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Summary

Pacific Northwest National Laboratory (PNNL) conducted a proof-of -principle test at the Fort Lewis
Logistics Center to determine the feasibility of using the In Situ Redox Manipulation (ISRM) technology
for remediating groundwater contaminated with dissolved trichloroethylene (TCE). ISRM creates a
permeabl e treatment zone in the subsurface to remediate redox-sensitive contaminants in groundwater.
The permesble treatment zone is formed by injecting a chemical reducing agent (sodium dithionite with
pH buffers) into the aquifer through awell to reduce the naturally occurring ferric iron in the sediments to
ferrousiron. Once the reducing agent is injected and given sufficient time to react with aquifer sedi-
ments, residual chemicals and reaction products are withdrawn from the aquifer through the same well
used for the injection. Redox-sensitive contaminants such as TCE, moving through the treatment zone
under natura groundwater flow conditions, are destroyed. TCE is degraded via reductive dechlorination
within the ISRM treatment zone to benign degradation products (i.e., acetylene, ethylene). Prior to the
proof -of -principle field test, the ISRM technology was successfully demonstrated in |aboratory experi-
ments for the reductive dechlorination of dissolved TCE using sediments from the Fort Lewis site.

The Logistics Center was placed on the National Priorities List in December 1989 because of TCE
contamination in groundwater beneath the site. A Federa Facilities Agreement between the Army, the
U.S. Environmenta Protection Agency, and the Washington State Department of Ecology became
effective in January 1990, and a Record of Decision (ROD) was signed in September 1990. The magjor
components of the ROD included ingtalation of two pump-and-treat systems for the upper aquifer and
further invedtigation of the lower aquifer and other potentia sources of contamination. The pump-and-
treat systems became operational in August 1995. Fort Lewis asked PNNL to provide technical support
in accelerating Instalation Restoration Program site remediation and significantly reducing site life-cycle
costs at the Logistics Center. In support of this program, ISRM was selected as an innovative technology
for bench and field-scale demonstration.

Emplacement of the ISRM treatment zone was accomplished through a series of four separate
dithionite injection tests conducted between November 10, 1998 and March 29, 2000. An extensive
program of chemical monitoring was also performed before, during, and after each injection to evaluate
the performance of ISRM. Prior to emplacement of the ISRM treatment zone, the site was extensively
characterized with respect to geologic, hydrologic, and geochemical properties. Sediment core samples
collected for the characterization studies were analyzed in bench-scale column tests at PNNL to determine
reducible iron content. These site-specific hydrogeologic and geochemica data were used to develop the
emplacement design of the pilot-scale (i.e., single injection well) ISRM treatment zone.

Performance data obtained from the proof -of -principle test indicate that field-scale reductive
dechlorination of TCE using the ISRM technology isfeasible. A treatment zone was created in the
subsurface that reduced TCE concentrations as much as 92% on the downgradient side of the reduced
zone, from a background concentration of approximately 140 ppb to approximately 11 ppb. The
appearance of the principal degradation product, acetylene, also confirmed that TCE destruction was
occurring. Analysis of sediment samples collected from post-test boreholes showed a high degree of iron
reduction, which helped to confirm the effectiveness of the treatment zone emplacement.



Another important goal of the testing program was to provide assurances that chemical treatment of
the subsurface did not result in undesirable secondary effects, including formation of toxic TCE degrada-
tion products, mobilization of trace elements, and degradation of hydraulic performance. Results
obtained from the Fort Lewis ISRM proof -of -principle test, which are consistent with results from
previous ISRM studies (both bench and field-scale), indicate that no significant secondary effects were
identified that could limit full-scale application of this technology.
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1.0 Introduction

Fort Lewisisa U.S. Army Forces Command (FORSCOM) installation in western Washington, on the
southeastern shore of Puget Sound, approximately 10 miles southwest of Tacoma (Figure 1.1). Its
boundaries encompass 86,176 acres within Pierce and Thurston counties. Fort Lewis is an active military
training facility for both weapons quadification and field training, whose mission isto maintain the
combat readiness of assigned units. The working population is approximately 22,100 personnel,
including military, civilian, and contractor employees.

The installation Logistics Center, formerly known as the Fort Lewis Quartermaster Motor Base and
the Mount Rainier Ordnance Depot (MROD), was built in 1941. It was activated in 1942 and consisted
of shops, warehouses, and barracks. In mid-1942, the facility was transferred to ordnance jurisdiction and
renamed MROD. MROD was responsible for furnishing ordnance supplies and rebuild services to
military installations within the states of 1daho, Montana, Oregon, and Washington, and to overseas and
Alaskan ingtdlations through Pacific Coast Army terminas. Items serviced by MROD included artillery,
combat and transport vehicles and assemblies, fire control materia, guided missile materid, and small
arms. In 1963, the facility was turned over to the Logistics Center (Figure 1.2) to serve asthe primary
non-aircraft maintenance facility for the post.

Trichloroethylene (TCE) was used at the Logistics Center in large quantities as a cleaning and
degreasing solvent until the mid-1970s, when it was replaced by trichloroethane (TCA). The waste TCE
was commonly mixed with petroleum, oil, and lubricants (POL) and stored in drums for disposal. The
volume of waste produced is uncertain but may have been as much as six to eight drums per month
(Shannon & Wilson 1986). Some of this material was used to assist in the burning of other wastes.
Disposal occurred at severa locations, including the East Gate Disposa Yard (EGDY), located upgrad-
ient of the Logistics Center (see Figure 1.2). The EGDY was used as an uncontrolled disposa site
between 1946 and 1960. Disposal trenches were excavated in the yard and on adjacent land to the
southwest.

The Logistics Center was placed on the National Priorities List (NPL) in December 1989 as a result
of TCE contamination in groundwater beneath the site (see Figure 1.2). A Federa Facilities Agreement
(FFA) between the U.S. Environmental Protection Agency (EPA), the Washington State Department of
Ecology (Ecology), and the Army was formalized in January 1990. This FFA established the procedural
framework and schedule for developing, implementing, and monitoring appropriate response actions at
the Logistics Center. A Record of Decision (ROD) was signed by EPA, Ecology, and the Army in
September 1990. The selected remedia action consisted of two pump-and-treat systems to treat
groundwater in the upper aquifer and further investigation of the lower aquifer and remaining potentia
sources of soil contamination. The Interstate 5 (1-5) pump-and-treat system was designed for plume
containment and consists of a series of extraction wells, atreatment facility, and recharge galleries near
the northwestern edge of the site. The East Gate system was designed to contain and remediate the source
area (EGDY) and facilitate the flushing of secondary groundwater sources within the high-concentration
zones beneath the EGDY .
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In 1997, Fort Lewis asked Pacific Northwest National Laboratory (PNNL) to visit the ingtallation and
assess the waste treatment operations at the Logistics Center. From this visit and areview of supporting
documentation provided by Fort Lewis, PNNL identified enhancement opportunities in four areas relative
to the current treatment operations (Cantrell et a. 1998). Fort Lewis then asked PNNL to provide techni-
cal support in accelerating Installation Restoration Program (IRP) site remediation and significantly
reducing site life-cycle costs at the Logistics Center. PNNL proposed a program to evaluate and test new
and innovative (non-standard) remedia technologies. This program was endorsed by Fort Lewisand
FORSCOM. The specific objectives of the program are to:

1. Apply state-of-the-art/innovative remedia technologies to identify, isolate/contain, or treat in an
accelerated fashion contaminants of concern to regulatory acceptable levels.

2. Evaluate, optimize, and enhance the effectiveness of existing groundwater remediation systemsin
reducing contaminants to regulatory acceptable levels, leading to closure of these systems
significantly earlier than current estimates.

3. Complete associated remedial and administrative tasks to remove the Logistics Center from the NPL.

PNNL isnow in the third year of this program at Fort Lewis and has made significant progress with
laboratory and field-testing of the innovative remedia technology caled In Situ Redox Manipulation
(ISRM). ISRM involves creating a permeable treatment barrier in the subsurface to remediate redox-
sengitive contaminants in groundwater. The permeable treatment barrier is created within or downstream
of a contaminant plume, and redox-sensitive contaminants moving through this barrier are destroyed or
immohilized. Theinitiad feaghility of ISRM for treating dissolved TCE contamination in the ground-
water beneath the Logistics Center in situ was demonstrated in the proof -of -principle test (POPT)
reported in this document. Activities include site selection, characterization, and setup; basgline sampling
and analysis; tracer testing; treatment zone emplacement; and performance assessment. The laboratory
work has been reported in detail in Szecsody et d. (2000).

1.1 Background

Historical information on the regulatory status of and contamination assessment for the Logistics
Center and ISRM technology are provided in this section.

1.1.1 Contamination Assessment

An Installation Assessment Report was completed for Fort Lewis in September 1983. This report
identified Stes, including the Logistics Center, requiring further inspection. The Logistics Center, a
landfill, and 14 other sites from the Resource Conservation and Recovery Act (RCRA) Fecility
Assessment (RFA) requiring further investigation make up the 16 sites in the Fort Lewis FFA.

Several studies have been conducted on the groundwater contamination beneath the Logistics Center

since the Installation Assessment Report. 1n 1983, EPA and the Tacoma-Pierce County Health
Department initiated studies of potential groundwater contamination in the American Lake Gardens Tract
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(ALG), an area north of the Logistics Center, in response to public concern. These studies confirmed the
presence of TCE and cis 1,2-dichloroethylene (DCE) in severa domestic water-supply wellsin ALG,
gpparently originating from the north at McChord Air Force Base (AFB), and revealed indications of
contamination beneath the Logistics Center. As aresult, a groundwater investigation began in November
1984 to determine whether TCE and DCE contamination at AL G was coming from the Logistics Center.
This investigation defined the northern and eastern boundaries of alarge area of contaminated ground-
water consisting primarily of TCE with lesser concentrations of DCE beneath the Logistics Center. The
plume of groundwater contamination was shown to be moving aong the centerline of the Logistics
Center (see Figure 1.2).

Knowledge of contamination beneath the Logistics Center prompted an EPA directed groundwater
study of the Tillicum area (a small town immediately downgradient of the Logistics Center) in
November 1985 to specifically address the potential impact on a nearby public water supply well. The
study concluded that widespread, low-level TCE contamination was present beneath Tillicum, apparently
originating from the Logistics Center. The contamination was aso found to extend into the next lower
aquifer. In December 1985, a second groundwater investigation of the Logistics Center began to identify
sources of the TCE contamination, determine the areal extent of the contamination (particularly at the
southern and western edges), and develop a conceptua remedia action to remove the contamination. The
study defined alarge zone of contaminated groundwater beneath the Logistics Center that contained
significant concentrations of TCE and DCE. The contaminated zone was found to be at least 10,000 feet
in length, 2,500 feet in width, and to extend at least 80 feet below the water table. The primary source of
the contamination was identified as the EGDY. The results of this investigation warranted aremedial
investigation/feasibility study (RI/FS) for the Logistics Center starting in October 1986. EPA’s investiga-
tion of Tillicum resulted in adding it to the Logistics Center RI/FS study areain February 1988. The RI
was finalized in November 1988.

The Logistics Center was nominated for the NPL in July 1989 and placed on the NPL in
December 1989 with a hazard ranking score (HRS) of 35.48. Soil, groundwater, surface water, and
sediment analyses indicated that groundwater contamination was the principal threat at the site. The FS
was finalized in May 1990, and the ROD was signed in September 1990. The selected remedial action
(RA) consisted of pumping and treating groundwater in the upper aquifer and further investigation of the
lower aguifer and remaining potential sources of soil contamination. This investigation found that the
complex hydrogeology beneath the Logistics Center might allow contaminated groundwater from the
upper aquifer to migrate to the lower aguifer through permeable soil lenses (see Appendix C).

The ROD for the Logigtics Center specified that if the lower aquifer were found to be contaminated, it
would be pumped and treated using the existing onsite treatment facilities. The Fort Lewis IRP Technical
Working Group, consisting of representatives from Fort Lewis, EPA, Ecology, PNNL, and the U.S.
Geologica Survey (USGS), determined that this action may not be beneficia to the treatment of this
aquifer because it may pull additional contaminated groundwater down from the upper aquifer. They
determined that innovative remedia technologies should be employed to contain and remediate the
existing contaminated groundwater. An explanation of significant difference (ESD) from the ROD for
the Logistics Center was signed by the Army and EPA in September 1998. This ESD, prepared in
accordance with the Comprehensive Environmental Response, Compensation, and Liability Act
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(CERCLA) and the Code of Federal Regulations (CFR), was necessary to document changes to the
selected remedy outlined in the ROD. The ESD addresses enhancements being implemented in the over-
all strategy for remediating the site and has become part of the Administrative Record pursuant to the
Nationa Oil and Hazardous Substance Pollution Contingency Plan (NCP).

A Master Environmental Restoration Action Plan was prepared in March 2000 to completely
integrate available resources and technologies to accelerate cleanup of the Logistics Center, significantly
reduce IRP life-cycle costs, and ddlist this site from the NPL. It summarizes the strategic and tactical
planning and decision rationale on enhanced contaminant source and groundwater plume cleanup plans
for the site, of which ISRM isan integrd part. The plan is consistent with the Department of Defense’s
(DoD) desire to find an exit strategy from pump and treat and will be updated as devel opments warrant.

Pursuant to the initial assessment of existing trestment operations in 1997 and in conjunction with the
Master Environmental Restoration Action Plan, viable remedial technologies were subjected to further
screening and evaluation.  Three innovative technologies, ISRM, Six-Phase Heating (SPH), and one
technology to be determined, were selected in this process for |aboratory and field-testing. However,
funding condtraints limited immediate testing to one technology. |SRM was hominated because of its
potentia to isolate the source area from the remainder of the plume.

1.1.2 Technology History

Development of the ISRM technology was initiated at PNNL in 1991 with funding from U.S.
Department of Energy (DOE) Office of Health and Environmental Research Subsurface Science Program.
As part of this project, laboratory proof -of -principle studies were conducted and conceptual design and
preliminary planning documents were prepared. However, attempts to control redox potentia in an
aquifer must overcome various scale-up complications arising from the interaction between contaminants,
reducing agents, groundwater, and the natural variability of the subsurface. Therefore, in 1993, the
project was transferred to DOE’ s Office of Science and Technology (OST). A site for the initial field test
of the ISRM technology was selected in 1994. Bench-scale, intermediate-scae, and field-scal e tests of
the technology were funded through an OST EM-50 Integrated Program (IP) from 1993 through 1995 and
through the Plumes and Subsurface Contaminant Focus Areasin 1996. This laboratory- and field-scale
approach provided the means to evaluate the scale-up and extrapolation of the results from controlled
laboratory-scale studies to the less certain conditions encountered in the subsurface.

Before going to the field, a series of experiments was performed at the bench and intermediate scales
to test different reagents for their efficiency in manipulating redox conditions. Reagents tested included
aulfite, thiosulfate, hydroxylamine, and dithionite. These tests were used to determine the nature of the
reactions that could occur and the efficiency with which they would be induced by the reagent. The
factors assessed include the kinetics of dithionite disproportionation, Fe(l11) reduction, and the subsequent
reoxidation of the reduced phases.

Comparative bench-scale batch studies under anoxic conditions established that dithionite was the

most effective reductant for the structural ferric iron found in the silt and clay fractions of sediment
samples collected from the Hanford Site in southeastern Washington State (see Section 4.4 for results
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from Fort Lewis sediment). These tests also confirmed that dithionite has a limited lifetime in these
sediments due to 1) oxidation by Fe(ll1) present in the layer-silicate minerd structures or as oxyhydrox-
ides and 2) a digproportionation reaction that was catalyzed by contact with mineral surfaces. Further
experiments established that the longevity of the dithionite was prolonged by buffering the solution at
neutral or higher pH. Using buffered solutions at room temperature, these experiments indicated that the
hdf-life of the dithionite ion would be approximately two or three days under the conditions in the
Hanford unconfined aguifer. This haf-life allows enough time for reduction of structura iron in the
aquifer solids, while ensuring that dithionite does not remain in the groundwater for extended periods.

1.2 Technology Description

The ISRM technology (Figure 1.3) creates a permeable reactive barrier using a chemical treatment to
reduce existing Fe(l11) (ferric iron) to Fe(ll) (ferrousiron) in aquifer sediments. A chlorinated solvent
such as TCE is dechlorinated as the contaminated groundwater passes through the barrier under natural
gradient conditions. The iron reduction is accomplished through the injection and withdrawal of a
reducing agent, sodium dithionite, with potassum carbonate pH buffer, using standard groundwater
wells. Sodium dithionite is a strong reducing agent that has many desirable characteristics for this type of
gpplication, including ingtability in the natural environment (on the order of days for complete
breakdown) and reaction and degradation products that ultimately oxidize to sulfate.

This reduction of sediments in the aguifer requires sufficient contact time with the reductant and, in a
homogeneous system, resultsin a cylindrical treatment zone centered around the injection/withdrawal
well. Thisreaction or contact time is predetermined in laboratory experiments and depends on factors
such as groundwater temperature, mass of iron, type of iron oxides, and sediment texture (Szecsody et al.
2000; Istok et a. 1999). The permeable reactive barrier is designed to dechlorinate TCE for decades, but
it will eventuadly be oxidized (mainly by dissolved oxygen in groundwater) and lose its effectiveness. If
additiona reductive capacity is needed, the barrier can be regenerated at a reduced cost using the
previoudy ingtalled wells. The scientific basis of iron reduction mechanisms, sediment oxidation
mechanisms, and TCE degradation are discussed in detail in Appendix A and Szecsody et a. (2000).

1.3 Secondary Effects

Potential secondary effects associated with the ISRM technology include metals mobilization,
residuas concentrations, hydraulic performance (i.e., aquifer plugging), and dissolved oxygen depletion.
In previous bench- and fidd-scale demonstrations of ISRM, none of these effects were shown to exceed
technical or regulatory limits. This section presents a brief discussion of the secondary effects and
includes references to more detailed information.

During development of the ISRM technology, one of the primary regulatory and stakeholder concerns
was the potential for releasing unwanted constituents as the chemical treatment zone is formed. For
example, as the reductive environment is formed, otherwise stable mineras or hydroxides can be broken
down to release metals such as arsenic and manganese. The ISRM technology has been field-tested at
severd stes, including a proof -of -principle test at the Hanford 100-H Areafor removing chromium from
groundwater (Fruchter et al. 2000), a treatability test at the Hanford 100-D Area (Williams et a. 19993),
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is based on the ISRM proof -of -principle test site at the Fort Lewis Logistics Center.

and a 2,000-foot-long ISRM barrier currently under construction at the same 100-D Arealocation. In
addition, for each of these sites, batch and column tests were conducted to investigate the release of trace
metals and gain regulatory approval for the field-scale injection. Laboratory tests have aso been run on
sediments from the Frontier Hard Chrome site (EPA) and Moffett Federal Airfield. Results from these
field- and laboratory-scale tests indicate that, athough trace metals are mobilized and exceed regulatory
limits during the injection and withdrawal phases of the barrier emplacement, most are removed during

the withdrawal, and following the emplacement do not migrate outside the reduced zone in significant
enough quantities to create a regulatory concern.

Another concern associated with the ISRM technology was the potential to leave reaction products
from the dithionite treatment (i.e., residual chemicals) in the aquifer. The primary reaction product of the
dithionite injection is sulfate, which is regulated under a secondary drinking water standard (see
Section 8). In the field tests cited above, the injection and withdrawa phases of the emplacement were
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designed to meet regulatory and stakeholder-mandated residua sulfate concentration regquirements.
Increasing the duration of the withdrawal phase to recover additional residuas does impact the costs of
emplacement and wastewater disposal.

Andysis of hydraulic performance data from all ISRM field demonstrations to date (Fruchter et al.
2000; Williams et a. 19994a) has not indicated a significant reduction in formation permesbility from
deployment of the ISRM technology. The hydraulic test analysis did indicate a near-well decreasein
permesbility a the injection/withdrawa well following the injection. This small zone of reduced perme-
ability (i.e., skin effect) is attributed to entrapment of suspended or colloidal materia, or mineralization
associated with the carbonate buffer, in the sandpack zone and well screen during the withdrawal phase.
This near-well reduction in permeability caused no adverse effects during the injection or withdrawa
phases of the demonstrations and did not result in any significant degradation in the overall hydraulic
performance of the treatment zone.

Another secondary effect associated with the ISRM technology that may be of concern at some sites
is oxygen depletion. At the ISRM treatability test site at the Hanford 100-D Area, proximity to the
Columbia River (~500 ft) and potential sdlmon-spawning habitat resulted in regulatory and stakeholder
sengitivity. To address regulatory concerns, a modeling study smulated this near-river system and
investigated mechanisms important to attenuation of the anoxic plume. The model predicted how far
downgradient from the ISRM barrier acceptable dissolved oxygen concentrations were achieved
(Williams et a. 1999b; Williams and Oostrom 2000). At the 100-D site, the numerical model predicted
75 to 95% oxygen saturation at the river and determined that air entrapment caused by water table
fluctuations (associated with diurna fluctuationsin river stage) had the greatest impact on attenuation of
the anoxic plume.

As discussed, none of the potential secondary effects associated with the ISRM technology has been
shown to exceed technical or regulatory limits. However, because the secondary effects of concern are
highly dependent on site hydrogeology and geochemistry, the required data were collected to quantify
these effects during the ISRM proof -of -principle demonstration at Fort Lewis.

14 Field Test Objectives

The objective of the ISRM proof -of -principle test was to determine the field-scae feasibility of this
innovative remediation technology for treating dissolved TCE contamination in the groundwater at the
Fort Lewis Logistics Center. Bench-scale studies were conducted in parallel with these field activities,
but a field-scale test was required to determine the feasibility at alarger scale in the complex hydro-
geologic and geochemical conditions of the subsurface.

15 Organization of the Report
A summary of the POPT activitiesis provided in Section 2. Site selection and site characterization of

the POPT site are presented in Sections 3 and 4, respectively. Site setup is summarized in Section 5.
Details of the tracer test and treatment zone emplacement are contained in Sections 6 and 7, respectively.
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Section 8 assesses the performance of the emplaced treatment zone. Conclusions are provided in
Section 9 and references cited in the text are listed in Section 10. Supporting documentation can be found
in the appendixes.
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2.0 Summary of Proof-of-Principle Test Activities

This section contains a brief description of activities associated with the ISRM proof -of -principle test
(POPT) and the objective of each of these activities. Detailed descriptions and results from these activi-
ties are contained in this report. The following list contains a brief description of the main activities
associated with the ISRM POPT:

- Site Selection. Site selection criteriawere developed and used to compare potential demonstration
sites. All potential demonstration site locations were subjected to the criteria, which resulted in the
final selection of the Fort Lewis ISRM POPT test site (Figure 2.1).

- Test Plan Preparation. A treatability test plan was prepared and submitted to the Fort Lewis IRP
Technical Working Group prior to initiation of field activities.

- Hydraulic Gradient/Groundwater Flow Deter mination. Local-scale hydraulic gradient and
groundwater flow direction was investigated using existing ste wells. Thisinformation was used to
aign the ISRM well network with the natural groundwater flow direction.

- Well Installation and Geologic/Geochemical Characterization. Sonic drilling wasused to install a
central injection/withdrawal well and monitoring wells. Asinitial characterization boreholes were
advanced, vertically discrete sediment and groundwater samples were collected. Sediment samples
were analyzed for physical and chemical properties, groundwater samples were analyzed for standard
field parameters and TCE concentration to determine their distribution with depth.

- Hydrologic characterization. Hydraulic tests (step drawdown, constant-rate discharge) were
conducted in the injection well to evaluate its hydraulic performance and provide estimates of
formation hydraulic conductivity and Storativity. Water-level data from ISRM monitoring wells were
incorporated into the analysis of local-scae hydrologic gradient and groundwater flow direction.

- Baseline Groundwater Monitoring. Threerounds of groundwater samples were collected from all
Site monitoring wells prior to any injection activities to determine baseline conditions. Samples were
analyzed in the field for standard field parameters (dissolved oxygen [DO], electrical conductivity
[EC], pH, oxidation-reduction potential [ORP], temperature) and submitted for laboratory analysis of
volatile organic compounds (VOCs), trace metals, and magjor ions).

- Tracer Test. A conservative tracer was injected into the central injection well and monitored in
surrounding monitoring wells to estimate extent of the injected plume and the volumes/rates of
injected reagent required to create an ISRM treatment zone. The tracer arrival data were also used to
design the sampling strategy for the dithionite injection.

- Dithionite Injection/Withdrawal. A sodium dithionite solution was injected through the central
injection well; after areaction period, unreacted dithionite and reaction products were withdrawn
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through the injection well. During the injection, dithionite arrival was monitored at al wellsto
determine the radia extent of the injection. During the withdrawa phase, concentrations were
monitored to determine residuals, reaction products, and the percentage of injected mass recovered.

- Sediment Core Sample. Following creation of the ISRM trestment zone, core holes were drilled and
sediment samples collected from within the reduced zone. Samples were collected and transported to
the laboratory under an anoxic environment where they were analyzed for reductive capacity and
percentage of iron reduced. This information was used to estimate the reduction efficiency achieved
with the injection and the anticipated life expectancy of the trestment zone.

- Performance Assessment Groundwater Monitoring. After thel SRM treatment zone was created,
groundwater samples were collected from al monitoring wells at the POPT site and compared with
baseline levels to assess the performance of the ISRM treatment zone.
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3.0 Site Selection

Severa locations within the Fort Lewis Logistics Center were considered as potential sites for the
ISRM POPT. During the site selection phase, various regulatory, cost, hydrogeologic, geochemicd, and
Site access criteria were developed to provide a framework for selecting a suitable demonstration site.
Based on these criteria and input from the Fort Lewis IRP Technical Working Group, a site near the East
Gate secondary extraction well RW-1 (see Figure 2.1) was selected to demonstrate the technology.

The following sections contain a brief description of the site selection criteria and a discussion of
their application to siting the ISRM POPT at Fort Lewis.

3.1 Regulatory Criteria

The participation of representatives from regulatory and stakeholder groups during the planning and
design phases of a technology field demonstration will help guide the selection of a demonstration site
that has administrative support from the agencies that control activities on the site. This would be the
case for dteswith contamination problems that might benefit from the technology being developed. In
turn, those managing the site must be convinced that there will be minimal adverse impact to the Site,
especialy if it could preclude future remediation options.

To encourage the development of cleanup alternatives, EPA established treatability studiesin the
CERCLA legidation that provide performance and cost data to aid in remedy selection and design.
Treatability studies are performed to provide site-specific testing of innovative technologies for which
general data are not readily available. Formal permitting of a cleanup activity is unnecessary for a
treatability study, athough the responsible administrative parties for the site must be agreeable to the
designation. Treatability studies are a desirable aternative to formal permits because of the simplified
approva procedure. For this reason, a site where a CERCLA treatability study is appropriate and
desirableisrequired. Regulatory acceptance for the ISRM POPT at Fort Lewis was gained through
participation in the IRP technica working group.

