing agent that has a number of desirable characteristics for this type of application,
including instability in the natural environment (~days), with reaction and degradation products
that ultimately oxidize to sulfate. Potassium carbonate/bicarbonate is added to the injection
solution as a pH buffer to enhance the stability of dithionite during the reduction of available
iron. Unreacted reagent and reaction products are pumped out of the aquifer through the same
well used for injection, starting about two days after injection.

Chromate (Cr0, *), which is anionic in nature and soluble in groundwater, contains hexavalent
chromium, Cr™. The altered subsurface environment containing the reduced iron (Fe*) will act
upon the Cr* species, reducing it to Cr*, which will then precipitate from the groundwater as

Cr(OH),, which is immobile. Thus chromium is immobilized (see Figure 1.4b).

An ISRM permeable treatment zone is emplaced perpendicular to the groundwater flow to inter-
cept the contaminant plume, as shown in Figure 1.5. This geometry is created by a series of
overlapping injection/withdrawal wells. The design of the injection/ withdrawal wells for this
Treatability Test is shown in Figure 1.6. The width of the permeable treatment zone (in the
direction of groundwater flow) determines the longevity of the zone, based on the treatment
capacity of the sediment (i.e., the amount of reducible iron in the sediment and the efficiency of
the emplacement). The width of the permeable treatment zone multiplied by the pore volumes of
treatment capacity of the reduced zone determines the upgradient distance of contaminated
groundwater that can be treated. The treatment capacity is a function of the amount of reducible
iron in the sediment, the efficiency of the reduction by the field emplacement (dithionite concen-
trations and time), and the oxidizing potential of the groundwater (e.g., dissolved oxygen and
chromate concentrations). Groundwater velocities at the site determine the longevity of the
treatment zone. Other dimensions of the permeable treatment zone (i.e., length and depth) are
determined by the extent of contamination required to be treated.

An independent cost analysis was conducted to compare a hypothetical small-scale ISRM system
with a pump-and-treat operation over 10 years of operation (Cummings 1997). This study-con-
cluded that the ISRM system resulted in an overall cost savings of 62% for this period. A
longer-term remediation would result in further savings for the ISRM system over the pump and
treat because, once installed, the ISRM system requires much less operation and maintenance,
mostly just periodic monitoring and reporting.

1.3 Test Summary

Well installation for the 100-D Area ISRM Treatability Test started in the spring of 1997. Well
installation and site characterization activities continued through the summer of and were com-
pleted in November 1997. Characterization activities included sampling the sediment, testing the
aquifer, establishing baseline aqueous geochemistry, and conducting a bromide tracer test. The
first dithionite injection/withdrawal took place during September and October of 1997; ground
water monitoring was conducted from the fall of 1997 to the spring of 1998. The remaining four
dithionite injection/withdrawal tests were conducted from May to July 1998.

1.7

TR T N T T Y T R T LY




Barrier Width

Barrier Length

Groundwater Flow
Direction

Treatment Distance

Figure 1.5. Conceptual Diagram of In Situ Redox Manipulation Permeable Treatment Barrier

1.8



o 100-D Area ISRM Site

D4-6

O

D4-18 D4-4

D417 []

O D4-5

'Columbia :
(~ 50¢

...............
.........
.......

.......

........

T LEGEND Groundwater Flow
Direction

@ = 6" Injection Well
O =4 Monitoring Well
O = 4" Multi-level Monitoring Well (2 Vertical Zones)

] = Westbay Multi-level Well (8 Vertical Zones)

Figure 1.6. Emplacement Strategy and Well Diagram for the 100-D Area In Situ Redox

Manipulation Treatability Test

1.9




As shown in Figure 1.6, these dithionite injections and withdrawals created a reduced zone in the
aquifer approximately 150 ft long (perpendicular to groundwater flow), 50 ft wide, and ~15 ft
thick, extending over the thickness of the unconfined aquifer. Laboratory analysis of sediment
collected from the aquifer during the initial drilling measured an average treatment capacity of
the sediment of 171 + 46 pore volumes of groundwater from the site. Using 1 ft/day ground-
water velocity (as measured at the site) and a 50 ft width, this treatment capacity results in a
predicted longevity of the 100-D Area ISRM permeable treatment zone of 23 + 6 years.

Analysis of the most recent groundwater sampling event at the site (September 3, 1998) showed
Cr* concentrations below detection limits (0.007 mg/L) within the treatment zone compared with
average baseline concentrations of 0.91 mg/L within these wells. Cr™ concentrations in the
downgradient wells are significantly below baseline values (approximately 50%), but sufficient
time has not elapsed since the injection/withdrawal tests for the hydraulic gradient to return to
normal and for the travel time to downgradient wells. Dissolved oxygen concentrations are also
significantly lower within the treatment zone and downgradient wells than the baseline values.
Sulfate, Na, and K concentrations are elevated at the site from the dithionite residuals. Major
trace metals involved in the redox process (Fe, Mn) are elevated above baseline values in the
reduced zone due to dissolution of Fe and Mn oxides by the dithionite solution and the enhanced
solubility of these naturally occurring oxides in the aquifer sediments under reducing conditions.
Although these are elevated in the treatment zone, they are likely not mobilized downgradient
from the zone due to their high retardation factors and re-precipitation once they contact oxi-
dizing sediments outside the zone, as shown in column experiments for hundreds of pore
volumes.

Groundwater monitoring at the site will continue on a monthly to bimonthly basis through FY
1999. Digging core holes for collecting sediment from the dithionite treated zone and installing
an additional upgradient and downgradient wells are planned for FY 1999. The installation of
‘additional wells to characterize the extent of the chromate plume and to expand the ISRM
permeable treatment zone at 100-D Area has also been proposed for FY 1999.
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2.0 Site Setup

The specific location of the 100-D Area In Situ Redox Manipulation Treatability Test site is
shown in Figure 2.1. This figure also shows the wells and Columbia River substrate pore water
sampling tubes (northwest of the site along the river shoreline) used for emplacement and
performance monitoring of the test. An expanded view of the wells at the site, based on survey
data, is shown in Figure 2.2. Figure 2.3 shows a composite photograph of the ISRM site with the
wells, field trailers, mixing and storage tanks, and analytical equipment. The setup, facilities,
and equipment for the test are described in the sections that follow.

2.1 Wells

As shown in Figure 1.6, four types of wells were installed at the 100-D Area ISRM site as part of
the Treatability Test: injection/withdrawal wells, monitoring wells, multi-level monitoring
wells, and Westbay monitoring wells. All these types of wells were installed using the reverse
air rotary method (ODEX). Completion summaries for these wells are listed in Appendix A. A
description of these different types of wells used in the treatability study is listed below.

The five injection/withdrawal wells installed at the site (D4-7, D4-9, D4-10, D4-11, D4-12) were
used for the ISRM permeable barrier emplacement and groundwater monitoring. The injection/
withdrawal wells consist of 6-in.-diameter schedule 40 PVC with 20-slot continuous wire wrap
screens. These wells are screened across the average saturated thickness of the aquifer (15 ft).
They are spaced 28 ft apart with a primary row of three injection/withdrawal wells (D4-10, D4-7,
and D4-12) spaced 50 ft apart and a row of two overlapping injection/withdrawal wells (D4-9
and D4-11) to fill the interstices and for monitoring during the primary emplacement. Réagent
volumes were smaller for the overlapping wells than for the primary wells.

The four standard monitoring wells (D4-4, D4-5, D4-6, D4-8) installed at the site were used for
baseline and performance monitoring of the permeable treatment zone. One well, D4-8, was also
used to help determine dithionite concentrations at various distances during emplacement.
Monitoring wells were constructed of 4-in.-diameter schedule 40 PVC with 20-slot continuous
wire wrap screens. Screen lengths of 20 ft were used for these wells to match the sampling
interval of surrounding monitoring wells used for the Hanford Sitewide Groundwater Monitoring
Program. Except for D4-8, these wells are located downgradient from the permeable treatment
zone to determine the extent of the treatment zone’s effectiveness and to assess effects of the
technology on groundwater quality (e.g., chromate, dissolved oxygen, and trace metals).

In addition to the standard monitoring wells, two multilevel monitoring wells (D4-2 and D4-3)
were installed on the upgradient side of the permeable treatment zone. Each of these wells has
two 4.5-ft screen intervals atthe top and bottom of the aquifer separated by a 5-ft section of
casing and an inflatable packer. The purpose of these wells was to identify vertical differences
in chromate concentrations at the site, determine vertical hydraulic conductivity and anisotropy,
and monitor tracer/dithionite concentrations during injection/withdrawal tests to determine
arrival times between the upper and lower portions of the aquifer.
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The fourth type of well installed at the site was the Westbay multilevel monitoring wells (D4-16,
D4-17, and D4-18). The Westbay wells permitted three discrete vertical sampling intervals.

One of these wells (D4-16) is located within the treatment zone and was used for monitoring
dithionite concentrations during injection/withdrawal tests. The remaining two Westbay wells
are located on the downgradient side of the treatment zone to help identify vertical differences in
chromate concentration and dissolved oxygen. '

2.2 Columbia River Substrate Pore Water Sampﬁng Tubes

A series of sampling tubes was installed in the substrate of the Columbia River (see Figure 2.1)
to monitor the groundwater entering the river and determine any impact from the test on the
water quality. Four pairs of sampling tubes were installed about 300 ft apart in the river. Each
pair includes a shallow (~3-ft depth) and a deep (~6-ft depth) monitoring interval. In addition to
the sampling tubes installed for the ISRM test, an existing set of multilevel sampling tubes (TD-
39 - located between 0203.0 and 0303.3) is monitored as part of this test. Details on the
installation of these sampling tubes are described in Peterson et al. (1998).

A portable peristaltic pump is used to collect water samples from these sampling tubes.
Electrical conductivity, pH, and dissolved oxygen are measured in the field using electrodes
during purging of the tubes. Water samples are collected for chromate and anion analysis once
the electrode values are stabilized and recorded (purge time varied from five to 15 minutes based
on length of hose).

2.3 Tanks

Ten 20,000 gallon frac tanks were used to hold groundwater for dilution of concentrated tracer
solutions for tracer tests and reagent for the treatment zone emplacement. The groundwater in
these tanks was also used for a “fresh-water push” at the end of the injection stages for the tracer
and dithionite injection/withdrawal tests (for details, see Section 3). These tanks were also used
to store withdrawal water from the dithionite injection/withdrawal tests prior to disposal.

In the first dithionite injection/withdrawal test, all the withdrawn water was stored in the frac
tanks. Following analysis, the withdrawn water was trucked to the 200-Area Effluent Treatment
Facility (ETF) for disposal. On subsequent dithionite injection/ withdrawals, the first injection
volume withdrawn (~40,000 gal) was stored in frac tanks and disposed of in the 200-Area purge
water modutanks. The remaining withdrawal volume from these tests (up to 160,000 gal) was
purged to the ground through a 500-ft-long drip irrigation system (2-gph emitters spaced 1 ft
apart) to the west of the ISRM site upgradient of Well D4-13 (see Figure 2.1 for well location).
The irrigation system was designed for a 15-gpm application rate.

A 4,000 gallon mixing tank was also used at the site for preparing the bromide tracer solution for
the tracer test and for storing the concentrated dithionite solution prior to injection during the
first two injection/withdrawal tests. On subsequent injection/ withdrawal tests, the dithionite
injection pump was connected directly to the tanker truck, which stayed at the site for the
duration of the injection (~10 hours).
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2.4 Injection and Withdrawal Pumps

Two pumps were used for the bromide tracer test and the dithionite injection/withdrawal test. A
0.75-hp stainless steel Grundfos centrifugal pump was used to inject the concentrated solution,
and a 3-hp Monarch centrifugal pump (standard irrigation pump) was used to pump groundwater
stored in Frac tanks for dilution. Mixing and dilution occurred within the injection line. Iomega
turbine flow meters were installed to measure flow from each pump. These flow meters were
continually logged with a Campbell Scientific CR10 datalogger that also permitted real-time
monitoring for adjusting flow rates during the injections to obtain the desired concentrations.
This mixing strategy also permitted time-varying concentrations during the dithionite injection,
which was used in later tests.

For the withdrawal, a submersible pump was used in the injection/withdrawal well. The
manifold for the outflow from the withdrawal pump also was connected to 50-micron filters prior .
to discharging the water to the frac tanks or the irrigation system for purging to the ground.

2.5 Water Levels

Water levels were measured using a high accuracy, NIST traceable, non-stretch, metal taped
water-level meter marked in 0.01-ft gradations. Pressure transducers (10 and 20 psi, 0.1% of
full-scale accuracy) were installed in most of the wells to monitor pressure response during
hydraulic and dithionite/tracer injection tests and for measuring the response of the water table to
changes in the Columbia River stage. Transducer readings were validated periodically with
water-level measurements during all phases of testing to check for transducer drift.

Water-level measurements were collected over as short a time period as possible. Initial
measurements were rechecked throughout the measurement period to quantify any water-level
changes due to external stress (e.g., river stage fluctuation, barometric pressure change).

2.6 Groundwater Sampling and Analysis

Dedicated Grundfos Rediflow sampling pumps were installed in most of the wells at the site (the
exceptions were D4-6, which is located across a road from the site, and the Westbay wells). The
hoses from these sampling pumps were connected directly to a sampling manifold located inside
the mobile laboratory. Individual pumps can be selected and sampled from within the field
trailer.

The main method for groundwater sample collection and measurement of the field parameters
(pH, temperature, electrical conductivity, and dissolved oxygen) is through the sampling mani-
fold in the field trailer. A series of flow-through probes is connected to the discharge line of the
sampling manifold. Purge times were determined by calculating wellbore volumes and by the
stabilization of the readings from the flow-through probes. Flowrates were approximately 2 gpm
during sampling with sample times varying from three to five minutes. In addition to field mea-
surements, archive samples are collected for analysis of hexavalent chromium anions, major
anions, trace metals, and dithionite. Groundwater samples were collected for trace metal
analysis, filtered (0.45 micron), and 12 mL preserved with 2 mL of ultrapure nitric acid.
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Water samples were also collected for duplicate field parameter analysis on a separate verifica-
tion station. This verification station was the only method used for the samples collected from
the Westbay wells due to the limited sample volume (500 mL). Initially, the probes used for the
verification station were the same as those in the flow-through manifold. This was changed in
May 1998, when the probes in the verification station were changed to micro-flow-through
probes using a syringe pump. This permitted the sample to be collected and run directly in a

10 mL disposable syringe, thus limiting the contact with the atmospheric oxygen for the sample.

Hexavalent chromium concentrations were measured in the mobile field laboratory at the site
using a Hach DR-2000 spectrophotometer and Accuvac Chromaver 3 ampules. The detection
limit of this method is 0.007 mg/L, and the method is EPA approved. Samples are filtered using
a 0.45-micron filter prior to hexavalent chromium analysis.

Dithionite measurements are also made in the field trailer during the dithionite injection/
withdrawal tests. Due to the instability of dithionite and its reactivity with oxygen, these
analyses must be conducted immediately following sample collection. An automated system
was developed using syringe pumps for sample dilution and a high-performance liquid chro-
matograph (HPLC). The dilution water was sparged with nitrogen gas to be completely free of
dissolved oxygen because of the high dilution factors required for this method (500 to 700
times).
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3.0 Site Characterization Results

3.1 Hydrogeologic Setting

The general hydrogeologic setting of the 100-HR-3 Operable Unit (encompassing the 100-D and
100-H Areas) is described in Lindsey and Jaeger (1993). Characterization activities of the
uppermost unconfined aquifer performed while drilling the wells at the ISRM site conform to the
generalized setting for the 100-D Areas and were similar to the cross-section shown in Fig-

ure 1.4. Specifically, the unconfined aquifer at the ISRM test site is within a gravel unit of the
Ringold Formation. The bottom of the unconfined aquifer is composed of a Ringold mud unit
(overbank deposits and paleosols). Deviations in the elevation of the confining unit bounding
the bottom of the unconfined aquifer were less than two feet during the drilling of the 15 wells at
the site. The unconfined aquifer thickness at the test site is 15 ft during normal stage of the
Columbia River. The groundwater flow direction is roughly toward the Columbla River (NW or
WNW) during normal river stage.

The ISRM site is approximately 500 ft from the Columbia River, and the water table elevation at
the site is strongly influenced by the river. Numerical modeling of these effects are shown for
the 100 N-Area (with a similar hydrogeology and located upriver from the 100-D Area) in
Connelly et al. (1997a). For example, hourly water-level elevation measurements (via automated
datalogging of pressure transducers installed in the wells) respond to daily, weekly, and seasonal
* fluctuations in the river stage (although the amplitude is dampened). In addition, the aquifer
response form record flooding during the winter of 1997 increased the aquifer thickness from

15 ft to about 20 ft. Early water table measurements made at the site show the groundwater flow
reversed direction by 180 degrees, flowing away from the river. Water table elevations de-
creased throughout the summer of 1997, dropping by 5 ft by the fall. The uppermost zone of the
Westbay wells (with three vertical sampling intervals, as described below) installed at the site
have dried up occasionally during daily low river stage.

3.1.1 Geology

The geology of the site, determined from wellsite geologist logs, was relatively consistent across
the site and similar to that shown for well D4-1 in Figure 1.3. The depth to the water table was
approximately 80 ft during the initial stage of well drilling. Above the water table were sand,
sandy gravel, and gravelly sand units. The Hanford/Ringold formation contact ranged from 50 to
57 ft bgs (below ground surface). The unconfined aquifer was in the Ringold Formation and is
predominantly sandy gravel and silty sandy gravel. A sandy layer was also detected in most of -
the wells slightly above the water table. The bottom of the unconfined aquifer was bounded by a
Ringold silt/clay layer at 96 to 98 ft bgs. The thickness of this silt/clay unit was not determined
because drilling was stopped at about a 5 ft penetration into this unit.

3.1.2 Physical Properties of Sediment Samples

Physical property measurements (porosity, bulk density, and particle size distribution by sieve
analysis) were made on 15 split tube samples collected during drilling. The results are shown in
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Appendix C. Particle size ranged from 65 to 85% gravel, 14 to 31% sand, and less than 6% fines
(silt/clay). Porosity ranged from 5 to 23% with a mean of 14%. Bulk density ranged from 2.1 to
2.4 with a mean of 2.3 g/cm’.

Analysis of the sediment samples also showed a layer of cemented mud ripup clasts in three of
the wells (D4-3, D4-4, and D4-5) at a depth interval of 84 to 85 ft. The ripup clast zone was not
observed by well-site geologists during drilling.