3.2 Wdl Installation Costs

A significant cost associated with afield-scale ISRM demonstration iswell ingtalation. The selected
site should have features that minimize both the number of wells that must be installed and the installation
cost per well/core hole. Sites with existing wells that can be used as monitoring wells are especialy
desirable, not only for the savingsin ingtallation costs but aso for the geologic and hydrologic
characterization information accompanying these wells.

The selected ISRM POPT site was near alarge number of existing wells. Although none of these
wells could be used to monitor the test due either to their location or screen interval depth, they did
provide information on the hydrogeology and groundwater chemistry of the site. Based on various
cross-sections presented in Shannon & Wilson (1986), Ebasco (1988), and USACE (1992, 1993), the

31



transmissive portion of the upper aguifer in this area was expected to be thinner and shallower than at
other proposed locations. These hydrogeologic conditions would minimize the drilling and sampling
costs associated with well installation.

3.3 Hydrogeologic Criteria

The primary objective of the ISRM POPT was to demonstrate that the ISRM technology could be
used to treat dissolved TCE at the Fort Lewis site. Because there are many factors that can complicate
interpretation of data obtained from the field test, it is not desirable to site the POPT in an areathat is
hydrogeologically complex. Hydrogeologic conditions at the selected test Site affect the ability to control
and monitor the reagent injection and assess the performance of the emplaced ISRM treatment zone.
Sites with relatively dow groundwater velocities (less than 2 ft/day) in relatively thin aquifers (less than
30 ft thick) afford a higher degree of control over the extent of transport.

As discussed in Section 3.2, previous hydrogeologic characterization near the selected ISRM POPT
ste indicated that the transmissive portion of the upper aquifer in this area was relatively thin and well
defined, which minimized the costs associated with treatment zone emplacement (e.g., well ingtdlation,
sampling complexity, chemical costs).

Groundwater velocity requirements can be estimated from the design width of the emplaced treatment
zone and the TCE reduction reaction haf-life. Veocity requirements must be met to ensure that the
migrating TCE plume will not move through the reduced zone too quickly for completion of the TCE
degradation process. Higher-velocity zones can be accommodated by making the trestment zone wider or
more reduced.

For a POPT, however, it is desirable to select aregion with velocities low enough that a smaller
treatment zone can be emplaced, thus minimizing cost. Based on a treatment zone design width of 50 ft
and a maximum TCE concentration of 200 ppb near the demonstration site, the maximum contaminarnt
velocity that would still result in the desired 5-ppb output concentration was calculated to be
approximately 4 ft/day. A review of existing hydrogeologic data from the selected site indicated that
groundwater and contaminant velocity did not exceed this limit.

3.4 Geochemical Criteria

The permeable treatment zone is created by reducing Fe(l11) to Fe(ll) within the aquifer sediments.
Naturally occurring Fe(111) content should be at least 0.05% of the total soil fraction. The selected site
must meet this criterion. No sediment core samples were available for analysis from any of the proposed
ISRM POPT locations; however, analysis of outwash gravel samples obtained by the USGS during the
ingtdlation of monitoring wells at other locations within the Logistics Center indicated that adequate iron
was present within the formation to support the ISRM technology (see Section 4.4 for detailed informa-
tion on iron content at the POPT site).

Because of the costs associated with drilling, characterizing, and conducting a technology demonstra-
tion in a highly contaminated aquifer, it is desirable to locate the test Site in an area with moderate levels
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of contamination. Levels should be sufficient to assess the performance of the emplaced treatment zone
adequately. In addition, efforts should be made to ensure that the presence of constituents other than the
contaminants of concern (e.g., TCE/DCE) do not negatively impact emplacement or performance assess-
ment of the treatment zone. The site that was selected for the ISRM POPT is located within an area of
aufficient TCE contamination (~140 ppb) to assess the performance of the emplaced treatment zone while
limiting the cost and health and safety issues associated with working at a highly contaminated site.

35 AccessCriteria

These criteriainclude not only unencumbered access for personnel, vehicles, and heavy equipment
but also access to site utilities (e.g., electrical power, water, wastewater disposal) and verification that
ISRM POPT activities would not interfere with any ongoing or planned Logistics Center activities.

Because the selected ISRM POPT site was located within a Defense Reutilization and Marketing
Office (DRMO) property storage yard, initialy the unencumbered access for personnel and vehicles
criterion was not met. However, negotiations with DRMO management resulted in an acceptable
solution: an interior portion of the storage yard was fenced off, and a fenced corridor with locking gate
provided access to the site. Site utilities, including eectrical power from a nearby extraction well, water
from a nearby fire hydrant, and wastewater disposal to the Fort Lewis sanitary sewer, were al readily
available at the selected ISRM POPT site, and no significant impact to Logistics Center activities was
identified. However, to accommodate the test, a modification was made to existing pump-and-treat
operations. The East Gate secondary extraction wells (RW-1 and LX-16) were deactivated and placed on
standby on July 23, 1998. PNNL anaysisindicated that the East Gate secondary well field had fulfilled
its design function as outlined in the Phase |1 Design Report (USACE 1993). Therefore, the shutdown
would not impact cleanup design goals.
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4.0 SiteCharacterization

This section contains a description of the hydrogeology of the Fort Lewis ISRM POPT site, a
description of the wells installed at the site, and a discussion of the geologic, geochemical, and hydrologic
characterization activities conducted at the site. For further details of the geological setting, see
Appendix C.

4.1 Hydrogeology of the ISRM Site

Twenty-one recently drilled boreholes and two pre-existing wells (see Figure 4.1) were used to define
the late-Pleistocene stratigraphy of the site (Bjornstad and Vermeul 2000). The high-density borehole
network encompasses a small area (about 30 by 120 ft), elongated in a northwest-southeast direction.
Two hydrogeologic cross-sections, showing the subsurface stratigraphic rel ationships between units, are
presented in Figures 4.2 and 4.3.
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The surface of the ISRM site is essentidly flat and 290 ft above mean sealevel. Glacid till and
outwash, deposited during the last glaciation (Vashon), extend to a depth of approximately 70-80 feet
below the surface; below thisis a distinctive sequence of nonglacid fluvial silt and sand. Surface
facilities on the site rest on athick bed (several tens of feet) of outburst flood gravels (Steillacoom Gravel)
left behind during the last deglaciation (Figure C.1).

The stratigraphy and lithology of the ISRM site (Figures 4.1 to 4.3) are based on logging and
sampling of the 21 new boreholes (Figure 4.1) drilled since 1998. Well completion summaries and as-
built diagrams for these wells, which show the detailed stratigraphy and lithology of the late-Pleistocene
sediments, are presented in Appendix C. Most of the boreholes were advanced through the Vashon Drift
and into the underlying non-glacial deposits (ng); this contact lies at a depth of 69 to 81 ft below ground
surface. Vashon Drift deposits within the study area include the Steilcoom Gravel (Qvs), an upper till
(Qvtl), an upper outwash gravel (Gg-u), alower till (Qvt2), alower outwash gravel (Gg-1) and/or sand
(Gs-l), and an “older” till.

411 Steilacoom Grave

The Steilacoom gravel blankets the ISRM site and is characterized by consistently coarse, clast-
supported gravel containing well-rounded pebbles and cobblesin a sand matrix. Wet colors range from
dark gray to dark grayish brown. The upper 1 to 2 ft is stained dark brown to black due to near-surface
weathering and high concentrations of decomposed organic matter. Locally, boulders up to 1.5 feet in
diameter occur; however, most clasts do not exceed 3 inches in diameter (Woodward-Clyde 1997).

The gently doping outburst flood plain formed by the Steilacoom Grave is broken by irregularities
produced by the intersections of braided stream channels and depressions of irregular shape (see
Figure 4.2). The lowermost portion of Steilacoom Gravel may actualy be equivaent to recessional
outwash associated with the retreat of the last glaciation, as described in Woodward-Clyde (1997).
However, because the texture of the recessiona outwash is so much like that of the Steilacoom Gravel
and because no difference was detectable in the highly disturbed sonic drill cuttings, no attempt was made
to distinguish recessional outwash unit from the Steilacoom Gravel. For this reason, any recessiona
outwash present is combined with the Steilacoom Gravel unit in this report.

The Steilacoom Gravel mantles the underlying upper till unit. Under the ISRM site the Steilacoom
Gravd thinsto asllittle as 17 feet over a northwest trending buried ridge of till. The gravels rapidly
thicken radialy away from this ridge, where they are up to 30 feet thick.

4.1.2 Upper Till (Qvty)

The upper till istypicaly agray, well-graded gravel in a matrix of sand, silt, and clay. The contact
with the overlying Steilacoom Gravels was identified primarily through a color change (brown to gray)
accompanied by an apparent increase in silt/clay content and decrease in sorting (i.e., increase in grading).
Whilethe till contains abundant gravel-size clasts smilar to the Steilacoom Gravels, the matrix, as
observed in core samples, is predominantly silt. Often thetill contains lenses of sandy gravel with little
or no silt present. These probably represent deposition within meltwater channels beneath the glacier.
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The upper till is not very dense and therefore probably represents an ablation till. Apparently, due to the
higher concentration of fines and relatively low density, the matrix materia in core samples from the
upper till had a*“runny” consistency. Thisis attributed to the sonic drilling method, which vibrates the
saturated sediments intensely, leading to liquefaction of the fine-grained matrix. The top of the till forms
a northwest-trending ridge, centered over Wells RM-7 and -8, with up to 13 feet of vertical relief beneath
the ISRM site and arange in thickness from 20 to 41 fest.

4.1.3 Upper Outwash Grave (Gg-u) and Sand (Gs-u)

Below the upper till is the upper outwash gravel (Gg-u) unit, which consists of a clast-supported,
loose, grayish-brown, pebble-cobble gravel within a sandy matrix. The mean grain size ranges from
granule to medium pebble. The upper outwash gravel is differentiated from the overlying and underlying
till layers by a matrix that is predominantly sand and by its unconsolidated nature. A well-sorted,
grayish-brown, medium-grained sand (Gs-u) occurs at the base of the upper outwash gravel in the
northern portion of the ISRM site, a wells RM-6 and RM-7 (Figure 4.2). The upper outwash gravel/sand
unit was chosen as the targeted treatment interval for the ISRM POPT.

The top of the outwash gravel and sand unit dips steeply to the west-southwest in the vicinity of the
ISRM site. Itisup to 15 feet lower on the west end than the east. The base of the outwash gravel and
sand unit forms another ridge-like feature similar to that seen between the Steilacoom Gravel and upper
till units. The thickness of the unit thins to less than 10 feet dong this buried ridge and thickens away
from it.

4.1.4 Lower Till (Qvty)

The lower till unit is thinner and discontinuous across the Site area. Where the lower till pinches out
to the southeast, the upper and lower outwash units are in direct contact with each other and therefore
cannot be differentiated. In generd, the lower till is much more dense than the upper till and probably
represents alodgement till. A distinctive brown sandy st layer, only afew inchesthick, caps the lower
till in two of the boreholes (RM-2 and RM-4).

The lower till unit also appears to form a northwest-trending ridge up to 7 ft thick at well RM-2. The
unit thins away from this point and is missing in the area southeast of well RM-4. Where present, the
base of the lower till unit dips radially inward toward Well RM-8.

4.15 Lower OutwashGravd (Gg-l) and Sand (Gs-l)

Where the lower till is present, a lower sequence of outwash gravel and/or sand can be differentiated.
In core samples, the lower outwash gravel is similar to the upper outwash gravel. The Gg-l unit conssts
of clast-supported, loose, grayishtbrown, pebble-cobble gravel within a sandy matrix; the Gs-1 unit
consists of well-sorted, grayish-brown, medium-grained sand. This sand unit would often heave up insde
the casing during drilling, indicating that the lower outwash sand is very loose and unconsolidated.
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The lower outwash gravel and sand unit thickens to the east and south. The unit ranges from 1.2 to
15 ft thick where the upper defining unit (Qvt2) is present. The base of the lower outwash gravel and
sand unit, which liesin contact with the nonglacial deposits, dips steeply (up to 40°) to the southwest
beneath the ISRM site (see Figure 4.3).

416 “Older” Till (tu)

An “older” lodgement till was encountered in two adjacent borings (RM-9 and FM-4) aong the upper
contact with the non-glacial sediments (see Figures 4.2 and 4.3) at an elevation of 210 to 220 ft. In RM-9
it consists of four feet of weathered, brown, massive, extremely compact and dense matrix-supported
gravelly sand, silt, and clay. The density and color suggest it is much older and has undergone much
more weathering and compaction than the younger, overlying tills. This unit may be equivaent to the
“undifferentiated till” (tu) identified in previous publications (USACE 1993; Ebasco 1988, 1993;
Woodward-Clyde 1997), where it has been reported at elevations below 240 ft.

4.1.7 Nonglacial Deposits (ng)

Nonglacia deposits underlying outwash gravel, outwash sand, or “older” till are characterized by
dratified dluvial sand and silt; the upper contact lies at an elevation of 210 to 220 ft. The nonglacia
deposits at the ISRM site are equivaent to the Olympia Beds of Troost (2000) and the Qpv unit of Logan
et al. (2000). Thisunit iseeasly differentiated from the overlying glacia deposits primarily by its color,
texture, and grading. Specifically, nonglacial deposits are distinguished by a predominance of volcanic
sand grains, paleosols, purplish to pink hues, and presence of pest, tephra, wood, and mudflows (Troost
et a. 1998). Unlike the overlying deposits, no gravel-sized clasts (>2 mm) were encountered in the
nonglacia sediments. At the ISRM site, nonglacia deposits are typicaly more compact and display
internal sedimentary structures (e.g., grading, cross bedding, etc.) and evidence for weak soil develop-
ment, including bioturbation and horizonation. Colorsin the core often have a distinctive blue or olive
cast, indicating a chemically reduced state. Exceptions occurred near the contacts with more transmissive
units (e.g., overlying outwash), where the nonglacial deposits were often oxidized brown to yellowish
brown. Sedimentary textures consist of mixtures of poorly graded sand and silt, which often fine upward.
The mean grain size is very fine sand.

The upper surface of the nonglacial deposits dips steeply (up to 40°) to the southwest in the immedi-
ate vicinity of the ISRM site. The base of the nonglacia deposits was not encountered in any of the new
boreholes but may be up to 60 ft thick, based on a previous study (USACE 1993).

4.1.8 Discussion

Because of the distinctive nature of the nonglacial sediments, this stratigraphic unit is easy to identify,
is continuous beneath the study area, and forms a good control bed from which to perform stratigraphic
correlation. However, considerable uncertainty remains about the exact relationship between the complex
assemblage of Vashon-stage sediments (interstratified glacid tills and outwash gravels/'sands) overlying
the nonglacia strata despite the high borehole density. Criteria used to differentiate glacid tills from
outwash gravel include the amount of silt in the matrix, matrix color, and sorting. Generdly, tills have a
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higher silt content, are gray in color, and more poorly sorted than outwash gravel, which isinterpreted to
have a higher percentage of sand, appearsin shades of brown, and is moderately sorted. Perhaps the
percentage of fines and sorting are an artifact related to different vibrations or some other variable related
to sonic drilling. The dternative explanation is that the heterogeneity is inherent to the formation, which
would require high-relief erosional “scour and fill” features and/or rapid lateral facies changes to account
for the variability observed in these glacia deposits.

If the variationsin particle size, color, and sorting are real and not drilling-induced, at least two cycles
of Vashon-stage glacial advance and retreat are represented; however, there could be more. Thisis
demongtrated in the summary geologic logs (Appendix C) where glacial outwash and till are repeatedly
interstratified (e.g., RM-14). Correlation of the individua subunits within the VVashon sequence is often
difficult, and choosing contacts between subunits appears to be somewhat arbitrary. Based on our inter-
pretation, there appear to be at least three till units. Two (Qvt2 and “older” till) out of threetill units are
discontinuous across the study area, which is only ~120 ft long.

4.1.9 Hydrology of the| SRM Site

The leaky confined aquifer beneath the ISRM site lies at an elevation of approximately 235 ft, about
55 feet below ground surface (see Figures 4.2 and 4.3). Most of the vadose zone is composed of
Steilacoom Gravel. The regiona (logistics center scale) groundwater flow direction is to the northwest
(Figure4.4). A discussion of efforts to quantify the local-scale groundwater flow rate and direction is
contained in Section 4.8. The potentiometric surface at the ISRM site generally lies within the upper till
unit. Asdiscussed in the previous sections, the hydrostatigraphy is complex due to the diverse nature of
the sediments and highly variable lateral and vertical extent of lithologic units. Groundwater flow is
concentrated in the higher permeability, coarse-grained facies. Beneath the ISRM site, these facies exist
below the upper till within the underlying glacia outwash sand and gravel (Figures 4.2 and 4.3).
Hydrologic characterization of the outwash gravel unit is discussed in Section 4.6. The outwash sand
(Gs) and gravel (Gg) are separated into alower and upper unit by an intervening lower till (Qut2). The
lower till pinches out to the southeast where the upper and lower outwash units are undifferentiated.
Aquifer tests and responses observed during the tracer and dithionite injection tests suggest hydraulic
communication exists between the upper and lower outwash units (see Sections 4.6 and 7.3). The upper
outwash gravel unit was chosen as the targeted treatment interval for the ISRM POPT.

42 Wsdl Installation

This section describes the field activities associated with ingtalation and sampling of one injection
well and 15 monitoring wells (Figure 4.1). Monitoring wells installed at the site included 12 wells
completed in the upper outwash gravel and sand unit (Gg/Gs-u) that comprises the targeted treatment
zone, two wells completed in the lower outwash gravel and sand unit (Gg/Gs-1), and one well completed
across the bottom of the upper till unit (Qvtl). A well completion summary isincluded in Table 4.1.
These wells were used to support hydrogeologic characterization, design, emplacement, and performance
assessment activities associated with the ISRM POPT field demonstration. Wells were installed in three
separate drilling campaigns, one before injection testing activities began, one after the first dithionite
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Table4.1. ISRM Wedl Completion Summary Information

Radial Dist. from Screened Stratigraphic
Well ID  |Injection Well (ft)| Interval (ft bgs) | Unit Screened | Well Diameter
RM-1a 14.8 60.2 - 64.2 Gg-u 4
RM-1b 155 49.2 - 53.2 Qutl/Gg-u 4
RM-2 55 755-77.0 Gg 4
RM-3 80.2 49.6 - 68.6 Go/Gs 4
RM-4 40.2 435 - 62.5 Ggu 4
RM-5 175 61.3-70.3 Gg-u 4
RM-6 44.2 56.3 - 65.3 Ggu 4
RM-7 24.2 53.6 - 62.6 Ggu 4
RM-8 10.2 58.6 - 65.1 Ggu 4
RM-9 [ e 57.6 - 66.9 Ggu 8
RM-10 15.2 54.4 - 58.8 Ggu 4
RM-11 151 53.0-64.9 Gg-u 4
RM-12 20.3 70.2- 79.6 Gg 4
RM-13 15.0 555-674 Gg-u 4
RM-14 18.6 62.0- 715 Gg-u 2
RM-15 25.7 57.1-69.2 Gg-u 2

injection, and one after the fina dithionite injection at the Site. In addition to the 16 wellsinstalled at the
site, five additional boreholes were drilled to collect sediment core samples and ingtall four in situ
groundwater velocity sensors.

4.2.1 Dirilling

As discussed above, 15 monitoring wells and one injection well were installed. For 13 of the
monitoring well ingalations, an 8-in. borehole was advanced to total depth and completed with 4-in.
PV C casing and screen. For two of the monitoring well installations, a 6-in. borehole was advanced to
total depth and completed with 2-in. PV C casing and screen; and for the injection well installation, a
12-in. borehole was advanced to total depth and completed with 8-in. PV C casing and screen. All screen
materia consisted of 20-dot continuous wire wrap (v-wire) screen. Table 4.1 contains well construction
information for the 16 wellsingtaled at the site, including well diameter, radia distance from the injec-
tion well, stratigraphic unit screened, and screen interval depth. Detailed well construction information is
contained in the well construction summaries and as-built diagrams contained in Appendix C. Installation
and completion of these wells was conducted in accordance with Washington Administrative Code
Standards (“Minimum Standards for Construction and Maintenance of Wells,” Chapter 173-160).
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Sonic drilling was selected for hydrogeologic characterization and well ingtdlation at the ISRM field
test Site due to the following severa requirements of the demonstrated technology:

- The sdected method must be capable of drilling a straight borehole. Wells and/or coreholes were
drilled close to previoudy drilled wells.

- The sdlected method must not introduce large volumes of air into the formation (e.g., air rotary) that
could significantly ater the redox condition of collected samples. Because the ISRM technology
involves redox processes, measurement of the aquifer’ s baseline and manipulated redox condition is
an important objective.

- The selected method must be capable of arelatively fast penetration rate to minimize costs associated
with PNNL field monitoring, analysis, and oversight.

In accordance with the Site-Specific Health and Safety Plan, organic vapors were monitored with a
photoionization detector as a precautionary measure. No results obtained from subsurface drill cuttings,
water samples, or sampling equipment were above background levels. Drill cuttings were contained in
55-gdlon drums, as directed by the Fort Lewis Environmental Point of Contact. All derived waste was
disposed of in accordance with the Investigation Derived Waste Management Plan. Drilling was
conducted in three separate campaigns, discussed below.

Campaign #1

During the initid drilling campaign (August 1998), designed to provide site-specific characterization
information and the initial well network needed to monitor the ISRM injection tests, one injection well
(RM-9) and nine monitoring wells (RM-1a/b through RM-8) were ingtaled at the site. Both sediment and
aqueous samples were collected as the boreholes were advanced. Sediment samples were collected in a
plit-spoon sampler (Section 4.2.2). Aqueous samples were collected within atemporary screen using a
portable small-diameter, variable-speed submersible pump (Grundfos RediFlo 2). Aqueous samples were
analyzed in an onsite mobile laboratory as they were collected to determine the vertical distribution of
contamination and provide the information required to correctly locate the screen interval (Section 4.5).

Campaign #2

During the second drilling campaign (May 1999), four additional monitoring wells (RM-10 through
RM-13) and two in situ groundwater velocity sensors (HydroTechnics, Inc.) were ingtaled. Sediment
samples were collected as the boreholes were advanced. The monitoring wells and flow meters were
ingtdled following the first dithionite injection to meet additiona geohydrologic characterization and
injection monitoring needs identified during the tracer test and first dithionite injection test.
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Campaign #3

The primary objective of the fina drilling campaign (June 2000) was to collect sediment core samples
for measuring reductive capacity. This information was needed to assess the field-scale efficiency of the
dithionite injections and to estimate the longevity of the emplaced treatment zone. Samples were collect-
ed using anoxic preservation methods and shipped to the laboratory for analysis. Additional information
on sample collection and reductive capacity measurements is contained in Section 8.3. To leverage the
investment in these post-injection coreholes, two were completed as additional monitoring wells (2-in.
screen and casing was used to minimize cost), and two were used to install in Situ groundwater velocity
sensors. Additional information on groundwater flow velocity and direction is contained in Section 4.8.

4.2.2 Sediment Sampling

All 21 new boreholes were drilled and sampled using the resonant sonic drill method. Core samples
were obtained by applying a resonating harmonic vibration to a core barrel or split-spoon sampler ahead
of the sonically advanced casing. Between core runs, the casing was advanced and cleaned out with a
vibrating core barrel. A multitude of sediment samples were collected during drilling of the boreholes
prior to well installation. These included over 180 grab samples collected from core-barrel cuttings and
retained in clear plastic bags as each hole was advanced. The cuttings were subsampled and placed into
labeled Zip-Loc bags approximately every 5 ft or change in lithology. Grab samples were collected from
al new boreholes except of RM-1b. RM-1b was only a few feet away from RM-1a and considered to be
geologicaly the same as RM-1a.

Intervals of particular interest (e.g., key contacts, injection zone lithology, etc.) were cored with a
5-ft.-long, 4in.-diameter split-spoon sampler lined with plagtic lexan precut into 6-in. lengths. A total of
601 6-in. core segments were geologically logged, capped, and archived. Of these, 21 were submitted for
physical property andysis. Analyses performed included particle size, bulk density, and total porosity
analysis (see Section 4.3). Another 209 core segments were collected anoxically in a glove box and
submitted for geochemical analysis. The results of these analyses are reported in Section 4.4. A complete
list of samples, including their location, lithology, and relative stratigraphic position, can be found in
Appendix I.

4.2.3 Weéll Development

All ste monitoring wells were developed before groundwater sampling began. Well development
was conducted in two phases. The first phase consisted of bailing and/or surging, as required, during well
completion (i.e., after placing the filter pack but before placing the annular seal) to settle the sandpack and
remove fine-grained material generated during drilling. Immediately following well completion, an
gppropriately sized submersible pump was installed, and the wells were pumped and surged until any
remaining fine-grained material was removed from the installation and the well had achieved an
acceptable yield and turbidity level.
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4.3 Geologic Characterization

Geologic characterization at the ISRM ste included geologic logging of al wells and laboratory
measurement of partide-size distribution, bulk density, and porosity of core samples from four wells
(RM-1, -2, -3, and -4). Mogt of the analyzed samples were from the upper and lower glacial outwash
units, although three samples were from till and two from non-glacia sedments. Changes in the bulk
density, porosity, and particle size (%<2mm) with depth are shown, graphicdly, in Figures 4.5 through
4.8. Limited borehole geophysical logging was also performed as part of geologic characterization.

4.3.1 Geologic Logging

A geologist was on gte at al times during drilling to supervise and document drilling and sampling
activities as well as compile a geologic log for each of the boreholes. Sediments were described in the
field using the standard criteria[e.g., Unified Soil Classification System (ASTM 1986) and Last and
Liikala (1987)]. Sediment characteristics logged included lithology, particle-size distribution, grading
(sorting), mineralogy, wet color, degree of consolidation, cementation, roundness, odor, and structure. A
single-page summary log, showing results of the laboratory anaytica data aong with the field geologic
log, is presented in Figures 4.5 through 4.8. A summary geologic log is presented for each of the 21 new
boreholes in Appendix C.

4.3.2 Particle-Size Analyses

Particle-size analysis via the dry-sieve method was performed on 21 sediment core samples submitted
for andysis. Two of the samples that contained >25% coarse silt (45 micron diameter), were separated
further using the hydrometer method. Partide-size statitics, including the %<2 mm, median, mean,
standard deviation, and skew are arranged by stratigraphic unit in Table 4.2. The results of particle-size
analysisindicate most samples are awell-graded (i.e., poorly sorted) mixture of mud, sand, and gravel
Sze particles, with the exception of the non-glacia unit, which is less well-graded and consists primarily
of sand and/or silt.

433 Bulk Density

Dry bulk density was also measured on portions of the 21 sediment core samples submitted for
analysis. Bulk density ranged from 1.65 to 2.32 g/cnt (Table 4.2). Among the different stratigraphic
units, the Qut1 unit shows the most internal variation in bulk density, ranging from 1.68 to 2.29 g/cnt.
The upper outwash gravel unit (Gg-u) has the highest density (average 2.24 g/cn’), while the ng layer is
the least dense (average 1.73 g/cnt’). Even though tills are often more compacted, a higher bulk density
for the outwash grave is attributed to its higher concentration of pebble and cobble clasts.

4.3.4 Porosty

Tota porosity was calculated using particle density and dry bulk density measured for each of the
core samples. Because porosity is afunction of bulk density, there is a direct inverse relationship
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Table 4.2. Bulk Density and Totd Porosity Statistics for the Stratigraphic Units

Stratigraphic Unit

Qvtl Gg-u Qvt2 Go-l Gs-l ng
Bulk Density |# Samples 3 9 1 2 3 2
(g/cm) Range 1.68-2.29| 2.12-2.32 177 1.95-2.27| 1.83-1.94] 1.65-1.80
Average 2.05 2.24 1.77 211 2.02 1.73
Std Dev. 0.33 0.07 NA 0.23 0.06 0.11
Tota Porosity (# Samples 3 9 1 2 3 2
(%) Range 15-39 15-23 36 17-28 27-32 35-40
Average 24.7 18.4 36 225 29.7 375
Std Dev. 12.7 2.6 NA 7.7 25 35

between these two parameters (see Figures 4.5 through 4.8). Total porosity ranges from 15 to 40%. The
ng layer displays the highest porosity (average 37.5%), while the upper outwash gravel unit (Gg-u)
displays the lowest porosity (average 18.4%). The porosity of the upper till unit (Qvtl) is especialy
variable compared with other stratigraphic units.

435 Geophysical Logging

To assess whether downhole geophysical 1ogs could be used to assist in stratigraphic interpretations
and correlations at the ISRM site, geophysica logging was performed in two of the new wells (RM-1 and
RM-2) and one of the older wells (LC-35D) (Figure 4.9). Three types of geophysical tools, natural
gamma, resistivity, and temperature, were used in one or more of the boreholes.

The natural gamma logs were obtained from RM-1 before well completion within the 8in. steel cas-
ing and after well completion within the 4-in. PVC casing. A natura gammalog was aso obtained from
two other PV C-cased and completed wells (RM-2 and LC-35D). Electrical resistivity logs were obtained
from three PV C-cased and completed wells (RM-1, RM-2 and LC-35D), while a temperature log was
obtained from LC-35D only.

The results do not show any consistent trends in the natura gamma or resigtivity signasin the glacial
drift (O to 80 ft depth). A decrease in the amount of gamma rays detected between 25 to 30 ft is probably
related to attenuation associated with the water table. Distinct boundaries observed in the resistivity log
appear to conform to changes in the type of annular material used to complete the well rather than
gratigraphic or lithologic boundaries.

The temperature log did provide useful information. The water temperature in LC-35D decreases
steadily from ~54.5°F at the water table (26 ft depth) to alow of ~52.7°F around the 90-ft depth
(Figure 4.9). Below 90 ft the water temperature slowly increases. The temperature profile in Figure 4.9
indicates the colder water below ~58 ft has a different recharge source, perhaps from colder meltwater
streams coming off the Cascades, than the warmer water above. The water temperature in the injection
zone (58 to 72 ft depth) at well LC-35d appears to be a near-constant 52.8°F (11.5°C).
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Figure 4.9. Borehole Geophysica Logs from Well LC-35d
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44 Geochemical Characterization

Laboratory experiments were conducted with Fort Lewis sediment collected from POPT boreholes to
determine the spatid variability of the reducible iron mass and reduction/oxidation rates (detailed in
Szecsody et al. 2000). Results from 27 column experiments showed that the sediments from the POPT
Site averaged 62.8+39.7 nmol/g (0.351+0.222%) of reducible iron. Sediment samples from well RM-9
(POPT diteinjection well) averaged 49.1+3.25 nmol/g (0.274%) of reducible iron (three experiments).
Column experiments were also conducted with sediment samples from six U.S. Geological Survey
(USGS) wells located near (but not at) the POPT site. Sediments from the USGS wells averaged
45.6+33.3 mmal/g (0.255+0.186%) of reducible iron, so the POPT site appeared to average 30% greater
reducible iron than the larger-scale average of aguifer sediments.

The rate of iron reduction was used to design the dithionite injection strategy at the POPT site. This
iron reduction rate was determined from laboratory dithionite reduction experiments in batch and column
systems. The column reduction experiments averaged 6.82+2.46 hours for the reduction half-life (27
experiments) as opposed to 3.1 hours for six batch experiments (25°C). Reduction in columnsis likely
dower due to physical access limitations to sites, which does not occur in batch systems.

The applicability of batch and column studies to the field scale depends on accounting for large-scale
chemical and physical variability. While column experiments do incorporate some aspects of the field
scale such as the advective flow of mobile solutes through the reactive immobile surfaces, these small
systems are not representative of al aspects of the field scale. Groundwater systems contain 1) natura
physical and chemical heterogeneities, 2) unique flow fields, 3) different temperature, and 4) a wide range
of porous media sizes that are not represented in column experiments. Because of the small (1-cm-
diameter x 10-cm-length; up to 10-cm-diameter x 50-cm-length) size of columns, natural sediment from
coresis sieved and repacked so does not incorporate natural heterogeneity patterns (but rather point
samples). The chemical spatia variability of the sediment was addressed in this study by Statistical
variability in experiments with sediments from different boreholes and of different depths. Larger-scale
glacia or fluvia features that result in zones of differing hydraulic conductivity and iron content are not
incorporated in small-scale laboratory experiments but are integrated into the field-scale POPT test.
Therefore, the comparison of the mass of iron reduction with the resulting TCE dechlorination rate
(Section 8) provides some measure of the influence of heterogeneity.

45 Vertical Contaminant Distribution

Asdiscussed in Section 4.2, during well ingtallation activities at the ISRM field test Site, depth
discrete aqueous samples were collected as the boreholes were advanced. Aqueous samples were
analyzed as they were collected in an onsite mobile laboratory facility using a Viking Spectralrak field-
portable gas chromatograph/mass spectrometer (GC/MS). Samples were submitted for analysis immedi-
ately after collection so that no preservation was required. Samples were analyzed by a heated headspace
method using commercialy certified external and internal standards for quantitation.
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Because of limitations inherent in the headspace method used in these analyses, a high level of
confidence is not placed in the accuracy of the reported values. However, the method does have accept-
able precision and provides a good relative measure of the variability in TCE concentration with depth.

A summary of the vertical TCE concentration data obtained during this investigation is contained in
Table 4.3. In generd, the dataindicate that TCE is relatively constant within the targeted treatment zone
(i.e., the upper outwash gravel and sand unit [Gg/Gs-u]). The data also indicate that the lower outwash
gravel and sand unit has an approximately 60% higher TCE concentration than the targeted treatment
zone. Also, the one sample collected from a sand lens within the upper till (Qvt1) indicates concentra-
tions above the targeted zone are approximately 30% lower than in the targeted treatment zone.

Table4.3. Veticad TCE Distribution in the Groundwater Beneath the ISRM Test Site

Depth Interval TCE Concentration
Well ID (ft) (Ho/L) Stratigraphic Unit
RM-1a 50-55 80 Gg-u
RM-1a 55-60 81 Gg-u
RM-1a 60-65 81 Lg-u
RM-1a 65-70 75 Qut2
RM-1a 70-75 103 Go-1
RM-1a 75-80 135 Gg-1
RM-2 4045 56 Quvtl
RM-2 55-60 80 Gg-u
RM-2 60-65 93 Gg-u
RM-2 65-70 82 Gg-u
RM-2 75-80 130 Gg-1
RM-3 50-55 78 Gg
RM-3 55-60 64 Gg
RM-3 60-65 75 Gg
RM-3 6772 93 Gs

The observed vertical concentration profile is consistent with the conceptua model of the site and the
physical characteristics of the TCE. The lower concentrations observed in the upper till would be
expected at a location distant from the primary source area when natura recharge to the groundwater
system is significant. The increasing TCE concentration with depth is also consistent with the physical
properties of the contaminant (i.e., TCE is a dense nonagueous phase liquid [DNAPL]).

4.6 Basdine Groundwater Chemistry

Before the ISRM injection tests began at the POPT site, three rounds of groundwater samples were
collected from the 10 initidly installed wells. Samples were collected on September 30, 1998,
October 12, 1998, and November 9, 1998. Field parameters measured at that time included electrical
conductivity (EC), temperature, pH, and dissolved oxygen (DO). Laboratory measurements were also
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performed for volatile organics, acetylene, common anions, and trace metals. All three sets of samples
were anayzed by headspace GC/MS for volatile organics while only the September 9, 1998, and

October 10, 1998 samples were analyzed by the GC purge and trap method. Because there was some
disagreement between the two methods, apparently associated with the headspace sample introduction
technique, only the purge and trap results are reported here. All samples collected were analyzed for trace
metals by induction coupled plasma-optical emission spectrometry (ICP-OES) Method 6010. lon
chromatography measurements were performed on all three sets of samples for fluoride, chloride, nitrate,
phosphate, and sulfate. Only the first sweep taken on September 30, 1998 was anayzed for acetylene
because, as expected, al measurements were reported as nondetects at a reasonably high level of
sengitivity (0.06 ppb). A detailed discussion of analyticad methodsis contained in Section 5.1.3.

A summary of the field parameter measurementsis given in Table 4.4. Groundwater samples taken
from dl nine wells show ardatively uniform composition with respect to EC, DO, and pH. EC
measurements were relatively low with arange of at most afactor of 2. DO measurements spanned a
somewhat larger range but tended to cluster around approximately 50% of saturation, while the pH
distribution was relatively narrow with an average vaue just dightly below neutrality. Table 4.5
summarizes the results of the GC analysis for TCE, DCE, and acetylene prior to the first dithionite
injection.

TCE measurements in the two sweeps averaged 136.6 ppb for the 10 wells prior to injection. The
DCE measurements average 13.9 ppb, approximately 10 times lower. DCE concentrations exhibited
greater variability, which is probably related to analytical limitations associated with the lower levels. All
samples required a 10-fold dilution to bring the TCE concentration within the linear range for the
photoionization detector. The dilution tended to adversaly impact the andytical precison for the initidly
more dilute DCE. All acetylene measurements were recorded as non-detects. Those samples also
showed no detectable quantities of ethene, ethane, or chloroacetylene.

Table4.4. Summary of Pre-Injection Groundwater Geochemical Parameters

Average EC| Range EC |Average DO| Range DO
Wwell (mS&/cm) (m&cm) (mg/L) (mg/L) |Average pH| Range pH
RM-1A 131 115to 159 4.32 4.13t0 4.50 6.68 6.53106.76
||RM-1B 163 128 to 189 292 1.57 t0 4.00 6.94 6.81to 7.06
||RM-2 133 106 to 169 4.67 4.29105.00 6.82 6.69 t0 6.89
||RM-3 126 99to 161 6.77 6.01t0 8.00 6.61 6.33106.76
||RM-4 126 107 to 154 523 4.98 t0 5.60 6.71 6.6310 6.76
||RM—5 132 109 to 160 4.25 3.79t04.50 6.87 6.78t0 6.93
||RM-6 143 129to 135 251 1.39t0 4.00 7.16 711t07.14
||RM-7 128 113t0 125 5.74 5.32t05.50 6.82 6.86 to 6.87
||RM-8 128 114 to 148 6.25 5.66t0 7.20 6.76 6.60 to 6.86
RM-9 121 102 to 146 6.02 5.63106.90 6.77 6.61 t0 6.82
All Wells 134 9910 189 4.8 1.34t0 8.00 6.8 6.53t07.14
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Table 4.5. Summary of Pre-Injection TCE, DCE, and Acetylene Concentrations
in Groundwater at POPT Site

Average Average
TCE Range TCE DCE Range DCE| Acetylene

Well (ppb) (bppb) (ppb) (bpb) (ppb)
RM-1A 128 121t0 134 9.8 8910102 <0.06
[RM-1B 124 104 to 142 12.3 9.2t015.3| <0.06
[RM-2 143 13310 153 174 1561t019.1f <0.06
[RM-3 120 117t0 123 115 89t014.0] <0.06
[RM-4 133 12410 142 11.9 10410133 <0.06
||RM-5 154 148 to 159 15.0 14410155 <0.06
[RM-6 129 103 to 155 19.2 15310231 <0.06
[RM-7 155 144 t0 165 16.1 1291t019.2 <0.06
[RM-8 153 141 to 164 14.2 11410170 <0.06
RM-9 124 12210124 9.4 9.8t010.2| <0.06
All Wels 136.6 13.9 <0.06

Table 4.6 summarizes the ion chromatography (IC) measurements made on al three rounds of
samples collected from the 10 wells. Common anions were present at relatively low levelsin
groundwater at the POPT site before the first injection. Chloride and sulfate levels were relatively low
(2.53 mg/L and 6.56 mg/L, respectively), while fluoride and phosphate were below detection. Nitrate
was, however, detectable at nearly uniform levels throughout all 10 wells, averaging 2.16 mg/L. While
thisiswell below the primary federal regulatory limit of 45 mg/L for nitrate, it may represent a distant
contamination source worthy of further investigation. Nitrate contamination of groundwater does not
appear to have been addressed by previous environmenta investigations at Fort Lewis. They have
concentrated on organics (primarily TCE) and, to a lesser extent, trace metals as known or potential
contaminants. Nitrate contamination can result from many potential sources, including fertilizers, septic
drainage fields discharge, chemicals, and degradation of certain munitions such as TNT. Nitrate levels
have remained constant or decreased throughout the project, ensuring that the source is unrelated to the
dithionite injections. The differences observed in anion concentrations for well RM-1b relative to other
wells sampled are most likely associated with this wells screened internal, which was completed almost
entirely in the upper till unit (Qvtl).

Table 4.7 contains summary information for trace element analysis by ICP-OES on dl three rounds of
samples collected from the 10 wells. The samples were filtered in the field and thus represent a dissolved
component only. The trace metals data are generally unremarkable, with only a handful of mgor and
minor cations such as sodium, potassium, calcium, magnesium, strontium, and barium present at
detectible levels. Very minor amounts of manganese and iron were also detectable in some samples.
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Table4.6. Summary of Pre-Injection Common Anion Concentrations in Groundwater at POPT Site

Fluoride Fluoride Chloride Chloride Nitrate Nitrate Sulfate Sulfate Phosphate | Phosphate
Average Range Average Range Average Range Average Range Average Range
Well (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
RM-1A <0.2 <0.2 241 2.35-247 201 1.73-2.56 6.51 6.22-6.87 <0.2 <0.2
RM-1B 0.22 <0.2-0.24 30 2.99-3.05 190 1.86-2.10 190 17.8-205 0.45 0.43t00.58
RM-2 <0.2 <02 246 2.38-257 220 193-255 7.29 6.7-8.1 <02 <02
RM-3 <0.2 <0.2 242 2.36-2.53 218 214221 592 57-6.1 <0.2 <0.2
RM-4 <0.2 <0.2 241 2.36-2.44 198 1.88-2.05 597 59-6.0 <0.2 <0.2
RM-5 <0.2 <0.2 26 250-2.67 220 176-2.3 6.64 6.4-6.9 <0.2 <0.2
RM-6 <0.2 <0.2-0.29 255 247-2.62 181 0.82-2.23 847 6.9-11.2 <0.2 <0.2
RM-7 <0.2 <0.2 247 244-252 228 141-2.56 6.39 6.3-6.5 <0.2 <0.2
RM-8 <0.2 <0.2 246 245-250 255 252-258 6.29 6.1-64 <0.2 <0.2
RM-9 <0.2 <0.2 253 2.36-2.60 250 247-252 6.19 6.1-6.3 <0.2 <0.2
All Wells <0.2 253 216 6.56 <0.2 <0.2




Table 4.7.Summary of Pre-Injection ICP-OES Trace Metals Concentrationsin

Groundwater at POPT Site
Average Range

Constituent (mgl/L) (mglL)
Aluminum <0.1 <0.1
Arsenic <0.06 <0.06
Barium 0.0047 0.004 to 0.009
[Beryllium <0.002 <0.002
||Boron <0.005 <0.005
||Cadmi um <0.02 <0.02
||Cdcium 139 13to 15
[Chromium <0.04 <0.04
||Cobdt <0.004 <0.004
Copper <0.006 <0.006
Iron 0.013 <0.005t0 0.044
Lead <0.06 <0.06
||Lithi um <0.02 <0.02
[Magnesium 6.11 6.7t06.9
[Manganese 0.015 U to 0.18
[Molybdenum <0.06 <0.06
||Nicke| 0.075 U to 0.27
Potassium 1.76 1.6t022
Sdlenium <0.06 <0.06
Silicon <01 <0.1to 12
Silver <0.02 <0.02
Sodium 5.70 55t012
Strontium 0.073 0.068 to 0.081
Vanadium <0.02 <0.02
Zinc <0.006 <0.006

4.7 Hydrologic Characterization

Following ingtdlation and development of the ISRM well network, a constant-rate discharge test was
conducted in the injection well (RM-9) to determine the local-scale hydraulic properties of the aquifer and
the specific capacity of the injection well prior to emplacement of the ISRM treatment zone. These test
data were representative of baseline (pre-injection) aquifer conditions and were incorporated into the
design anaysis of the proof -of -principle technology demonstration. Hydrologic test data were analyzed
using peer-reviewed analytical methods that were applicable to the given test conditions. Because one of
the primary objectives of the hydraulic testing program was to assess any adverse effects (e.g., aquifer
plugging) associated with the ISRM technology, emphasis was placed on the analysis of test results from
monitoring wells within the targeted treatment zone (RM-1a, RM-5, RM-7, and RM-8).
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A 720-minute constant-rate discharge test was conducted on September 20, 1998. The discharge rate
was regulated and maintained at a relatively constant rate (+0.5%), averaging 80.3 gpm for the duration of
thetest. The flow rate was monitored with turbine flow meters and pressure transducers were installed in
the stress well (RM-9) and selected monitoring wells to monitor pressure response during the test (see
Section 5 for details).

Based on the hydrogeol ogic information collected during ingtdlation of site monitoring wells
(Section 4.3), aleaky confined agquifer model was selected as the best representation of observed aquifer
conditions. Thickness of the upper outwash gravel within the targeted treatment zone ranged from 9 to
16 ft with an average of 12 ft. Interpretation of the tracer injection test and the first dithionite injection
test indicated that, in the vicinity of the injection well (RM-9), the lower-till aquitard unit (Qvt2) was
noncontinuous and the upper and lower outwash gravel units were hydraulically connected. This
connectivity is evidenced by the relatively quick pressure response and tracer/dithionite arrival responses
observed at RM-2.

Early and intermediate time-pressure response data (i.e., t <= 100 min) were used in the analysis.
Selection of this data segment for analysis was based on a consistently observed late-time deflection from
the theoretical leaky confined well response for both drawdown and pressure recovery data from the
congtant-rate discharge test and subsequent testing activities (i.e., tracer test and dithionite injections).
This late time deflection was most likely caused by alocal reduced flow boundary, which is not unexpect-
ed given the variability in formation thickness and relatively high level of heterogeneity observed at the
ste. Another possible model that would account for this S-shaped well response (a steep early-time
segment, a flat intermediate-time segment, and a steeper |ate-time segment) is the delayed yield response
associated with unconfined aquifers (Neuman 1972). However, because the geology observed at the site
indicates alocdly leaky-confined system, alesky confined model was used and analysis targeted the
early and intermediate time data segments.

Plots of the observed pressure response and type curve matches for selected monitoring wells are
shown in Appendix D. Hydraulic test data were analyzed with aleaky confined aguifer model (Hantush
1960) using type curves generated with the Waterloo Hydrogeologic, Inc. software package AquiferTest.
Data analysis resulted in estimates for transmissivity and storativity from 7,000 to 9,600 ft*/day and
0.0009 and 0.002, respectively. Based on an average transmissivity of 8700 ft*/day and an average thick-
ness of 12 ft, the average hydraulic conductivity of the upper outwash gravel unit benesth the ISRM test
Steis approximately 700 ft/day.

4.8 Groundwater Flow Rate and Direction

Two approaches were used to quantify the local-scale groundwater flow rate and direction at the Fort
Lewis ISRM proof -of-principle test site. The primary approach involved standard hydrologic analysis
techniques based on measurements of hydraulic gradient, hydraulic conductivity, and porosity (i.e.,
application of Darcy’s Law). Because measuring the local hydraulic gradient was complicated by
seasond variability in recharge and limitations in the number and location of available, appropriately
screened monitoring wells, an innovative approach was applied at the site that provides a direct
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measurement of groundwater velocity. In situ groundwater flow sensors (HydroTechnics, Inc.) were
installed, two sensors during the second drilling campaign and two more during the third drilling
campaign.

The failure of the first two sensor installations, which alowed the natural formation sediments to
collapse around the sensors, resulted in the formation of a hypothesis that the outwash gravels beneath
Fort Lewis were too poorly sorted, contained too many large cobbles, and in some cases contained too
large asilt fraction for the in Situ flow sensors to be effective. During a subsequent drilling campaign,
HydroTechnics, Inc. provided two additional sensors to demonstrate their applicability in heterogeneous
sediments like those encountered at the POPT site. During the second installation, a sandpack was placed
around the flow sensors to provide a more integrated measurement of flow velocity over the scale of the
sensor array. Interpretation of these data indicated that the second installation also failed to provide
representative measurements of in situ groundwater flow velocity and direction.

Due to the failure of the in situ flow sensors, estimates of groundwater velocity and direction at the
Site were based solely on local-scale hydraulic gradient measurements. The relatively high permeability
aquifer materials composing the targeted treatment zone made measuring the hydraulic gradient difficult
using the network of wellsinstalled at the ISRM POPT site. Most monitoring wells were installed close
together to meet injection and performance assessment monitoring objectives, and the high-permesbility
aquifer materials result in ardatively flat gradient, making differences in water level between the wells
small and difficult to measure precisely. To provide an estimate of the local-scale (i.e., DRMO complex)
hydraulic gradient, local area monitoring wells were identified that were completed over the appropriate
depth interval and could be used to construct a potentiometric surface map.

Asindicated in Figure 4.10, the medium and low water level conditions, which represent the typical
groundwater flow regime observed over the duration of the POPT, are characterized by a general norther-
ly flow with a northeasterly deflection in the flow in the vicinity of the ISRM test site (near RM-3 and
RM-6). Although there are insufficient data to fully characterize the cause and extent of this deflection,
available data indicate there may be a significant change in flow direction near the test site under the
typical flow regime. This deflection in groundwater flow direction may be associated with thinning of the
outwash gravel aquifer in the vicinity of the ISRM test site. As discussed in Section 3, one of the site
selection criteria, which were developed to meet the POPT objectives, was to target arelatively thin
outwash gravel unit to minimize drilling and chemical costs associated with demonstration of the ISRM
technology. However, if the targeted geologic feature is not aerially extensive, local groundwater flow
may be affected by the localized thinning of the unit and associated reduction in transmissivity, causing
the observed deflection in groundwater flow. There are not enough data to characterize the aeria extent
of this targeted feature.

Based on water level contour maps generated from various data sets collected over the duration of the
POPT, four wells were selected, two |SRM monitoring wells (RM-3 and RM-6) and two of the closest
pre-existing monitoring wells (LC-143 and LC-152), for calculating groundwater velocity and direction
using a least-squares-fit dgorithm (WATER-VELTM, In-Situ, Inc. Software Series). These data are
presented in Table 4.8 and Figure 4.11.
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Figure 4.10. Potentiometric Surface Contour Maps Representing a) Low Water Level Conditions
on October 19, 1999, b) Medium Water Level Conditions on January 1, 2000, and
¢) High Water Level Conditions on February 2, 1999

Table 4.8. Groundwater Velocity and Direction Summary

DateMeasured V (ft/d) Azimuth (deg)
2/8/99 14 243
4/1/99 0.7 259
10/19/99 6.9 26
11/30/99 59 28

1/6/00 35 25
2/8/00 34 19
3/8/00 2.4 18
3/20/00 2.7 19
4/25/00 3.6 24
5/23/00 4.5 25
6/12/00 5.0 30
6/20/00 51 28

As indicated, there have been two separate flow regimes observed at the POPT site: the typical
regime characterized by arelatively consistent northeasterly direction and alow flow regime observed
during the winter of 1998-1999. Groundwater velocities under the typical regime have ranged from 2.4
to 6.9 ft/day with atime weighted average velocity of approximately 4 ft/day. Under thisregime, thereis
astrong correlation between water level elevation and groundwater velocity, with the highest velocity
associated with low water level conditions and velocity decreasing as the water level rises. During
extremely high water level conditions, the loca gradient flattens (Figure 4.10c) and groundwater velocity
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Well Legend

® Ft. Lewis In Situ Redox Manipulation

RM-6 Proof of Principle Held Test O Injection/Withdrawal Well
Groundwater Flow Direction 0 Monitoring Wells Within Targeted
Treatmentzone
&) [0) Monitoring Wells Outside Targeted
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Figure 4.11. Groundwater Ve ocity and Direction Observed at the ISRM Proof -of -Principle
Test Site During Field Testing

is sgnificantly reduced. Fluctuations in site water levels result from seasona variations in precipitation
and the associated groundwater recharge (Figure 4.12).

This flattening of the local groundwater gradient is most likely associated with differences in recharge
characteristics between the industrially zoned DRMO complex where the test Site is Situated and the
naturally forested area just outside the DRMO complex. Although sufficient data to quantitatively
substantiate this theory are not available, the comparison of hydrographs for wells within the DRMO
complex with wells in the forested area (Figure 4.13) indicate significant differencesin recharge
characteristics. For the period inspected, more than twice the water level change was observed in
monitoring wells located within the DRMO complex during a seasona high recharge period (winter
1997-1998 data segment) than in monitoring wells outside the complex in natural vegetation.