3.2 Hydraulic Testing

Pre- and post- dithionite injection hydraulic tests were conducted to obtain the baseline hydraulic
properties required to design the ISRM treatability test and to determine whether the technology
caused any significant changes in the formations’ hydraulic properties that could alter the
groundwater flow direction (e.g., a decrease in hydraulic conductivity associated with formation
plugging within the treatment zone). Two constant-rate discharge tests were conducted at the
ISRM Treatability Test Site, one prior to the dithionite injections to characterize baseline condi-
tions and one following the dithionite injection in D4-7 to assess impacts of the technology on
aquifer hydraulic properties within the treatment zone; the assessment incorporated the analysis
of test response data from the injection well and seven surrounding observation wells. A
discussion of test results and analysis plots is contained in Appendix B.

Analysis of stress and observation well response data from the pre-injection constant-rate
discharge test (baseline conditions) indicates, on average, a hydraulic conductivity of 54 ft/d,
vertical anisotropy of 0.01, and storativity of 0.004. Composite analysis suggests that horizontal
anisotropic conditions likely exist in the aquifer, and analysis of multilevel observation well
response data indicates the presence of a vertically heterogeneous or multilayered system. Both
of these findings are consistent with tracer arrival data from the tracer injection test that indicates
preferential flow paths between some of the monitoring wells and significantly larger
groundwater velocities in the upper part of the aquifer than in the lower part.

Comparison of the pre- and post-injection test responses indicates there are discernable effects
associated with the emplacement of the ISRM treatment zone, including formation of a signifi-
cant skin, or zone, of reduced permeability immediately surrounding the injection well (D4-7)
and a slight increase in hydraulic conductivity for aquifer materials within the treatment zone.
The observed post-injection response is consistent with a conceptual model in which permea-
bility of the aquifer is enhanced by chemical and dissolution reactions during injection of the
reagent, while a zone of reduced permeability is generated around the injection well by
deposition during the withdrawal phase. The extent and severity of the zone of permeability
reduction surrounding the injection well cannot be determined uniquely by comparing pre- and
post-injection test responses, but it is most likely limited to the region of the sand-pack/formation
interface.

3.3 Groundwater Flow Direction
Since field activities at the ISRM Treatability Test Site were initiated in the fall of 1997, water

levels in site monitoring wells have been routinely monitored to determine the hydraulic
gradient, groundwater flow direction, and the variability in these parameters over the time scale
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of the treatability test. Water-level measurements, along with horizontal and vertical survey-data
for each well site Jocation, were used to estimate the local gradient and flow direction.

The estimated groundwater flow velocities shown in Figure 3.1 are based on measured hydraulic
gradients, an average hydraulic conductivity of 54 ft/day obtained from hydraulic tests conducted
in site monitoring wells, and an average sediment porosity of 0.14 obtained from the analysis of
sediment core collected during installation of monitoring wells. As indicated, groundwater
typically flows to the west-northwest at approximately 1 ft/day. The deviation from this typical
flow direction during the first two monitoring events (8/21/97 and 9/8/97) is most likely
associated with recovery from historically high Columbia River flows during the spring and
summer of 1997. Water levels in the wells dropped approximately 5 ft from the time of well
installation (spring/summer of 1997) to the fall of 1997, resulting in a change of aquifer
thickness from 20 to 15 ft.

34 Chinook Salmon Survey

Previous salmon surveys based on air-photo analysis indicated there were no fall Chinook
salmon redds in the river in a downgradient direction (NW or WNW) of the ISRM site (Hope
and Peterson 1996; Luttrell et al. 1995). Hope and Peterson (1996) concluded, based on river
substrate characterization conducted along the 100-D and 100-H sections of the Columbia River
conducted by divers, that that the stretch of river downgradient from the site (upstream of D
Island in the vicinity of the “100-D/DR hot spot”) was unsuitable for salmon spawning or egg
incubation because of the substrate embeddedness (Hope and Peterson 1996).

A more detailed salmon survey was conducted as part of the ISRM Treatability Test of the sec-
tion of the river downgradient from the ISRM site (Mueller and Geist 1998). No fall Chinook
salmon redds were discovered in the area during either the aerial or underwater video surveys.
The study also concluded that “less than 1% of the study area adjacent to the ISRM experiment
would be considered suitable for fall Chinook salmon spawning” (Mueller and Geist 1998, p. 11)
based on detailed measurements along 11 transects of dominant and subdominant substrate,
depth, and velocity.

3.5 Baseline Aqueous Geochemistry

Groundwater samples were collected and analyzed from all the wells at the ISRM site prior to
the D4-7 dithionite injection/withdrawal test (September 29, 1997) to establish the baseline
aqueous geochemistry of the site. Field parameters (pH, DO, electrical conductivity, hexavalent
chromium) were measured on all samples collected, and a complete set of analyses was run on
two sampling rounds (major anions and trace metals). The results from the latest complete
baseline sampling round are listed in Tables 3.1 and 3.2. The values for Westbay wells D4-17
and D4-18 were not included because these wells were not completed in time for the baseline
sampling. Table 3.3 lists the range and average field parameters measured at the site from the
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ISRM Site

latest baseline analysis. Plan view and cross-section diagrams of this baseline hexavalent
chromium data are shown in Figures 3.2 and 3.3. Figure 3.4 shows a plan view diagram for
baseline sampling of measured dissolved oxygen concentrations.

3.6 Columbia River Substrate Pore Water Samplers

The Columbia River substrate pore water sampling tubes were not installed until November and
December 1997 (see Figure 2.1), which was after the D4-7 dithionite injection/withdrawal test.
Therefore, none of the monitoring results for these pore water samplers can be considered as
baseline values. These data are discussed in Section 6, and a complete listing of monitoring data
is contained in Appendix C.

3.7 Bromide Tracer Test

A bromide tracer test was conducted on August 27, 1997, at the 100-D Area site. The objectives
of this tracer test were as follows:
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1) Determine volumes and rates required for the dithionite injection/withdrawal tests

2) Establish breakthrough curves and arrival times for wells at different radial distances
and orientations to assess the effect of horizontal and vertical heterogeneities at the
site on groundwater flow

3) Test dual-injection pump setup and operation for metering/diluting concentrated
solutions

4) Test sampling equipment and establish sampling interval requirements for dithionite
tests

The test injected 40,000 gallons of 100 mg/L Br™ (from KBr salts) into well D4-7 at 60 gallons
permitted. Twenty-thousand gallons of groundwater were injected following the tracer solution
at the same injection rate to increase the radius of influence of the tracer. The groundwater
solution also provided additional information on arrival times.

Approximately 30,000 gallons of groundwater were withdrawn from the aquifer one month after
the test to provide dilution water for the D4-7 dithionite injection/withdrawal test.

The results of this test showed that volumes lower than the preliminary estimates could be used
for the dithionite injection/withdrawal tests. The total volume of 60,000 gallons used for the
tracer test was reduced to 38,000 gallons for the first dithionite injection/ withdrawal test in well
D4-7 (as discussed in the Section 4). '

The results of the tracer test showed significant differences in arrival times between the upper
and lower portions of the aquifer (see summary in Table 3.4). These results are listed in
Appendix D. Arrival times in the upper portion of the aquifer, as measured in wells D4-2 Upper,
DA4-2 Upper and D4-16 zone 1, were significantly faster than in the lower screens of these wells.
These differences are due to greater permeability and/or lower porosity of the upper portion of
the aquifer. The wells that responded rapidly to the initial arrival of bromide solution also had
similar drops in concentration when the injection solution was switched from the tracer solution
to groundwater.

The breakthrough curves for the adjacent injection/withdrawal wells to D4-7 (D4-9 and D4-11)

were slightly different. These wells are the same radial distance from D4-7 and are screened
similarly.
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Table 3.1.

Field Parameters and Major Anions from 9/29/97 Monitoring of ISRM Site.
Sampling was conducted before the D4-7 Dithionite Injection.

FIELD  Sampled and Analysed 9/29/97 (9/24/97) JIC
Well-ID Cond Cond DO DO pH Cr6+ F Ci NO3 PO4 S04 Br-
uS/cm  Temp. mg/L Temp. mofl mg/L gt mg/L mg/L mg/L mg/L

D4-2 up 455 19.1 10.41 19.0 7.71 1.11 0.5 23.8 72.0 6.1 1121 u
D4-2 low 534 17.7 10.77 17.7 7.82 1.156 0.6 220 454 1.9 84.9 u
D4-3 up 646 17.5 10.84 17.4 7.82 1.08

D4-3 low 526 17.5 11.54 17.2 8.22 1.04 u 18.1 62.8 u 124.9 u
D4-7 637 18.0 11.01 18.1 7.64 1.14 u 21.9 80.4 u 141.5 u
D4-8 633 17.9 11.09 18.1 7.68 1.09 u 211 79.2 0.8 139.7 u
D4-9 637 17.8 10.85 17.8 7.71 1.12 u 20.1 81.6 u 139.4 u
D4-11 641 17.6 9.51 17.6 7.60 1.08 u 19.3 78.1 u 141.4 u
D4-16 (1) 704 19.1 5.18 19.1 7.44 0.59 0.7 24.8 55.1 2.1 105.3 5.4
D4-16 (2) 641 19.0 5.59 19.0 7.53 1.01 0.24 23.6 65.2 1.5 105.9 12.4
D4-16 (3) 636 18.9 2.22 18.9 7.60 0.89 0.23 24.5 40 0.7 101.4 11.7
D4-1 442 8.9 5.60 18.3 7.69] 1.01 0.02 20.5 58.5 2.5 86.7 U
D4-12 592 17.8 11.01 17.8 7.69 1.12 0.7 18.3 70.2 u 133.4 u
D4-10 665 18.2 10.32 18.2 7.65 0.96 u 20.6 83.0 u 132.6 u
D4-4 622 18.3 10.03 18.4 7.59 0.74 u 17.4 73.7 u 144.1 u
D4-5 637 18.2 9.51 18.2 7.71 0.82* 0.85 24.8 65.8 0.7 96.8 8.4
D4-6 594 18.2 10.71 18.0 7.68 0.92 u 17.2 70.1 u 124.2 - u
D4-17 (1)

D4-17 (2)

D4-17 (3)

D4-18 (1)

D4-18 (2)

D4-18 (3)

Notes: Cr6+ Data from 9/24/97 except for D4-5 which was from 9/17/97
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Table 3.3. Average Baseline Measurements at the 100-D Area ISRM Site (9-29-97)

Parameter Units Range Average
pH 744 -8.22 7.69
Electrical Conductivity uS/cm 442 - 704 602
Dissolved Oxygen mg/L 2.22-11.54 9.42
Sulfate mg/L 84.9 - 144.1 120
Hexavalent Chromium mg/L 0.588 - 1.15 1.00

Table 3.4. Bromide Tracer Test: Br' Arrival Time Summary

Arrival Time
Radial Maximum
Well Screen Distance 50% 100% Conc.

(ft bgs) (ft) (min) (min) (%)
D4-7 81-96 0 0 0 100
D4-8 75.6 -95.6 9.1 92 216 100
D4-16 (1) 80 —82.5 20 160 414 100
D4-16 (2) 86.5 -89 20 475 - 91
D4-16 (3) 93-95.5 20 435 - 91
D4-3 (u) 83.5-88.5 24 47 300 100
D4-3 (1) 93.5-98.5 24 916 - 50
D4-2 (u) 83.6 - 88.6 34.3 62 452 100
D4-2 (1) 93.6 -99 34.3 - - 27
D4-9 82-97 28.5 86 424 100
D4-11 91.2-96.2 28.5 164 592 100
D4-1 74.6 - 94.7 36.3 - - 45
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4.0 Bench-Scale Studies

Bench-scale studies were conducted to characterize the aquifer sediments at the site and to
quantify geochemical redox reactions that occur when dithionite is injected into these sediments.
Results of these experiments were used aid in the design of the 100-D dithionite injection/
withdrawal experiments and for predicting long-term performance. The main objectives of this
study were to determine the mass of reducible iron in the 100-D ISRM site sediments and the
rate of this reduction and subsequent sediment oxidation. The sediment reduction rate controls
the amount of time required for the dithionite solution to fully react with sediments, so it affects
the reductant injection rate and lag time after injection and before the solution is extracted from
the aquifer sediments. Column experiments were conducted in which reduced sediment was
oxidized with oxygen-saturated water to provide an additional measure of 1) the mass of reduced
iron and 2) the oxidation rate of the sediment. Laboratory experiments that were used to meet
these objectives included 1) sediment reduction in batch (static) systems, 2) sediment reduction
in 1-D columns, and 3) sediment oxidation in 1-D columns. Multiple reaction modeling of the
static systems and reactive transport modeling of the dynamic systems was conducted to quantify
. the reactant masses and reaction rates.

A secondary objective of the bench-scale studies was to develop an understanding of the changes
that occur in iron phases during reduction and oxidation. This information is'used to predict how
efficiently the sediment can be re-reduced and whether the mobility of iron or other metals
becomes an important issue during the redox life cycle. Experimental techniques used to meet
these objectives included chemical analysis of iron mineral and amorphous phases in untreated,
reduced, and reduced/oxidized sediment and chemical analysis of liquid effluent for metals
during reduction and oxidation column experiments.

4.1 Iron Geochemistry During Reduction and Oxidation

The proposed remediation technology used in this study introduces a reductant (Sodium dithi-
onite buffered at high pH) into the contaminated sediment (typically 24 to 60 hours) for a short
time to reduce Fe(IIT) oxides present to aqueous or surface-bound Fe(lI). The reduced Fe(Il)
appears to be present in several different phases: adsorbed Fe(II), structural Fe(Il), and Fe(ID)-
carbonate (siderite). The reaction that theoretically describes a smgle phase of iron that is
reduced by sodium dithionite

$)042 + 2Fe3t <=> 2Fe?* + 50372 + 2HF o)

indicates that the forward rate is a function of the dithionite concentration and the square of the
reducible iron concentration. Experimental evidence indicates that a small fraction of the
reducible iron sites was additionally affected by diffusion (i.e., slow physical access to surface
sites) (described in Section 4.3). Based on this result, a defusmn step was added for a fraction of
the iron sites

$00472 + 2Fe3t <==> 2Fe?* + 50372 + 2H* )
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where the total number of oxidized or reduced iron sites is the sum of sites in reactions 1 and 2.
In cases w_here the mass of iron is far in excess of the dithionite, this reaction can be reduced to a
first-order reaction that assumes that Fe?* remains constant:

$9042 <==> 2Fe?t + SO372 3)

Another reaction occurs in the system that describes the dlsproportlonatlon of dithionite in
contact with sediment:

28,042 + HyO <==> S,032 + 2HSO3" @

The oxidation of the adsorbed and structural Fe(l) in the sediments of the permeable redox
barrier occurs naturally by the inflow of dissolved oxygen through the barrier but can
additionally be oxidized by contaminants that may be present, such as chromate. The theoretical
oxidation of reduced iron in pure mineral phases is relatively well described with the following
reactions. Fe(Il) species that are known to exist in the dithionite-reduced Hanford 100-D
sediments include adsorbed Fe(II) and siderite [Fe(I)CO,]. Theoretically, a single mole of

electrons is consumed as a mole of these species is oxidized:

Fe3t + & <==> Fe?t )
Fe(OH)s(s) + 3HT + & <==> Fe?* + 3H,0 (6)
Fe(OH)3(s) + 2H* HCO3> + & <==> FeCO3(s) + 3H,0 0

The use of dissolved oxygen as an oxidant is generally divided into two electron sequences,
which, combined,

Oy + 4HY + 4 <=> H,0 (8)

indicate 4 moles of electrons are available per mole of O, consumed. The rate of this reaction

(8) has generally been observed to be first order. Experimental evidence indicates that the
oxygenation of Fe(ll) in solutions (pH >5) is generaily found to be first order with respect to
Fe(ID) and O, concentration and second order with respect to OH-. Therefore, approximately 4

moles of Fe(Il) are oxidized per mole of O, cor_lsumed (reactions 8-10) and the rate increases
10-fold for a unit increase in pH. At oxygen-saturated conditions (8.2 ppm O,), 1.02 mmol L"!
Fe(Il) is consumed.

The oxidation of reduced iron in the natural sediment appears to be more complex than a
single oxidation reaction and is likely controlled by both chemical and physical processes. The
combination of reactions 5 and 8 yields

4Fe2t + Oy + 4Ht <= 4F3t + Hy0 ©)
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which describes the oxidation of the main reduced iron species that appears to be present in the
reduced sediments [adsorbed Fe(Il)]. Experimental evidence during iron oxidation experiments
indicates that a second type of reduced iron species is present (siderite) in minor concentrations.
In addition, a minor fraction of reduced iron sites (presumed to be siderite) appears to be more
slowly oxidized, so a second oxidation reaction

4 Fe?* + 0, + 4Ht <= 4 F3t + Hy0 (10)

was considered in reaction models used. Both of these reactions (9 and 10) show that 4 moles of
Fe(II) is consumed per mole of oxygen consumed.

This redox treatment technology has previously been applied (at Hanford) to a groundwater site
containing chromium contamination. In that case, Cr(VI) is reduced to Cr(IIT) by Fe(II) oxida-
tion. In general, contaminants such as chromate or TCE are present in low concentrations such
that iron oxidation (i.e., remediation barrier destruction) is dominated by dissolved oxygen in
water. However, if chromate or TCE are present at high concentration, their impact on iron
oxidation needs to be considered. For chromate:

HCrO4- + 7H+ + 3e- <==> Ci3+ + 4H20 - ay

3 moles of electrons are consumed per mole of chromate reduced. The reduction of one mole of
chromate oxidizes three moles of Fe(II) [reactions 5 and 11], or 41 mg L™ chromate is needed to
oxidize the equivalent mass of Fe(TI) as water saturated with dissolved oxygen [1.05 mmol L"
Fe(Il)]. Because the highest chromate concentration found in the Hanford 100D area unconfined
aquifer is 2 ppm, its influence on iron oxidation is not significant.

4.2 Batch and Column Experimental Methods

A series of batch and column experiments was conducted to determine the mass and rate of
reduction of iron in sediment by the reduction solution (sodium dithionite pH-buffered to 11.0).
Batch sediment reduction experiments consisted of a series of septa-top vials in which 6.0 g of
sediment was mixed with 10 mL of dithionite solution for a specified time (minutes to tens of
hours), then the solution was filtered and analyzed for dithionite remaining in solutlon The
dithionite solutlon contained 0.06 mol L™ sodium dithionite (Na,S,0,), 0.24 mol L" K,CO,, and
0.024 mol L KHCO,. These batch experiments were conducted in an anaerobic chamber to
prevent the d1th10n1te from reacting with oxygen. The dithionite concentration was measured by
UV absorption at 315 nm. Two reactions were studied, the reduction of iron in the sediment,
which has a half-life of ~5 hours, and a disproportionation reaction, which has a half-life of 27
hours. Based on the rate of these reactions, batch reduction experiments were completed within
60 hours.