These data indicate that surface conditions and possibly storm water drainage systems may be
increasing local recharge to the groundwater system near the DRMO complex. This differencein
recharge condition is not unexpected given the relatively high precipitation levels at Fort Lewis and the
lack of vegetation within the complex to enhance evapotranspiration. The localized increase in water
level elevations created by this spatid and tempora variability in recharge distribution acts to decrease
the gradient near the ISRM test site and subsequently lower the groundwater velocity.
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Asindicated in Figure 4.11, the up- and downgradient monitoring wells included in the POPT well
network are not aligned with the typica groundwater flow direction, which would be the desired
configuration. Because limited test Site scale information on the groundwater flow direction was
available prior to instalation of the ISRM well network, orientation of the well network was based on the
historic logistics center scale water table map (Figure 4.4).

Due to the lack of local-scae, spatialy distributed water level data for the upper outwash gravel unit,
ahigh leve of confidence cannot be placed in the accuracy of the resulting groundwater velocity and
direction estimates. In addition, performance assessment groundwater monitoring data contained in
Section 8.1 indicates a more northerly or north-northwesterly flow direction may predominate. Although
the small scale of the ISRM treatment zone and lack of water-level data limit our &bility to predict
groundwater flow direction accurately, the available data are sufficient to provide a semi-quantitative
estimate of groundwater velocity and a measure of the seasond variability in groundwater flow. Water
table contour maps for three measurement dates representing high, medium and low water level
conditions are shown in Figure 4.10.
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5.0 Site Setup for Proof-of-Principle Test

This section includes a description of the site utilities, monitoring equipment, anaytical equipment,
injection equipment, and the integration of these components into the operationa systems required to
conduct the ISRM POPT.

51 Component Description

The following is a description of the various components required to conduct afield-scale
demongtration of the ISRM technology.

5.1.1 SiteUtilities

Site utility requirements for a field-scale demonstration of the ISRM technology include accessto
electrical power, water supply, and wastewater disposal.

Water Supply

To conduct the tracer and dithionite injection tests, a substantial source of water is needed to make up
the injection solutions. If awater supply is not available on site, groundwater can be withdrawn from
wells prior to the test and stored in onsite storage tanks until the injection tests are conducted. At the Fort
Lewis POPT site, a nearby fire hydrant supplied the water needed for dilution of the concentrated tracer
and dithionite solutions; each test used over 40,000 gallons of water at rates as high as 90 gpm. Static
pressure at the hydrant was 60 psi, and the temperature of the water ranged from 12 to 16°C. Prior to the
injection tests, water samples from the hydrant were submitted for VOC, mgjor ions, and trace metals
analysis; no constituents were present at levels that prevented use of the water from the hydrant.

Electrical Service

Electrica power is required to operate site facilities, including a mobile laboratory and associated
analytical equipment, office/storage trailer, and injection/monitoring equipment. Site power can be
supplied by appropriately sized generators; however, line power is preferable because, once ingtalled, it is
virtually maintenance free and more reliable than generators. At the Fort Lewis POPT site, an existing
power service for the turbine extraction pump in RW-1 was modified to meet the requirements of the
ISRM field demongtration.

Boiler
Because dithionite reaction rates are significantly reduced under the relatively cold groundwater
temperature conditions at Fort Lewis, aboiler was used to preheat the aquifer prior to dithionite injection

and to warm the injection solution during the various injection phases. The water supply source (hydrant)
was warmed from an ambient temperature that ranged from 12 to 16°C to an injection temperature of as
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high as 32°C using an oil-fired steam boiler. Design caculations indicated a 25 hp steam boiler would be
capable of supplying the heat required to meet injection temperature specifications. The boiler unit was
rated at 862 b steam/hour and fired on #2 fudl oil. The boiler was rated at 150-psi design pressure and
was equipped with flame safeguard control, pressure operating controls, and low-water cutoff controls.
Supply water was heated using a Bell and Gossett shell and tube heat exchanger. At high fire, which was
required to raise the injection stream at 50 gpm from ambient to gpproximately 30°C, the boiler consumed
gpproximately 7.5 gallons of fuel per hour.

Wastewater Disposal

Due to the selected emplacement method of the ISRM treatment zone at the Fort Lewis POPT field
ste (injection/withdrawal or push/pull), relatively large volumes of wastewater were generated (see
Section 7, Table 7.1). Severa options were considered for treatment/disposal of the generated waste-
water. Fort Lewis environmental and sanitary sewer operations personnel were notified and given
information regarding the volume and expected constituent concentrations in the wastewater. Based on
that information, it was determined that the ISRM withdrawal water could be discharged directly to the
Fort Lewis sanitary sewer. Fort Lewis utilities personnel were contacted, and suitable access to the
sanitary sewer was identified approximately 700 ft from POPT site. Temporary piping was installed to
provide continuous access for wastewater disposal during ISRM fidd-testing activities.

5.1.2 Monitoring Equipment
Sampling Pumps

Dedicated Grundfos RediFlo2 sampling pumps with integral well seelswereingalled in dl site
monitoring wells. The sample tubing from each of these sampling pumps was routed inside an onsite
mobile laboratory and connected directly to a sampling manifold. Sample pumps were operated using a
manufacturer-supplied variable-speed control box (converts standard 110-V sngle-phase power into
three-phase power to meet the requirements of Rediflo2 sampling pumps) and a project-devel oped
multichannd interface (pump switch box) that allowed multiple sample pumps to be operated using a
single control box.

Sampling Manifold

A project-developed sampling manifold allowed al sampling streams to be routed into a central
manifold for monitoring field parameters (in a flow-through monitoring assembly) and collecting
groundwater samples. The advantage of this type of system isthat all field parameter measurements are
made using asingle set of electrodes, which improves data quality and comparability of spatialy
distributed measurements. Consistent labeling between the sampling manifold and pump switch box
smplified selection of the well to be sampled and reduced the chance of operator error during the
frequent sampling associated with the injection tests.

52



Field Parameter M easurements

Field parameters were monitored using pH, temperature, electrical conductivity, and dissolved
oxygen electrodes ingaled in a flow-through monitoring assembly. The flow-through assembly was
designed to minimize the amount of “dead space” within the monitoring chamber and resulted in flow-
through residence times of less than three seconds under standard monitoring conditions. Purge volumes
pumped prior to sample collection were determined by monitoring stabilization of field parameters. The
field parameter monitoring electrodes used during this field test met the specifications shown in
Table 5.1.

Table5.1. Field Parameter Monitoring Electrode Specifications

Parameter Manufacturer/M odel # Range Accuracy/Reproducibility
pH Oakton/WD-35615 pH 2-16 +0.05 pH
Eh Metron/10-565-3116
Temperature Oakton/WD-35607 0.0-100°C +0.5°C
Electrical
conductivity Oakton/WD-35607 0.0-199mS | £50puS
Dissolved oxygen Orion/810 0-20 ppm £ 0.1 ppm
Bromide (tracer test) | Cole-Parmer/P-27502-05 | 0.4-79,900 ppm | £ 2% full scale

Fidld Parameter Verification

Field parameters were aso monitored on a separate verification station consisting of a system using
micro-flow-through electrodes and a syringe pump.

Water-L evel/Pressure Response M easur ements

Pressure transducers (10 and 20 psi, 0.1% of full scale accuracy) were installed in selected wells to
monitor pressure response during hydraulic and dithionite/tracer injection tests and continuously recorded
using a Campball Scientific CR10 datalogger. Transducer readings were validated periodically with
water level measurements during all phases of testing to check for transducer drift.

Water levels were measured using a high-accuracy, Nationa Institute of Standards and Technology
traceable, non-stretch, metal-taped, water level meter marked in 0.01 ft gradations. When collecting
water level measurements for gradient determination, measurements were collected over as short atime
period as possible. Initia measurements were rechecked throughout the measurement period to quantify
any water level changes due to externa stress (e.g., pump-and-treat operation, barometric pressure
change).
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5.1.3 Analytical M easurements

A comprehensive series of analytica measurements were made throughout the project in support of
the field objectives. These included measurements made in the field in an onsite trail er-based mobile
l[aboratory during the injection/withdrawal tests or during sample cdlection for groundwater monitoring.
More extensive measurements were performed later under more rigorous laboratory conditionsin a
number of different PNNL in-house laboratories. A complete description of al the methodologies used as
well as the associated QA/QC controls can be found in Appendix B, “Analytical Methods.”

During the injection/withdrawal activities, dithionite measurements were performed in the mobile
laboratory using an ultraviolet absorption system with an on-line automatic dilution capability. Fied
measurement of dithionite was needed because of the inherent instability of that reagent, rendering return
to aremote laboratory impractical. Dithionite cdibration standards were freshly prepared in the field
from pure reagent materials.

Samples were collected from each well for analysis of VOCs, acetylene, trace metals, and common
anions during groundwater monitoring. Samples were returned to PNNL, usually within 24 hours, and
either analyzed immediately or archived for subsequent analysis depending upon analytical requirements.

Samples collected for volatile organic analysis (VOA) (e.g., TCE and DCE) were collected in
headspace-free, brown glass VOA vidls, preserved in the field with hydrochloric acid to retard bacterial
degradation, and stored at reduced temperature (4°C nominal) prior to analysis. An attempt was made to
analyze the laboratory samples as promptly as possible. In most cases, anaytical determinations were
made in well under the EPA specified 14-day holding time. Two determinant methods were used. For
much of theinitia work, a GC/M S method using headspace sample introduction was used. The GC/MS
method provided a powerful identification capability that permitted a senditive search for all volatile
species, providing assurance that TCE and DCE were the only significant species of concern found at the
site both before and after dithionite treatment. Calibration problems associated with the headspace
method resulted in a switch to a more conventiona gas chromatography method (PNL-V OA3) that
follows essentially the same protocols as EPA SW-846 Method 502.2. Commercidly prepared
calibration standards were used for quantitation. Cross-cdibration checks between the commercial
standards and severa in-house standards prepared by weighing neat reagents provided very good
assurance of accurate results.

Separate acid preserved samples were collected for acetylene assay in headspace-free, brown glass
40-mL VOA vids. The acetylene samples were analyzed by a GC system employing a specia
HP-PLOT-type column with exceptional separation capabilities for ethane, ethene, and acetylene. The
GC employed aflame ionization detector for detection and quantitation. Sample introduction was by the
headspace method with commercially prepared gas mixtures used for cdibration.

Trace metal samples were collected in 20-mL acid washed plastic vials. Concentrated Ultrex nitric

acid was included in each vid as a preservative. Samples were analyzed initially by induction coupled
plasma-optical emission spectroscopy (ICP-OES). Because |CP-OES detection sensitivity proved
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inadequate to reach required maximum concentration levels (MCL) limits for severd key elements (As
and Sb), some samples were also submitted for analysis by induction coupled plasma-mass spectrometry
(ICP-MS). The ICP-OES protocol used isinternaly documented as PNL-ALO-211.2. It generdly
followed EPA SW-846 Method 6010 protocols, while the ICP-M S protocols are based on EPA 6020.

lon chromatography was performed on unpreserved samples collected in 20-mL plastic vids. Two
different laboratories were used for thiswork. Both used variants on EPA Method 300.0 modified to
include sulfite and thiosulfate. The PNNL methods are internally documented as PNL-IC-1 and
PNL-ALO-212, respectively.

All field and laboratory data were entered into a Microsoft Access database. The database included
individual tables for Anaytical Data, Field Sampling Information, and Constituents (CAS numbers). The
Andytica Data table contained over 7600 records representing individua analytical determinations. The
Field Sampling Information table contained 463 records, corresponding to that number of individual
sampling events, with each event usualy generating multiple archived samples for additional anaytical
work.

5.1.4 Injection and Withdrawal Equipment
Injection Manifold

Theinjection manifold (Figure 5.1) consists of an injection pump and appropriately routed piping,
valving, and flow rate monitoring equipment. The manifold is used to control (both rate and concentra-

tion), monitor, and sample the injection solutions. The manifold was constructed of 316 stainless steel
and used stainless stedl ball valves for both diversion/shutoff and flow control valves.

I njection Pump
A 0.75 hp Grundfos stainless steel multi-stage centrifuga pump (Model # CRN2-30) was used for

injecting the concentrated solution. The injection tubing that extended from the well-head to the center of
the injection interval was constructed of 1.5-in.-diameter stainless steel.

Fluid Metering Pump

A fluid metering pump made by FMI Inc. (QD-2) was used to meter a smal amount of dithionite
(~150 mL/min) into the injection stream during the preheat phase of Injections 2 through 4. The metered
dithionite was required to remove dissolved oxygen from the supply water.

Turbine Flon-M eters

Omega turbine flow meters were installed to measure the flow rate of the various streams and the
total injection flow rate. A 2-in.-diameter flow meter (Mode # FTB109) was used to monitor the dilution
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Figure5.1. Schematic Drawing of the Tracer and Dithionite Injection System
Used at the Fort Lewis ISRM POPT Field Demonstration
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water and total injection rate; a 1-in. diameter flow meter (Mode # FTB106) was used to monitor the
injection rate of the concentrated tracer/dithionite solutions. These flow meters were continually logged
with a Campbell Scientific CR10 datalogger.

Submer sible Extraction Pump

A 3.0 hp, 6-in. diameter Grundfos stainless steel submersible pump (Mode # 80S30-3) was used as
the extraction pump during the withdrawal phase of the test. The extraction pump was installed on a
2-in.-diameter stainless sted riser.

5.2 Description of Equipment I ntegration/Oper ation

The following is a description of how the various equipment components were integrated into the
systems required to conduct an ISRM POPT.

5.2.1 Tracer and Dithionite Injection

The tracer and dithionite injection tests were conducted using the equipment described above and
illustrated in Figure 5.1. The desired injection concentration was achieved by mixing the concentrated
tracer (tracer test) or dithionite (dithionite injection test) solutions with dilution water from the fire
hydrant. Injection pressure for the concentrated solutions and dilution water was provided by the stainless
sted injection pump and the 60-psi static pressure of the hydrant, respectively. The two injection streams
were mixed within the injection manifold before the solution arrived at the point of injection (i.e., the
center of the injection well’s screen interval). Supply water from the hydrant was routed through the heat
exchanger and raised to the desired temperature before entering the injection manifold.

All injection flow rates (concentrated solution, dilution water, total) were monitored with turbine flow
meters and controlled by manually adjusting flow control valves. Sample ports were located on the
manifold so that samples of the concentrated and injection solutions could be collected throughout the
injection test.

Following the injection and residence phases of the test, remaining dithionite and reaction products
were extracted through the central injection/withdrawa well using a submersible extraction pump.
Wastewater generated during the withdrawal phase was routed back through the injection manifold to a
wastewater disposal line that discharged to the Fort Lewis sanitary sewer. Withdrawal water was routed
back through the injection manifold so that the same flow monitoring and control equipment used to
monitor/control the injection could be used to monitor/control the withdrawal.

5.2.2 Groundwater Sample Collection
Groundwater sample collection during the ISRM POPT was conducted using the equipment described

in Section 5.1.2 and illustrated in Figure 5.2. The groundwater sampling equipment consisted of dedicat-
ed variable-speed submersible sampling pumps ingtaled in al site monitoring wells with sample tubing
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Figure 5.2. Schematic Drawing of the Groundwater Sample Acquisition System
Used at the Fort Lewis ISRM POPT Field Demonstration

and control wiring routed to a central location inside the onsite mobile laboratory where groundwater

field parameters were monitored (in a flow-through monitoring assembly) and groundwater samples were
collected. The advantage of this type of system isthat all field parameter measurements were made using
asingle set of electrodes, which improves data quality and comparability of spatialy distributed
measurements.

The procedure for monitoring field parameters and collecting groundwater samples using this
equipment is described below:

1. Sdect well to be sampled on pump switch box and sampling manifold.
2. Move gtarter switch on variable speed control box to the start position. Pump frequency was preset to

provide a purge rate of approximately 3 gpm.
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Following displacement of any air bubbles trapped in the sample tubing (generally within the first
20 to 30 seconds), divert gpproximately 1 gpm of sample stream to flow-through monitoring
assembly.

Monitor field parameters until they have stabilized. In generd, field parameters stabilized after two
to three minutes of purging. Wells were purged for approximately three minutes (9 ga) and five
minutes (15 gal) during the tracer/dithionite injection tests and pre- and post-experiment monitoring,
respectively.

Record field parameter measurements and collect required groundwater samples.

Collect samplein 10 mL syringe for field parameter verification on the micro-electrode station.

Select next well to be sampled and repeat process.
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6.0 BromideTrace Tes

6.1 Tracer Test Objective

A conservative tracer test was conducted at the ISRM proof -of -principle site in October 1998 using a
potassium bromide solution. This test was similar to the planned dithionite injection/withdrawal tests for
emplacement of the reduced zone. The objectives of the tracer test, which were developed to aid in
designing the dithionite injection/withdrawal tests, included estimating the radia extent of injected
solution, assessing spatial variability (heterogeneities), calculating recovery of the tracer, testing field
equipment, refining field operations, and determining sampling protocols. A description of the test and
its resultsis provided below.

6.2 Tracer Test Description

The tracer test was conducted using an injection/withdrawal (or push-pull) technique that consisted of
three phases (see Figure 6.1): injection, residence, and withdrawal. In the injection phase, the solution is
injected into a centra injection/withdrawal well (RM-9, as shown in Figure 4.1). The residence phase
provides time for the solution to react with the aquifer sediments (in the case of sodium dithionite) and
potentidly drift in the aquifer. In the withdrawal phase, the solution is extracted from the aquifer by
pumping from the same well used for injection. Aqueous samples were collected from the injection and
withdrawa stream and from the surrounding monitoring wells. Bromide ion-selective electrodes were
used for bromide measurements in the field trailer at the time of sample collection to monitor the
performance of the test. Archive samples were aso collected and measured for bromide using ion
chromatography (1C) in the laboratory following the test. More than 300 aqueous samples were collected
during the tracer test and analyzed by both ion-selective electrodes and I C.

During the tracer tet, a potassium bromide (KBr) solution (80 mg/L Br[1) wasinjected into the aquifer
through the injection/withdrawa well (RM-9) a 100 gpm for 7.4 hours, for atotal volume of 44,500
gdlons. A concentrated KBr solution was prepared in a 7,000-gdlon mixing tank and diluted in-line
during the injection to the required concentration using the local water supply (fire hydrant). The
injection phase was followed by a 16-hour residence phase to determine the impact of groundwater drift
on the injected plume during this period. The residence phase was followed by the withdrawal phasein
which 140,400 gallons of groundwater were pumped from the injectiory/ withdrawa well at a rate of
90 gpm for 26 hours. Thiswithdrawa volume represented 3.2 injection volumes.

6.3 Resultsand Discussion

A mass balance calculation of the injected bromide mass and the withdrawal mass resulted in a 72%
recovery after extracting 3.2 injection volumes (Figure 6.2). The withdrawa mass was calculated by
integrating the bromide concentration (by 1C) of samples collected from the withdrawal stream.
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Figure6.1. Fort Lewis|SRM Proof -of -Principle Site Bromide Tracer Test Showing the Duration
of the Test Phases (injection/residence/withdrawal) and Bromide Concentrations from
the Injection/Withdrawal Streams (Well RM-9)

Bromide breskthrough curves (BTCs) were constructed for dl of the monitoring wells during the test
and are included in Appendix F. A summary of the concentrations midway through (~3.7 hr) and at the
end of theinjection phase (~7.4 hr) is provided in Table 6.1. At the time of the tracer test, only wells
numbered up to RM-9 were installed (RM-10 to RM-15 were installed later). The BTCs and summary
table show a significant variability in arrival times measured at the site that were not correlated with
radia distance. One example of this variability can be seen in well RM-4, which is located at a 40-ft
radia distance southeast of the injection well. Well RM-4 measured 68% of the injection concentration
by the midpoint of the injection phase and had higher concentrations than three wells that were
significantly closer to the injection well (RM-1A, RM-5, and RM-7). Bromide was not detected during
the entire test in well RM-6, which is a a smilar distance but on the opposite Side of the injection well
from RM-4. A radialy symmetric analytic model (Hoopes and Harleman 1967) used to fit the BTC for
RM-4 (using a 0.20 porosity and average thickness of the upper portion of the aquifer), showed that 4.6
times more flux than was used for the tracer test would be required to fit these measurements.
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Figure 6.2. Mass Balance of Injected and Withdrawn Bromide to Calculate the Percent Bromide
Mass Recovery Achieved During the Withdrawa (1C measurements for bromide from
the injection and withdrawal streams [RM-9] are shown)

Table6.1. Bromide Tracer Test Injection Concentration Summary

Radial Mid-Injection End Injection
Distance Br Conc. Mid-Injection| Br Conc. End Injection
Well Name (ft) (mg/L) Br % (mg/L) Br %
RM-1A 14.8 4.1 51 52 65
RM-1B 15.5 11 14 31 39
RM-2 55 67 84 76 95
RM-3 80.2 0.7 0.9 33 4.1
RM-4 40.2 54 68 63 79
RM-5 17.5 52 65 66 82
RM-6 44.2 0 0.0 0 0.0
RM-7 24.2 2.1 2.6 13 16
RM-8 10.2 79 9 81 101
RM-9 0.0 80 100 79 99
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Additiondly, well RM-3, which is 80 ft southeast of the injection well (in the same direction as RM-4),
had detectable bromide by the second half of the injection phase. Although a three-dimensiond hetero-
geneous model is needed to assess these BTCs in the context of the entire system (because the total flux
injected will be apportioned based on the vertica and horizontal spatia variability in permeabilities), the
use of asmple analytic model on individua BTCs can be useful for interpreting test results and helping
guide future data collection.

While wells RM-3 and RM-4 on the southeastern side of the injection well would indicate overdll
preferentia flow in this direction, wells RM-1a and RM-1b, which are closer to the injection well on this
sde (15 ft), had lower concentrations than RM-4. However, well RM-1ais partialy screened across the
lower portion of the Gg-u unit, while well RM-1b is screened at the very top of the unit, primarily in the
upper till (Qvtl) unit. Well RM-10, which wasinstalled at alater date for use in subsequent injection/
withdrawal tests (see discussion in Section 7), was screened over the depth interval between the RM-
1a/1b screen intervals to determine whether higher fluxes were occurring in the central/upper portion of
the aguifer, which would help explain the BTCs measured at RM-4 and RM-3.

The BTCs for wells on the northwest side of the injection/withdrawa well (RM-8, RM-5, RM-7, and
RM-6) seemed to exhibit a response more consistent with that expected for aradia injection. These
BTCsdl behaved monotonicaly, showing decreasing concentrations with increasing radial distance.
However, analysis of these BTCs using the radially symmetric anaytic model mentioned above showed a
trend of decreasing flux required with increasing distance. Fluxes 3.5 times greater than used in the test
(i.e., 350 gpm in the model versus 100 gpm in the test) were needed to fit the BTC for RM-8. For well
RM-5, aflux 1.4 times greater than the actual flux used was needed to fit the BTC; and for RM-7, aflux
of one-half that used for the test was needed. While the overall fluid mass balance was not conducted, the
lower fluxes inferred near well RM-7 should help balance the higher fluxes estimated for other areas.

Wedl RM-2 was screened below the thin Qvi2 till layer to provide information on leskage through this
unit associated with stresses applied in the injection/withdrawa well, which is screened above the Qvt2
layer. Bromide concentrations were monitored in well RM-2 during the tracer test. While significant
bromide concentrations were measured in well RM-2 during the injection phase, indicating leskage
through this zone, bromide concentrations in this lower portion of the aquifer recovered as rapidly as
those within the upper portion of the aquifer during the withdrawal phase (see Appendix F).

Testing of groundwater sampling protocols before the tracer test and during the injection phase
showed that a three-minute purge a 2 gpm (six galons total) was sufficient prior to sample collection.
This was based on the stability of measured parameters (temperature, pH, EC, and DO) when switching
between wells. The resulting purge volumes used were applicable only during forced gradient conditions
at the site.

6.4



7.0 Treatment Zone Emplacement

7.1 Emplacement Strategy

The ISRM treatment zone was created by injecting and withdrawing a sodium dithionite solution with
a potassium carbonate/ bicarbonate pH buffer to reduce the naturally occurring Fe(l11) in the aquifer
sediments to Fe(l1). Reagent injection and withdrawal were performed through a central well at the site
(well RM-9, Figure 4.1) using a push-pull technique, as described previoudy. Bench-scale testing with
aquifer sediments from the site (as detailed in Section 4.4 and Szecsody et al. 2000) determined that these
sediments contain alarge amount of reducible Fe(111) (mean of 0.35 wt%). These laboratory studies also
demonstrated that the TCE degradation rates are a function of the percentage of reduction of Fe(ll1) to
Fe(ll) in the sediments from the site. A significant percentage of reduction (>30 to 40%) is required to
achieve the TCE degradation rates needed for adequate ISRM treatment zone performance at the Fort
Lewis site with its low aquifer temperature (11°C) and high groundwater velocity (up to 7 ft/day).
Multiple dithionite injection/withdrawal operations were required to meet these specifications. To gain an
understanding of the relationship between iron reduction by dithionite and TCE degradation at the field-
scale, four dithionite injection/withdrawa tests were conducted with atime interval (severa months)
between each injection/withdrawal test for monitoring TCE and acetylene. These data were used for
evaluating the interim ISRM performance at successively increasing percentages of iron reduction at
the site.

The objective of the dithionite injection/withdrawal tests was to create a reducing zone in the targeted
portion of the aguifer (unit Gg-u, as shown in Figure 4.2) to significantly lower dissolved TCE con-
centrations in groundwater migrating through the treatment zone. While the bench-scale studies had
demongtrated the feasibility of the ISRM concept at a small scale, the field test incorporated dl additional
complexities of full-scae remediation (hydraulic conductivity/physica heterogeneity, iron oxide spatia
heterogeneity, groundwater velocity, and direction variability). The injection/withdrawa well (RM-9)
and most of the monitoring wells at the site are screened in the Gg-u unit. A thin, semi-continuous layer
of glacid till (Qvt2) constitutes the base of the targeted treatment zone. Monitoring wells were installed
below this lower permesbility till layer to determine the amount of leakage that occurred during the
injection/withdrawal tests.