Sediment reduction studies were also conducted in 1-D columns. These experiments consisted
of injecting the dithionite solution at a steady rate into a sediment column and measuring the
concentration of dithionite over time in the effluent for 48 to 120 hours. The flux rate was
chosen to achieve specific residence times of the dithionite solution in the column (2 to 14 hours)
relative to the reaction rates. The dithionite concentration in the effluent was measured once per
hour using an automated fluid system and data logging equipment.
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The rate at which the dithionite-reduced sediment was oxidized was studied in 1-D columns.

These experiments consisted of injecting oxygen-saturated (8.2 mg L™ or 256 umol L) synthetic

groundwater at a steady rate into a reduced sediment column and measuring the concentration of

dissolved oxygen over time in the effluent for 100 to 400 hours. The flux rate was chosen to

achieve specific residence times of the dissolved oxygen in the column relative to the oxidation
rate(s) of the sediment.

4.3 Sediment Reduction Results

The mass of reducible iron was calculated from measurements of dithionite breakthrough in
column experiments using eight different sediments from four wells in the 100-D area (column
experiments D6-D17, Table 4.1). In each experiment, the mass of dithionite presumed to reduce
iron was calculated from the total dithionite mass loss in the experiment minus the loss due to
disproportionation (reaction 4). Sediments used in experiments showed an average of 31.8 + 5.6
umol/g for the sediments tested, which were all the <4 mm sieved fraction of the entire field
sediment. With the assumption that the >4 mm fraction of the sediment has no reactive surfaces,
the 100-D sediments averaged 11.0 = 3.0 pmol/g of reducible iron. Column experiments in
which sediment was subsequently oxidized with dissolved oxygen in water (column experiments
D18-D31, Table 4.1) indicated that 47 to 81% of the reduced iron was oxidized.

Using the average values for physical properties at the 100-D Area (porosity and bulk density),
the 31.8 = 5.6 umol reducible Fe per gram of soil has a treatment capacity of 171 + 46 pore
volumes of groundwater (8 mg/L dissolved oxygen and 1 mg/L hexavalent chromium). Assum-
ing this average was attained for a 50 ft width at the 100-D Area site, the predicted longevity of
the 100-D Area ISRM permeable treatment zone is 23 + 6 years (using a 1 ft/d groundwater
velocity). Sediment samples collected from the treatment zone from core holes are required to
measure the reductive capacity achieved during emplacement and are planned for FY 1999.

The rate of iron reduction by the dithionite solution was determined from batch and column
experimental data and subsequent modeling. The reduction rate of surface iron by sodium
dithionite in batch systems (Figure 4.1a) has shown that the third-order reaction (reaction 1) for
the reduction of iron is needed to describe the data. The dynamic nature of the reduction was not
fully described using the first-order approach (reaction 3). The rate of iron reduction in this
batch experiment was 4.5 hours.

Reduction of iron in sediment during transport is shown by a 1-D column experiment (Fig-

ure 4.1b), in which the initial fast breakthrough of dithionite is followed by a slow approach to
equilibrium. Reactions (1) and (4) were needed to fit these data (i.e., a simpler approach,
reactions 3 and 4, could not fit the data). In addition to the two chemical reactions, an additional
slow physical approach to equilibrium was needed. In a column experiment of the breakthrough
of dissolved oxygen in a nonreduced sediment (not shown), the slow approach to equilibrium
(relative to a tracer) indicated that a fraction of the sites were slower to be accessed. Based on
this result, a diffusion step was added for a fraction of the iron sites (reaction 2), where the total
number of oxidized or reduced iron sites is the sum of sites in reactions 1 and 2. The reduction
rate for the major fraction of the reducible iron sites averaged 5.5 hours in column experiments
(from Table 4.1).
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Table 4.1. Reaction Mass and Rates from Column Experiments
1 experimental parameters reduction by dithionite oxidation by dissolved O,
exp well res.time duration dith, buffer dithloss" disp.Toss™ Fered” hall-life” gediment Dtcloss' fraction® hall-life”
# - # <dmm  (Wpv) (ov)  (moVL) (moVL)  (umol) (umol)  (pmolig) . (h)  Fe(umolg)  (umol) oxidized  (h)
' D6 D4-2,94' 0.323 1.58 11 0017 0.16 196. 18. 31.0 3.48 10.0 -- -- -
§ D8 D4-5,94' 0426 1.83 11 0.052 0.24 306. 73. 40.5 4.71 17.3 -~ -- --
; D9 D4-3,88' 0.351 2.33 9 0.056 0.24 216. 58. 27.5 522 9.7 ' - - -
D10 D4-3,85' 0.314 1.37 16 0.054 0.24 230. 66, 28.5 5.38 8.9 -- - --
5 D11 D4-2,87 0.357 1.6 13 0.037 0.24 183, 52. 22.8 4.93 8.1 -- -- --
"1 D12 D4-5,90' 0,273 1.23 21 0.034 024 248. 62. 32.3 5.86 8.8 -- -- --
1 D15 D4-2,93' 0.335 1.52 15- 0049 0.24 286, - 175, 36.7 6.12 12.3 -- -- --
) D17 D4-4,94' 0362 231, 19 0.115 036 740. 705. 35.0 6.54 12.7 -- - --
D18 D4-4,94' 0362  0.77 95 -~ -~ -- -- -~ 66. 0.47 0.75
D20 D4-4,94' 0362 2.12 22 0.071t  0.36 360. 329, 31.0 5.12 11.2 -- - --
1 D21 D4-4,94 0362 0.71 170 -- -- - -- -~ -- 82. 0.66 --
& D22 D4-4,94 0362 2,15 41 0012 0.04 148. 121, 27.0 4.00- 9.8 - -- -
D23 D4-4,94' 0362 072 140 -~ -- -- -- -- -- 69. 0.64 -
¢ | D25 D4-4,94' 0.74 200 0.0064 0.02 -~ -- -- - 64. - --
; 3‘ D26 D4-4,94' 0362 221 . 20 0.127 0.18 430. 401. 29.0 3.94 10.5 -- -- -
D27 D4-4,94' 0362 0.74 190 -~ - -~ -- -= -- 4. 0.81 --
3 D28 D4-4,94' 0362 212 24 0.102 0.09 715. 676. 39.0 6.66 14.1 - - -
; D29 D4-4,94' 0362  0.69 240 . - - - - - - 109. 0.70 -
X D30 D4-4,94' 0362 271 30 0111 036 640, 610. 30.0 5.96 10.9 - - -
: D31 D4-4,94' 0362 091 220 -- -~ == - -~ -= 93. 0.77 1.34
: 'mass injected - breakthrough mass ' '
%loss of injection mass by disproportionation assumes a 27 h half-life (rxn 2)
% _ %dithionite breakthrough mass loss - disportionation)x 2moles iron reduced/mole dithionite consuried / 11.5 g

*based on slope change for dithionite or constant concentration for dissolved oxygen
30.25*mass loss of dissolved oxygen/mass reduced, based on stoichiometry of rxn 3.
*columa capacity 0.59 mol oxygen-free water, remaining 0.45 pmol assumed trapped air (0.5% of pore volume)
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Figure 4.1. Reduction of 100-D Sediment by a Sodium Dithionite Treatment in a) batch
systems with model fits with reaction 1 (solid line) and model 3 (dashed line);
both fits included the desproportionation reaction 4; b) 1-D columns with a model
fit using reaction 1 (iron reduction) and reaction 4

Sediment samples from well D4-4 were extensively studied in a series of experiments in which
the dithionite concentration and pH buffer concentration were varied. Experiments varying
dithionite concentration showed that considerably more time is required to reduce sediment using
low dithionite concentrations, so high dithionite concentrations (0.03 to 0.1 mol/L) were recom-
mended for the field injections. In other column experiments, the pH buffer concentration was
varied from one to four times the dithionite concentration. Theoretically, two moles of H* ions
are released per mole of iron reduced (reaction 1), so pH could be maintained with the pH buffer
concentration twice the dithionite concentration. Earlier laboratory and field experiments
showed the importance of maintaining a high pH in the injection solution because the dispropor-
tionation of dithionite (reaction 3) is considerably faster at lower pH. Column experiments with
a pH buffer concentration of four times the dithionite concentration showed less than a 0.3 pH
unit decrease during dithionite injection. With the pH buffer at twice the dithionite concentra-
tion, a 1.5 pH unit decrease was observed, and when the pH buffer concentration was the same as
the dithionite concentration, the pH dropped from 11.0 to 3.8. These results indicated that the
field-scale dithionite injection would most efficiently reduce the sediment when the pH buffer
was four times the dithionite concentration.
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44 Sediment Oxidation Results

Oxidation column experiments were used to determine sediment oxidation rates and predict the
longevity of the redox barrier in the field. These experiments showed that a large fraction of
reduced sites are oxidized within 100 to 250 pore volumes (of dissolved oxygen), but a small
fraction of sites were oxidized more slowly. This concept is illustrated by three oxidation’
column experiments at differing pore water velocities (Figures 4.2a—c) in which the slowest .
velocity (Figure 4.2a) shows dissolved oxygen remaining low for 370 pore volumes, after which
oxygen saturation is quickly achieved. This equilibrium breakthrough curve shape is caused by
the oxidation reaction rate being considerably faster than the residence time in the column (60
hours); therefore, dissolved oxygen had time to fully react with reduced iron. At a velocity in
which dissolved oxygen only partially reacts with reduced iron (Figure 4.2b, residence time 1.9
hours), dissolved oxygen breakthrough rises after 100 pore volumes, then slowly approaches
oxygen saturation. At a higher velocity (Figure 4.2c, residence time 0.2 hour), partial oxygen
breakthrough occurs almost immediately followed by the slow approach to oxygen saturation
over hundreds of pore volumes. A rough approximation of the sediment oxidation rate half-life
is 0.25 hour, based on the dissolved oxygen plateau in Figure 4.2¢ (1060 pore volumes).

The oxidation of reduced iron in the natural sediment appears to be more complex than a single
oxidation reaction, and is likely controlled by both chemical and physical processes. A reactive
transport model used to simulate the oxidation of the sediment with reaction (1) could not fit the
dissolved oxygen breakthrough data shown in Figure 4.2c, which contains multiple slope
changes. However, with the addition of a second type of reduced iron (reaction 2) then dynamic
breakthrough curve shape can generally be fit using both reactions (line shown in Figure 4.2c).
This simulation had 20% of the reduced iron is modeled with reaction 2 with a considerably
slower rate. The breakthrough curve shape is not well fit initially (0 to 20 pore volumes), and a
more complex approach for reaction 1 is needed. Breakthrough curve tailing in a coluinn
experiment of purely dissolved oxygen in a nonreduced sediment (not shown) for 5-6 pore
volumes indicates diffusional limitations accessing a fraction of the pore volume. This physical
tailing for dissolved oxygen could explain the tailing observed for dissolved oxygen for the fast
oxidation reaction (Figure 4.2c, 10-40 pore volumes). Measurement of the column effluent Eh
(Figure 4.2d, same experiment as Figure 4.2b) also provides an indication of the complexity of
the oxidation of the sediment.

4.5 Mineralogical Changes During Dithionite Treatment

Iron extractions were conducted on unreduced, reduced, and reduced/oxidized sediments to
specifically determine the changes in iron phases that occur during reduction and subsequent
oxidation of the sediment. The total extractable Fe(Il) and Fe(IIl) in the <4 mm fraction of
Hanford 100-D sediments was 76 % 25 umol/g, of which 70 to 80% was Fe(III) oxides. The
amorphous Fe(IIT) phases ranged from 30 to 60% of the total Fe(IIT) oxides. Extractions con-
ducted on reduced sediments showed a measurable decrease in the amorphous Fe(III) phases, a
large increase in the adsorbed Fe(II), and a small increase in Fe(I[)CO,. ICP-MS analysis of the
redox reactive fraction of sediment showed that iron species accounted for 97% of the reactivity
and Mn species the remaining 3%. Oxidation of the sediment in a column (600 pore volumes of
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Figure 4.2. Oxidation of Dithionite-Reduced Sediment by Dissolved Oxygen in Water
(8.2 mg/L) in Three 1-D Column Experiments with Different Velocities Resulting
in Different Contact Times of Dissolved Oxygen with Adsorbed Fe(I): a) 60-hr, b)
1.9-hr, and c) 0.2-hr residence. Sediment oxidation was simulated with a model
that considers fast and slow oxidation by dissolved oxygen (reactions 19 and 20) as
shown in (c) for dissolved oxygen and fraction of reduced iron. The Eh of the
effluent solution during sediment oxidation (d, same experiment as b) also
illustrates partial oxidation of a fraction of surface sites.
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oxygen-saturated water) resulted in a loss of all the adsorbed Fe(ID), little change in Fe(I[)CO,,
and an increase in both amorphous and crystalline Fe(IIT) oxides. Therefore, the dithionite
treatment appears to mainly dissolve amorphous Fe(III) oxides and create mainly adsorbed
Fe(Il). The dithionite treatment appears to reduce only a fraction of the available Fe(III) oxides.
The Fe(II) is highly adsorbed, as <0.1% was measured in the effluent from several column
experiments after 300 pore volumes. Iron extractions indicated up to a 10% loss of total iron in
the sediment after 600 pore volumes of water were injected through the sediment. These results
indicate that a reduced sediment barrier can be re-reduced with only a small loss in iron capacity.
Sediment from the 100-H area was, in fact, reduced/oxidized twice and had a 6% loss in reduced
iron in the second reduction.

4.6 Immobilization of Chromate

An oxidation column experiment was conducted to test the immobility of chromate because the
emplacement of the redox barrier in the 100-D area of the Hanford Site is to prevent chromate
present in the shallow aquifer from reaching the Columbia River. Chromium is a redox-sensitive
contaminant that will be immobilized at the redox barrier as a result of precipitation reactions
when Cr(V]) is reduced to the less soluble Cr(III). Although the reduction of chromate oxidizes
Fe(I), because most chromate contamination is <5 ppm, dissolved oxygen is mainly responsible
for oxidizing the Fe(II). Chromate would need to be present at a concentration of 120 mg/L to
have an equivalent ability to oxidize the redox barrier as dissolved oxygen. Therefore, while
chromate oxidation of the reduced sediment and the subsequent effect on uranium transport was
not considered likely, because chromate is a stronger oxidant than dissolved oxygen, it inay have
some impact on the barrier oxidation rate even if present at a low concentration. Chromate
transport behavior was also studied because of the relative difference in mobility compared with
uranium species. Cr(IIl) is not readily oxidized to Cr(VI) when the redox barrier is ultimately
oxidized. To test this difference in behavior, a long-term column experiment was conducted in
which Cr(VI) was injected through reduced sediment and the remobilization behavior monitored
once the sediment was oxidized.

The column experiment was conducted by injecting near-oxygen-saturated water (average of 6.0
mg L") and 2.3 mg L" Cr (as chromate) into a reduced Hanford 100-H sediment until oxidized.
This 4,000hour (6-month) experiment was conducted with Hanford formation sediment that was
treated with the reductant in a method similar to that used at the field scale (sodium dithionite |
injected for 12 hours, then a 48-hour no-flow interval). This experiment confirmed the expected
behavior of Cr(IIT) species. Chromate was generally immobilized in the reduced sediment until
the sediment was oxidized (at ~800 pore volumes), after which time the chromate effluent was
equivalent to the influent concentration. The mass of injected chromate (Cr0,”) (42.7 mg) was
not recovered even after 4,000 hours or 1500 pore volumes of oxic water is flushed through the
sediment (effluent was 20.7 mg or 48%) (Figure 4.3). This was expected due to the slow
dissolution rate for solid Cr(OH), in oxic water.
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4.7 Trace Metals Mobilization

During laboratory-scale column experiments, effluent samples were taken during Fort Lewis
sediment reduction (about 10 pore volumes), and during Ft Lewis sediment oxidation (550 pore
volumes) to assess the potential migration of trace metals (22 metals including Ni, Cu, As, Cd,
Sn, Sb, Ba, Cr). Some metals are elevated in aqueous concentration during sediment reduction
because of increased solubility in the reducing environment, but all trace metals dropped to pre-
injection levels within 5 pore volumes of injection of oxygen-saturated water, which is the basis
of the withdrawal of 3-5 pore volumes of the amount of water injected during a dithionite
injection in field scale injections. The concentrations of the major metals injécted (K+ from the
> 0.2 mol/L K2CO3 and Na+ from the sodium dithionite) took considerably greater number of
pore volumes to asymtotically approach pre-injection levels. A more complete summary of this
trace metal migration during reduction and oxidaticn will be reported in a subsequent report.
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Figure 4.3. 1-D Column Experiment Results Showing the Reduction and Immobilization of
Cr(VI) Species When Hanford Sediment is Reduced (first 800 pore volumes), and
Lack of Dissolution of the Immobilized Cr(IITO Species in Oxic Sediments for a
Subsequent 1000 Pore Volumes
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5.0 Emplacement Process

5.1 Emplacement Strategy

The ISRM emplacement process uses an injection/withdrawal, or “push/pull,” method to create
the permeable treatment zone. The emplacement process is conducted in three stages, injection,
reaction, and withdrawal. In the injection stage, the reagent (sodium dithionite with a potassium
carbonate/bicarbonate pH buffer to enhance dithionite stability) is injected into the injection/
withdrawal well. Dithionite concentrations and other parameters are measured on the injection
stream and in the monitoring wells at nearby radial distances. The duration of the injection stage
is about 10 hours. When the injection is complete, a reaction stage follows, providing time for
the dithionite and iron reactions to proceed. The duration of the reaction stage is about one to
two days. In the final stage (withdrawal), unreacted reagent and reaction products are extracted
from the aquifer by pumping from the same well used for the injection. The duration of the
withdrawal stage is about one week. Pumping rates used in the withdrawal stage are less than
the injection rate (15-20 gpm for withdrawal; ~60 gpm for injection) because of excessive
drawdown in the well. The withdrawal stage is also longer because up to five “injection vol-
umes” are withdrawn to recover a majority of the reaction products (i.e., minimize residual
chemicals in the aquifer). Dithionite concentrations and other water quality parameters are
monitored in the nearby wells and in the extraction stream during both the reaction and
withdrawal stages.

This push-pull emplacement process creates a roughly cylindrical zone of reduced iron (Fe*)
centered around the injection/withdrawal well. The actual shape depends on the spatial distri-
bution of hydraulic properties (permeability and porosity) within the aquifer (heterogeneities).
The exact shape is not fully characterized due to the limited number of monitoring wells
installed. To create a long barrier to intercept a contaminated groundwater plume, a series of
overlapping injection wells is used to coalesce these cylindrical zones of reduced iron (see
Figures 1.5 and 1.6).