The dithionite injection/withdrawal tests conducted at the Site are summarized in Table 7.1. Anaysis
of the emplacement monitoring data and performance of Injection 1 resulted in changes in the emplace-
ment design for the subsequent injections to increase emplacement efficiency. Changesin the
emplacement design were related to minimizing density sinking effects caused by the reagent density,
high aquifer permeability, and enhanced |eakage from the targeted portion of the aquifer through the Qut2
aquitard to the Gg-l unit in the lower portion of the aquifer. Another design change for tests following
Injection 1 was heating the aquifer from an ambient temperature of 11 to 25 to 30°C to increase the
dithionite/Fe(111) reduction reaction rate. Increasing the reduction reaction rate was of particular import-
ance because dendity effects were limiting the dithionite/ sediment contact time in the upper Gg-u portion
of the aquifer. Additiona monitoring wells (RM-10, RM-11, RM-12, and RM-13) were installed at the
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Table7.1. Summary of Fort Lewis ISRM POPT Fidd Injection Tests

I njection I njection
Volume/Rate/ Concentration®®/ | Residence Withdrawal Recovery
Test/Date Duration Temperature Duration Volume/Rate/ Duration %
Bromide tracer
10/13/98 to 44,500 gal/ 80 mg/L Br- 72%
10/15/98 100gpm/7.4 hr 15°C 16.1hr 140,400 gal/90 gpm/26 hr (321Vv)
50,600 gal RM-9: 246,850 gdl/
Dithionite 1 (6,500 gal 90 gpm/45.5 hr
11/10/98 to reagent)/ 0.07 M dithionite RM-2: 11,500 gal/3gpm ~50 %
11/14/98 100 gpm/8.4 hr 13°C 38.8hr to4.8gpm 511v)
Injection 2
preheat 129,000 gal/ No Dithionite
8/5/99t0 8/6/99 | 100gpm/21.5hr | 20t022°C NA NA NA
Injection 2a
preheat 44,400 gal/
8/9/99 to 50.5 gpm/ No Dithionite
8/10/99 14.7 hr 22°C NA NA NA
123,500 gal
Dithionite 2a (5,569 ga
8/10/99 to reagent)/50 gpm | 0.027 M dithionite RM-9: 124,500 gal/ 2%
8/14/99 140.9 hr 22t028°C 32hr 90 gpm/23 hr (xo1v)
148,300 gl RM-9: 344,319 gd/
Dithionite 2b (5922 gd 89.7 gpm/64 hr
8/16/99 to reagent)/50 gpm | 0.025 M dithionite RM-2: 79,145 gd/ 71%
8/22/99 149.4 hr 241030°C 30.8hr 20.6 gpm/64 hr (291V)
Injection 3
preheat 51,000 5x10*M
12/1/99 to gal/50 gpm/ dithionite
12/2/99 17 hr 28°C NA NA NA
142,000 gl RM-9: 374,000 gal/90
Dithionite 3 (522504 gpm/71 hr
12/2/99 to reagent)/ 0.02 M dithionite RM-2: 93,500 gd/ 61%
12/9/99 50gpmv47.2hr | 29°C 47.85hr | 20gpm/71 hr (331V)
Injection 4 35,000 gal/ 5x 10° M
preheat 50.4 gpm/ dithionite
3/21/00 115hr 265°C NA NA NA
137,000 g
(6,069 gal RM-9: 333,000 gal/88
Dithionite 4 reagent)/ 0.0275 M gpm/63 hr
3/21/00 to 40.6 gpm/ dithionite RM-2: 82,000 gd/ 58%
3/29/00 559hr 31°C 76.5hr 22 gpm/63 hr (301V)

(a) Notes: Injection concentration of potassium carbonate was four times the sodium dithionite

concentration. Potassium bicarbonate concentration was 0.4 times the dithionite concentration.
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site between Injection 1 and Injection 2 to better understand the spatia variability seen in the break-
through curves during the tracer test (see Section 6) and dithionite Injection 1. The specific details of the
emplacement process and results are provided in Section 7.2.

7.2 Emplacement Description

The basic emplacement operation consisted of three phases; injection, residence, and withdrawal, as
described in Section 6. The emplacement process is described below with specific details provided in the
subsections related to each injection/withdrawal test. Table 7.1 summarizes the operations of each test.
The main differences in the operation of the injection/withdrawal tests were between Injection 1 and the
remaining injections (2a, 2b, 3, and 4).

Approximately 6,000 gallons of concentrated sodium dithionite solution with a potassium carbonate/
bicarbonate pH buffer was delivered to the site in a tanker truck for each injection/withdrawal test. Prior
to shipment to the ISRM site, the solution was chilled (during the dissolving process), and the headspace
of the tank was blanketed with nitrogen gas to prevent oxidation with atmospheric oxygen. The molar
concentration of potassium carbonate was four times that of the sodium dithionite to maintain a high pH
for enhanced stability of dithionite. Thisresultsin apH of 11 in the injection solution. The mass of
chemicals used for each injection/withdrawa test was as follows:

Sodium dithionite (90% purity, low trace metals) 5,300 Ib (2400 kg)

Potassium carbonate 15,000 Ib (6800 kg)
Potassium bicarbonate 1,000 Ib (450 kg)

The concentrated reagent was pumped directly from the tanker truck and diluted inline using alocal
water supply from afire hydrant near the site. The volume of concentrated reagent in the tanker truck
was calculated onsite from tank level measurements and was used to determine the injection rate of the
concentrated reagent. The dithionite concentration was aso measured from the tanker truck solution to
verify the mass and purity delivered. A complete description of the process and anaytica equipment
used at the Site is provided in Section 5. Dithionite was measured at the field site in the field trailer using
two automated high-performance liquid chromatography (HPLC) systems connected to syringe pumps for
sample dilution with anoxic water. Because of its instability, dithionite must be measured at the site
shortly after sample collection. A positive pressure of argon gas was maintained within the tanker of
concentrated dithionite solution throughout the injection.

Injection into well RM-9 began after the concentrated solution and dilution water flow rates had been
determined and set. During all phases of these tests, aqueous samples were collected from the sampling
manifold insde the field trailer. In-line probes were connected to the sampling manifold for direct
measurement of temperature, EC, pH, DO, and Eh. Aqueous samples for dithionite measurement were
collected directly into 10-mL syringes via a luer-lock fitting on the manifold to prevent oxidizing the
samples with atmospheric oxygen. These samples were measured immediately after collection for
dithionite concentration. A second station in the field trailer was used to verify the field parameter
measurements (DO, EC, pH) made with the in-line probes at the sampling manifold. This system used a
syringe pump to inject a sample collected into a 10-mL syringe at the sampling manifold into a series of
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microelectrodes. Archive samples were aso collected at the sampling manifold for laboratory analysis of
sulfur, mgjor anions, and trace metals. The samples collected for trace metals were filtered using a
disposable 0.45 um filter and preserved with ultra-pure nitric acid. Chemical data collected during the

test were recorded on datasheets, entered into e ectronic spreadsheets, and plotted to monitor the progress
of thetestsin thefield trailer.

Following the injection phase, the residence phase provided additiona time for the dithionite to react
with the aquifer sediments. Aqueous samples were collected during the residence phase and measured for
dithionite and field parameters. The duration of the residence phase was determined by the dithionite
concentrations measured at the site. Because the reagent plume drifts with the groundwater flow and is
denser than the groundwater, an extended-duration residence phase can reduce the recovery of unreacted
reagent and reaction products during the withdrawal phase (Williams et a. 1994).

During the withdrawal phase, unreacted reagent and reaction products were extracted by pumping
from the central injection/withdrawa well (RM-9). The withdrawal water was disposed of in a sanitary
sewer located on the western side of the main DRMO building. Permission was obtained from Fort
Lewis for disposal of the withdrawal water based on the water quality and volume of the withdrawal
stream. Samples collected from the injection and withdrawal streams were analyzed for total sulfur,
which accounts for the dithionite reaction products (sulfate, sulfite, and thiosulfate), and used to calculate
amass balance (i.e., percent of injected reagent recovered). Monitoring during the withdrawal phase of
Injection/Withdrawal 1 showed that the concentrations measured in well RM-2 (located below the
targeted portion of the aquifer) were not decreasing as rapidly as measured during the tracer test, which
was due to sinking of the dense reagent. To improve the recovery percentage, withdrawal from well
RM-2 was added to the total withdrawal stream using the sampling pump. During subsequent injection
tests (i.e., Tests 2 through 4), a higher capacity submersible pump was installed to further improve
recovery and reduce residua chemicals in this lower portion of the aquifer. The total volume of water
withdrawn during the withdrawal phases ranged from 3 to 5 injection volumes (IV). The percentage of
recovery was calculated for each dithionite injection/withdrawal test (see Table 7.1).

7.2.1 Dithionite Injection/Withdrawal 1

The reagent concentration for Injection/Withdrawal 1 was 0.07 M sodium dithionite solution, with
0.28 M potassium carbonate, and 0.028 potassium bicarbonate, resulting in a solution density of
1.051 g/cn?®. A total volume of 50,600 gallons of reagent was injected into well RM-9 at arate of
100 gpm for 8.4 hours. Aqueous samples were collected at roughly five-minute intervals with samples
collected from the injection stream and al the monitoring wells every hour. BTCs for dithionite and EC
are provided for the injection/withdrawal well and the monitoring wellsin Appendix F. Figure 7.1 shows
the dithionite and EC measurements for well RM-9 and selected monitoring wells during the test.
Comparisons of BTCs from previous |ISRM field demonstrations (Fruchter et a. 1996) have shown that
the EC measurements behave much like a conservative tracer (e.g., bromide). EC and dithionite
measurements relative to the injection concentration can be used to determine the amount of dithionite
that has reacted aong the flow path from the injection/withdrawa well to the specific monitoring well.
This can be seen in the separation between the dithionite and EC breakthrough curves in Figure 7.1b for
well RM-8. The dithionite concentration for RM-8 was 85% of the injection concentration by the end of
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Figure 7.1. Dithionite Injection/Withdrawal Test 1. Dithionite and EC BTC for selected wells. RM-9
(injection/withdrawal stream), well RM-8 (at aradial distance of 10 ft), and well RM-2 (at
aradia distance of 5 ft but completed in the lower portion of the aquifer). BTCsfor al

wells arein Appendix F. Details on the test are provided in Table 7.1.
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the injection, even though the EC at RM-8 indicated full injection EC concentration. This differenceis
due to consumption of dithionite by both the disproportionation and iron reduction reactions aong the
flow path from the injection well to RM-8 (at a 10-ft radial distance).

The overdl extent of the injected dithionite plume was smilar to the extent of the bromide plumein
the tracer test (see Section 6), with notable differences during the residence phase due to the higher
density of the dithionite solution. The extent of the dithionite plume on the southeast side of the injection/
withdrawal well was greater than measured on the northwest side. Well RM-4, to the southeast of well
RM-9 a aradia distance of 40 ft, had a concentration and arrival time response similar to well RM-5,
which is only 17 ft to the northwest of the injection/withdrawal well. Well RM-4 aso saw a higher
concentration than well RM-7, which is 25 ft northeast of the injection/withdrawa well. Trace amounts
of dithionite and increasesin EC were measured in wells farthest from the injection/withdrawal well
(RM-3, 80 ft to the southeast and RM-6, 44 ft to the northwest). An analysis of the dithionite
concentrations and iron reduction estimates for each well during the injection testsis provided in
Section 7.3.

The duration of the residence phase for Injection 1 was 38.8 hours. The most pronounced effect from
density sinking can be seen during the residence phase in Figures 7.1aand b. This caused the rapid
decrease in EC measurements for wells screened in the targeted portion of the aquifer (Gg-u). EC
measurements during the residence phase decreased by 94% for well RM-9 (7.1a) and 90% for well RM-
8 (Figure 71.b). The decrease in EC during the residence phase was much less for RM-2, which was
screened below the thin Qut2 aquitard layer (shown in Figure 7.1¢). Effects of the increased density of
the dithionite solution on the BTCs can be seen in Figure 7.2, which compares the EC BTCs from the
dithionite test and bromide BTCs from the tracer test.

Minima density effects are expected from the bromide solution during the tracer test. In the tracer
test, only a 14% decrease in tracer concentration was measured for well RM-9 (Figure 7.28) and a 19%
decrease for well RM-8 (Figure 7.2b) during the residence phase. While the residence for the tracer test
was much shorter than it was in Injection 1, most of the decrease occurred in the first 12 hours, as shown
in Figures 7.2aand 7.2b. For well RM-2, the decrease in tracer concentration during the residence phase
of the tracer test was greater than the EC decrease for thiswell during Injection 1 (Figure 7.2c). As
shown in the example of well RM-8 in Figure 7.2b, the EC arrivals for wells screened in the targeted
portion of the aquifer were dower than the bromide arrival time during the injection phase. Both were
conducted at the same injection rate (100 gpm). Well RM-2, which is screened in the lower portion of the
aquifer, had afaster EC arrival during the dithionite injection test than the bromide did during the tracer
test. The relative peak concentration was aso greater for EC than for bromide for well RM-2. Losses of
reagent due to sinking to the lower portion of the aquifer dowed down the advection of reagent in the
upper portion of the aquifer. Density effects were enhanced at the Fort Lewis site over other ISRM field
test sites due to the high permeability of the aquifer and the leaky Qvt2 aquitard at the base of the targeted
aquifer. Comparison of EC BTCs with bromide tracer BTCs at sites with lower permesbility aquifers and
more continuous aquitards bounding the bottom showed much less pronounced density effects during all
phases of testing.
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Figure 7.2.Comparison of Breakthrough Curves Between the Bromide Tracer Test (Br) and EC from
Injection 1 for Selected Wells. Details of the tests are provided in Table 7.1.
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During the withdrawa phase, 258,000 galons were pumped from wells RM-9 and RM-2; this was
5.1 times the injection volume. The mgority of the withdrawa water was pumped from well RM-9 at
90 gpm for 45.5 hr (246,850 gdlons from RM-9 versus 11,500 gallons from RM-2). Extraction from well
RM-2 was conducted during the withdrawa phase using the submersible sampling pump after it was
observed that the concentrations were not decreasing as rapidly as expected based on the tracer results
(see Figure 7.2c). The volume extracted from RM-2 is estimated because the discharge was not measured
with aflow meter. The percent recovery for the withdrawal phase of this test, based on the total sulfur
mass balance of the injection and withdrawal stream, was approximately 50%. The recovery calculated
from well RM-9 was 43% with an estimate of 7% for RM-2. Density effects were evident in well RM-2
from observations of concentration response to pumping. Pumping from well RM-2 was started and
stopped throughout the withdrawal phase. Concentrations measured in this well decreased during the
short intervals of pumping but rebounded once pumping had ceased.

For Injection 1, density sinking limited the contact time of dithionite with the sedimentsin the
targeted portion of the aquifer (Gg-u). Additiondly, the low aguifer temperature yielded slow reaction
rates for the dithionite/Fe(111) reduction reaction. These combined effects resulted in alow efficiency of
iron reduction. Reduced iron estimates based on average dithionite concentrations and temperature for all
the tests are provided in Section 7.3. Changes in the design and operation for the remaining injection/
withdrawal tests to increase their efficiency are described in the following section.

7.2.2 Dithionite Injection/Withdrawal 2a, 2b, 3, and 4

Factors negatively impacting the efficiency of Injection/Withdrawal 1 were aquifer temperature,
density effects, and heterogeneities. The design and operation of subsequent dithionite injection/
withdrawal tests were changed after the analysis of the results from Injection 1. The changes that were
implemented more than doubled the percent iron reduction during the remaining injection/withdrawal
tests using the same mass of dithionite based on iron reduction estimates from dithionite BTCs (see
Section 7.3). Changes made for Injection/Withdrawal tests 2a, 2b, 3, and 4 are described below.

Ambient aquifer temperatures at the site are gpproximately 11°C. The temperature of the local water
source used for diluting the concentrated reagent was only about 13°C. These low temperatures resulted
in slow kinetics of the dithionite/iron reduction reaction (see Szecsody et a. 2000). A steam boiler was
used at the site to heat the local water to 20° to 30°C during injection. The therma storage of the aquifer
sediments necessitated the addition of a pre-heat phase prior to the injection of dithionite. Approximately
three pore volumes of water are needed to raise the temperature of a unit volume of saturated sedimentsto
the input water temperature based on estimates of porosity and specific heat of the sediments at the site
(assuming sufficient time for therma equilibrium).

To minimize the impact of density effects, the injection concentration was lowered from the 0.07 M
dithionite used in Injection 1 to an average of 0.025 M for subsequent injections. The potassum
carbonate buffer concentration was aso lowered to maintain the 4x concentration ratio. This lowered the
reagent solution dengity to ~1.017 g/cn®, which reduced the fluid density contrast between the reagent
and groundwater in the aquifer and lowered the vertica buoyancy force. The reduction in injection
concentration resulted in an increase in the injection volume for the same mass of dithionite. The

7.8



injection rate was reduced from the 100 gpm used in Injection/Withdrawal 1 to about 50 gpm for two
reasons. Firgt, to limit the radial extent of the dithionite injection to create a smaler zone of higher-
percentage iron reduction near the injection/withdrawal well rather than creating a very large area of low
iron reduction. Szecsody et a. (2000) has shown in laboratory experiments that there is a nonlinear
relationship between the percentage of iron reduction and TCE degradation rates. In genera, the benefits
of asmaller reduced zone with greater iron reduction outweigh the benefits of a larger reduced zone with
lower iron reduction. The lower injection rates provide more contact time for the dithionite solution with
sediments closer to the injection well. The second reason for using a lower injection rate is that it
provides for alonger injection phase where the advective field created by the injection dominates the
density sinking forces. In this case, the mgjority of iron reduction occurs during the injection phase. For
an dternative injection strategy of high concentration and rapid injection (as used in Injection 1), the
majority of the iron reduction would occur in the residence phase.

Four additional wells were indtaled at the site following dithionite Injection/Withdrawal 1 (RM-10,
RM-11, RM-12, and RM-13) to address heterogeneities and increase our understanding of the spatial
distribution of reagent during the injections. Wells RM-11 and RM-13 were installed to determine the
extent of the reagent plume in the north and south directions, which were not covered by previousy
instaled ISRM monitoring wells. Given the spatid variahility at the Site and the completion design of
exigting monitoring wells, information from non-1ISRM wells could not be used to monitor reagent extent
in these directions. Well RM-10 was ingtalled in the center of the targeted treatment zone near well
RM-1A to determine whether higher flow rates were occurring in the center of the aquifer (as indicated
by the relatively rapid BTC in well RM-4 to the southeast). The last new monitoring well installed during
this phase of drilling, RM-12, was ingtalled to determine the extent of the reagent transport below the
Qut2 layer (the same unit monitored by well RM-2 but at a greater radial distance).

Details on each of the dithionite injection/withdrawal tests are provided in Table 7.1. EC, dithionite,
and temperature BTCs for all the wellsin these tests are provided in Appendix F. Because of the
reduction in flow rate, longer injection period, and increased number of monitoring wells, the sampling
frequency was decreased to three hours for all the wellsin Tests 2, 3, and 4. An hourly frequency for
monitoring was used for Test 1. There was a nine-month period between Injection/Withdrawal 1 and the
remaining tests that was used for additiona |aboratory bench-scale tests, instdlation of additiona
monitoring wells, anaysis of the results of the bromide tracer test and dithionite Injection/Withdrawal 1,
and to revise the design for the remaining emplacement operations. The interval between Injection/
Withdrawal 2, 3, and 4 was about three months to provide time for three groundwater monitoring events
to assess the interim TCE degradation performance at successively increased percentages of iron
reduction. The following sections provide additiona information on Injection Tests 2 through 4.

7.2.3 Injection/Withdrawal Tests 2a/2b

Two dithionite injection/withdrawal operations, each involving a single tanker-truck delivery to the
site, were conducted in succession as part of Injection/Withdrawal 2 (2aand 2b). The two injection/
withdrawal tests were combined to increase the percentage of reduction in the reduced zone rapidly to
levels closer to that needed for significant TCE degradation rates, as shown by the bench-scale tests. The
low percentage of reduction created by these early injections was well below the threshold determined by
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bench-scae tests, so the tests could be combined without losing significant performance data.  Since these
tests were conducted sequentially, only one preheat phase was required for both, and the withdrawal
phase for Test 2a was shortened. This reduced the overall effort required for the two tests.

The preheat phase of Injection 2 involved the injection of 129,000 gallons of water from the fire
hydrant that was routed through the boiler and heated to 20° to 22°C prior to injection a 100 gpm for
21.5hr. Aquifer temperatures increased from the ambient value of 11° or 12°C to 17° to 22°C in the
targeted portion of the aquifer during the initial 21.5 hr prehest, as shown for selected wellsin Figure 7.3.
Because the fire hydrant water had alower EC (i.e., TDS) than the groundwater, the arrival of the injected
water can also be seen in decreasing EC BTCs. Injection of the warm water ceased for three days and
was restarted for another 14.7 hr at alower injection rate, 50.5 gpm, for 14.7 hr, resulting in the injection
of an additiona 44,400 gallons of water at 22°C. The decrease in temperature during the three-day hiatus
between aquifer preheating events was from 1° to 3°C.

Dithionite injection began after the second preheat operation. Dithionite Injection/Withdrawal Test
2a consisted of injecting 123,500 galons of 0.027 M dithionite solution at a rate of 50 gpm for 40.9 hr.
The injection phase was followed by a 32-hr residence phase. Density effects during the residence phase
were less than the sinking observed in Injection 1 as shown for selected wells screened in the upper
portion of the aquifer in Figure 7.4aand b. The EC concentrations during 2afor RM-9 (Figure 7.4a) and
RM-8 (Figure 7.4b) decreased by 67% and 54%, respectively. For comparison, during the residence
phase of Injection 1, EC measurements decreased by 94% for RM-9 (Figure 7.1a) and 90% for RM-8
(Figure 7.1b).

The volume of withdrawal water extracted relative to the injection volume for Test 2a was less than
that in other tests because a second injection test (2b) was planned to directly follow Injection 2a. One
injection volume (1V) of groundwater was extracted during the withdrawal phase from well RM-9 only, at
apumping rate of 90 gpm for 23 hr. The lower-volume withdrawal for this test was done to prevent
cooling the heated aquifer by pulling the surrounding lower-temperature groundwater toward the
injection/withdrawal well. In addition, higher-density residuas in the lower portion of the aquifer would
lower the density contrast during injection into the upper portion of the aquifer and reduce density sinking
for Injection 2b. The mass baance calculated from the sulfur measurements for withdrawal stream
samples resulted in only a 27% recovery after the one IV withdrawal for Test 2a. The 2.9 IV withdrawal
for Test 2b resulted in 71% recovery. The higher recovery for Test 2b was due in part to the low recovery
of residualsfrom Test 2a. The withdrawal phase for Test 2b involved pumping from both wells RM-9
(89.7 gpm) and RM-2 (20.6 gpm).

With the changesin design, it was estimated that more than twice the iron reduction took place in the
targeted portion of the aguifer during Injection 2, than in Injection 1. These reduction estimates were
made from the average dithionite concentration, temperature, and duration of the injection phases for each
of the tests (see Section 7.3). Monitoring results from the new wells ingtaled after Injection 1 showed
that arrival times for the wells installed in the targeted portion of the aquifer at 15 ft radia distances to the
northeast (RM-13) and southwest (RM-11) were faster than those measured toward the northwest (RM-5).
The arrivd time in RM-10, located toward the southeast and screened over the central portion of the
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targeted zone (i.e., the depth interval between the RM-1a/1b screen interval depth) was faster than that
measured for the RM-1a/1b clugter, indicating greater flux in the central/upper portion of the Gg-u unit.

As discussed in Section 6.3, these data help explain the discrepancy in breakthrough response between the
RM-1a/1b well cluster and wells RM-3 and RM-4, dl to the southeast of the injection well. Lastly, the
well ingtalled below the Qvt2 layer in the Gg-I unit (RM-12) showed substantial EC and dithionite
concentrations, but they were lower and more delayed than RM-2, which is closer to the injection/
withdrawa well. Concentrations also decreased relatively rapidly in RM-12 during the withdrawal phase.
A submersible pump was ingtaled in well RM-12 to enhance recovery if required. Based on the EC
concentration decrease observed in RM-12 during the withdrawal phase using wells RM-9 and RM-2 for
extraction, withdrawal from RM-12 was not required.

7.2.4 Injection/Withdrawal Test 3

Dithionite Injection/Withdrawal Test 3, which was conducted approximately three months after
Injection 2, used adesign similar to Injection 2. The modifications from Injection 2 included the addition
of low concentrations of dithionite to the water used during the preheat phase to strip dissolved oxygen
from the injected water. The concentrated dithionite solution was added to the 50 gpm prehest injection
stream using an FMI pump at about 150 mL/min. Slightly higher temperatures were used both during the
aquifer preheat and during the dithionite injection to further enhance the dithionite/iron reaction rates.
The lower dithionite concentration in Test 3, 0.02 M (compared with 0.025 in Test 2b) was dueto a
reduction in dithionite purity in the chemical shipment received for Injection 3. The purity of the batch of
dithionite used in this test was 20% lower than in previoustests. Thetotal sulfur measurements from
injection stream samplesin Test 3 accounted for the total mass of chemical expected, but the sulfur was in
aless reactive form than dithionite (e.g., sulfites). The recovery from the withdrawal phase of Test 3 was
calculated at 61% of the injected mass after extracting 3.3 injection volumes.

7.2.5 Injection/Withdrawal Test 4

Dithionite Injection/Withdrawal Test 4 was the fina reagent injection planned for treatment zone
emplacement at the ISRM POPT site. Thistest also added low concentrations of dithionite to the
injection stream during the preheat phase to remove dissolved oxygen from the water (sSimilar to Test 3).
The injection rate was dightly lower than that used in Injections 2 and 3, and the temperatures were
dightly higher to further increase the amount of reduction near the injection/withdrawa well. A smaller
withdrawal volume was also used in Test 4 than in Test 3(3.0 1V versus 3.3 IV), which resulted in a 3%
decrease in the estimated percent recovery during the withdrawal phase.

7.3 Estimation of Percent Reduction from Dithionite I njection Data

TCE is abiotically degraded by interaction with reduced Fe(I1) speciesin the zone of the aquifer that
has been treated with dithionite (see Section 1.2). To determine the efficiency of the field-scaleinjection
strategy, the fraction of reduced iron resulting from the four dithionite injections was estimated. Data
summarized from field injections includes dithionite concentration (Table 7.2), dithionite-sediment
contact time (Table 7.3), and temperature (Tale 7.4). These data were used to estimate the fraction of iron
oxides in the reduced sediments. Controlled laboratory experiments were used to establish rates of TCE
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degradation with Fort Lewis sediments under differing contact times, total mass of iron oxides, fraction of
sediment reduced, temperature, and ionic strength (Szecsody et a. 2000). The effect of groundwater flow
on iron reduction is minima during the brief (<100 hr) sediment-dithionite contact time required for iron
reduction. The actual dithionite concentration observed at a well was more a complex function than a
single concentration, but for estimating iron reduction, the integrated average concentration during
dithionite breakthrough was used.

Injections 1 through 4 resulted in stepped increases in sediment reduction. For a homogeneous
aquifer, locations nearest the injection well should be more highly reduced, given grester contact time
with a higher dithionite concentration (and likely a higher temperature). The aquifer at Fort Lewisis very
heterogeneous and anisotropic, as shown in the dithionite concentration and contact time data, where each
well received a unique dithionite breakthrough curve that resulted in sediment reduction.

Based on the observed dithionite contact times and concentrations at the available monitoring wells, it
was estimated that the series of injection sequences at the POPT site achieved aroughly cylindrical
reduced iron zone in which the iron oxides in the sediments near the injection/withdrawa well were 50%
to 60% reduced, with a much larger area surrounding it containing a lower percentage of iron reduction
(Table 7.5). These data are aso shown contoured for wells within the targeted portion of the aguifer

Table 7.2. Average Dithionite Concentration During Injections 1 Through 4

Injection 1 | Injection 2a | Injection 2b | Injection 3 | Injection 4
Dithionite Dithionite Dithionite Dithionite Dithionite
Well (mol/L) (mol/L) (mol/L) (mol/L) (mol/L)
la 0.015 0.01 0.012 0.006 0.01
1b Trace Trace Trace Trace Trace
2 0.04 0.025 0.0.02 0.018 0.025
3 0.01 0.02 0.005 0.005 0.006
4 0.01 0.01 0.012 0.010 0.015
5 0.01 0.01 0.015 0.012 0.014
6 None Trace Trace Trace Trace
7 None Trace Trace Trace Trace
8 0.035 0.022 0.025 0.02 0.025
9 0.07 0.03 0.025 0.02 0.028
10 -- 0.01 0.014 0.014 0.017
11 -- 0.012 0.01 0.010 0.014
12 -- 0.01 0.012 0.008 0.013
13 -- 0.02 0.022 0.02 0.025
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Table 7.3. Dithionite-Sediment Contact Time During Injections 1 Through 4

Injection #1 Injection Injection Injection #3 | Injection #4
Contact #2a Contact | #2b Contact Contact Contact
Well Time (hr) Time (hr) Time (hr) Time (hr) Time (hr)
la 30 58 70 80 70
1b 60 80 60
2 55 62 72 76 60
3 <1 16 40 30 30
4 19 50 63 56 50
5 33 60 66 55 50
6 70 60 60
7 66 60 60
8 18 57 64 63 60
9 10 53 60 66 66
10 50 52 50 45
11 52 64 60 50
12 35 4 50 40
13 a7 60 67 60
Table 7.4. Temperature at Wells During Injections 1 Through 4
Injection 1 | Injection 2a | Injection 2b | Injection 3 | Injection 4
Temp. Temp. Temp. Temp. Temp.
Well °C °C °C °C °C
la 11 16 18 17 19
1b 11 13 14 14 14
2 11 20 22 22 24
3 11 12 12 12 14
4 11 15 15 17 19
5 11 20 21 25 27
6 13 13 14 15
7 13 14 14 14
8 11 23 26 27 28
9 11 25 27 28 29
10 20 21 23 24
11 19 18 20 21
12 13 14 15 18
13 24 26 27 28
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Table 7.5. Predicted Cumulative Iron Reduction at Well Locations

Injection 1 | Injection 2a | Injection 2b | Injection 3 | Injection 4

Percent Fe | Percent Fe | Percent Fe | Percent Fe | Percent Fe

Well Reduction Reduction Reduction Reduction Reduction
la 3 9 16 21 26
1b 0 0 0 0 0
2 10 20 33 44 Y]

3 0 0 0 0

4 4 9 14 20 28
5 4 10 18 25 3
6 0 0 0 0
7 0 0 0 0 0
8 8 19 31 45 57
9 6 18 31 46 59
10 49 9 16 24 31
11 49 9 14 20 26
12 37 7 11 15 19
13 g7 19 2 47 60
Mean" 5 13 23 33 a2

(@ Wdl wasingaled after Injection 1. Iron reduction estimates for Injection 1 for these

wells were based on similar wells.
(b) Treatment zone mean calculated from main treatment zone wells in the targeted Gg-u
portion of the aquifer (RM-1A, RM-5, RM-8, RM-9, RM-10, RM-11, and RM-13).

(Gg-u) in Figure 7.5. The size of the >50% treatment zone is roughly 15 ft in diameter (biased to the
northeast of the injection/withdrawa well), and the >25% treatment zone is roughly 30 ft in diameter.
The actua percentage of iron reduction, based on analysis of core samples collected after all injections
were completed, is presented in Section 8.3.2. Eight cores from four boreholes were analyzed for the
percentage of iron that was reduced by the field dithionite injections.

While the fraction of reduced iron can be estimated from the dithionite injection data, the resulting
TCE reactivity (and measured TCE concentration in wells) in the reduced zone is strongly influenced by
groundwater dynamics. In a static (non-flowing) system, the TCE degradation rate can be generaly
predicted, given the fraction of iron reduction, temperature, and contact time. Based on bench-scale test
results conducted at typical Fort Lewis groundwater temperatures (11°C), the TCE degradation half-life
for 100% reduced sediment is 24 hours; for 50% reduced sediment it is 160 hours; and for 25% reduced
sediment it is ~600 hours. Because aflowing system dlows only limited contact time between the TCE
and reduced sediment, the resulting TCE concentration measured at awell is a function of the TCE-
sediment reactivity upgradient of that location (i.e., path length and residence time in the reduced zone).
The flow rate in most groundwater aquifersis relatively smple, ow, and constant. In contrast, the Fort
Lewis POPT site has ardatively rapid groundwater flow rate (time-weighted average of 4 ft/day) that
changes direction and magnitude seasondly.
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Observed TCE concentrations following barrier emplacement and assessment of barrier performance
are discussed in Section 8.1.1. Estimates of field-scale TCE degradation rates at the various reduction
percentages are provided in Section 8.2.

7.4 Mobilization of Trace Elements

This section discusses the results of the trace element analyses of the withdrawal stream during the
dithionite injection/withdrawal tests. Basdine and post-emplacement trace el ement monitoring at the site
isdiscussed in Section 8.1. Theinjected dithionite solution is a high pH, high ionic strength, reducing
medium. The injection solution thus has the potential to mobilize some trace e ements through severa
processes, including reduction, amphoteric dissolution, and cation exchange. Samples of withdrawal
water were analyzed to verify that metals mobilized during the dithionite injection, and subsequently
withdrawn from the aquifer, resulted in wastewater concentrations that were within acceptable limits.
Figure 7.6 shows the behavior of two key elements, iron and arsenic, during the withdrawal phase
following the second injection series.

Iron is mobilized to a limited extent from the reduction of immobile ferric iron to the more mobile
ferrous form. Following the withdrawal phase, iron has been reduced to acceptable levels. Arsenic
shows similar behavior but at much lower levels because it is much less abundant. Even at its maximum,
arsenic does not exceed the 50 ppb EPA Drinking Water Standard. Other elements appearing at elevated
levelsin the withdrawa water include fluoride, duminum, and manganese. Table 7.6 lists the peak
concentrations of the affected species compared with their baseline concentrations.

Trace Metals Concentrations in Withdrawal Water Following Injection 2B
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Figure 7.6. Observed Trace Metas Concentrations in Withdrawal Water During the 64-Hour
Withdrawal Phase
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Table 7.6. Species Showing Elevated Concentrations in Injection 2 Withdrawa Water

Species Peak Concentration (ppb) Baseline Concentration (ppb)
Aluminum A7 <50

Arsenic 12 <5

Fluoride 39,000 <200

Iron 1,600 0.005to0 44
Manganese 431 <10to0 180
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8.0 Performance Assessment of Emplaced | SRM Treatment Zone

This section addresses the measurements used to assess the effectiveness of the ISRM barrier
placement. Section 8.1 considers the chemica monitoring results, including TCE, DCE, acetylene,
electrical conductivity, pH, dissolved oxygen, Eh, trace metals, and common anions. Section 8.2 deals
with the relationship between field-scale reduction and TCE degradation rates. Section 8.3 discusses
methods for estimating treatment zone reductive capacity, including sediment core collection, laboratory
studies of reductive capacity, and results of laboratory oxidation experiments on post-injection sediment
core samples collected from the POPT site. Section 8.4 covers the hydraulic performance of the zone
following the injections,

8.1 Performance Assessment Groundwater Monitoring (post-injection)

A comprehensive series of groundwater samples was collected from all available wells after each
injection. Collection periods were approximately one month apart. Samples were collected after the first
injection test from the original 10 wells, RM-1A through RM-9. Prior to the second injection test, four
new wells, RM-10, RM-11, RM-12, and RM-13, were installed and added to the sampling list. Most
subsequent data analysis used this same 14-well set. Two additiona wells, RM-14 and RM-15, were
installed three months after the fina (fourth) injection. Because only one sample collection sweep was
performed involving these wells, these data are generally not used in the subsequent analyses. However,
data from RM-14 and RM-15 are useful for providing the most accurate representation of the spatial
extent of the affected region of TCE degradation. These two additiona wells will aso be useful for
future long-term monitoring efforts because both were installed near the region of maximum effect.
Table 8.1 summarizes the sample collection program. Each collection sweep typicaly included samples
for VOCs, acetylene, common anions, and trace metals. However, due to cost constraints, not all samples
collected were analyzed for trace metals.

8.1.1 TCE Monitoring

Asdiscussed in Section 7, the design of dithionite Injection 1 resulted in minimal iron reduction and
subsequently very little TCE destruction. After Injection 1, TCE and DCE were monitored using an
analytical method based on GC/M S with headspace sample introduction. Calibration problems associated
with the method necessitated a change back to the more conventiona purge-and-trap-based gas chromato-
graphy method (SW-846 8021) used for the earlier baseline measurements. Because of concerns over
data comparability, however, only purge-and-trap data were used in the tabulations in this report or
plotted on the figures. Consequently, most of these plots start with the monitoring measurements
performed just before Injection 2. A complete discussion of the analytica methods used is presented in
Appendix B, and the full data tabulations are included in Appendix H.

TCE measurements after Injection 2a as well as the two subsequent injection tests (Injections 3 and 4)
exhibited a pattern of initial decrease in concentration followed in most cases by some degree of return
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Table8.1. Sampling Summary

Activity Date(s) Wells Sampled
Injection 1 11/10-14/98
Post Inj. 1 12/1/98 RM-1A thru RM-9
Post Inj. 1 12/15/98 RM-1A thru RM-9
Post Inj. 1 1/5/99 RM-1A thru RM-9
Post Inj. 1 2/9/99 RM-1A thru RM-9
Post Inj. 1 4/1/99 RM-1A thru RM-9
Post Inj. 1 8/5/99 RM-1A thru RM-13
Injection 2A 8/10-14/99
Injection 2B 8/16-22/99

Post Inj. 2A/2B 9/21/99 RM-1A thru RM-13
Post Inj. 2A/2B 10/19/99 RM-1A thru RM-13
Post Inj. 2A/2B 12/1/99 RM-1A thru RM-13

Injection 3 12/2-9/99

Post Inj. 3 1/6/00 RM-1A thru RM-13
Post Inj. 3 2/8/00 RM-1A thru RM-13
Post Inj. 3 3/20/00 RM-1A thru RM-13
Injection 4 3/21-29/00

Post Inj. 4 4/26/00 RM-1A thru RM-13
Post Inj. 4 5/24/00 RM-1A thru RM-13
Post Inj. 4 6/21/00 RM-1A thru RM-15

to higher levels. Figure 8.1 includes concentration trend plots for the five wells most profoundly affected
by the creation of areductive zone. Figure 8.2 shows the equivalent data for severa other wells less
profoundly impacted by the dithionite injections. Inmost cases, the increase in TCE concentration is
most likely attributable to a combination of zone recovery from the treatment (see Section 8.1.3) and
changes in groundwater velocity between sampling episodes. It is difficult to separate these effects
because of the long periods involved and the need to proceed with additional injections during that same
time frame. The change in concentration is most pronounced in wells monitoring portions of the treat-
ment zone with the least TCE destruction (i.e., the shortest pathways through the barrier over which TCE
destruction occurs). For wells monitoring portions of the treatment zone with a significant treatment
pathway resulting in significant TCE destruction (e.g., RM-5), the change in concentration was much less
prominent.

Three of the wells most profoundly impacted by the creation of a reduced zone (RM-2, RM-5, and
RM-14) are plotted in Figures 8.3 through 8.5, which contain only data collected after a minimum three-
month recovery time following dithionite treatment. The plots are normalized to the background TCE
concentration (140 ppb) and expressed in terms of percent of TCE remaining. This means that increasing
barrier effectiveness would be expressed in terms of trends decreasing toward 0% residual TCE. The
largest effect is seen for well RM-2, which was completed in the lower outwash gravel unit (Gg-1). A
substantial amount of TCE destruction was observed in RM-2 after only one injection because density
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Figure 8.1. TCE Concentration Trends at ISRM Site for Wells RM-1A, RM-2, RM-5,
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Figure 8.5. TCE Destruction Trend Plot for Well RM-1A

sinking of the reagent resulted in significantly more dithionite contact time for the sediments near RM-2.
After four injections, residua TCE levels were very low (98% destruction). Because of the relatively
atypical hydrogeologic conditions for this particular well (see Section 4.1), this result cannot be
considered representative of conditions established within the treatment zone.

Comparable results are shown for well RM-5 in Figure 8.4. RM-5 was completed on the dowr+
gradient side of the targeted treatment zone and can be regarded as representative of the maximum
degradation effect for the treated region. During the last sampling event following Injection 4 (June 21,
2000), TCE measurements showed 92% destruction of TCE relative to baseline measurements. RM-5
also showed an approximately linear improvement in barrier effectiveness with each successive injection.
After four injections, barrier effectiveness appears headed for an asymptote, with additiond injections
likely to represent diminishing returns.

Other wells within the treatment zone showed significant but somewhat less profound effects for each
injection, asindicated in Well RM-1A (Figure 8.5). It should be noted that, unlike RM-5, RM-1A is not
located on the downgradient side of the treatment zone and subsequently monitors a shorter pathline
through the treatment zone (i.e., less residence time for TCE destruction).

TCE concentration data collected during the last sampling event associated with each injection were

contoured using a kriging agorithm and are presented in Figure 8.6. It should be noted that contour lines
extending outside the region controlled by monitoring wells (i.e., TCE data) are extrapolated and may not
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represent actud conditions. For smplicity, the central injection well, RM-9, was used as the 0,0

reference point for the grids. Eleven wells, including RM-1athrough RM-13, were used to construct the
grid. RM-2 and RM-1b were not included because they were not within the targeted treatment zone.
Two additiona wells completed in June 2000, RM-14 and RM-15, were not included because data for
earlier sampling periods were not available, and it was best to compare the four injection sequences on an
equivalent basis. The four plots show increased TCE destruction with each additional injection. The
plots also show the computed local groundwater flow vectors based on measured water levels at the time
of sampling (see Section 4.8 for details). Groundwater velocity was not measured during the sampling
period for the post-Injection 1 plot; however, as indicated in Figure 8.6, the effect of the first injection
was minimal.

Figure 8.7 shows the post-Injection 4 data including the two additiona wells, RM-14 and RM-15.
Because these additiona wells were completed on the downgradient side of the treatment zone, these data
help to congtrain the dimensions of the most affected region. Some manual adjustment was made to the
contour plot to provide better agreement between the computed contour lines and individua data points.
Because these measurements were made in mid-summer during a period of low precipitation and
correspondingly high groundwater flow (see Section 4.8 for details on seasona variability in flow
direction), it represents less favorable conditions for TCE destruction performance. Performance
monitoring at the POPT site will continue through March 2001.
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Figure 8.6. TCE Concentration Contours Following Each Injection
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Figure 8.7. TCE Contoursin Groundwater at ISRM Site for Last Sampling Period
Including New Wells RM-14 and RM-15

8.1.2 TCE Degradation Products

Reductive dechlorination of TCE by ferrous iron generally proceeds through a process of reductive
elimination, leading directly to production of chloroacetylene without significant production of the
intermediate products associated with sequential dehydrohal ogenation (see Appendix A). While some
chloroacetylene production was observed in the early stages of laboratory column studies, the compound
is known to be unstable and was thus not expected to be present in field samples. No chloroacatylene was
found in pogt-injection performance assessment groundwater samples. While some CIS-DCE was present
inal cases, it was not observed to undergo any significant change in concentration during the test period.
The presence of cis-DCE islikely to be associated with naturally occurring biodegradation processes in
the extended plume. No vinyl chloride was found. As discussed in Section 4.6, no background acetylene
was detectable at the site prior to dithionite treatment. Figure 8.8 shows the trend behavior of acetylene
with time for the full injection series in wells exhibiting the largest effect. The two wells showing the
largest acetylene production, RM-2 and RM-5, also exhibit the greatest decreasein TCE. Other wells
show the same tempora trends in acetylene production but at lesser magnitude. Only the two wells most
distant from the point of injection, RM-3 and RM-6, show no measurable acetylene production, which is
congistent with the lack of TCE destruction at these wells. Production of acetylene exhibited a transient
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behavior in each case. The explanation for this effect is unclear but may be related to biodegradation of
acetylene or its transport behavior. The maximum acetylene values observed fall far short of the amount
required to provide a mass balance with the degraded TCE. However, due to acetylene' s relative
instability in the subsurface environment, a mass balance between TCE destruction and acetylene
production was not an objective of thistest. The primary objective of monitoring acetylene production
was to provide a quaitative confirmation of TCE destruction.

8.1.3 Fidd Parameter Monitoring

Groundwater chemistry parameters (pH, EC, Eh, and DO) were measured routinely during each
sampling event. DO values were typically below detection in al wells after the first injection except for
RM-3. Trend behavior for pH and EC is shown in Figure 8.9 for well RM-5. Other wells within the
treatment zone showed similar behavior with alarge conductivity spike primarily associated with residual
potassium carbonate buffer following each injection. The residua conductivity then dropped off
markedly with time over the next few months after each injection as natural groundwater flow removed
the materia from the zone. The pH showed an increase of 1.6 after Injection 2 and more than an
additiond 0.6-pH units after the second injection series. The pH in RM-5 has continued to remain high in
spite of the relatively large dropoff in conductivity following each injection test. This effect probably
reflects to some extent the buffering capacity of the residua injection solution but may aso be tied to the
additiona buffering capacity associated with precipitated carbonate minerals. The presence of the
reduced zone itself also provides significantly high pH in situ buffering capacity. The spatia distribution
of EC and pH residuals measured during the last post-Injection 4 sampling event (June 21, 2000) are
shown in Figures 8.10 and 8.11, respectively.
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Figure 8.11. pH Digtribution on 6/21/00

Asindicated in Figures 8.9 and 8.10, residual chemicals decreased in the treatment zone over the
three-month monitoring period following each injection and the center of mass of the residuas plume was
transported downgradient. Monitoring wells on the downgradient side of the trestment zone (RM-5,
RM-14, and RM-15) remained at elevated levels relative to the surrounding well as of the June 2000
sampling event. These data indicate residuas remaining within the treatment zone following each
injection are being transported downgradient, changing the geochemica conditions within the trestment
zone. These results are consistent with the observed trend in TCE concentrations following each injection
(see Section 8.1.1 and Figure 8.1).

Oxidation-reduction potential (ORP or Eh) was also measured routinely during each sample collec-
tion series. The Eh distribution can be used to measure the development of the ISRM barrier formation
and changes with time. Figures 8.12a-f shows measured Eh distributions on the site at various pointsin
time. Thefirst figure, 8.12a, shows the Eh for the pre-injection baseline measured on October 12, 1998.
Groundwater taken from al wells was uniformly oxidizing as indicated by positive Eh values ranging
from +63 to +173 mV. Oxidizing conditions are shown graphicdly in red. Those data are also consistent
with the observation of dissolved oxygen vaues ranging from 40% to 60% of saturation. Figure 8.12b,
by contrast, shows the condition of the site after three dithionite injection tests. The green contours
indicate reducing conditions toward the northwest corner of the site with oxidizing conditions toward the
southeast corner of the study area. The dark green area thus represents the most highly reduced zone
formed by the first three injection tests. Eh values at that time ranged down to -299 mV. Immediately
after the conclusion of operations associated with the fourth and final injection test, the entire study area
shows uniformly reducing conditions. The blue color of the plot indicates Eh vaues aslow as-854 mV.
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However, as natural groundwater flow resumed, the Eh values at the site rose rapidly to more intermed-
iate levels. The plot made from data taken one month later is now uniformly green, indicating a
somewhat less strongly reducing environment with Eh values typically in the range of -300 to -400 mV.

8.1.4 TraceMetalsMonitoring

During the course of the project, trace metals samples were collected routinely. Trace metals
monitoring had several goals:

1. Samples collected during the injection/withdrawal phase provided a measure of temporary
mobilization for some species through reductive chemical transformations. Species of specia
concern included iron, manganese, and arsenic. Amphoteric species such as auminum, beryllium,
and zinc also have some potentia for short-term mobilization under the high pH conditions associated
with each injection. Metals mobilization results during the injection/withdrawa tests are discussed in
Section 7.4.

2. Discharge of withdrawal water to the sewer system required knowledge of trace element content for
the waste stream (Section 7.4).

3. Post-test monitoring was intended to confirm that no long-term mobilization of trace eements had
occurred because of the dithionite/buffer injections.

Two sets of post-test analyses were run using inductively coupled plasma mass spectrometry
(ICP-MS), which was chosen because it is extremely sensitive (down to and typically well below Primary
Drinking Water Standards [DWS]) for awide range of elements. The first samples were taken
October 19, 1999, two months after Injection 2; the second was collected June 21, 2000, three months
after Injection 4.

Table 8.2 summarizes the trace metals analysis results. Basdline chemistry results along with primary
and secondary DWS are included for comparison. The measurements presented in the table are given as
ranges for al the wells studied; results from individua wells are included in Appendix H. None of the
measurements exceeded the primary DWS for any of the species studied. A single measurement of
antimony in RM-2 after the second injection series came close to the DWS set for that element, but
measurements made after Injection 4 showed that, while antimony was somewhat elevated, it was sill a
factor of 3 below the DWS and of negligible importance in the other wells. The secondary DWS was
exceeded in most wells for manganese, which is mobilized by reductive trestment. Manganese was
particularly high in wells on the periphery of the zone of high reduction (RM-6, RM-7, RM-11, and
RM-15. Arsenic can exhibit short-term enhanced mobility with reductive treatment but was not found at
levels of concern. Significant elevation of iron to above the secondary DWS was seen in RM-1A, RM-2,
RM-5, RM-6, and RM-15.
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Table 8.2. Trace Metals Andysis (al numbersin mg/L)

Pre-Test Post-1njection Post-Injection | PriMay |secondary,
Constituent |  Baseline 2A/2B 4 DWS | pws
Aluminum <0.1 <0.06 0.03t0 0.08 0.05t00.2
Antimony NA 0.00066 to 0.0055 0.0009 to 0.002 0.006
Arsenic <0.06 <0.005 0.0005 to 0.004 0.05
Barium 0.004 to 0.009 0.0017t00.13 0.0012t0 0.19 2
[Beryllium <0.002 NA <0.0002 0.004
[Bismuth NA <0.00005 0.0001 to 0.008
[Boron <0.005 NA NA
||Cadmium <0.02 <0.003 <0.0003 0.005
[Calcium 13t0 15 11to 24 6.810 78
[Chromium <0.04 <0.0015 <0.001 0.1
[Cobait <0.004 NA 0.0014 to 0.06
||Copper <0.006 <0.005 0.0009 to 0.012 1
|||ron <0.005 to 0.044 0.014to 1.4 0.06to 1.59 0.3
||L ead <0.06 <0.009 <0.0001 0.015
[Lithium <0.02 NA <0.004
[Magnesum 6.7t06.9 4.1t044 41032
||M anganese Uto0.18 0.041t0 0.81 0.03t0 1.35 0.05
[Mercury NA NA <0.0003 0.002
||M olybdenum <0.06 <0.37t0 224 0.0005 to 0.011
||Nicke| U to 0.27 <0.01t0 0.275 0.0027 t0 0.23
Potassium 1.6t022 2.7 t0 1550 NA
Sdenium <0.06 <0.025 <0.0003 0.05
Silicon <0.1to12 NM <0.09t0 15.6
Silver <0.02 <.0003 t0 0.014 0.0008 to 0.0043 0.1
Sodium 55t012 4.8 t0 440 NA
Strontium 0.068 to 0.081 NA 0.04t00.54
Thalium NA NA <0.00002 0.0005
Thorium NA <0.0002 <0.002
Tin NA 0.000046 t0 0.0001 | 0.0002 to 0.0017
Uranium NA 0.000072 to 0.00056 | <0.000002 to 0.0010
\V anadium <0.02 NM <0001 to 0.0025
Zinc <0.006 <0.05 <0008 t0 0.038 5
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8.1.5 Common Anions Monitoring

Performance assessment monitoring samples were subjected to |C analysis for common anions,
including fluoride, chloride, nitrate, phosphate, sulfate, and sulfite (see Appendix H for analysis results).
In generd, the fluoride, chloride, and phosphate data proved to be of little interest. Fluoride levels
remained very low except for short periods during injection and withdrawal. Similarly, chloride tended to
day at low basdline levels, and phosphate was consistently below the nondetect level. Nitrate was found
routingly in al samples from the site a low levels, typically around 2 mg/L (asNOs”). The nitrate was
observed to decrease following the dithionite injections. The decrease is probably associated with the
reductive conditions because nitrate has been found in past work to be more readily reduced than TCE.
The nitrate appeared to be widdly distributed. Sulfite was observed in some samples following dithionite
injection, primarily associated with well RM-2. In some cases, the sulfite levels were comparable to or
greater than the sulfate levelsin that well; however, sulfite was absent, or in very minor amountsin all
other wells. Sulfite is relatively unstable under oxidizing conditions and no attempt was made to preserve
sulfite prior to analysis, however, because the samples were typically free of DO as collected, sulfite
proved to be persistent in the RM-2 samples.