For the 100-D Area ISRM treatability test, five injection/withdrawal wells were used to create a
treatment zone 150 ft long, 50 ft wide, and 15 ft thick (the entire thickness of the unconfined
aquifer). The three main injection/withdrawal wells (D4-10, D4-7, and D4-12) are spaced 50 ft
apart. The two overlapping injection/withdrawal wells (D4-9 and D4-11) are offset from the line
of main injection/withdrawal wells and are spaced 28 ft radially from the adjacent main
injection/withdrawal wells.

This overlapping well design serves two main purposes; it not only reduces the risk of gaps in
the permeable treatment zone but also provides for monitoring the extent of dithionite concen-
trations in the main injection/withdrawal wells. The 50-ft radial spacing of the main dithionite
injection/withdrawal wells is too large to adequately monitor dithionite concentrations in
adjacent wells for establishing the extent of the reduced zone created around an injection/
withdrawal well. Practical limitations of the push-pull method based on the volumes required,
length of time, and the instability/decay of dithionite limit the radial influence around a single
injection/withdrawal well. In addition, increasing the radius of influence for a dithionite
injection increased not only the well spacing but also the barrier width, which may result in
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significant overdesign and waste for a given application. The other benefits of the push-pull
approach are that it provides the maximum percentage of recovery of injected solute, enhanced
reagent penetration of low permeability zones due to changing hydraulic gradients during the
injection/reaction/withdrawal stages, and ease of operation. Alternative emplacement

" approaches that do not have these radial geometry limitations are horizontal wells or
simultaneous operation of injection/ withdrawal wells (e.g., dipoles).

5.2 Emplacement Description

A concentrated sodium dithionite, potassium carbonate, and potassium bicarbonate solution is
delivered to the ISRM site in a 4,000- to 7,000-gallon tanker truck (see Figure 4.2-3). The
solution is chilled with nitrogen or argon gas filling the headspace of the tank to minimize
contact with atmospheric oxygen. The dry chemicals are dissolved in water and loaded into the
tanker truck at a chemical plant in Kalama, Washington. Once loaded, the reagent is trucked
directly to the 100-D Area ISRM site for immediate injection. Two frac tanks (20,000 gallons
each) at the site are prefilled with groundwater pumped from wells at the site for diluting the
solution to the concentration required for injection. Two injection pumps and two flow meters
are used for in-line mixing of the concentrated reagent with groundwater during the injection.
As mentioned, a 4,000-gallon tank was used in the first two dithionite/injection withdrawal tests
to offload the concentrated mixture from the tanker truck prior to injection. The remaining injec-
tions were conducted with one injection pump connected directly to the tanker truck.

A summary of the dithionite injection/withdrawal tests is given in Table 5.1. The results of the
first test (D4-7) were used to refine the design for subsequent tests. For this purpose, the D4-7
test contained the greatest number of monitoring wells at sufficient radial distances for moni-
toring the emplacement. Two-hundred groundwater samples were collected during the D4-7
injection; a total of 500 were collected over the entire injection/reaction/withdrawal stages of the
D4-7 test. These groundwater samples were measured, for electrical conductivity, pH, tempera-
ture, dissolved oxygen, and dithionite in the mobile laboratories at the site. Archive samples
were also collected for all these samples later analysis of anions and/or trace metals, if needed.

The D4-7 dithionite injection/withdrawal is described in the following section. Details on the
modifications of subsequent tests based on these results are also described.

5.3 Dithionite Injection/Withdrawal Test

5.3.1 Injection Stage

The injection stage of the D4-7 dithionite injection/withdrawal test was started on September 29,
1997. The chemical reagent was injected into the aquifer at a rate of 60 gpm for 10.4 hours,
yielding a total injection volume of 37,300 gallons. Constant concentrations were maintained
during the injection stage as follows: 0.09 M sodium dithionite, 0.36 M potassium carbonate, and
0.036 M potassium bicarbonate.
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Table 5.1. Dithionite Injection/Withdrawal Summary

Volume Dithionite
Injection Injected Concentration® Volume Withdrawn

Well Dates (gal) (m) (gallons)

D4-7 9/29/97 to 10/8/97 | 37,300 reagent 0.09 m for 104 hr 154,500 (4.1 injection
volumes). Disposed at ETF.

D4-12 5/4/98 t0 5/13/98 | 29,500 reagent 0.1mfor1.1hr 182,000 (5.0 injection

6,500 groundwater | 0.07 m for 6.5 hr volumes). 36,000 gallons to
purge water modutanks,
remainder purged to ground.

D4-10 5/19/98 to 6/5/98 | 29,500 reagent 0.1 mfor 1.5 hr 192,500 (5.1 injection

8,400 groundwater | 0.065 m for 6.5 hr volumes). 38,000 gallons to
. purge water modutanks,
remainder purged to ground.
Note: pump failure during
withdrawal. ‘

D4-11 7/13/98 to 7/23/98 | 20,000 reagent 0.06 m for 5 hr 100,000 (S injection volumes).
20,000 gallons to purge water
modutanks, remainder purged
to ground.

D4-9 7/13/98 to 7/23/98 | 20,000 reagent 0.06 m for 5 hr 100,000 (5 injection volumes).
’ 20,000 gallons to Pprge water
modutanks, remainder purged
to ground.

(a) Potassium carbonate concentrations were four times the sodium dithionite concentrations.
Potassium bicarbonate concentrations were 0.1 times potassium carbonate concentrations.

Breakthrough curves at the monitoring wells for dithionite concentrations and electrical con-
ductivity (whose behavior was similar to the conservative bromide tracer) are provided in
Appendix E. Arrival times in the monitoring wells were similar to the results measured in the
bromide tracer test with well screened in the upper portion of the aquifer having significantly
earlier breakthrough and much higher concentrations relative to wells screened in the lower
portion of the aquifer.

In response to the 60-gpm injection rate, a significant injection mound formed in the unconfined
aquifer where the water table elevation is raised above its pre-injection level, as shown in Fig-
ure 5.1. The extent of the injection mound is a function of the hydraulic properties of the aqui-
fer, the injection rate, and the injection duration. The volume of water in the injection mound
was approximately one-third of the total injection volume.

5.3.2 Reaction Stage

The reaction stage lasted 35 hours, between the end of the injection stage and the start of the
withdrawal stage. Dithionite concentrations are monitored during the reaction stage and are
useful to indicate the presence of reducible Fe(IIl) in the sediment. Because the rate of the
dithionite/Fe(IIT) redox reaction is relatively fast (~5-hr half-life), high concentrations of
dithionite that are still detected in wells after a significant number of half-lives have elapsed
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Figure 5.1.  Extent of Injection Mound Formed during D4-7 Dithionite

indicate that all the available Fe(IIT) up to the radial distance of the well has been reduced to
Fe(Il). The duration of the reaction stage was approximately seven half-lives; therefore,
injection/withdrawal test dithionite concentrations would be lowered to less than 1% of the
concentrations at the beginning of the reaction stage if reducible Fe(IIT) were still present.

The higher concentrations injected into the upper portion of the aquifer, along with the density of
the sodium dithionite solution (~1.06 g/mL), caused the reagent plume to sink during the reaction
stage. This was evident in the measurements from the multilevel monitoring wells (see D4-2 and
D4-3 results in Appendix E). Once the injection pump was turned off at the end of the injection
stage, fluid density gradients caused the higher-concentration solutions in the upper portion of
the aquifer to sink rapidly to the lower portion of the aquifer. This effect helped to increase the
amount of dithionite reaching the lower portion of the aquifer and create a more uniform
treatment zone.

5.3.3 Withdrawal Stage

The duration of the withdrawal stage for the D4-7 dithionite test was eight days at an extraction
rate of 20 gpm. The total volume of water withdrawn was 154,500 gallons, representing 4.1
injection-volumes. The water was stored in frac tanks at the site. Samples were collected from
the tanks and analyzed to ensure suitability for disposal at the ETF in the 200 Areas of the
Hanford Site. Results of these analyses are given in Table 5.2. The water was approved for
disposal at the ETF and trucked to the facility for treatment and disposal.

A mass balance for the injection/withdrawal test was calculated to estimate the percent recovery

of the injected chemicals from the withdrawal stage. The estimate was based on the total mass of
sulfur species (sulfate, sulfite, and thiosulfate) measured in both the injection and withdrawal
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Table 5.2. ISRM Groundwater Sample Analyses

Sample ID| pH |Density] TDS | TSS {TotalC| TOC F! crt | Not | NOt | PO | SO | Brt | SO | 20
(g/mh) | (g/L) | (mg/L) | (mg/L) | (mg/L) | (mg/l) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L)
DT-1 945 | 1.0137| 101 4 820 21 1.05 32 <2 61 <3 870 5.1 1780 | 9.8
DT-2 945 | 10159 149 <2 1300 30 14 23 <2 60 <3 1470 69 | 2530 13
DT-3 9.13 | 10167 25 3) 202 3.5 0.53 26 <2 63 <3 40 44 330 1.9
DT-4 945 | 10130 95 (3) 800- | 24 1.06 25 <2 63 <3 850 5.7 1680 | 9.5
DT-5 945 | 10130 96 6 793 19 1.06 24 <2 62 <3 840 58 1650 | 94
DT-6 944 {10130 94 5 788 21 1.04 24 <2 62 <3 1010 | 58 1610 8.9
DT-7 942 | 1.0135] 9.l <3 756 20 1.03 24 <2 61 <3 1070 | -6.0 1580 6.8
DT-8 945 | 1.0131| 9.5 <3 774 20 1.00 25 <2 63 <3 890 6.0 1690 8.9
VWA* 940 1.0139 896 <4 746 1914 1.00 26 <2 62 <3 841 5.7 1546 8.2
L
9]
Sample ID|  As Ba Ca Cd Cr Cu Fe K Mg Mn Na Ni p ‘Pb s® s® Se Si Zn
: (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mp/L) | (mg/L) | (mg/L) (mg/{-) (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L)
DT-1 <03 | 0.16 18 <0.1 1 011 | <02 33 | 3200 38 0.2 | 840 | 0.07 0.7 <3 960 | 1030 | <3 34 <03
DT-2 <03 | 057 16 <0.1 | 016 | <02 3.9 | 4700 51 0.11 | 1200 | 0.08 12 <3 1400 <3 | 34 <.03
DT-3 <03 | 0.08 19 <0.1 | 004 | <005 0.11 | 1780 20 0.2 | 220 | 0.5 1.3 <06 | 280 <.06 37 | <006
DT-4 <03 | 0.17 18 <0.1 | <0.1 | <02 25 | 3200 38 0.11 780 | 0.07 0.9 <3 900 <3 34 <.03
DT-5 <03 | 0.19 18 <0.1 | <01 | <02 2.5 | 2700 38 0.11 660 | 0.07 1 <3 930 960 <3 33 <.03
DT-6 <03 | 0.18 18 <0.1 | <01 | <02 24 | 2700 39 0.11 670 | 0.06 09 <3.| 980 <3 3.1 <.03
DT-7 <03 | 0.8 19 <01 | <01 | <02 22 | 2900 | "40 0.11 770 | 0.06 0.8 <3 910 <3 3.1 <.03
DT-8 <03 | 0.19 19 <01 | <01 | <02 | 25 . 3200 40 0.11 | 770 |- 0.06 0.8 <3 950 <3 3.1 <.03
VWA* <03 019 1826 <01 0.0 <018 23 2939 3715 0.11 708  0.06 09 <027 882 995 <027 33  <0.03

* Volume Weighted Average

® S analysis was performed on unpreserved samples treated with NH,OH + H,0,

® § analysis was performed on glycerine preserved samples treated with NH,OH + H,0,




stages from samples collected periodically throughout those stages. The mass balance calcu-
lations resulted in an estimate from 62 to 65%, which was significantly less than the 89%
recovery obtained from the 100-H Area ISRM test in 1995 (Fruchter et al. 1997). Although the
recovery from the D4-7 test was less than the 100-H Area test, the residual chemicals in the
aquifer at the end of the tests were similar. Potential factors influencing the lower recovery at
the 100-D Area ISRM site are

1) greater extent of the injection mound due to the lower hydraulic conductivity of the
aquifer, causing reagent to be trapped in the vadose zone and difficult to recover

2) lower groundwater velocities in the lower portion of the aquifer inhibit the recovery of
the reagent that sunk into the lower portion of the aquifer during the reaction stage due to
density effects.

The design of the subsequent dithionite injection/withdrawal tests was modified to help improve
the reagent recovery during the withdrawal stage (as discussed in the following section).

5.4 Additional Dithionite Injection/Withdrawal Tests

The modifications to the remaining four dithionite injection/withdrawal tests for completion of
the emplacement of the permeable treatment zone involved smaller amounts of chemical used for

injection, decreasing reagent concentrations during the injection stage, and withdrawal water
disposal. : '

Analysis of the D4-7 test results, based on the concentrations of dithionite measured in the moni-
toring wells during the test, indicated that lower concentrations of dithionite could be used based
on the amount of available Fe(IIl) in the aquifer sediments. The mass of chemicals used for the
remaining two main dithionite/injection withdrawal tests (D4-12 and D4-10) were each 50% of
the mass used in the D4-7 test. Lower dithionite concentrations and volumes were also used for
the two overlapping injection/withdrawal wells due to the smaller radius of influence of these
wells. The mass of chemicals used for each of these overlapping wells was 60% of the mass
used for the D4-12 and D4-10 tests (or 30% of the D4-7 Test). The reductions in concentrations
resulted in lower costs and minimized waste. The lower injection concentrations should also
result in lower concentrations of residual chemicals in the aquifer.

Dithionite concentrations for the D4-12 and D4-10 tests were decreased during the injection
because the greatest concentrations are needed at the front of the plume where dispersion effects,
reaction time, and amount of Fe(IIl) along the pathline is the greatest. Table 5.1 shows the
stepped concentrations used for these tests. Toward the end of the injection stage of these tests
the reagent injection was ended, and groundwater containing no reagent was injected into the
aquifer. This fresh-water push was used to help flush out reagent in the injection mound and
enhance recovery during the withdrawal stage because most of the available Fe(II) surrounding
the injection/withdrawal well was reduced during the earlier portion of the injection stage (and
no additional reagent would be required). The estimated recovery during the withdrawal stage of
the D4-12 injection was 72% +/- 10%.

The final modification to the injection/withdrawal tests involved disposing of the withdrawal
water from the tests. For the remaining four dithionite injection/withdrawal tests, only the first
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injection-volume of withdrawn water required shipping, treatment, and disposal. The purge
water modutanks were used for disposal of this water instead of the ETF. The remaining portion
of the withdrawal water was purged to the ground to the west of the site, upgradient from well
D4-13, through a 500-ft-long drip irrigation system. Vadose zone modeling analysis of the
irrigation system showed that the sulfate concentrations in the aquifer below the surface dis-
charge would be below 250 mg/L. The groundwater sampling of the D4-13 well was increased
to a quarterly interval to assess/verify the impacts of the purge water on the water quality.
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6.0 Preliminary Performance Results

6.1 Groundwater Quality

Groundwater monitoring was conducted at the site on a monthly to bimonthly basis during FY
1998. Results from the most recent sampling event (September 3, 1998) are shown in Tables 6.1
and 6.2. Average values and ranges of selected parameters for this sampling event are given for
wells within the treatment zone in Table 6.3 and for the downgradient wells in Table 6.4. Hexa-
valent chromium results are shown in plan and cross-section views in Figures 6.1 and 6.2.
Dissolved oxygen concentrations are shown in Figure 6.3. These analyses are discussed below
and compared, with baseline data collected prior to any dithionite injection/withdrawal tests (see
Section 3).

Concentrations of Cr* measured in the wells influenced by dithionite during the emplacement
process were all below the detection limits of the field analysis equipment (Hach DR-2000) of
0.007 mg/L (see Figures 6.1 and 6.2). Average baseline Cr™* concentrations measured for all
the wells in the last baseline round of sampling (September 1997) were 1.0 mg/L (compare
Tables 6.3 and 3.3). ‘

Although concentrations of chromate and dissolved oxygen are significantly different from
baseline values in the downgradient wells, the current results from the downgradient wells are
still preliminary and cannot be used to assess the final performance of the ISRM technology.
Sufficient time has not elapsed since the last emplacement (mid-July) for the site hydrology to
return to ambient conditions from the injections and pumping. Once the natural conditions
return, an additional time is required (~a few months) for groundwater to travel through the
barrier to reach all the downgradient wells. In addition, based on groundwater flow directions
from water tables measurements during the previous year, well D4-4 is on the eastern down-
gradient edge (or outside) of the treatment zone and may not be useful for assessing the
downgradient effects of the treatment zone.

Differences between baseline groundwater parameters within the treatment zone, in addition to
the hexavalent chromium concentrations discussed above, include dissolved oxygen, pH,
electrical conductivity, sulfate, and Mn. Dissolved oxygen reacts with the Fe(II) within the
treatment zone. The oxidizing capacity of dissolved oxygen is greater than the hexavalent
chromium and mainly determines the longevity of the treatment zone. The pH within the
treatment zone is above baseline values as shown in Tables 3.3 and 6.3. The pH is elevated
within the treatment zone from residual potassium carbonate/ potassium bicarbonate pH buffer
added to the reagent to enhance dithionite stability. The electrical conductivity is elevated in the
reduced zone above baseline values due to the residual chemicals left in the aquifer from
unrecovered reagents (Na, K, carbonate/ bicarbonate, and sulfate). Unreacted dithionite and the
sulfate/thiosulfate reactions products ultimately oxidize to sulfate.

Electrical conductivity and sulfate analysis indicate that the vadose zone is the source of the

elevated levels due to reagent trapped in the injection mound during the emplacement. The
highest concentrations were seen in the uppermost Westbay well (D4-16 zone 1) and Well D4-1
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Table 6.3. Groundwater Measurement Summary Within the Treatment Zone (9/3/98)

Parameter Units Range Average
pH : 7.93 t0 9.30 8.62
Electrical Conductivity uS/cm 641 to 4,550 1766
Dissolved Oxygen mg/L 0 0
Sulfate mg/L 151 to 1300 521
Hexavalent Chromium mg/L 0 0

Table 6.4. Groundwater Measurement Summary Downgradient of the Treatment Zone (9/3/98)

Parameter Units Range Average
pH 7.45 to0 8.37 7.81
Electrical Conductivity puS/cm 520 to 963 695
Dissolved Oxygen mg/L 0.61 t0 8.3 8.3
Sulfate " mg/L 142 to 389 277
Hexavalent Chromium mg/L 0 to 0.55 0.28

on the downgradient portion of the treatment zone. Higher concentrations on the downgradient
side of the treatment zone and in the upper portions of the aquifer suggest concentrations
increasing along the flow path through the treatment zone from recharge from the vadose zone.
Concentrations of the residuals (e.g., sulfate) are not expected to persist for a long time after
emplacement. .