Figure 8.13 shows the tempora behavior of sulfate concentrationsin two wells, RM-5 and RM-6
(located within and outside the treatment zone, respectively). The RM-5 sulfate trend is comparable with
that of EC (Figure 8.9) with large increases associated with each injection followed by decay in
concentration as the sulfate is transported downgradient. The red line on the plot at 250 mg/L isthe
secondary DWS for sulfate. RM-5 has exceeded that standard following each injection, and sulfate has
accumulated to some extent following the latter more closely spaced injections. The last measurement,
taken in June 2000, was 330 mg/L, still above the standard; however, as natural groundwater flow
continues to clear out the system, the sulfate concentration in RM-5 should drop below 250 mg/L. The
trend for RM-6 was interesting because that well is some d stance from the injection point (outside the
targeted treatment zone). However, it should be noted that RM-6 was influenced by low reagent
concentrations during the injection. The observed sulfate pulse in RM-6 suggests there may be a
component of local groundwater flow during some portion of the monitoring period transporting the
residud sulfate in that direction. Sulfate levels have been consistently high in well RM-2. The last three
measurements taken one month apart were al around 1,500 mg/L with no apparent temporal trend,
indicating lower groundwater velocities, and/or continued seepage of higher density residuals from the
overlying Qvt2 unit, into the Gg-I unit near RM-2. Asindicated in the tabular sulfate results contained in
Appendix H, sulfate concentrations in wells monitoring the treatment zone have generally decreased to
below the secondary standard of 250 mg/L, except for wells on the downgradient side of the treatment
zone (RM-5, RM-14, and RM-15) which continue to exceed the standard by 40 to 80 mg/L as of the June
2000 sampling event. Sulfate concentrations are not expected to exceed these levels as the residuals
plume is transported downgradient and should eventually decline to below this level asthe plumeis
dispersed and diluted by recharge. An example of previoudy observed rates of sulfate decline over the
three-month periods between injections can be seen in Figure 8.13 and Appendix H.
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Figure 8.13. Sulfate Concentration Trends for Wells RM-5 and RM-6

8.2 Relationship Between Field-Scale Iron Reduction and TCE
Degradation Rates

Two simple approaches are described below for quantifying the TCE degradation rates at the ISRM
POPT test under conditions of varying iron reduction and groundwater flow velocity. Previous laboratory
studies demonstrated that the TCE degradation rate is a function of the percentage of total reducible iron
reduction of the sediment (Szecsody et d. 2000). The series of dithionite injection/withdrawal tests
resulted in a spatial and tempora (based on monitoring periods between dithionite injection/withdrawa
tests) distribution of iron reduction at the site. Estimates of iron reduction used in these analyses are
based on the dithionite BTCs described in Section 7.3 and summarized in Table 7.5.

The first approach for determining field-scale TCE degradation rates is based on the overal perform-
ance of the reduced zone after each dithionite injection/withdrawal test. The following assumptions/
parameters were used: average iron reduction estimates for the targeted portion of the aquifer after each
dithionite/injection withdrawal test (Table 7.5 and Figure 7.5), a constant input TCE concentration of
135 pg/L, an output TCE concentration based on measurements from well RM-5, a constant pathlength
through the reduced zone, and the groundwater velocity estimated at the time of TCE sampling from
water level measurements (Section 4.8). This analysis uses only the latest sampling event between each
injection/'withdrawal test and following Injection 4 to minimize the residua effects of the dithionite
injection/withdrawal tests on the TCE concentrations. A retardation factor of 2, based on estimates from

8.15



the USGS for the Fort Lewis site, was used to calculate the TCE residence time from the groundwater
velocity. The results of this andysis are shown in Figure 8.14. Method 1 shows dow TCE degradation
rates with a 24-day haf-life a the low percentage iron reduction after Injection 1. The highest TCE
degradation rate with a four-day haf-life occurred as expected, after the last dithionite injection/
withdrawal test, which resulted in the highest estimated percent iron reduction. The estimated TCE
degradation rate for Injections 2 [23% Fe(11)] and 3 [33% Fe(11)] did not follow the expected trend.
While the TCE concentrations for well RM-5 following Injection 3 were lower than those following
Injection 2, the groundwater flow velocity calculated during the TCE sampling was significantly lower
during post-Injection 3 monitoring, which offset the TCE decresse.

The second approach examined only the latest Fe(l1) and TCE data but accounts for the spatial
distribution along the groundwater flow paths to derive the TCE degradation rates (see Figure 8.14,
Method 2). The flow path was at a bearing of 28 degrees (NNE) based on the groundwater flow direction
from water level measurements (Section 4.8). The pathline was divided into nine segments for each of
the 5% Fe(11) contour intervalsin Figure 8.15a. Starting and ending TCE concentrations for each of these
segments were determined from Figure 8.15b. The extent of the contour plots shown in Figure 8.15 was
clipped to the exigting wells at the ISRM proof-of -principle test site. The residence time for each segment

25 Bench-scale Experiments - 11 C
\ —a— 35 ft path - Method 1
|
20 I 028 deg path - Method 2
2
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z .
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Figure 8.14. Estimated Field-Scale TCE Degradation Rates (expressed as half-life) Versus Average
Percentage Iron Reduction. Degradation rates were calculated using two simplified
methods (see text for details). Estimates of degradation rates from bench-scale data
under field conditions are aso shown.
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segments (ato i) based on the 5% Fe(11) isopleths. TCE degradation rates were estimated
for each segment using the starting and ending TCE concentrations and residence time
caculated in each segment. Results of this andysis are shown in Figure 8.14 (Method 2).

The groundwater flow direction and velocity were based on water levels measured in

wells around the DRMO facility. These contour plots were clipped to the extent of wells

at the ISRM POPT site.
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was calculated based on the segment length, groundwater flow velocity of 5.1 ft/day, and a retardation
factor of 2 for TCE. The TCE degradation rate was then calculated for each of the segments and plotted
with the percentage Fe(11) reduction for the segment on Figure 8.14. This figure shows considerable
scatter in the results. Most of the scatter can be explained by the distinct difference in TCE degradation
rates calculated in segments south of RM-9, which are relatively duggish compared with the rates
calculated for segments north of RM-9 (i.e., closer to the low TCE concentration well RM-5).

L ocal-scale variations in groundwater flow direction and velocity may explain some of the variability
in the results. While the groundwater flow direction as determined by the methods used in this study is
appropriate for larger-scale areas, differencesin the local groundwater flow direction and rate can be
expected at the smaller scale of the ISRM POPT site, particularly with the complex hydrostratigraphy at
the site.

8.3 Treatment Zone Reductive Capacity

Sediment core samples collected during drilling in June 2000 were analyzed for the actua percent of
iron oxides reduced by the field-scale dithionite injections (see Table 8.3). Cores collected for reductive
capacity were retrieved with a 5-ft long split-spoon sampler. Clean lexan liners, precut to 0.5 ft, were
used to line the inside of the split spoon. Once the casing was advanced and the hole cleaned out, the
split-spoon sampler was driven (vibrated) 5-ft into the underlying undisturbed materia. Upon bringing
the split-spoon assembly to the surface, the head, shoe, and top half of the split spoon were removed. The
lower hdf of the split poon containing the sediment-filled 0.5-lexan liners was immediately placed inside
an argon-filled glovebox located ongite. Within the glovebox, the outsides of the individua liners were
cleaned off and labeled with borehole number, depth interval, and an “up” arrow. Next, samples for
reductive-capacity analysis were chosen; usually every other 0.5-ft segment was selected. Preferencewas
given to those cores that were from the interior portion of the 5-ft core or appeared to be more reduced,
avoiding the ends, which have a higher probability of containing disturbed doughed materid, or only
partidly full liners. Normally, three to four core segments were chosen for reductive capacity anaysis
from each 5-ft solit-spoon interval. Before opening the glovebox, the reductive-capacity core liners were
capped with plastic endcaps and secured with duct tape. After the glovebox was opened, core samples
were immediately transferred to sealed schedule 40 PV C tubes filled with anoxic water. The remaining
core segments, not chosen for reductive capacity analysis, were used to collect geologic samples and
congtruct a geologic log of the interval. Remaining liners filled with intact materia at the end of
sampling and geologic description were capped and stored as archive samples.

Qualitatively, a reduced zone was observed from the sediment cores by the change in sediment color
to grey/black, which corresponds to siderite and iron sulfide (Table 8.3). While agrey or black color in
sediment cores indicates a reducing zone, the intensity of the color cannot be used to quantify redox
activity. Reduced sediment was observed in al cores. In al boreholes, the reduced zone extended from
the bottom of the targeted treatment zone upwards through part to most of the unit. The topographic
relief of the agquifer bottom coupled with the dightly higher density of the dithionite injection fluid
(relative to groundwater) lead to the injection solution sinking and generaly treating the lower portion of
the aguifer, and likely sinking into and through the underlying aquitard (Qvt2).
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Table 8.3.

Qualitative Reducing Conditions Observed in Sediment Cores

Aquifer Depth Reduced Zone Stratigraphic
Borehole (Ft) (Ft) Unit
FM-3 56 - 68 58-68 Gg-u
FM-4 45 - 65 61-65 Gg-u
CH-1 50-735 635-735 Gg-u
RM-14 51-745 60— 74.5 Gg-u
RM-15 58-70 69 - 70 Gg-u

Eight sediment samples from the reduced interva of the boreholes were analyzed in laboratory
experiments for the percent of iron that was reduced by the field-scale dithionite injection experiments.
Sediment oxidation by dissolved oxygen-saturated water in columns was used to determine the mass of
fidd-reduced iron (i.e., same procedure used in Section 4.4 for determining the amount of reducible iron).
These experiments consisted of injecting oxygensaturated water into sediment columns at a constant rate
until oxygen was no longer consumed by the reduced iron. The mass of reduced iron was calculated from
the oxygen loss throughout the experiment. To account for the spatia variability of the total mass of iron
in sediment, three of the eight samples were re-reduced in the |aboratory (with dithionite) and oxidized a
second time to determine the maximum amount of reducible iron. This provides data to caculate the
percent of reducible iron in sediment cores that was treated by the field-scae dithionite injections (i.e., a
measure of the injection efficiency).

Results of the laboratory oxidation experiments on sediment cores from the POPT site (Table 8.4)
indicate that the sediment was substantially reduced. The fraction of iron that was reduced by the field
dithionite injections averaged 68% and varied from 23% to 100% (relative to the maximum reducible
iron). The samples showed a distribution of reduction percentage decreasing with distance from the
injection well (as expected), as well as skewed toward deeper samples being more highly reduced. The
total mass of reducibleiron (averaging 60.9 + 21.0 mmol Fe(l1)/g [0.34%] for all POPT sediments)
indicates that the iron content is highly spetially variable. This average of 12 separate experiments
provided a similar vaue for reducible iron to experiments with a mixture of al of the RM sediments
[60.3 mmol Fe(l1)/g]. The mass of reducible iron in the aquifer sediments (i.e., gravel unit) varied from
19.0 mmol Fe(I)/g [RM-2, 62'] to 126 nmol Fe(l1)/g [RM-1, 62'], dthough the underlying till had even
more reducible iron [RM-14, 73', asandy silt had 168 mmol Fe(l1)/g]. Due to the large amount of spatia
variability of the reducible iron mass, a small number of points may not accurately assess the overall
performance of the reduced zone. The amount of TCE degradation provides a larger-scale average of the
overal performance because the degradation reaction is essentialy averaged through sediments with
differing amount of reduction.

Oxidation experiments show that the field-reduced sediment (Figure 8.16b) had considerable
reductive capacity but less than the maximum amount that could be reduced in laboratory experiments
(Figure 8.168). Both samples had approximately the same mass of tota reducible iron [about 63 mmol
Fe(l1)/g], but the field-reduced sediment from FM-4 at a depth of 61.8 ft indicated that the iron in this
location was about 50% reduced. At thislevel, the TCE degradation half-life is approximately 160 hours.
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Table 8.4. Results of Sediment Reduction and Oxidation Tests

028

experimental parameters dithionitebtc oxygen btc Fe(l1) for whole sediment
res. Fe red.rate injection | btc mass Fe(ll) Fe(ll) Fe(ll) fraction
sediment experiment name fraction| time reduced | half-life mass loss oxidized lab reduced | field reduced  field
<4mm  (h/pv) (mmol/g) (h) (mol) (mol) (mmol/g) | (mmol/g) (mmol/g)  reduced*
<4 mm <4 mm whole sediment whole sediment
50%l stok mix** reduction with K.COs  MP 0.379 = 4.89 82.3 5.85 31.2
50%lstok mix** reduction with NaCOs MQ 0.379 @ 5.30 162 6.56 61.4
50%l stok mix** oxidation of MP MR 0.379 @ 0.63 2.07E-04 @ 8.30E-05 63.6 24.1
50%l stok mix** oxidation of MQ MS 0.379 @ 0.58 4.55E-04 | 2.21E-04 107 40.7
FM-4, 61.8' oxidation of field red. MZA  0.340 | 1.30 1.85E-04 @ 1.08E-04 96.5 32.8 0.539
FM-4, 64.8' oxidation of field red. MZB  0.390 @ 0.27 3.97E-04 @ 2.54E-04 167 65.3 1.072
RM-15, 69' oxidation of field red. MZE 0.540 @ 0.27 2.47E-04 | 1.32E-04 79.8 43.1 0.708
FM-4, 61.8' lab reduction of MZA MZG 0.340 @ 3.97 158 7.26 53.8
FM-4, 61.8' oxidation of MZG MZH 0.340 @ 0.98 3.17E-04 @ 1.77E-04 136 46.3
RM-14, 73 oxidation of field red. MZl | 1.000 @0.52 5.34E-04 = 3.53E-04 168 168***
FM-3, 60' oxidation of field red. MZJ @ 0.540 @ 0.37 1.26E-04 @ 5.12E-05 34.6 14.3 0.235
FM-3, 67" oxidation of field red. MZQ 0.423 @ 043 1.72E-04 | 9.25E-05 77.8 32.9 0.540
CH-1, 67 oxidation of field red. MzZU & 0.448 @ 1.33 1.31E-04 | 7.70E-05 59.6 26.7 0.438
CH-1, 72.5' oxidation of field red. MZL @ 0.600 0.54 5.31E-04 = 8.32E-04 125 75.1 1.233
CH-1, 72.5' lab reduction of MZL MZO | 0.600 @ 4.52 97.7 4.86 58.6
CH-1, 72,5 oxidation of MZO MZP | 0.600 0.61 101 60.2
RM-14, 73 lab reduction of MZI MZM 1.000 @ 4.01 63.5 5.62
RM-14, 73 oxidation of MZM MZN 1.000 @ 0.45 2.35E-04 = 9.51E-05 72.9 72.9
*relative to the average maximum reducible iron (60.9 mmol Fe I/g) maximum reduced iron = 58.4+9.8 mmol Fé'/g
or the lab reduced value for that sediment sample
** sediment is a composite mixture of sediments from eight RM wells average field reduced iron = 41.5+121.6/mmol Fe'l

*** gediment sample in underlying aquitard; not used in average
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Figure 8.16. Sediment Oxidation of a Mixture of al RM Borehole Sediments (a) That was 100%
Reduced by Dithionite in Laboratory Experiments, and (b) Sediment from FM-4,
61.8-ft Depth That was Field Reduced

This capacity represents approximately 320 pore volumes of treatment. A second sediment sample from
borehole FM-4 (65 ft) indicated that the iron was 100% reduced, which would degrade TCE at afaster
rate. The TCE degradation performance of the treatment zone can be estimated from the spatial
resolution of thisiron reduction data as well as the estimated iron reduction at well locations and the
residence time of TCE in the reduced zone (Section 8.2).

8.4 Hydraulic Performance

As discussed in Section 4.6, pre-injection hydraulic testing was conducted to determine the local
scale hydraulic properties of the aquifer and to provide a baseline for comparison with post-injection
hydraulic responses. This information was used to assess any changes in formation permesbility
associated with the ISRM treatment. Because ISRM is a permeable barrier technology that relies on the
flow of contaminated groundwater through the treatment zone under natural gradient conditions, it is
important to determine whether the physical and chemical processes associated with the technology (i.e.,
injection of achemical reducing agent) cause any significant reduction in the permeahility of the
formation.
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Data used to assess the degradation of hydraulic performance associated with implementation of
ISRM included pressure buildup (injection phase), drawdown (withdrawal phase), and recovery
(following withdrawal phase) responses collected during the various phases of the ISRM proof -of -
principle demonstration. Pressure response and flow rate data were collected from the pre-injection
(baseline) constant-rate discharge te<t, the tracer injection test, and the five individual dithionite injection
tests. Selected data were analyzed using the analytica techniques discussed in Section 4.6.

Hydraulic performance analysis was focused on fully screened monitoring wells within the targeted
treatment zone that were installed and instrumented before the first dithionite injection test at the site
(RM-5, RM-7, and RM-8). Other monitoring wells within the trestment zone (RM-11 and RM-13) were
not included in the analysis because they were installed after the first dithionite injection, so no basdline
information was available.

Comparison of pre- and post-injection hydraulic test responses was complicated by changing test
conditions throughout the various phases of field testing at the Site. Test conditions were similar for the
basdline constant-rate discharge test through the first dithionite injection test. However, following the
first dithionite injection test, it was determined that significant quantities of dithionite were being fluxed
into the lower outwash gravel unit during injection and that recovery of this mass by pumping only from
the injection well was ineffective. Asdiscussed in Section 4.6, the Qvt2 aguitard unit is noncontinuous
near the injection well (RM-9), and the upper and lower outwash gravel units are hydraulically connected.
To facilitate mass recovery from the lower outwash gravel unit and improve the overall percentage of
residua s recovery, withdrawal phases for Injections 2b through 4 were conducted with extraction pumps
ingaled in RM-9 and RM-2, with awithdrawal rate division of 80% and 20%, respectively.

Although tests run prior to dithionite Injection 2b were run at flow rates that varied as much as 20%,
comparing these tests is easy because theoretical well response scales linearly with discharge rate.
Scaling of pressure response data based on the test flow rate provides a valid comparison method as long
as the same test well configuration is used for all tests. Comparing tests conducted with combined
discharge from RM-9 and RM-2 with other tests conducted with discharge from RM-9 only is not grictly
valid. However, because of the strong hydraulic connection between the upper and lower outwash gravel
unit near the injection well and the small relative withdrawal rate in RM-2 (20%), it was hypothesized
that the pressure responses observed from combined RM-9/RM-2 withdrawal could be used to provide a
quaitative or semi-quantitative assessment of changes in formation permesability.

To test this hypothesis, pressure response data from the withdrawal phase of dithionite Injection 2a
(pumping from RM-9 only at 90 gpm) were compared with scaled pressure response data from the
withdrawa phase of dithionite Injection 2b (pumping from RM-9 a 90 gpm and RM-2 at 20 gpm). Data
from these comparisons are shown in Fgure 8.17. Asindicated, comparison of scaled pressure response
data under these varying test conditions show no consistent bias between the two data sets for the three
monitoring wells analyzed. This analysis indicates that comparison of the scaled pressure responses from
all of the various test phases, although not theoretically accurate under the changing test conditions
discussed above, should provide an acceptable measure of the effects of the multiple injection/withdrawal
tests conducted during the ISRM proof -of -principle test.
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Plots showing the observed pressure response at the injection well and selected monitoring wells for
the various test phases are contained in Appendix E. Based on analysis of drawdown data from the
withdrawal phases and pressure recovery data collected at termination of the withdrawal phases, it was
determined that early- and intermediate-time pressure responses (t <= 100 min) provided the most
representative data set for determination of test Site scale hydrologic properties. Late time data showed a
consistent deflection from the theoretical well response, indicating that some type of reduced flow bound-
ary had been encountered. Thistype of late-time response is not unexpected given the variability in
formation thickness and relatively high level of heterogeneity observed at the Site.

To assess changes in formation permesability over the duration of 1ISRM proof -of -principle injection/
withdrawa testing, the pressure response at a test time of 100 minutes (scaled to aflow rate of 90 gpm)
was tabulated for the various test phases. As discussed previoudly, pressure response data were available
from three phases of each injection/withdrawal test; the injection (pressure buildup), the start of the
withdrawal (early-time drawdown datd), and the end of the withdrawal (recovery following termination of
pumping). These data are presented in Figures 8.18 through 8.20.

Figure 8.18 shows pressure response in the injection well (RM-9) relative to pressure responses in the
selected monitoring wells. These data indicate that plugging and unplugging of the injection well screen
occurred over the multiple injections, as evidenced by the magnitude of variability in pressure responsein
the injection well relative to that in the observation wells. In Figure 8.19, the pressure responses observed
in the monitoring wells are plotted without the injection well data, providing a better scale for interpreta-
tion of the data. Although there are anomalies, pressure response data from the selected monitoring wells
do follow the same genera trends. Figure 8.20 shows a composite response, generated by computing the
mean pressure response of the three monitoring wells for each test phase. The composite response
indicates there is a decreasing trend in formation permeability (i.e., increasing trend in pressure response)
over the multiple injection/withdrawal tests.

To quantify the magnitude of this change, type curve analysis results for the three monitoring wells,
both pre-injection and following Injection 4, were compared (Appendix F). Pre-injection transmissivities
a the three monitoring locations ranged from 7,000 to 9,600 ft*/day compared with a post-injection range
of 6,300 to 8,800 ft*/day. Based on these analysis results and an average aquifer thickness of 12 ft, the
average hydraulic conductivity within the targeted treatment zone before the first dithionite injection and
after the find injection is 700 ft/day and 630 ft/day, respectively. These dataindicate areduction in
hydraulic conductivity of approximately 10% over the multiple test phases, or less than 1% per injection/
withdrawa operation.

The physical and/or chemical processes responsible for this reduction in permeability are not well
understood. Likely physical processesinclude redigtribution of fine-grained materials, either naturaly
occurring or generated during sonic drilling, by the relatively high pore water velocities associated with
the injection/withdrawal tests. Chemical processes associated with the injection of a buffered chemical
reducing agent (i.e., sodium dithionite) include dissolution and redistribution of metas throughout the
treatment zone, clay flocculation, and precipitate formation. Although there are insufficient datato rule
out either of these processes, the consistent trend from the initia basdline hydraulic testing through the
fina dithionite injection indicates that physical processes may dominate. If the observed changesin
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Figure 8.20. Average Pressure Response at t = 100 min for Selected Monitoring Wells

permeability were associated primarily with injection of the chemical reducing agent, the trend in
decreasing permesbility should not have been observed until after the first dithionite injection. However,
to investigate the aspects of sodium on permeability degradation in Fort Lewis sediments, a column
experiment was conducted in which sediment was reduced with 0.09 mol/L sodium dithionite and

0.36 mol/L potassium carbonate (used in the field injections). The hydraulic head dataindicated no
apparent degradation in the hydraulic conductivity (pressure response in the column test actualy
indicated a 19% increase in conductivity) caused by sediment reduction or the potassium carbonate

buffer.
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9.0 Summary and Conclusions

The objective of the ISRM proof -of-principle test was to determine the field-scale feasibility of the
ISRM technology for the trestment of dissolved TCE contamination in the groundwater at the Fort Lewis
Logistics Center. While the ISRM technology for TCE destruction was demonstrated in laboratory
experiments using sediment from the Fort Lewis Site, afield-scale test was required to determine the
feashility of gpplying the technology at alarge scale in the complex hydrogeol ogic and geochemical
conditions of the subsurface. Emplacement of the ISRM treatment zone was accomplished through a
series of four separate dithionite injection tests conducted between November 10, 1998 and March 29,
2000. An extensive program of chemical monitoring was aso performed before, during, and after each
injection to evaluate ISRM’ s performance. Prior to emplacement of the ISRM treatment zone, the
geologic, hydrologic, and geochemical properties of the site were characterized. Sediment core samples
collected in connection with the characterization studies were analyzed in bench-scale column tests at
PNNL to determine reducible iron content. These site-specific hydrogeologic and geochemica data were
used to develop the emplacement design of the pilot-scale (i.e,, single injection well) ISRM
treatment zone.

Performance data obtained from the proof -of -principle test indicate that field-scale reductive
dechlorination of TCE isfeasible using the ISRM technology. A treatment zone was created in the
subsurface that reduced TCE concentrations as much as 92% on the downgradient side of the reduced
zone, from a background concentration of approximately 140 ppb to approximately 11 ppb. The appear-
ance of the principal degradation product, acetylene, also demondtrated that TCE destruction was
occurring via reductive dechlorination. Preliminary analysis of sediment samples collected from post-test
boreholes showed a high degree of iron reduction, which helped confirm the effectiveness of the
treatment zone.

Laboratory analysis of sediment from the Fort Lewis site showed that it contains arelatively large
amount of reducible iron (0.25 wt%) and that a significant percentage (>30 to 40%) of iron reduction was
required to achieve the necessary TCE degradation rates at the site given the low aquifer temperature
(12°C) and high groundwater velocities (time-weighted average vaue of ~4 ft/d). The technical objec-
tives of thistest and reagent requirements to achieve this reduction led to a series of four dithionite
injection/withdrawal tests with monitoring periods between them to evaluate the interim TCE degradation
performance. After the first injection, which had very low iron reduction efficiency, a number of design
modifications were incorporated into the injections. These modifications included diluting of the reagent
to minimize dengity sinking effects and prehesating the treatment zone by injecting warm, anoxic water to
increase the Fe(111) to Fe(l1) reduction reaction rate. The dithionite/sediment contact time during the
injection and residence phases was aso increased. Including these design modifications as a standard
procedure for al subsequent injections substantialy improved iron reduction efficiency during the
remaining injection tests (dithionite Injections 2a, 2b, 3, and 4). Improved TCE degradation performance
within the ISRM treatment zone was also observed after each dithionite injection/withdrawal test as the
percentage of iron reduction at the site increased.
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Another important goal of the testing program was to provide assurances that chemical treatment of
the subsurface did not result in undesirable secondary effects in Fort Lewis sediments, including forma-
tion of toxic TCE degradation products, mobilization of trace elements, and degradation of hydraulic
performance. The field-scae study confirmed the extensive experience in the laboratory, which showed
that TCE is degraded by reductive dechlorinatation, yielding benign products (acetylene, ethylene).
While some pre-exigting cis-DCE aready was present in the Fort Lewis groundwater (associated with
past biodegradation effects in the ambient plume), no significant change in the cis-DCE concentration
was observed and no vinyl chloride was detected. Degradation of the dithionite itself doesresultin a
substantial burden of sulfate being added to the groundwater. Most of the sulfate was withdrawn after
each injection; however, reagent density and hydrogeol ogic conditions have resulted in consistently high
aulfate levelsin well RM-2. Residual levels of sulfate within the trestment zone did exceed secondary
drinking water standards for a short time after each injection test and continue to exceed the 250 mg/L
standard by 40 to 80 mg/L in three monitoring wells on the downgradient side of the treatment zone by
June 2000. Sulfate concentrations are not expected exceed these levels as the residuals plume is trans-
ported downgradient and should eventually decline to below this level as the plumeis dispersed and
diluted by recharge.

As anticipated from previous field and laboratory ISRM tests, severa trace metas were mobilized
during emplacement of the ISRM treatment zone, the magjority of which were recovered during the
withdrawal phase of the process. Although concentrations in the withdrawal water did exceed drinking
water standards, the withdrawal water met the criteria for wastewater disposal. After the treatment zone
had been emplaced, none of the trace element concentrations exceeded primary drinking water standards,
the secondary drinking water standards were exceeded for iron and manganese.