Within the treatment zone, manganese concentrations were elevated above baseline conditions
due to the enhanced solubility of naturally occurring manganese oxides within the sediments
under reducing conditions. Although these concentrations are elevated in the treatment zone,
manganese should not be mobile beyond the treatment zone due to its high retardation factor and
reprecipitation once it contacts downgradient oxidizing sediments.

The trace metal data shown in Table 6.2 are from the post- D4-7 dithionite injection/withdrawal
test in October 1997. More recent trace metal analysis will be available in early FY-99.

6.2 Columbia River Pore Water Sampling Tubes

The most recent results from the 100-D Area ISRM Columbia River Pore Water Sampling Tubes
are listed in Table 6.5. The complete set of results from FY 1998 is in Appendix C. ISRM Pore
Water Sampling Tubes (Redox-0103.3, 0106.0, 0203.0, 0206.0, 0303.3, 0304.6, 0403.0, and
0406.0) were installed in November and December 1997, after the D4-7 dithionite injection/
withdrawal test. Four pairs of sampling tubes were installed at four locations along the river
downgradient from the ISRM site with two sampling depths each (the last two digits of the ID
are the sampling depths). The TD-39 sampling tubes were installed prior to the ISRM
emplacement (Peterson et al. 1998).
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100-D Area ISRM Site
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Figure 6.1. Post-Emplacement Hexavalent Chromium Concentrations at the
100-D Area ISRM Site
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100-D Area In Situ Redox Manipulation
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100-D Area ISRM Site
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Figure 6.3. Post-Emplacement Dissolved Oxygen Concentrations at the 100-D Area ISRM Site
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Table 6.5. Porewater Sampling Summary

2-
pH Columbia River Porewater Sampler ID 7/30/98 _'.Ln.n;\ Columbia River Porewater Sampler {D 7/30/98
Depth (ft) ] Redox01 Redox02 TD39 Redox03 Redox04 Depth (ft) | Redox01 Redox02 TD39 Redox03 Redox04
3 7.22 7.36 7.62 7.7 3 59.1 42.2 72.7 41.7
6° 7.45 7.26 7.52 7.63 7.73 6 66.1 52.7 28.2 72.2
10 7.67 10 63
15 7.69 15 68.2
“Note: Lower Depth of Redox03 is 4.6 ft.
Cond. _I
|_(us/cm) Columbia River Porewater Sampler ID 7/30/98 Cl" (ppm) Columbia River Porewater Sampler 1D 7/30/98
Depth (ft) ] Redox01 Redox02 TD39 Redox03 Redox04 Depth (ft) ] Redox01 Redox02 TD39 Redox03 Redox04
3 376 312 461 316 3 11.4 7.68 15.3 9.73
6° 434 368 255 461 326 6 15.4 10.3 4.1 14.9
10 410 10 12.3
15 436 15 14.5
“Note: Lower Depth of Redox03 is 4.6 ft.
bo . NOy o
{mg/L) Columbia River Porewater Sampler ID 7/30/98 Lonm) _ Columbia River Porewater Sampler 1D 7/30/98
Depth (ft) ] Redox01 _Redox02 TD39 Redox03 Redox04 Depth ({ft) { Redox01 Redox02 TD39 Redox03 Redox04
3 6.99 6.06 6.35 4.8 3 27 18.2 35.4 19.4
6° 7.1 4.7 7.41 6.09 5.29 6 36.2 21.9 11.3 34.8
10 n 8.16 10 30.7
15 8.34 15 56.3
*Note: Lower Depth of Redox03 is 4.6 fi. -
Cré+ . PO
| (mg/L) Columbia River Porewater Sampler 1D 7130798 {nnmy  Columbia River Porewater Sampler ID 7/30/98
Depth (ft) | Redox01  Redox02 TD39 Redox03 Redox04 Depth (ft) | Redox01 Redox02 TD39 Redox03 Redox04
3 0.56 0.18 0.74 0.36} 3 < 0.2 0.94 0.62 < 0.2
[hd 0.6 0.1 0.16 0.72 0.38 6 1.02 0.36 1.4 1.3
10 0.56 10 0.46
15 0.64 15 < 0.2
*Note: Lower Depth of Redox03 is 4.6 ft.
F” (ppm) columbia River Porewater Sampler ID 7/30/98
Depth (ft) | Redox01 Redox02 TD39 Redox03 Redox04
3 0.34 0.31 0.37 0.31
5] 0.4 0.34 0.23 0.35
10 . 0.31
15 0.43

Water samples collected from the sampling tubes are a mixture of both river water and ground-
water. The contribution of each source to the sample is related to the river stage and aquifer
pressures at the time of sampling. Samples collected at the high river stage are dominated by
river water. Because the river water and groundwater have distinct ranges of electrical conduc-
tivity (river water ~ 150 microS/cm’ and groundwater ~ 600 microS/cm?), the electrical con-.
ductivity can be used to distinguish the relative contribution of each (see mixing curves in
Peterson et al. 1998; Hope and Peterson 1996). Hexavalent chromium has not been detected in
the river water. It is important to consider the electrical conductivity of the samples when
comparing hexavalent chromium concentrations.

With the exception of Redox02 (3 and 6 ft depth), hexavalent chromium concentrations results
from the ISRM Columbia River Pore Water Sampling tubes are similar to results shown in
previous pore water sampling studies (Hope and Peterson 1996; Peterson et al. 1998) with the
range in hexavalent chromium concentrations from 0.36 to 0.88 mg/L when the samples had
relatively high electrical conductivity (>300 microS/cm). Redox03 consistently had the highest
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hexavalent chromium concentrations. Redox02 samples consistently had anomalous, low
hexavalent chromium concentrations, even when it had high electrical conductivity
measurements indicating a significant contribution of groundwater.

In addition to hexavalent chromium and electrical conductivity, Table 6.5 and Appendix C also
contain pH and dissolved oxygen measurements. Major anion analysis was also conducted for
the some of the sampling rounds and the results are including in these tables.

6.3 Estimated Barrier Longevity

As discussed in Section 4, the average reducible Fe(III) content of the sediments in the aquifer at
the 100-D Area ISRM site, as determined by bench-scale testing, was 31.8 + 5.6 pmol reducible
Fe(III) per gram of soil. Using this value and the average values for physical properties at the
100-D Area (14% porosity and 2.3 g/cm’ dry bulk density) results in a treatment capacity of 171
=+ 46 pore volumes for the contaminated groundwater at the site (8 mg/L dissolved oxygen and 1
mg/L hexavalent chromium). Assuming this average was attained for a 50-ft width at the 100-D
Area site, the predicted longevity of the 100-D Area ISRM permeable treatment zone is 23 = 6
years (using a 1 ft/day groundwater velocity). This estimate also neglects other oxygen fluxes
into the treatment zone, such as from the vadose zone or from upwelling from the lower aquifers.

Sediment samples collected from the core holes in the treatment zone are required to measure the
reductive capacity achieved during emplacement and are planned for FY 1999.
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7.0 Planned FY 1999 Activities

Activities during FY 1999 at the 100-D Area site include continued aqueous monitoring, in-
stalling two new monitoring wells, drilling core holes for collecting sediment from the reduced
zone, completing the reoxygenation studies, and writing the final treatability test report. Sam-
pling of the wells and Columbia River substrate pore water samplers will be conducted on a
frequency of every two months during FY 1999.

The additional monitoring wells will provide a new upgradient well and an additional down-
gradient well between D4-6 and the river. The new upgradient well is needed because the
existing upgradient wells D4-3 and D4-2 were both influenced by dithionite during the injec-
tions. The additional downgradient well will provide aqueous samples closer to the river for the
anoxic plume studies. The distance between our farthest downgradient well and the river is now
400 ft.

Core holes from within the reduced zone will provide sediment samples for conducting lab-
oratory tests to determine the reductive capacity achieved during the dithionite injection/
withdrawals. These data will be used to estimate the longevity of the reduced zone. Current
estimates of longevity are based on the potential reductive capacity of the sediment samples
collected during the initial stages of drilling. A comparison of the maximum potential and the
amount achieved will provide a measure of efficiency for the emplacement method.

The studies into the mechanisms for the attenuation of the anoxic plume that forms downgradient
of the ISRM permeable treatment zone will also be completed in FY 1999. Experiments con-
ducted in FY 1998 for this effort included a dissolved gas field tracer test to characterize en-
trapped air in the aquifer and intermediate-scale laboratory experiments on the mechanisms of air
entrapment from water table fluctuations. These data will be analyzed, and a numerical model
incorporating these and other mechanisms will be developed for predicting dissolved oxygen
concentrations downgradient from the 100-D Area ISRM site. A treatability test report will be
prepared to provide a final analysis and conclusions of this test.
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Appendix A

Well Summary Diagrams




Pacific Northwest National Laboratory

WELL COMPLETION SUMMARY Page 1 -of 1_

Project In-Situ Redox Manipulation

Well No. 199-D4-2 Temp. Well No. B8058

Location * Hanford Site, 100-D Area

Coordinates E: 1,879253.025 ft N: 497,215.743 ft

Drilling Co. Layne Christenson

Elevation: Casing 474.259 ft Survey Marker 471.647 ft

Driller(s)

Willie Franklin, Randy Smith, Dean Walton

Coordinate System: Washington State Plane Coordinates {South Zone)

Other (companies)

DRILLING METHOD

Geologist(s) SS Teel Drilling Method(s) ODEX air rotary w/downhole hammer
Drilling Fluid  Air
Other
COMPLETION DATA OTHER (check if performed)
Diilled Depth (ft) 100 ____ Well Abandonment __._ Manhole Cover
Completed Depth (ft) 99 _X  Well Development _____ Padw/Manhole Cover
Date Started 5/6/97 _X  Aquifer Testing _X Pad (05/2297)
Date Completed 5122/97 _____ Geophysical Log(s) _ X _ Guardposts
Static Water Level (f) 79.81 Date  5/9/97 _X lLockand Cap __X  Protective Casing
_0.15_ftblank: bottom of screen to bottom joint. SCREEN
0.35 ftblank: top of screen to top joint. Cap Outer Length Slot Interval (ft) Interval (ft)
- Type (fy Dia.(in) (ft) Size Joint-to~Joint Slot-to-Stot
Continuous wire wrap PVC (Johnson brand) 0.37 4 498 20 93.65 - 99.00 940 - 985
Continuous wire wrap PVC (Johnson brand) 4 *4,98 20 83.65 - 88.63 840 - 885
TEMPORARY CASING
Nominat Max. Outer
Type Dia. (in.) Dia. (in.) Interval (it)
Threaded Carbon Steel 8 0 °-__100
PERMANENT CASING
Nominal Max. Quter
Type Dia. (in.) Diameter Interval (ft)
Sch. 40 PVC 4 88.63 - 93.65
Sch. 40 PVC 4 +154 - 8365
Steel Protective Casing 6 +3 -
ANNULAR SEAL/FILL
Type Interval (ft) Quantity Volume (it%)
10-20 Colorado Silica Sand 925 - 100 2.6 Bags (100#) 2.78
Slough 91.8 92.5 Not Measured —
1/4-in Bentonite Pellets 88.75 - 91.8 3/4 Bucket (50#) 0.5
10-20 Colorado Silica Sand 81.3 - 88.75 34Bags 3.64
1/4-in Bentonite Pellets 77.9 - 81.3 5.75 Buckets 57
Cement grout 0 - 71.9 ~270 Gal. ~36
Concrete pad (6" thick, w/survey marker) -
PUMP
Type  None Depth to Inlet Date Set
ACCEPTANCE
Completed Well:  Accept Conditionally Accept
Reject

COMMENTS

Well depth (bls, measured 08/21/97) = 100.54' (casing string) + 1.46' (distance from TOC-4" to TOC-6") - 3' (6" casing stick-up) = 99"

Reviewed by

Date - Depths are below land surface unless noted.
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Pacific Northwest National Laboratory

Page 1 of _1_

Project In-Situ Redox Manipulation

WELL COMPLETION SUMMARY

WellNo.  199-D4-3 Temp. Well No. B8059

Location Hanford Site, 100-D Area

Coordinates E: 1,879.245492 ft N: 497,222.820 ft

Drilling Co. Layne Christenson

Elevation: Casing 474.042 ft SurveyMarker 471.365 fi

Drller(s)  Willie Franklin, Randy Smith

Coordinate System: Washington State Plane Coordinates (South Zone)

Cther (companies)

DRILLING METHOD

Geologist(s) SS Teel

Drilling Method(s) ODEX air rotary w/downhole hammer

Driling Fluid  Air

Other  Water added during completion to equalize potentiometric surface.

COMPLETION DATA OTHER (check if performed)
Drilled Depth (ft) 102 _____ Well Abandonment ____ Manhole Cover
Completed Depth (ft) 99.06 _ X Well Development _____ Padw/Manhole Cover
Date Started 5/9/97 _X  Aquifer Testing _X Pad
Date Completed 5117/97 _____ Geophysical Log(s) _ X  Guardposts
Static Water Level (ft) __79.15 Date _5/13/97 _ X Lockand Cap _ X Protective Casing
_0.15_ftblank: bottom of screen to bottom joirt. SCREEN
0.35 ftblank: top of screen to top joint. Cap Outer Length Slot Interval (ft) Interval (ft)
”‘“‘ Type () Dia.(in) (R) Size Joint-to-Joint Slot-to-Slot
Continuous wire wrap PVC (Johnson brand) 0.37 4 498 20 93.71 - 99.06 94.1 - 98.5
Continuous wire wrap PVC (Johnson brand) 4 4.98 20 83.71 - 88.69 84.1 - 885
TEMPORARY CASING
Nominal Max. Outer
Type Dia. (in.) Dia. (in.) Interval (it)
Threaded Carbon Steel 8 (0.72 ft) 0 - 102
PERMANENT CASING
Nominal Max. Outer
Type Dia. (in.) Diameter Interval (ft)
Sch. 40 PVC 4 8869 - 9371
Sch. 40 PVC 4 +26 - 8371
Threaded Steel Protective Casing 6 +3.1 - 5.8
ANNULAR SEAL/FILL
Type Interval (ft) Quantity Volume (ft%)
10-20 Colorado Silica Sand 92.6 - 102 3.25 Bags 3.48
1/4-in Bentonite Pellets 88.5 - 92.6 0.5 Bucket 0.31
10-20 Colorado Silica Sand 314 - 88.5 2.25 Bags . 241
1/4-in Bentonite Pellets 78.0 - 814 4.5 Buckets 2.79
Cement Grout 6 - 78.0 36 Bags ~325 Gal.
Backfill and Concrete (outside 6-in casing) 0 - 6 12 Bags (Sackcrete) Not Measured
Cement Grout (within annulus of 4-in and 6-in casing) 0 - 5.8 NotMeasured  Not Measured
Concrete Pad (6" thick, w/survey marker) -
PUMP
Type None Depth to Inlet Date Set
ACCEPTANCE
Completed Well:  Accept Conditionally Accept
Reject _
" COMMENTS

Well depth (bls, measured 05/27/97) = 101.66' (casing string) + 0.5 (distance from TOC-4" to TOC-6") - 3.1' (6" casing stick-up) = 99.06'

Reviewed by

Date Depths are below land surface unless noted.
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Pacific Northwest National Laboratory

WELL COMPLETION SUMMARY Page .1 of _1_

Project In-Situ Redox Manipulation

WellNo.  199-Dd<4 Temp. Well No. B8060

Location  Hanford Site, 100-D Area

Coordinates E: 1,879,207.882 ft N: 497,306.449 ft

Drilling Co. Layne Christenson

Elevation: Casing 473.517 ft Survey Marker 470.574 ft

Driller(s)  Willie Franklin, Randy Smith

Coordinate System: Washington State Plane Coordinates (South Zone)

Cther (companies)

DRILLING METHOD

Geologist(s) SS Teel

Drilling Method(s) ODEX air rotary

Drilling Fluid  Air

Gther
COMPLETION DATA OTHER (check if performed)
Drilled Depth (1t) 102 Well Abandonment Manhole Cover
Completed Depth (ft) 98.22 Well Development Pad w/Manhole Cover
Date Started S/13/97 Aquifer Testing X Pad
Date Completed 5/22/97 Geophysical Log(s) X  Guardposts
Static Water Level {ft) 77.84 Date 5/19/97 X  Lockand Cap X Protective Casing
0.16_ ft blank: bottom of screen to bottom joint. SCREEN
0.37 1t blank: top of screen to top joint. Cap Outer Length Slot Interval (it) Interval (ft)
Type (ft) Dia.(in.) (ft) Size Joint-to-Joint Slot-to-Slot
Continuous wire wrap PVC (Johnson brand) 0.35 4 9.99 20 87.88 - 98.22 883 - 977
Continuous wire wrap PVC (Johnson brand) 4 10.00 20 77.88 - 87.88 783 - 87.7
TEMPORARY CASING
Nominal Max. Outer
Type Dia. (in.) Dia. (in.) Interval (ft)
Threaded Steel 8 0 - 1019
PERMANENT CASING
Nominal Max. Quter
Type Dia. (in.) Diameter Interval ({t)
Sch. 40 PVC 4 +22 - 7788
Protective Casing 6 +#33 - 248
ANNULAR SEAUFILL .
Type Interval (ft) Quantity Volume ()
10-20 Colorado Silica Sand 73.7 - 102 11 Bags 11.77
1/4-in and 1/2-in Bentonite Pellets 68.0 - 73.7 2.5 Buckets 1.5
Cement Grout 0.0 - 68.0 27 Bags ~243 Gal
Concrete Pad (6" thick, w/survey marker) - .
PUMP .
Type  None Depth to Inlet Date Set
ACCEPTANCE"
Completed Well:  Accept Conditionally Accept
Reject
COMMENTS

Well depth (bls, measured 05/19/97) = 100.42' (casing string) + 1.1' (distance from TOC-4" to TOC-6") - 3.3' (6" casing stick-up) = 98.22"

Reviewed by

Date Depths are below land surface unless noted.
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Pacific Northwest National Laboratory

WELL CONPLETION SUMMARY Page 1 of _1_

Project In-Situ Redox Manipulation

Location Hanford Site, 100-D Area

Drilling Co. Layne Christenson

Drller(s) Willie Franklin, Randy Smith

Well No. 199-D4-5 Temp. Well No. B8061

Coordinates E: 1,879,161.722 ft N:  497,256.877 ft

Elevation: Casing 472966 ft SurveyMarker _470.197 ft
Coordinate System: Washington State Plane Coordinates (South Zone)

Other (companies)

Geologist(s) SS Teel

DRILLING METHOD
Drilling Method(s) ODEX air rotary w/downhole hammer

Drilling Fluid  Air
Other
COMPLETION DATA OTHER (check if performed)
Drilled Depth (ft) 100.2 * Well Abandonment Manhole Cover
Completed Depth (ft) 98.2 Well Development Pad w/Manhole Cover
Date Started 5117/97 Aquifer Testing X Pad
Date Completed 5122/97 Geophysical Log(s) X  Guardposts
Static Water Level (it) 76.44 Date 5/27/97 X Lockand Cap X Protective Casing
0.15 ft blank: bottom of screen to bottom joint. SCREEN
0.35 ftblank: top of screen to top joint. Cap Outer Length Slot Interval (ft) Interval (ft)
Type (fty Dia.(in.) () Size Joint-to-Joint Slot-to-Slot
Continuous wire wrap PVC (Johnson brand) 0.37 4 9.99 20 87.84 - 9820 882 - 977
Continuous wire wrap PVC (Johnson brand) 4 9.99 - 20 77.85 - 8784 782 - 87.7
TEMPORARY CASING
Nominal Max. Outer
Type Dia. (in.) Dia. (in.) Interval (ft)
Threaded Steel 8 0 - 995
PERMANENT CASING
Nominal Max. Outer
Type Dia. (in.) Diameter Interval (ft)
Sch. 40 PVC 4 +25 - 7185
Threaded Steel (Protective Casing) 6 +3 - 5.0
ANNULAR SEAL/FILL
Type Interval (ft) Quantity Volume (if%)
10-20 Colorado Silica Sand 72.5 - 100.2 14 Bags 14.9
1/2-in Bentonite Pellets 68.0 - 72.5 2.5 Buckets 15
Cement Grout 5 - 68.0 25 Bags ~30 (~225 Gal.)
Backfill (around 6-in casing) 0 - 5 ~o— —
Concrete (within annulus of 4-in and 6-in casing) 0 - 5 Not Measured  Not Measured
Concrete Pad (~3" thick, w/survey marker) ' -
PUMP
Type None Depth to Inlet : Date Set
ACCEPTANCE
Completed Well:  Accept Conditionally Accept
Reject
COMMENTS

Well depth (bls, measured 05/16/97) = 100.7" (casing string) + 0.5' (distance from TOC-4" to TOC-6") - 3' (6" casing stick-up) = 98.2

Reviewed by Date

Depths are below land surface unless noted.
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Pacific Northwest National Laboratory

WELL COMPLETION SUMMARY Page 1 of 1_

Well No. 199-D4-6 Temp. Well No. B8064

Coordinates E: 1,879,138.089 ft N: 497,327.152 fi

Elevation: Casing 472.539 ft SurveyMarker 470.102 fi
Coordinate System: Washington State Plane Coordinates (South Zone)

Project  In-Situ Redox Manipulation
Location Hanford Site, 100-D Area
Drilling Co. Layne Christenson

Driller(s)  Willie Franklin, Randy Smith

Other (companies) )
Geologist(s) SS Teel

. DRILLING METHOD
Drilling Method(s) ODEX air rotary

Driling Fluid  Air

Other
COMPLETION DATA OTHER (check if performed) -
Drilled Depth (ft) 99.5 Well Abandonment Manhole Cover
Completed Depth (ft) 96.25 Well Development Pad w/Manhole Cover
Date Started 6/9/97 Aquifer Testing X Pad
Date Completed 6/12/97 Geophysical Log(s) X Guardposts
Static Water Level (ft) 74.3 Dats 6/13/97 X . Lockand Cap X  Protective Casing
0.15 ft blank: bottom of screen to bottom joint. SCREEN
0.35 ft blank: top of screen to top joint. Cap Outer Llength Slot Interval (ft) Interval (ft)
Type () Dia.(in) (%) Size Joint-to-Joint Slot-to-Slot
Continuous wire wrap PVC (Johnson brand) 0.37 4 9.99 20. 8589 - 96.25 862 - 95.7
Continuous wire wrap PVC (Johnson brand) 4 9.99 20 7590 - 8589 76.3 - - 85.7
‘ TEMPORARY CASING
Nominal Max. Outer .
Type Dia. (in.) Dia. (in.) Interval (ft)
Threaded Steel Drill Casing 8 0 - 995
PERMANENT CASING
Nominal Max. Outer
Type ’ Dia. (in.) Diameter Interval (ft)
Sch. 40 PVC : 4 +26 - 759
Carbon Steel (Protective Casing) 8 +30 - 28(2
ANNULAR SEAL/FILL
Type Interval (ft) Quantity Volume (ft%)
10-20 Colorado Silica Sand 71.6 - 99.5 10.25 Bags (100#) 11.0
1/4-in Bentonite Pellets 66.2 - 71.6 2 Buckets 1.2
Cement Grout 25 - 66.2 22 Bags 16.6
Sackrete ~0.5 2.5 Not Measured e
Concrete w/Survey Marker ~+0.5 - ~0.5 Not Measured —
PUMP
Type None Depth to Inlet Date Set
ACCEPTANCE '
Completed Well; Accept Conditionally Accept
Reject
COMMENTS

Well depth (bls, measured 06/13/97) = 98.85" (casing string) +0.4' (distance from TOC-4" to TOC-8") - 3.0’ (8" casing stick-up) = 96.25'

Reviewed by Date

.o

Depths are below land surface unless noted.
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Pacific Northwest National Laboratory WELL COMPLET|0N SUMMARY Page J:of_1_

Project  In-Situ Redox Manipulation WellNo.  199-D4-7  Temp. Well No. B8065
Location  Hanford Site, 100-D Area Coordinates E: 1,879,228401 ft N:  497,239.664 ft
Drilling Co. Layne Christenson Elevation: Casing 473.274 ft Survey Marker 470.364 ft
Driller(s)  Willie Franklin, Randy Smith Coordinate System: Washington State Plane Coordinates (South Zone)
Other (companies) DRILLING METHOD
Geologist(s) SS Teel Drilling Method(s) ODEX air rotary
Drilling Fluid Air w/Water Assist
Other  Total water added during drilling = ~300 Gal.
COMPLETION DATA OTHER (check if performed)
Drilled Depth (ft) 96 ____ Well Abandonment _____ Manhole Cover
Completed Depth (ft) 95.57 _____ Well Development _____ Padw/Manhole Cover
Date Started 6/14/97 _____ Aquifer Testing _X Pad
Date Completed 6/17/97 _____ Geophysical Log(s) __X  Guardposts
Static Water Level (ft) 74.25 Date 6/20/97 _ X Lockand Cap __ X  Protective Casing
0.18 ft blank: bottom of screen to bottom joint. SCREEN
0.40 ftblank: top of screento top joint. Cap Outer Length Slot Interval (ft) Interval (ft)
Type (fty Dia. (in.) (ft) Size Joint-to~Joint Slot-to-Slot
Continuous wire wrap PVC (Johnson brand) 0.45 6 4.98 20 90.14 - 9557 - 905 - 949
Continuous wire wrap PVC (Johnson brand) 6 9.99 20 80.15 - 90.14 80.6 - 90.0
TEMPORARY CASING
Nominal Max. Outer -
Type Dia. (in.) Dia. (in.) interval (ft)
Threaded Steel Drill Casing ) 10 (0.9 ft) 0 - 94
PERMANENT CASING
Nominal Max. Outer
Type Dia. (in.) Diameter Interval (ft)
Sch. 40 PVC 6 +293 - 80.15
Carbon Stee] (Protective Casing) 10 +34 - 26(D
ANNULAR SEALUFILL
Type interval (ft) Quantity Volume (ff%)
Slough 95.3 - 96 e ——
10-20 Colorado Silica Sand 76.25 - 95.3 8 Bags (100#) 8.6
Slough 74.6 - 76.25 e —
1/4-in Bentonite Pellets 69.7 - 74.6 13.25 Buckets 8.24
Cement Grout 2507 - 69.7 35 Bags 30.5 (~228 Gal)
Concrete w/Survey Marker 0 - 2.5(7 Not Measured o
PUMP
Type None Depth to Inlet Date Set
. ACCEPTANCE
Completed Well:  Accept Conditionally Accept
Reject
COMMENTS

Well depth (bls, measured 06/20/97) = 98.50' (casing string) + 0.47" (distance from TOC-6" to TOC-10") - 3.4' (10" casing stick-up) =95.57"

Reviewed by Date Depths are below Iand surface unless noted.
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‘Pacific Northwest National Laboratory

WELL COMPLETION SUMMARY

Page 1 of _1_

Project In-Situ Redox Manipulation

Location  Hanford Site, 100-D Area

Drilling Co. Layne Christenson

Well No. 199-D4-8 Temp. Well No. B8066
Coordinates E: 1,879,236.381 ft N: 497,244.235 ft
Elevation: Casing 473.081 ft Survey Marker 470.302 ft

Driller(s)  Willie Franklin, Randy Smith Coordinate System: Washington State Plane Coordinates (South Zone)
Other (companies) DRILLING METHOD
Geologist(s) SS Teel . . Drilling Methed(s) ODEX air rotary
Drilling Fluid Air
Other
COMPLETION DATA OTHER (check if performed)
Drilled Depth (ft) 99 " Well Abandonment Manhole Cover
Completed Depth (ft) 95.99 Well Development Pad w/Manhole Cover
Date Started 6/12/97 Aquifer Testing X Pad
Date Completed 6/13/97 .Geophysical Log(s) X  Guardposts
Static Water Level (ft) 75.25 Date  6/14/97 X Lock and Cap X  Protective Casing
0.15 ft blank: bottom of screen to bottom joint. SCREEN
0.35 ft blank: top of screen to top joint. Cap Outer Length Slot Interval (ft) Interval (ft)
Type (ft) Dia.(in.) (ft) Size Joint-to-Joint Slot-to-Slot
Continuous wire wrap PVC (Johnson brand) 0.37 4 9.80 20 8582 - 9599 862 - 955
Continuous wire wrap PVC (Johnson brand) 4 9.80 20 7602 - 85.82 764 - 85.7
TEMPORARY CASING
Nominal Max. Outer
Type Dia. (in.) Dia. (in.) ) . Interval (ft)
Threaded Steel Drill Casing 8 ' 0 - 9
PERMANENT CASING
Nominal Max. Outer .
Type Dia. (in.) Diameter Interval (ft)
Sch. 40 PVC 4 +275 - 76.02
Carbon Steel (Protective Casing) 8 +32 - 238
ANNULAR SEAL/FILL
Type Interval (ft) Quantity Volume (ft%)
10-20 Colorado Silica Sand 71.9 - 99 11.5 Bags (1004#) 12.3
1/4-in Bentonite Pellets 66.25 - 71.9 3.5 Buckets (50#) 2.2
Cement Grout 2.5 - 66.2 27 Bags (94#) 23.4 (~175 Gal)
Concrete w/Survey Marker 0 - 25 Not Measured —
PUMP
Type None Depthtoinlet  N/A Date Set N/A
. ACCEPTANCE
Completed Well:  Accept Conditionally Accept
Reject '
COMMENTS

Well depth (bls, measured 06/14/97) = 98.74' (casing string) + 0.45' (distance from TOC-4" to TOC-8") - 3.2' (8" casing stick-up) = 95.99'

Reviewed by

Date

Depths are below land surface unless noted.
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Pacific Northwest National Labaratory WELL COMPLETION SUMMARY Page 1 -of 1_

Project In-Situ Redox Manipulation : . Well No. 199-D4-9 Temp. Well No. B8067
Location Hanford Site, 100-D Area Coordinates E: 1,879.219.667 ft N:  497,213.620 ft
Drilling Co. Layne Christenson Elevation: Casing 473.980 ft Survey Marker 471.142 fi
Driller(s)  Willie Franklin, Randy Smith Coordinate System: Washington State Plane Coordinates (South Zone)
Other (companies) ) DRILLING METHOD
Geologist(s) VR Vermeul - Drilling Method(s) ODEX air rotary
SS Teel
Drilling Fluid  Air w/Water Assist
Other  Total water added during drilling = ~800 Gal.
COMPLETION DATA . OTHER (check if performed)
Drilled Depth (ft) 97.5 _____ Well Abandonment _____ Manhole Cover
Completed Depth (ft) 96.66 ______ Well Development _____ Padw/Manhole Cover
Date Started 6/18/97 _____ Aquifer Testing _X Pad
Date Completed 6/20/97 _____ Geophysical Log(s) _X Guardposts
Static Water Leve! (ft) 75.5 Date  6/20/97 X Lockand Cap _X_ Protective Casing
_0.18 _ftblank: bottom of screen to bottom joint. SCREEN .
_0.40 ftblank: top of screen to top joint. Cap Outer Length Slot Interval (ft) Interval (ft)
Type (ft) Dia.(in.) (ft) Size Joint-to-Joint Slot-to-Slot
Continuous wire wrap PVC (Johnson brand) 0.44 6 4,98 20 9124 - 96.66 916 - 96.0
Continuous wire wrap PVC (Johnson brand) 6 9.97 20 80.27 - 90.24 807 - 90.1
TEMPORARY CASING
Nominal Max. Quter
Type Dia. (in.) Dia. (in.) Interval (ft)
Threaded Steel Drill Casing 10 (0.9 ft) 0 - 975
PERMANENT CASING
Nominal Max. Outer
Type Dia. {in.) Diameter Interval (ft)
Sch.40 PVC 6 +29 - 8027
Carbon Steel (Protective Casing) 10 +33 - 27
ANNULAR SEAUFILL
Type ) Interval (ft) Quantity Volume (ft)
Slough 97.0 - 97.5 Not Measured e
10-20 Colorado Silica Sand 77.1 - 97.0 8.75 Bags (100#) 9.4
Slough ' 74.9 - 77.1 Not Measured iy
1/4-in Bentonite Pellets 69.0 - 74.9 17 Buckets © 105
Cement Grout 1 - 69.0 36Bags  31.7 (~234 Gal)
Concrete w/Survey Marker 0 - 1 Not Measured e
PUMP .
Type None Depth to Inlet Date Set
ACCEPTANCE
Completed Well:  Accept Conditionally Accept
Reject
COMMENTS

Well depth (bls, measured 06/20/97) =99.56' (casing string) + 0.4' (distance from TOC-6" to TOC-10") - 3.3' (10" casing stick-up) = 99.66'

Reviewed by Date Depths are below land surface unless noted.,
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Pacific Northwest National Laboratory WELL COMPLETION SUMMARY Page 1 -of 1_
Project  In-Situ Redox Manipulation WellNo.  199-D4-10  Temp. Well No. B8068
Location Hanford Site, 100-D Area Coordinates E: 1,879,193.560 ft N: 497,204.187 ft

Drilling Co. Layne Christenson

Elevation: Casing

473304 ft Survey Marker _470.623 fi

Driller(s)  Willie Franklin, Randy Smith Coordinate System: Washington State Plane Coordinates (South Zone)
Other (companies) DRILLING METHOD
Geologist(s) BN Bjomstad Drilling Method(s) ODEX air rotary
TL Liikala
VR Vermeul Drilling Fluid  Air
Other
COMPLETION DATA OTHER (check if performed)
Drilled Depth (ft) 98.9 ____ Well Abandonment _____ Manhole Cover
Completed Depth (ft) 96.7 _____ Well Development _____ Padw/Manhole Cover
Date Started 6/30/97 __ Aquifer Testing _X Pad
Date Completed 7/1/97 _____ Geophysical Log(s) _X  Guardposts
Static Water Level (ff)  -75.9 Date  7/1/97 X Lockand Cap _X _ Protective Casing
_0.18_ftblank: bottom of screen to bottom joint. SCREEN _
_040 ftblank: top of screen to top joint. Cap Outer Length Slot Interval (ft) Interval (it)
Type (ff) Dia. (in.) (ft) Size Joint-to-Joint Slot-to-Slot
Continuous wire wrap PVC (Johnson brand) 045 6 4.98 20 9127 - 967 91.7 - 96.1
Continuous wire wrap PVC (Johnson brand) 6 9.98 20 81.29 - 91.27 81.7 - ©9l1.1
TEMPORARY CASING
Nominal © Max. Quter
Type Dia. (in.) Dia. (in.) Interval (ft)
Threaded Steel Drill Casing 10 (0.9 ft) 0 - 975
PERMANENT CASING
Nominal Max. Outer
Type Dia. (in.) Diameter Interval (ft)
Sch. 40 PVC 6 +27 - 8129
Carbon Steel (Protective Casing) 10 +3.1 - 2.9
ANNULAR SEAUFILL
Type Interval (ft) Quantity Volume (it%)
10-20 Colorado Silica Sand 76.4 - 979 9 Bags (100#) 9.6
1/4-in Bentonite Pellets 70.2 - 76.4 17 Buckets 10.5
Cement Grout 1 - 69.0 36Bags 313
Concrete w/Survey Marker 0 - 1 Not Measured —=
PUMP
Type  None Depth to Inlet Date Set
ACCEPTANCE
Completed Well:  Accept Conditionally Accept
Reject
COMMENTS

Well depth (bls, measured 09/03/97) =99.40' (casing string) - 2.7° (6" casing stick-up) =96.7

Reviewed by

Date

A9

Depths are below land surface unless noted.




Pacifc Northwest National Leboratory WELL COMPLETION SUMMARY Page 1 -of 1
Project In-Situ Redox Manipulation Well No. 199-D4-11 Temp. Well No. B8069
Location Hanford Site, 100-D Area Coordinates E: 1,879254.892 ft N: 497,216.320 ft

Drilling Co. Layne Christenson

Drller(s)  Willie Franklin, Randy Smith

Elevation: Casing 473425 ft Survey Marker _470.420 fi
Coordinate System: Washington State Plane Coordinates (South Zone)

Cther (companies)

DRILLING METHOD

Geologist(s) SS Teel

Drilling Method(s) QDEX air rotary

Drilling Fluid ~ Air

Other
COMPLETION DATA OTHER (check if performed)
Drilted Depth (ft) 97.8 Well Abandonment Manhole Cover
Completed Depth (ft) 95.84 Well Development Pad w/Manhole Cover
Date Started 6/21/97 Aguifer Testing X Pad
Date Completed 6/25/97 (3eophysical Log(s) X  Guardposts
Static Water Level (ft) 74.9 Date 6/26/97 X lockand Cap X  Protective Casing
0.17 ft blank: bottom of screen to bottom joint. SCREEN
0.41 ftblank: top of screen to top joint. Cap Outer Length Slot Interval (it) Interval (ft)
Type (ft) Dia.(in.) (f) Size Joint-to-Joint Slot-to-Slot
Continuous wire wrap PVC (Johnson brand) 0.45 6 5.00 20 90.39 - 95.84 908 - 952
Continuous wire wrap PVC (Johnson brand) 6 9.99 20 8040 - 90.39 80.8 - 90.2
TEMPORARY CASING
Nominal Max. Quter
Type Dia. (in.) Dia. (in.) Interval {ft)
Threaded Steel Drill Casing 10 (0.9 ft) 0 - 97.8
PERMANENT CASING
Nominal Max. Outer
Type Dia. (in.) Diameter Interval (ft)
Sch. 40 PVC 6 +3.05 - 80.4
Carbon Steel (Protective Casing) 10 +345 - 26(
ANNULAR SEAL/FILL
Type Interval (ft) Quantity Volume (ft%)
Slough 97.1 - 97.8 Not Measured —
10-20 Colorado Silica Sand 76.6 - 97.1 10 Bags (100#) 10.7
1/4-in Bentonite Pellets 70.7 - 76.6 17 Buckets 10.54
Cement Grout 25 - 70.7 36 Bags 31.3(~234 Gal)
Concrete w/Survey Marker 0 - 25 Not Measured —
PUMP
Type None Depth to Inlet Date Set
ACCEPTANCE
Completed Well:  Accept Conditionally Accept
Reject
COMMENTS

Well depth (bls, measured 06/26/97) = 98.89' (casing string) + 0.4' (distance from TOC-6" to TOC-10") - 3.45' (10" casing stick-up) =95.84'
Approximately 160 gal were bailed to settle the sand pack.

Reviewed by

Date Depths are below land surface unless noted.
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Pacifi Northwest National Laboratory WELL COMPLETION SUMMARY Page _1of 1_
Project  In-Situ Redox Manipulation Well No. 199-D4-12 Temp. Well No. B8070
Location Hanford Site, 100-D Area Coordinates E: 1,879,263.564 ft N: 497,275.198 ft
Drilling Co. Layne Christenson Elevation: Casing 473.839 ft SurveyMarker 470.830 ft
Driller(s)  Willie Franklin, Randy Smith Coordinate System: Washington State Plane Coordinates (South Zone)
Other (companies) DRILLING METHOD
Geologist(s) SS Teel Drilling Method(s) ODEX air rotary

BN Bjomnstad )
Drilling Fiuid  Air
Other
COMPLETION DATA OTHER (check if performed)
Drilled Depth (ft) 97.8 Well Abandonment Manhole Cover
Completed Depth (ft) 97.13 Well Development Pad w/Manhole Cover
Date Started 6/26/97 Aquifer Testing X Pad
Date Completed 6/27/97 Geophysical Log(s) X Guardposts
Static Water Level (ft) 75.5 Date 6/27/97 X Lockand Cap X  Protective Casing
0.18 ftblank: bottom of screen to bottom joint. SCREEN
0.40 ftblank: top of screen to top joint. Cap Outer Length Slot Interval (it) Interval (ft)
Type (fty Dia. (in.) (ft) Size Joint-to-Joint Slot-to-Slot
Continuous wire wrap PVC (Johnson brand) 0.45 6 4.99 20 91.69 - 97.13 92.1 - 965
Continuous wire wrap PVC (Johnson brand) 6 9.99 20 81.70 - 91.69 821 - 915
TEMPORARY CASING
Nominal Max. Cuter
Type Dia. (in.) Dia. (in.) Interval (ft)
Threaded Steel Drill Casing. 10 0 - 97.8
PERMANENT CASING
Nominal Max. Quter
Type Dia. (in.) Diameter Interval (ft)
Sch. 40 PVC 6 +3 - 817
Carbon Steel (Protective Casing) 10 +354 - 26(}
ANNULAR SEALUFILL
Type Interval (ft) Quantity Volume (ff)
10-20 Colorado Silica Sand 76.5 - 98.7 9.5 Bags (100#) 10.2
1/4-in Bentonite Pellets 71.1 - 76.5 15 Buckets 9.3
Cement Grout 1 - 71.1 32 Bags
Concrete w/Survey Marker 0 - 1 Not Measured ——
PUMP
Type None Depth to Inlet Date Set
ACCEPTANCE
Completed Well:  Accept ‘Conditionally Accept
Reject
COMMENTS
Well depth (bls, measured 06/27/97) = 100.13' (casing string) - 3’ (6 casing stick-up) = 97.13'
Reviewed by Date Depths are below land surface unless noted.
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Pacific Northwest National Laboratory WELL CONMPLETION SUMMARY Page_1_-of _1_
Project In-Situ Redox Manipulation Well No. 199-D4-16 Temp. Well No. B8059
Location Hanford Site, 100-D Area Coordinates E: 1,879,214.871 ft N:  497,253.015 ft

Drilling Co. Layne Christenson

Elevation: Casing

473.389 ft Survey Marker

470.587 fi

Driller(s)  Willie Franklin, Randy Smith Coordinate System: Washington State Plane Coordinates (South Zone)
Other (companies) DRILLING METHOD
Geologist(s) BN Bjomstad Diilling Method(s) ODEX air rotary
TL Liikala Drilling Fluid ~ Air
Other
COMPLETION DATA OTHER (check if performed)
Drilled Depth (it) 101.7 ______ Well Abandonment _____ Manhole Cover
Completed Depth (ft) 100.94 _X  Well Development (Pre-) Pad w/Manhole Cover
Date Started 7/8/97 ___ Aquifer Testing X Pad
Date Completed _____ Geophysical Log(s) X  Guarndposts
Static Water Level (ft) __ 76.65 Date _ 7/12/97 _X LockandCap _X  Protective Casing
_020 ftblank: bottom of screen to bottom joint. SCREEN
_0.30 ftblank: top of screen to top joint. Cap Outer Length Slot Interval (ft) Interval (ft)
Type (ft) Dia. (in.) (it) Size Joint-to~Jolnt Slot-to-Slot
Flush-threaded Continuous wire wrap PVC 4 248 20 93.08 - 95.56 934 - 954
Flush-threaded Continuous wire wrap PVC 4 247 20 86.61 - 89.08 869 - 889
Flush-threaded Continuous wire wrap PVC 4 245 20 80.15 - 82.60 805 - 824
TEMPORARY CASING Section
Nominal Max. Outer Length
Type Dia. (in.) Dia. (in.) (ft) Interval (ft)
Threaded Carbon Steel 8 105.10 +3.6 - 101.5
PERMANENT CASING Section
Cap Nominal Max.OQuter Length
Type (ft) Dia. (in.) Diameter (ft) Interval (ft)
Flush-threaded Sch. 40 PVC 0.38 4 5.00 9556 - 100.94
Flush-threaded Sch. 40 PVC 4 4.00 89.08 -  93.08
Flush-threaded Sch. 40 PVC 4 4.01 8260 -  86.61
Flush-threaded Sch. 40 PVC 4 8245 +230 - 80.15
Threaded Steel Protective Casing 8 -
ANNULAR SEAL/FILL * Calculated for 1/4" Peliets
Type Interval (ft) Quantity Volume (%)
10-20 Colorado Silica Sand 92.1 - 1017 7.25 Sacks (100#) 7.76
3/8-in TR30 Bentonite Pellets 98.9 - 921 1.5 Buckets (50#) 0.93*
10-20 Colorado Silica Sand 85.5 - 989 3.25 Sacks (100#) 348
3/8-in TR30 Bentonite Pellets 83.6 - 85.5 1.5 Buckets (50#) 0.93*
10-20 Colorado Silica Sand 79 - 836 3 Sacks (1004#) 3.21
Misc. Bentonite Pellets from 100-N 7.1 - 79 94 Buckets (50#)
Concrete Pad (6" thick, w/survey marker) -
PUMP
Type None (A Westbay MP38 Monitoring Port will be installed in cach screened interval)  Depthto Inlet (ft)  N/A Date Set  N/A

Completed Well: Accept

ACCEPTANCE

Reject

Conditionally Accept

_ COMMENTS

Well depth (bls, measured 07/12/97) = 103.24' (casing string) - 2.3' (4" casing stick-up) = 100.94'

Reviewed by

Date

Al2

Depths are below land surf._ace unless noted.




Pacific Nortiwest Nationa Lgboratory WELL COMPLETION SUMMARY ___ [Page_t-of 1
Project In-Situ Redox Manipulation Well No. 199-D4-17 Temp. Well No. - B8459
Location Hanford Site, 100-D Area Coordinates E: 1,879,153.670 ft N: 497,263.219 ft
Drilling Co. Layne Christenson Elevation: Casing _ 473.232 ft Survey Marker _ 470404 fi
Driller(s) ~ Willie Franklin, Randy Smith Coordinate System: Washington State Plane Coordinates (South Zone)
Other (companies) DRILLING METHOD

Geologist(s) DC Weekes

Drilling Method(s)

ODEX air rotary w/downhole hammer

Diilling Fluid  Air

Other
COMPLETION DATA OTHER (check if performed)
Drilled Depth (ft) 102.9 Well Abandonment Manhole Cover
Completed Depth (ft) 101.52 _X  Well Development (Pre-) Pad w/Manhole Cover
Date Started 9/1297 ___ Aaqguifer Testing _X Pad
Date Completed : Geophysical Log(s) X  Guardposts
Static Water Leve! (ft) Date X Lockand Cap X  Protective Casing
_0.15_ftblank: bottom of screen to bottom joint. SCREEN
_0.35 ftblank: top of screen to top joint. Cap Outer Length Slot Interval (ft) Interval (ft)
Type (ft) Dia. (in.) (ft) Size JolInt-to-Joint Slot-to-Slot
Flush-joint threaded continuous wire wrap PVC 4 249 20 93.64 - 96.13 940 - 96.0
Flush-joint threaded continuous wire wrap PVC 4 248 20 87.13 - 8961 875 - 895
Flush-joint threaded continuous wire wrap PVC 4 248 20 8061 - 83.09 810 - 829
TEMPORARY CASING Section
Nominal Max. Outer Length .
Type Dia. (in.) Dia. (in.) (ft) Interval (it)
Flush-joint threaded Carbon Steel 8 858 106.9 +4.7 - 1022
PERMANENT CASING Section
Cap Nominal Max. Outer Length
Type (t) Dia.(in) Diameter (ft) Interval (ft)
Flush-joint threaded Sch. 40 PVC 0.37 4 5.02 9.13 - 101.52
Flush-joint threaded Sch. 40 PVC 4 4.03 89.61 - 93.64
Flush-joint threaded Sch. 40 PVC 4 4.04 ‘83.09 - 8713
Flush-joint threaded Sch. 40 PVC 4 83.63 +3.02 - 80.61
Threaded Steel Protective Casing 8 -
ANNULAR SEAL/FILL * Calculated for 1/4” Pellets
Type Interval (it) Quantity Volumg (&)
10-20 Colorado Silica Sand 92.6 - 1027 3.75 Sacks (100#) 4.01
3/8-in TR30 Bentonite Pellets 9.6 - 92.6 0.66 Bucket (50#) 04*
10-20 Colorado Silica Sand 85.7 - 90.6 1.2 Sacks (100#) 1.28
3/8-in TR30 Bentonite Pellets 84 - 85.7 0.83 Bucket (50#) Sl*
10-20 Colorado Silica Sand 79.7 - 84 2.3 Sacks (100#) 246
1/4-in TR30 Bentonite Pellets 54 - 797 11 Buckets (50#) 6.82
Granular Bentonite (#8) 4.9 - 54 16.75 Sacks (50#) 11.89
Quikrete 0 - 49 3 Sacks (80#)
Concrete Pad (6" thick, w/survey marker) -
PUMP
Type None (A Westbay MP38 Monitoring Port will be installed in each screened interval) ~ Depth to Inlet (ft)  N/A DateSet N/A
ACCEPTANCE .
Completed Well: Accept Conditionally Accept
Reject

COMMENTS

Well depth (bls, measured 09/17/97) = 104.54" (casing string) - 3.02' (4" casing stick-up) = 101.52'

Reviewed by

Date

A.13
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Pacific Northwest National Laboratory WELL CONMPLETION SUMMARY Page 1 of _1_

Project In-Situ Redox Manipulation Well No. 199-D4-18 Temp. Well No. )
Location Hanford Site, 100-D Area . Coordinates E: 1,879,115.108 ft N: 497,304.221 ft
Drilling Co. Layne Christenson Elevation: Casing 475341 ft SurveyMarkker 469.108 fi
Driller(s) ~ Willie Franklin, Randy Smith i Coordinate System: Washinqton State Plane Coordinates (South Zone)
Other (companies) DRILLING METHOD
Geologist(s) TL Liikala Drilling Method(s) ODEX air rotary w/downhole hammer
Drilling Fluid  Air
Other
COMPLETION DATA OTHER (check if performed)
Drilled Depth (ft) 101 Well Abandonment ____ Manhole Cover
Completed Depth (it) 100.50 X  Well Development (Pre-) _ Pad w/Manhole Cover
Date Started 9/18/97 " Aquifer Testing _X  Pad '
Date Completed Geophysical Log(s) _ X  Guardposts
Static Water Level (it) 86.02 Date  9/19/97 X Lockand Cap _X _ Protective Casing
020 ftblank: bottom of screen to bottom joint. SCREEN
0.30 ftblank: top of screen to top joint. Cap Outer Length Slot Interval (it) interval (ft)
_— Type (ft) Dia.(in) () Size Jolnt-to-Jolnt Slot-to-Slot
Flush-joint threaded continuous wire wrap PVC 4 249 20 92.51 - 95.00 928 - 948
Flush-joint threaded continuous wire wrap PVC 4 2.50 20 8593 - 8843 862 - 882
Flush-joint threaded continuous wire wrap PVC 4 247 20 7938 - 81.85 797 - 817
TEMPORARY CASING Section
Nominal Max. Outer Length .
Type Dia. (in.) Dia. (in.) (ft) Interval (ft)
Flush-joint threaded Carbon Steel 8 105.5 +4.5 - 101
PERMANENT CASING Section
Cap Norninal  Max. Quter Length
Type (ft) Dia. (in.) Diameter (ft) Interval (ft)
Flush-joint threaded Sch. 40 PVC 048 4 502 95.00 - 100.50
Flush-joint threaded Sch. 40 PVC 4 4,08 8843 - 9251
Flush-joint threaded Sch. 40 PVC 4 4.08 8185 - 893
Flush-joint threaded Sch. 40 PVC 4 82.63 +325 - 79.38
Threaded Steel Protective Casing 8 -
ANNULAR SEAL/FILL * Calculated for 1/4 Pellets
Type Interval (ft) Quantity Volume (ft)
10-20 Colorado Silica Sand 91.1 - 1027 3.42 Bags (100#) 37
3/8-in TR30 Pel-Plug Bentonite Pellets 83 -__ 91 0.67 Bucket (50#) 0.4+
10-20 Colorado Silica Sand 84.8 - 89.3 1.25 Bags (100#) 13
3/8-in TR30 Pel-Plug Bentonite Pellets 83.1 - 84.8 0.67 Bucket (50#) 4%
10-20 Colorado Silica Sand 78.9 - 83.1 2.24 Bags (100#) 24
Miscellaneous Bentonite Pellets 75 - 78.9 2.06 Buckets (50#) 1.3*
10-20 Colorado Silica Sand 74 - 75 0.25 Bag (100#) 03
Miscellaneous Bentonite Pellets 515 - 74 10 Buckets (50#) 6.2%
#8 Wyoming Bentonite 49 - 51.5 15.33 Bags (50#)
Quikrete 0 - 49 4 Bags (80#)
Concrete Pad (6" thick, w/survey marker) ; -
- PUMP
Type None (A Westbay MP38 Monitoring Port will be installed in each screened interval)  Depthtolnlet (ft) N/A Date Set  N/A
ACCEPTANCE
Completed Well: Accept Conditionally Accept
Reject
Well depth (bls, measured 09/20/97) COMMENTS SS Soil Gas monitoring point and 0.25" polyethylene
= 103.75' (casing string) - 3.25" (4" casing stick-up) = 100.5' tubing strapped to outside of 4" PVC. Ptis 74.5' bls.
Reviewed by Date i Depths are below land surface unless noted.
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1.0 Executive Summary

The primary objective of the In Situ REDOX Manipulation field remediation demonstration is to
produce a reducing condition within the aquifer by "altering” the redox potential of iron-bearing
minerals within the subsurface geologic framework from Fe*’ to Fe*2. The manipulated or fixed
reduced-iron minerals can then react with redox-sensitive contaminants to precipitate or form
less hazardous chemical forms. For this field demonstration, the targeted contaminant to be
reduced was the mobile Cr*® phase of chromium (CrO4*) within an identified contaminated
groundwater plume located in the northern part of the Hanford Site (i.e., in the 100-D Area). A
more detailed discussion of the contaminated area and aspects of the redox manipulation field
demonstration are provided in Fruchter et al. (1997).

Since this demonstrated remediation technology relies on the continuing flow of contaminated
groundwater through the created reactive geochemical wall, it is important to determine whether
the applied technology (i.e., injection of the strong reducing agent) causes any significant
changes in the subsurface hydrologic properties that could alter subsurface groundwater flow
directions (e.g., through induced decreases in hydraulic properties within the reactive wall area).
To assist in assessing the applied technology impacts, two constant-rate pumping tests were
conducted at the 100-D field demonstration site to provide information that could be used to
evaluate possible changes in subsurface hydrologic conditions. The pumping tests were
conducted prior to and following injection and withdrawal of the strong geochemical reducing
reagent, sodium diothionite. The pre- and post injection pumping test responses for the injection
well (well D4-7) and surrounding seven observation wells were analyzed individually and
compared to assess changes in the subsurface hydrologic conditions. Pertient ﬁndmgs of the test
result comparisons are hsted below:

2.0 Pre-Injection Test Results (Homogeneous Model)

1. Analysis of individual well test results indicate the following range and mean values
for selected hydrologic properties for the aquifer prior to injection of the sodium
diothionite:

Range Mean (= 106)
Hydraulic Conductivity, Ky : 40.7 - 62.1ft/d 54.5 = 6.93ft/d
Vertical Anisotropy, Kv/Ky: 0.006 - 0.031 0.015 = 0.010
Storativity, S: 0.0017 - 0.0058 - 0.0040 £ 0.0017
Specific Yield, Sy: 0.014 - 0.031 0.020 £ 0.0063
2. While certain groupings of observation wells provide a consistent "composite"

analysis result, the range in hydraulic conductivity exhibit for all analysis results
suggests that horizontal anisotropic conditions likely exist in the aquifer (i.e., KxKy).

3. Comparison of test responses for multi-level observation wells (i.e., well D4-2 Upper

and Lower Zone, and D4-3 Upper and Lower Zone) suggests a vertical heterogeneous
or multi-layered system for the test aquifer.
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3.0 Post Injection Test Results (Homogeneous Model)

L.

Comparison of pre- and post injection test responses indicate several discernable
effects associated with the redox experiment. The recognized effects include:

a) formation of a significant skin effect or zone of reduced permeability
immediately surrounding the injection well (well D4-7)
b) a slight increase in formation hydraulic conductivity was exhibited for most

observation well post injection test responses

The observed post injection response is consistent with a conceptual model where
permeability of the aquifer is enhanced areally by chemical and dissolution
reactions of the injected redox reagent, while a zone of reduced permeability (i.e.,
well skin) is produced around the injection well during the reagent withdrawal
phase. The skin developed can be visualized as forming around the well due to
entrapment of colloidal particulates within the converging pumpback fluids, which
were mobilized during the injection phase.

The presence of a zone of reduced permeability surrounding the injection well
(following injection and withdrawal of the reducing reagent) is supported by
significantly greater drawdown observed at the injection well and delayed time
response exhibited at most of the observation well locations during the post
injection pumping test.

The extent and severity of the zone of permeability reduction surrounding the
injection well can not be determined uniquely by comparing pre- and post test
responses (i.e., different combinations of skin thickness and permeability can
produce similar test responses). However if it is assumed that the skin formed and
was limited to region of the sand-pack installation surrounding the well screen (a
plausible explanation due to convergent flow and to possible changes in sand pack
and formation hydraulic properties), then a skin zone with a permeability 1/20™ that
of the aquifer surrounding the injection well location is indicated (i.e., 2.69 ft/d
versus 56.7 ft/d).

A comparison of pre- and post injection observation well test results also indicates a
slight decrease in recovery response at most observation well locations. This
decreased test response suggests a slight increase in inter-well hydraulic
conductivity caused by the injection/withdrawal of the reducing reagent. As noted
previously, this observation is consistent with a conceptual model associated with
dissolution mobijlization processes associated with administering and removal of the
redox reagent.
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Table 1. Pertinent Well Completion and Distance Aspects for 100-D Wells

: Well Screen | Well Screen
Distance Azimuth |{Well Screen | Completion | Completion
Well Site fromD4-7 | FromD4-7 | Diameter top/bottom in aquifer
ft Degrees* ft ft bls ft bla**
. P 74.65 0.0
D4-1 36.3 135 0.250 ’
94.67 14.11
83.65 3.09
D4-2 34.3 316 0.167
Upper Zone 88.6 8.04
93.65 13.09
D4-2 34.3 316 0.167
Lower Zone 99.0 15.94
83.5 294
D4-3 24.0 315 0.167
Upper Zone 88.5 7.94
93.5 12.94
D4-3 24.0 315 0.167
Lower Zone 98.8 15.94
78.06 0.0
D4-4 69.9 107 0.167
98.4 15.94
80.2 0.0
D4-7 0 0 0.250 .
) 95.6 15.04
7543 00
D4-8 9.2 30 0.167
95.4 14.84
: 81.3 0.74
D4-9 275 252 0.250 .
96.7 15.94
80.26 0.0
D4-11 .28.1 20 0.250
95.7 15.14
D4-12 50.0 45 0.250 “ ¢
* measure counterclockwise from due East (East = 0 degrees)

*k

)

ft below aquifer top (ft bla); aquifer thickness = 15.94 ft
assumed to be fully penetrating
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Table2. Pre-Injection Hydraulic Property Analysis Results Using ISOAQX and

WTAQ?3 Analytical Models
Kp S Sy
Well Site Isoagx Isoagx 5| Isoagx Isoagx

D4-1 76.2 ~.009 0104 0270

D4-2 59.8 008 .0055 0184
Upper Zone

D4-2 54.8 029 .0061 .0253
Lower Zone *

D4-3 62.1 .006 0056 .0134
Upper Zone

D4-3 55.2 .025 .0053 0166
Lower Zone

D4-4 105.3 011 .0140 .032

D4-7 47.7 047 .0098 170

D4-8 30.8 .030 .0034 .081

D4-9 50.3 .010 .0027 015

D4-11 402 .024 .0080 .057

D4-12 73.4 014 0125 047
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Table 3. Comparison of Post- to Pre-Experiment Pumping Test Recovery Buildup Responses

i
Distance
From Well
Wells - 199-D4-7, ft 1* Segment 2" Segment 3™ Segment
199-D4-1 36.3
-D4-2 343 = ! d
Upper Zone
-D4-2 343 - { 2
Lower Zone
-D4-3 24.0 - ! !
Upper Zone :
-D4-3 24.0 - d _ d
Lower Zone
-D4-4 69.9
-D4-7 0 = T T
-D4-8 . - 9.2 - . { !
-D4-9 215 - { R
-D4-11 28.1
-D4-12 50.0
Symbol Definition:
4 Post experiment time response exhibits a delay (i.e., shift to the right)
<~ Post experiment time response exhibits an advance (i.e., shift to the left)
T Post experiment buildup response exhibits an increase (i.e., shift upward)
J Post experiment buildup response exhibits a decrease (i.e., shift downward)

Post experiment time/buildup response exhibits no change

B.7



Table 4. Pre- and Post-Injection Hydraulic Property Analysis Results Using WTAQ3

Analytical Model
K, (ft/d) S
Well Site Pre Pre Pre Pre Pre
D4-1 0
D4-2 59.8 .009 0050 0184 0
Upper Zone
D4-2 54.8 031 #0058 0253 0
Lower Zone e
%
D4-3 62.1 0054 0139 0
Upper Zone 55
fag ol “;’1’25
D4-3 55.2 0050 0166 0 6.0+
Lower Zone
D4-4 0
D4-7 56.7 0025 0306 0 5
AR
LREAIT
D4-8 407 0017 0235 0 ﬁ“b‘*
D4-9 51.9 0025 0141 0
D4-11 0
D4-12 0

*Note: test data analyzed had standard Jacob’s correction for unconfined aquifer dewatering applied.
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O D4-6

D D4-18 ‘ O D4-4 Columbia River
(~ 500 ft)
D4-17 A2
[]
D4-5 D4-16
L] D4-11
e O
pa-7 () |
O D4-3
O O b4-2
D4-10 O D4-9
LEGEND N
O = 6" Injection Well . . Groundwater Flow
. Direction
O = 4" Monitoring Well

O = 4" Multi-level Monitoring Well

D = Westbay Multi-level Monitoring Well

Note: Drawing not to scale. Locations are approximate.

Figure 1. Schematic Layout of 100-D Test Well Facility
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5.0 Pre-Injection Test Analysis Plots
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Figure 5.1. Pre-Injection Pumping Test Recovery Analysis Plot for Well D4-2 Upper Zone



[4%:!

T 1 17T

ey —
Well D4-2 Low. Zone |

X Corrected Data
8, Derivative
—— Type Curve

Derivative Plot

-
-
P
>~
Sao
~

........

(] Illllll 1 1 [ I WU SO T T |

~f Analysis Parameters
K = 54.8 ft/d
KD = 0.031
S = 0.0058
| Sy = 0.0253
.§§; Test Properties
! ro = 34.3  ft
= rw = 0.250 ft
2 b = 15.94 ft
E Q = 20.1
2ql
o
Z t 2 et 1t 0 | 1 ' tooa 1 aal
0.1 1.0 10.0

100.0 1000.0

Agarwal Equivalent Time, min

Figure 5.2. Pre-Injection Pumping Test Recovery Analysis Plot for Well D4-2 Lower Zone



auoZ 1odd() €~y []oM 10 104 SISA[EUY AI9A000Y 159], Surdwing uonosfuy-a1g *g°s sandiy
utw ‘swi) jua|painby |pminby

070001 0001 0°01 0} 10
L ! ! Py ! v P ! ! LI A ' 4
wdb 10z = 0 .
- M Y661 = g A -
L Y 0620 = Ml .
- Y 0pg = 0l i .
[ sa1jiadoiyd ysay /v ]
; ]
K ", - www.q.qcpmquwk ........ i
. A ]
6£10°0 = £s ]
¥S00°0 = S '”
1900°0 = (O
I P/Y) 19 = -
s19)awpibd sisk|ouy
H 9AI}DAIIA(Q v
- D}DQ Pa}281l09 x 10|d @AI}DAIIS(Q  woeeee :
auoz dpn ¢-vq |19M aniny adf) R
(ese 0 4 2 L | O S T s ' | T S T T X f | I S 1 2 T

10°0

ot°0

001
1) ‘aalloalieq Aiaroday pub AisaAo0day

00701

B.13



oU07Z JoMOT £-Y( [I9M J0J 10]d SisAjeuy A19A000y 3591, Suidwing uopdafuf-a1d “p°s aandiyg

utw ‘awt) juaipainby jominby

0°0001 0°001 0°01 10
. Tt T U
wdb 1'0Z = O
L ¥6'¢st = 4 v 1
L} 06C°0 = MJ .
1) 0'y¢ = ol ”
I sa1yiadoid 3saj ]
. ., ﬂ\nvd&. «iﬂﬁu..quudqg.cm&chqch A

RS i R

—————
L~

-
-
e

auoy

-

59100 = A
06000 = S
6¢0°0 = (X
P/Y TGS =
si9)awping sIsAk|puy
aAIYIDAIIA( v
D}pQ Pa}oalio) x 10|d @AI}DALIAQ
"MOT C—-+%0Q |I9M aning adfy

1 1 1 Yoo 3 3 1 1 i | I A R 1 1 1 | IO S T I 1

I

| PR

001

10°0

0t°0

}) ‘9A1}DAIIaQ KiaAaooay pup AisAo0day

00°01

B.14



[N 2.4 S

srd

Recovery and Recovery Derivative, ft

100.0

10.0

1.0

. L LR ' o ! LU | AL AL L | '

[ Analysis Parameters Well D4-7 ]

I K = 56.7 ft/d x Corrected Data ]

[ KD = 0.01 8 Derivative

' S = 0.0025 '
Sy = 0.031 —— Type Curve |

0.1

------- Derivative Plot
Test Properties

rw = 0.250 ft
b = 15.94  ft osescsoS
Q = 201 g ooom

IIIIII' i 1 IiIlII' L 1 Illlll' 1 i |l|ll|l 1 1 | S T T '}

l!l.l"

0.10 1.00 10.00 100.00
Agarwal Equivalent Time, min

Figure 5.5. Pre-Injection Pumping Test Recovery Analysis Plot for Well D4-7 (Injection Well)
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6.0 Post Injection Test Analysis Plots
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Appendix C

Columbia River Substrate Porewater Sampling Tube Results




PH  columbia River Porewater Sampler 1D 7/30/98
fDepth (ft) § Redox01 Redox02 TD39 Redox03 Redox04
3 7.22 7.36 7.62 7.7
6° 7.45 7.26 7.52 7.63 7.73
10 7.67
15 7.69
*Note: Lower Depth of Redox03 is 4.6 #.
Cond.
{us/em) Columbia River Porewater Sampler ID 7/30/98
Depth (ft) | Redox01 Redox02 TD39 Redox03 Redox04
3 376 312 461 316
6" 434 368 255 461 326}
10 410
15 436
*Note: Lower Depth of Redox03 is 4.6 ft.
DO
l_(ma/L) Columbia River Porawater Samplar 1D 7/30/98
Depth (ft) | Redox01 Redox02 TD39 Redox03 Redox04
3 6.99 6.06 6.35 4.8
6" 7.1 4.7 7.41 6.09 5.29
10 8.16
15 8.34
*Note: Lower Depth of Redox03 is 4.6 ft. -
Cr6+ )
{mq/L) Columbla River Porewater Sampler ID 7/30/98
IDepth (ft) | Redox01 Redox02 TD39 Redox03 Redox04
3 0.56 0.18 0.74 0.36]
6° 0.6 0.1 0.16 0.72 0.38}
10 0.56
15 0.64

*Note: Lower Depth of Redox03 is 4.6 ft.

C1

2
‘ _:g;\ Columbia River Porewater Sampler 1D 7130/98
[Depth (ft) | Redox01 Redox02 TD39 Redox03 Redox04
3 59.1 42.2 72.7 41.7
6 66.1 52.7 28.2 72.2
10 63
15 68.2
CI' (pPm) Columbia River P Sampler ID 7/30/98
Depth (ft) § Redox01 Redox02 TD39 Redox03 Redox04
3 11.4 7.68 15.3 9.73
6 15.4 10.3 4.1 14.9
10 12.3
15 14.5
NOy
| _Loom) Columbia River Porewater Sampler ID 7/30/98
Depth (it) } Redox01 Redox02 TD39 Redox03 Redox04
3 27 19.2 35.4 19.4
6 36.2 21.9 11.3 34.8
10 30.7
15 56.3
PO
rnnmy Columbia River Porewater Sampler ID 7/30/98
§Depth (ft) § Redox01 Redox02 TD39 Redox03 Redox04
3 < 02 0.94 0.62 <02
6 1.02 0.36 1.4 1.3
10 0.46
15 < 0.2
F" (PPm) Columbia River Porewatar Samplor ID 7/30/98
Depth (ft) § Redox01 Redox02 TD39 Redox03 Redox04
3 0.34 0.31 0.37 0.31
6 0.4 0.34 0.23 0.35
10 0.31
15 0.43

rra gl B S XS T




PH  columbia River Porewater Sampler ID 5/7/98
Depth (ft) ] Redox01 Redox02 TD39 Redox03 Redox04
3 7.31 7.55 7.96 7.9
6" 7.46 7.36 7.65 7.95 7.84
10 7.66
15 7.63
*Note: Lower Depth of Redox03 is 4.6 ft.
Cond.
(us/em) Columbla River Porewater Sampler ID 5/7/98
Depth (ft) | Redox01 Redox02 TD39 Redox03 Redox04
3 395 185.4 160.4 172.3
6° 394 328 179.3 155.5 373l
10 509
15 592
*Note: Lower Depth of Redox03 is 4.6 ft.
DO
{mq/L) Columbla River Porewater Sampler ID 5/7/9 8|
Depth (ft) | Redox01 Redox02 TD39 Redox03 Redox04
3 7.6 9.35 9.06 4.3
6° 8.1 5.9 12.8 9.79 5.5
10 10.3
15 10.27
*Note: Lower Depth of Redox03 is 4.6 ft
Cré+
| _{mq/1) Columbla River Porewater Sampler ID 5/7/98}
|Depth (ft) ] Redox01 Redoxg2 °~TD39 Redox03 Redox04
3 0.56 0.04 0 0.04
[ 0.6 0.08 0.02 0 0.6
10 0.66
15 0.84
*Note: Lower Depth of Redox03 is 4.6 ft.

C2

,s,g,‘,,\ Columbia River Porewater Sampler ID 5/7/98
Depth (ft) | Redox01 Redox02 TD39 Redox03 Redox04
3 61.9 17.3 7 11.1
6 61.8 39.9 9.41 8.5 53.6
10 70.3
15 100
CI" (ppm) Columbia River Parewater Sampler ID 5/719 aI
Depth (ft) § Redox01 Redox02 TD39 Redox03 Redox04
3 12.7 2.3 2.87 3.2
6 13.2 8.51 3.1 0.92 13.7
10 13
15 18.3
NO;
| ooy Columbla River Porewater Sampler ID 5/7/98
Depth (i)} Redox01 Redox02  TD39  Redox03 _ Redox04 |
3 36.5 0.56 <2 2.6}
6 36.6 19 2.35 0.85 30.9
10 40.3
15 57
PO
! (oo Columbla River Parewater Sampler ID 5/7/98
|Depth ()] Redox01  Redox0z _ TD39 _ Redox03 __ Redox04
3 <2 0.22 <2 <2
6 <2 <2 <2 0.26 <2
10 2.1
15 <2
F” (ppm) Columbia River Porewater Sampler iD 5/7/98
IDepth (f)| Redox01 Redox02  TD39  Redox03 _ Redox04
3 <2 0.37 2.62 <2
6 2.4 <2 <2 0.45 <2
10 <2
15 <2




pH

Columbia River Porewater Sampler ID

3/19/98

Depth (ft) | Redox01 Redox02 TD39 Redox03 Redox04
3 7.35 7.53 7.78 7.75
6 7.59 7.4 7.68 7.8 8.02
10 7.73
15 7.73
Cond.
(us/cm) Columbia River Porewater Sampler ID 3/19/98

Depth (ft)] Redox01 Redox02 TD39 Redox03 Redox04
3 372 284 507 360
6 392 318 358 509 367
10 520 :
15 529
DO
mgq/L) Columbia River Porewater Sampler ID 3/19/98
Depth (ft)] Redox01 Redox02 TD39 Redox03 Redox04
3 5.12 7.9 8.7 7.93
6 7.58 3.33 10.64 7.9 3.9] -
10 9.5
15 10.4
Cré+
(mg/L) Columbia River Porewater Sampler ID . 37/19/98|
Depth (ft) | Redox01 Redox02 TD39 Redox03 Redox04
3 0.52 0.2 0.88 0.56
6 0.58 0.09 0.42 0.88 0.56
10 0.82
15 0.82

C3




pH

Columbia River Porewater Sampler ID 3/12/98
Depth (ft)] Redox01 Redox02 TD39 Redox03 Redox04
3 7.43 7.64
6 7.58 7.5
10
15
Cond.
(us/cm) Columbia River Porewater Sampler ID 3/12/98
Depth (ft) ] Redox01 Redox02 TD39 Redox03 Redox04
3 359 224
6 378 307
10
15
DO
(ma/L) Columbia River Porewater Sampler ID 3/12/98
Depth (ft)] Redox01 Redox02 TD39 Redox03 Redox04
3 6.82 9.5
6 6.95 2.35
10
15
Cr6+
(mg/L) Columbia River Porewater Sampler 1D 3/ 1 2/98
Depth (ft) ] Redox01 Redox02 TD39 Redox03 Redox04
3 0.5 0.11
6 0.56 0.09
10
15

C4




Cond.

(1s/em)  oolumbia River Porewater Sampler 1D

12-10-97
12-11-97

Depth (ft)] Redox01 Redox02 TD39 Redox03 Redox04
3 305.8]  161.1 148.8]  221.6
6*
10
15
*Note: Cond. Is from 12-10-97, Cr6+ is from 12-11-97
Cré+ 12-10-9/
12-11-97]

(mg/L) Columbia River Porewater Sampler ID

Depth (ft) | Redox01 Redox02 TD39 Redox03 Redox04
3 0.356]  0.039 0.031] 0.148
6
10
15

*Note: Cond. Is from 12-10-97, Cr6+ is from 12-11-97

Cs5




11-3-97

Cond.
(1s/cm) Columbia River Porewater Sampler ID 11-4-97]
Depth (ft) | Redox01 Redox02 | TD39 | Redox03 Redox04
3 369 340
6 330 350.1
10
15
*Note: Redox01 samples taken 11-3-97
*Note: Redox04 samples taken 11-4-97
Cro+ 11-3-97 |
(mg/L) Columbia River Porewater Sampler ID 11-4-97]
Depth (ft) | Redox01 Redox02 { TD39 | Redox03 Redox04
3 0.432 0.378
6 0.228 0.411
10
15

*Note: Redox01 samples taken 11-3-97
*Note: Redox04 samples taken 11-4-97

C.6



Appendix D

Bromide Tracer Test Breakthrough Curves
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Appendix E

D4-7 Dithionite Injection/Withdrawal Test Breakthrough Curves
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