Hydraulic performance was found to degrade by a smal amount over the 13 injection/withdrawal
operations conducted at the test site over the duration of field activities. Although there are insufficient
data to determine definitively whether the degradation was caused by physica or chemica processes, the
consigtent trend from the initid basdline hydraulic testing through the fina dithionite injection indicates
that physical processes may dominate. Interpretation of the available performance assessment data
provided no indication that this small reduction in hydraulic conductivity (~10% over the multiple test
phases or less than 1% per injection/withdrawa operation) caused any significant degradation to the
overal performance of the treatment zone. In summary, there do not appear to be any significant
secondary effects that could limit full-scale application of this technology.

The primary objective of the ISRM proof -of -principle test was met. A single-well treatment zone
was created and it was demonstrated that TCE could be reductively dechlorinated at the field scale.
However, to quantify the performance and economic viability of afull-scale barrier deployment, a
treatability test-scale demonstration is needed in which multiple injection wells are used to form an
adequately sized linear barrier (e.g., 100 to 200 ft long). It is not practicd to attempt to obtain this
information from a single-well proof-of -principle test. Uncertainties in determining groundwater flow
direction at the accuracy required for a small-scae single-well test and associated |ocal-scale hydro-
geologic heterogeneities make detailed interpretation of the downgradient performance difficult.
Additionally, costs associated with a detailed smdl-scale proof -of -principle test, which requires an
extensive sampling and analysis program, cannot be extrapolated accurately to evaluate the costs of afull-
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scale deployment (i.e., reduction in sampling, analysis, and interpretation during full-scale deployment
resultsin economy of scale). Given the site-specific nature of the ISRM technology, the cost associated
with full-scale deployment is most strongly affected by aquifer and contaminant plume characteristics at
the selected barrier location (barrier length required, aquifer thickness and depth, reducible Fe(l11),
groundwater velocity).
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Appendix A

Geochemical Reactionsfor Remediation of TCE

A.1 Iron Reduction Mechanism

The remediation technology used for Fort Lewisis based on the proven ability of reduced (ferrous)
iron to abiotically degrade TCE and other organic contaminants (Roberts et a. 1996). The ISRM
technology used existing iron in aquifer sediment that was chemically treated with a reductant (sodium
dithionite buffered a high pH) for a short time (typically 24 to 60 hours) to reduce Fe(l11) oxides present
in the sediment to adsorbed or structura Fe(l1) phases. This reduction of aquifer sediments results in the
groundwater redox conditions becoming reducing and the disappearance of dissolved oxygen in water, as
shown conceptually in Figure A.1 (0 to 0.1 years).
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Figure A.1. Conceptua Diagram Showing the Influence of a Redox Barrier as a Function of Time
On: &) Dissolved Oxygen in Water Which isthe Main Barrier Oxidant, b) the Redox
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The TCE dechlorination mechanism with reduced iron of this chemical treatment is generally the
same as zero-vaent permeable iron walls (shown in Figure A.1c). Zero-vaent iron/mixed metal barriers
aso rely on the oxidation of ferrous (adsorbed or Fe(l1) minerals such as green rust) (Genin et al. 1998) to
ferric iron as the eectron donor for remediation of chlorinated diphatic contaminants (Balko and
Tratnyek 1998; Johnson et al. 1998) or reduction of metals such as chromate (Blowes et a. 1997; Buerge
and Hug 1997), and not the oxidation of Fe°. Although agueous Fe(I1) can reduce chromate (Eary and
Rai 1988), adsorbed or structural Fe(I1) on a Fe(l11) oxide, clay surface, or zero-vaent iron surface is
necessary for dechlorination reactions. The role of the surface is not clearly understood.

The dithionite chemical treatment dissolves and reduces amorphous and some crystalline Fe(111)
oxides. The reduced Fe(ll) created by the dithionite chemical treatment appears to be present in at least
two different Fe(l1) phases: adsorbed Fe(I1) and Fe(I1)-carbonate (siderite); adsorbed Fe(l1) appearsto be
the dominant Fe(l1) phase. Other, unidentified Fe(ll) mineral phases may also be produced. Although
more than one Fe(l11) phaseis likely reduced in a natural sediment, it can be useful to determine how
simple a chemical model is needed to describe the observations. The reaction that describes asingle
phase of iron that is reduced by sodium dithionite:

shows that the forward rate is a function of the dithionite concentration and the square of the reducible
iron concentration (rate is overall athird-order function of concentration). The agueous Fe(l1) produced
has a high affinity for surfaces, so is quickly adsorbed. Therefore, Fe(11) mobility in mid- to high-pH, low
ionic-strength groundwater (e.g., Fort Lewis groundwater) is extremely limited, and iron is not expected
to leach from sediments during the dithionite treatment. Aqueous iron measurements in previous studies
have shown <1% iron leaching even after 600 pore volumes of groundwater passed through a sediment
column. Corresponding solid iron measurements of sediments used in these columns showed 4% to 10%
loss of iron. Iron mobility is somewhat higher during the actua dithionite injection as a high ionic
strength solution of other cations (0.06 M Na" and 0.24 M K™ in this case) competes for the same
adsorption sites as Fe**, causing some Fe** desorption. Previous experimental transport studies with
dithionite injection into sediments have shown 0% to 12% iron loss after 40 pore volumes of dithionite
treatment.

Experimental evidence from previous studies with Hanford sediments (Istok et a. 1999; Fruchter
et a. 2000) have shown that two parallel reduction reactions are needed to describe iron reduction data
(i.e., afraction of sites are quickly reduced and a fraction more dowly reduced). This may be the result of
the reduction of two or more major Fe(l11) phases. Based on this hypothesis, a second reduction reaction
was added with a second ferric iron phase symbolized by ©° Fe*":

S,0472 +2°° Fe®" +2H,0<==>2°° Fe?" +2(S05 %) +4H" 2
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The total number of oxidized or reduced iron sites is the sum of sitesin Reactions 1 and 2. If the
number of dowly reducing sites (Reaction 2) is small and the mass of iron far in excess of the dithionite,
Reaction 1 can be reduced to akinetic first-order reaction in which Fe** remains constant:

S,0, % <==>2Fe?* +50572 ©)

Reaction 3 is not a balanced reaction, but is meant to illustrate the species upon which the reaction
rate is dependent. Other studies of this chemical trestment have shown that reactions 1 and 2 can be
approximated in some cases with reaction 3 with a pseudo-first order rate of ~5 h (half-life). Another
reaction occurs in the system, which describes the disproportionation of dithionite in contact with
sediment:

25,0, 2 +H,0<==>S,05"2 +2(HS0 3" ) 4

that accounts for the mass loss of dithionite that cannot be used for iron reduction. Other studies have
shown that this reaction has a haf-life of ~27 hours (basaltic sediments). The consequence of this
reaction is to limit how dowly dithionite can be reacted with (i.e., injected into) sediment in the field. If
dithionite is injected too dowly, a significant amount of its mass is lost to disproportionation.

Although Fe(l11) phases are the most significant phases that react with dithionite, other minera
phases present in natural sediments may also be reduced and use some of the dithionite. Previous studies
have shown that some manganese reduction occurs because of the dithionite treatment of Hanford
sediment, athough reduced Mn(l1, 0) phases were about 3.4% of the mass of reduced iron phases.

A.2 Sediment Oxidation Mechanisms

The oxidation of the adsorbed and structural Fe(11) in the sediments of the permeable redox barrier
occurs naturally by the inflow of dissolved oxygen through the barrier but can also beinitiated by
contaminants such as chromate, TCE, nitrate, uranium, or other reducible species that may be present. If
redox equilibrium completely defined the mechanism (i.e., no effects from activation energies), and
contaminants are present in equal molar concentrations, they would be reduced faster in the following
order:

chromate > dissolved oxygen > nitrate > uranium > TCE 5

In relatively uncontaminated aquifers, dissolved oxygen in water is the dominant oxidant of reduced
iron species because contaminants are generaly present in lower molar concentrations relative to dissolv-
ed oxygen. The oxidation of reduced iron in pure mineral phasesis described by the following reactions,
first by dissolved oxygen and then with other contaminants. Fe(ll) species that are known to exist in the
dithionite-reduced sediments include adsorbed Fe(I1) and siderite (Fe[11]COs) A single mole of electrons
is consumed as a mole of these species is oxidized:

F32+ <==> Fe3+ +e” Eh=-0.77v (6)
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Fe?* +3H,0<==>Fe(OH)3(s) +3H" +¢ Eh=-056V ©)

FeCO 3(s) +3H ,0 <==>Fe(OH)3(s)+2H" +HCO 5~ +¢€ (8)

The use of dissolved oxygen as an oxidant is generally divided into two eectron sequences that, when
combined, yield:

O, +4H * +4e <==>H 50, Eh=123v 9

which shows that 4 moles of electrons are needed per mole of O, consumed. The rate of this reaction
(Reaction 9) has generally been observed to be first order at afixed pH, and the rate increases 100-fold
for aunit increase in pH. Assuming one type of surface iron (adsorbed Fe[l1]) is oxidized by dissolved
oxygen (Reactions 5 and 8):

4Fe?* +0, +4H* <=>4Fe3" +2H,0 Eh=-1.85v  (10)

Four moles of Fe(ll) are oxidized per mole of O, consumed. At oxygen-saturated conditions (8.4 mg
L™ O,, 1 am, 25°C), 1.05 mmol L™ Fe(l1) is consumed. Experimental evidence indicates that the
oxygenation of Fe(Il) in solutions (pH >5) is generally found to be first order with respect to Fe(I1) and
O, concentration and second-order with respect to OHG. The rate of oxidation of Fe(I1) in solution by
oxygen a pH 8 isafew minutes (Eary and Rai 1988; Buerge and Hug 1997). In contrast, the oxidation
rate (as a half-life) observed in natural sediments (surface Fe[l1] thought to be adsorbed Fe[l1] and
Fe[111CO;) was found to be 0.3to 1.1 hr.

The oxidation of reduced sediment appears to be more complex than can be described with asingle
oxidation reaction and is likely controlled by both chemica and physical processes. Experimental
evidence during iron oxidation experiments indicates that a second type of reduced iron species is present
(siderite) in minor concentrations. I1n addition, a minor fraction of reduced iron sites (presumed to be
Sderite) appears to be more dowly oxidized, so a second oxidation reaction,

4FeCO4(s)+ Oy +4HT <=>4Fe3" + 2H,0+4C05% (12)

was considered in the reaction model used. Both of these reactions (10 and 11) show that 4 moles

of Fe(Il) are consumed per mole of oxygen consumed. The Fe(l11) produced in reactions (10) and (11)
quickly precipitates as Fe(OH);. The oxidation of redox barrier in an aguifer by dissolved oxygen is
shown conceptualy in Figure 1.1 (0.1 to 50 years), in which the Eh remains negative but dowly increases
over the same period of no dissolved oxygen breakthrough.

A.3 TCE Degradation

At the Fort Lewis Site, the abiotic degradation of TCE and other organic contaminantsis being tested
using the ISRM treatment technology. In this case, the organic contaminants are electron acceptors. The
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degradation pathway of TCE by dithionite-reduced sediment has been investigated in other studies as well
asin Fort Lewis sediments. Degradation pathways for most organic compounds, including TCE, are
complex, involving multiple, and potentially parald reaction steps. Of four possible abiotic degradation
pathways for TCE, the two considered most common are reductive dimination and hydrogenolysis.
Reductive elimination has been shown to be the mgor pathway in other studies using zero-vaent and
ferrousiron (Sivavec et a. 1996; Orth and Gillham 1996). Reductive imination reactions include
(Roberts et al. 1996)

TCE + 2e” <=> chloroacetylene + 2C1; Eh=0.60v (12
PCE - + 2e" <=> dichloroacetylene + 2C1; Eh=0.63v (13)
cs, trans-DCE + 2e- <=> acetylene + 2C1; Eh=0.56 v (14

which describes the destruction of TCE and polychloroethylene (PCE) to easily degraded (abiotically or
biotically) chlorinated acetylene products. Abiotic degradation of these products by hydrogenolysis:

dichloroacetylene + H" + 2e" <=> chloroacetylene + C1; Eh=056vVv (15)
chloroacetylene + H" + 2e” <=> acetylene + C1; Eh=050v (16)
acetylene + 2H™ + 2e° <=> ethyleng; Eh=0.39v 17

apparently proceeds rapidly because chlorinated acetylenes are unstable (Delavarenne and Viehe 1969).
The degradation of TCE to ethylene by reductive dimination (or hydrogenolysis, as discussed below)
involves the production of 6 moles of dectrons or 22 mg L™ TCE needed to oxidize the equivalent mass
of Fe(l) as water saturated with dissolved oxygen (1.05 mmol L™ Fe[ll]). Therefore, water containing
partial oxygen saturation and ~1.0 mg L™ TCE (as likely present in the Fort Lewis aquifer with 0.3 mg/L
in solution and 2 times that mass adsorbed) means that TCE has an insignificant impact on Fe(l1)
oxidation and remediation barrier lifetime. Inthe event that the reduced iron barrier is exhausted,
previous laboratory studies with the Hanford 100-D and 100-H sediments have shown that sediment can
be re-reduced with only a small (5% to 10%) lossin capacity. Hydrogenolysis reactions include

TCE + H" + 26 <=>1,1-DCE (more likely or cis-DCE + C1; Eh=051v (18)
1,1-DCE or cis-DCE + H* + 2e' <=> vinyl chloride + C1; Eh=041v (19

which describes the degradation of TCE involving the production then destruction of dichloroethylene
(DCE) and vinyl chloride intermediates (generaly more difficult to degrade). These reduction potentials
are lower than reductive elimination, indicating they are less likely to occur abiotically. Activation
energies and the specific electron transfer mechanism, which does involve the Fe(l11) oxide surface, may
aso influence which reactions actually do occur. Studies of TCE degradation pathways using zero-valent
iron and various Fe(I1) minerals (Roberts et a. 1996; Sivavec and Horney 1995; Thornton et a. 1998)

A5



indicate that reductive elimination is the mgor pathway, with minor amounts of DCE isomers and vinyl
chloride produced from the hydrogenolysis pathway. One study also indicates that the DCE isomers and
vinyl chloride dowly degraded to ethylene.

The TCE reaction pathway can be used to model the observed rate of TCE degradation. Because
acetylene is the main reaction product observed, the combination of reactions (6), (12), and (16) described
the major TCE degradation pathway:

TCE + H" + 4Fe** <=> acetylene + 3C1 + 4Fe* (20)

A set of differential mass flux equations for (20) and (10) that describes iron oxidation by dissolved
oxygen) for the 7 species can be written and simultaneously solved to define the rate of change of TCE.
The mass flux equation for TCE:

- TCE/-t = Kz [TCE] [H'][Fe*]* + -k [acetylene][C1]3 [Fe*]* (21)

describes mass fluxes as a function of each constituent concentration to each respective stoichiometric
coefficient. The set of differential equations can be numericaly solved (55 mixed equilibrium and kinetic
reactions with 71 species described in Szecsody et a. [1995, 1998a, 1998h]), but this type of detailed
modeling is useful only if extensive knowledge of the reaction parameters exists. In the case of TCE
degradation, not enough is known about the reaction pathways and reaction parameters to justify this
approach.

Simpler models can describe the TCE degradation rate accurately under specific conditions. The
equation describing the TCE degradation rate can be greatly smplified assuming no backward mass flux
and that the pH is buffered:

- TCE'/-t=-K' 1»[ TCE][Fe*]* (22)

which shows that the TCE degradation rate is a function of arate coefficient (K’ 1»), the TCE concer+
tration, and the ferrous iron concentration (raised to a power >1). Therefore, as the sediment is Sowly
oxidized by both dissolved oxygen (reaction 10) and TCE (reaction 20), the observed overall TCE
degradation rate (OTCE'/Ot) will decrease. Over asmall number of pore volumes, the Fe** concentration
can be assumed constant, and the TCE degradation rate smplifies to a first-order reaction that can be
integrated:

TTCE’ /it = -K [ TCE] (23
TCE = TCE.€"" (24)
Both the pseudo-first-order approach (reaction 23) and the fixed-pH approach (numerical solution to
reactions 10 and 22) were used to describe the TCE degradation data in this study. As stated earlier,

because the actual TCE degradation rate is a function of Fe** and decreases over time, the first-order half-
life will appear to decrease at progressively later pointsin time. Asthe overal TCE degradation rate
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decreases, the relative concentrations of degradation products change (Figure 1.1) during flow through a
redox barrier in an aquifer. In general, fina degradation products (ethylene, ethane) appear when al
reactions are occurring at the fastest rates, and, as reactions slow, intermediates (acetylene) and finally the
initial degradation product of TCE dechlorination (chloroacetylene) appears.
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Appendix B

Analytical Methods

In this appendix anaytica methods and the rationale for selection are discussed. The methodologies
include those employed both in the onsite laboratory as well as analytical laboratory measurements
performed on samples shipped to PNNL.

Field measurement of basic groundwater chemistry parameters was made onsite using a series of in-
line flow probes. Parameters measured included: pH, dissolved oxygen (DO), electrica conductivity
(EC), temperature, and bromide (during tracer tests only). Grab samples were collected from the same
flow stream and subjected to prompt analysis for dithionite content by flow injection analysis. Samples
were aso collected periodicaly for off-ste andysis. Thesetypicaly consisted of a series of samples
from each well in turn for: volatile organics (VOAS), acetylene, common anions, and trace metals. VOA
analyses required collection of three identical samplesin 40-ml brown- glass, septum-sealed, VOA vias
each containing 100 microliters of 1:1 Ultrex hydrochloric acid as a preservative. Acetylene samples
followed an identical protocol except that only two samples per well were collected for each event.
Anion samples were collected in duplicate without preservative using 20-ml polyethylene vials. Trace
metals samples were collected as single aiquots using 20-ml, acid pre-cleaned polyethylene viads
containing 1:1 Ultrex nitric acid as a preservative. Each trace element sample was filtered with a
disposable in-line 0.45-micron filter cartridge during filling of the plastic vial. Samples were stored at
reduced temperature (4°C nominad) prior to shipping, during shipping, and prior to analysisat PNNL. All
VOA, acetylene, and anion samples were analyzed as promptly as possible following collection. Holding
times were typically from 2 to 7 days athough some were longer during the earlier phases of the project.
Trace eement samples were collected during al sampling events including injection and withdrawal,
however, only selected samples were subjected to analysis.

B.1 Geochemical Field Parameter Monitoring Probes

A sample distribution manifold containing the eectrochemical flow probes was located insde the
field laboratory trailer. The probes had the following specifications:

- pH measurements were performed with an Oaktron WD-35615 series pH meter with pH range from -
2.00 to 16.00 with a measurement accuracy of + 0.05 pH units. Multipoint pH cdibration with
commercia pH buffers and temperature compensation.

- Temperature measurement also made with Oaktron pH WD-35615 pH meter. Temperature rangeis
0.0 °C to 100.0 °C with and accuracy + 0.5 °C.

B.1



- Conductivity measurement made with Oaktron WD-35607 series conductivity meter with and
operating range of 0.0 to 199.9 mS and an accuracy of +0.05 mS.

- Dissolved oxygen was determined with an Orion Mode 810 dissolved oxygen meter and probe.
Measurement range was 0 to 20 ppm with an accuracy of £0.1 ppm.

- For the one tracer test performed a Cole Palmer ion selective bromide el ectrode was added to the
manifold. The electrode had an operating range of 0.4 to 79,900 ppm with a precision of + 2% of
each full-scale reading.

B.2 OnsiteLaboratory Analyses

The following section provides a description of the on-site [aboratory equipment and analytical
methods used for field analysis of geochemical parameters, dithionite concentration measured before and
during the four injection series. In addition, the method used for field measurement of TCE/DCE during
the initid well drilling operation is aso detailed.

B.2.1 Groundwater Geochemical Analyses

In addition to the standard probe system used for routine measurements described in Section B.1, on-
site laboratory instruments (microel ectrodes) were also employed as a qudity check for duplicate
measuremert of pH, dissolved oxygen, and conductivity in dl samples. Thisin-line electrode system was
designed for much smaller volumes (0.02 in. -diameter in flow path), so that only a small amount of water
was needed for accurate measurement (1 to 2 mL). Flow through instrumentation consisted of an oxygen
electrode (Microelectrodes Inc.), pH eectrode (Fisher Scientific), and an electrical conductivity electrode
(Dionex Instruments).

Laboratory electrodes were calibrated several times each day by injecting calibration standards
through the in-line system. Water temperature, as measured by each instrument was also recorded for
calibration purposes. Three pH cdibration standards were used for the multipoint calibration (4.0, 7.0,
and 10.0). Cdibration of the laboratory instruments indicated that the pH e ectrodes were stable over the
course for the field experiment. Accuracy of pH was + 0.02 pH units. Two electrical conductivity
standards were used for calibration (1000 and 10,000 n®). Very stable behavior of the system was
typical, indicating that frequent recaibration was not necessary. Accuracy of the electrical conductivity
measurements was + In8. The oxygen electrode was cdibrated with two solutions, oxygen saturated
water (8.2 mg/L) and oxygen free water produced by dithionite treatment. Oxygen electrode recdibration
did exhibit significant drift as the electrodes aged. Accuracy for dissolved oxygen was estimated to be +
0.1 mg/L.

B.2



B.2.2 Dithionite Analyses

Dithionite concentrations were measured on well samples and dithionite injection solutions using
laboratory equipment housed in the onsite laboratory. Two separate dilution/UV absorbance systems
were used to handle the sample load and provide a backup capability in the event of equipment failure.
Dithionite was measured by UV absorbance at 315 nm with a fixed wavelength UV detector (HP 1050
series). A computer-controlled, automated dilution system was used to adjust sample concentration to the
appropriate range for linear Beer's Law performance.

Multiple dithionite determinations were commonly made on each sample to insure accurate results.
Measurements were extremely reproducible if sequential samples had similar concentrations of dithionite,
but additional measurements were sometimes necessary, for example, to accurately measure a high
concentration of dithionite directly after a sample of oxygenated water. Blanks, (oxygen free dilution
water) were frequently injected to insure that the dilution system was operating correctly. Dithionite
standards were periodically made up by weighing of reagent materias (including buffers) and
immediately analyzed. For the highest dithionite concentration used, dilutions of up to 600X were
required. Samples with lower dithionite concentrations were diluted less or not at all, giving detection
limits of down to 107 mol/L dithionite for undiluted samples. A detailed diagram of the instrumentation
used for dithionite andysisis shown in Figure B-1.

B.2.3 OnsteVolatile Organic Analyses

During theinitia well ingtallation operation (RM-1A through RM-9) samples were collected from
each of the boreholes at various depth intervals prior to well completion and analyzed on site for volatile
organic content using afield portable GC-MS. The instrument used was a Viking Spectralrak 620 field
transportable GC-MS. The protocols used were otherwise identical to those implemented in a laboratory
at PNNL (PNL-VOA4) using amore typica laboratory type instrument. PNL-VOA4 isdescribed in
more detail below under Section A.3.1. The main purpose of the in-field preliminary sample analyses
was to assure that suitable levels of TCE were present at the site prior to completion of wells and
continued drilling. That goa was accomplished fully by the field measurements, which were later
confirmed in the laboratory using duplicate samples. It was noted during these activities that the there
was adight trend toward increasing TCE concentration with depth.

B.3 Offsite Laboratory Analyses

Analyses requiring full laboratory protocols were performed at PNNL on samples shipped back to the
laboratory at the conclusion of sampling. Although al measurements were performed in-house at PNNL,
anumber of different laboratories and protocols were used. Two different methods were available for
analysis of the key analytes of concern, trichloroethene (TCE) and cis-1, 2-dichloroethene (DCE).
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FigureB.1. Diagram of Dithionite Analysis System Developed for Automated Concentration

M easurements from Manua Samples of Fluid Streams. Operations of the system are:
(8 sample injection, (b) dilution (c) mixing, and (d) measurement. A sample with a
high dithionite concentration is injected at the injection valve (101) into asmall loop
(103), where the excess is waste (102). The program that controls al fluid operations
isthen initiated on a computer (114), which switches the injection valve (104) and
draws degassed water (106) into a syringe (108). The sample and degassed water are
mixed between two syringes (108), and then injected into a UV detector (111) where
the signal and basdline are recorded (113). A samplein a syringe with alow
dithionite concentration is placed on the syringe pump (109, 110) and directly

injected into the UV detector (111) with no dilution. Groundwater (107) is used for
the baseline signal in this case.
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B.3.1 Volatile Organic Analysisby GC/M S-Headspace Sample I ntroduction
(PNL VOA4)

PNL-VOA4 employs a combination of gas chromatography-mass spectrometry (GC-MS) combined
with headspace sample introduction to detect, identify, and quantify a series of volatile organic congtit-
uents in groundwater or waste water samples collected in headspace-free, 40-mL VOA vids. Theinstru-
ment used for laboratory analysis was a Hewlett-Packard 5971 GC-MS. Separations were achieved with
aJ&W Scientific 60- meter long, DB-1 column (0.32 mmi.d., 1 mm thick film). Prior to analysis, 15 mL
aiquots of the water samples were removed from each vial, aiquots of internal standard added, and the
capsreplaced. The interna standard mixture contained: pentafluorobenzene, 1, 2-difluorobenzene,
d5-chlorobenzene, and d4-dichlorobenzene. Each via was then place into a block heater and heated to
95°C for 1 hour. An diquot of the headspace gas was sampled with a gas-tight syringe and injected into
the GC-MS which then ran through a complete temperature ramped separation program. The system was
calibrated with a 4-leve calibration standard spanning a concentration range of from 6.4 to 640 ppb. An
80 ppb continuing calibration verification (CCV) standard was a so used to assure the stability of the
cdibration. A continuing calibration blank (CCB) was injected between any standards and samples to
assure that system memory effects were negligible. All standards, blanks, and samples were prepared in
an identical manner. The calibration standard used was a dilution of a commercialy prepared and
certified multicomponent mixture supplied by Restek. A second standard supplied by Supelco was aso
used as a QC cross-check. Method precision was estimated from replicates to be 10% RSD. The method
detection limit was approximately 0.1 ppb for most compounds of interest including TCE and DCE.
Because the method had a very wide linear dynamic range, samples were run undiluted in al cases.
EnviroQuant software supplied by HP was used for quantitation of target compounds and verification of
mass spectral purity. Chromatograms were also routingly inspected for the presence of additional peaks
not included in the target list.

B.3.2 Volatile Organic Analysis by Gas Chromatography-Purge-and Trap Sample
Introduction (PNL-VOA3 or SW-846 8021)

PNL-VOA3 was based on EPA Method 502.2 and is aso very smilar to EPA SW-846 Method 8021.
It is a gas chromatography based method employing an Ol purge and trap (P& T) system for sample
introduction, a Hewlett-Packard 5890 gas chromatograph for separations and a sequentia tandem pair of
detectors, an Ol photoionization detector (PID) and an Ol halogen selective eectrolytic conductivity
detector (ELCD). The Ol P& T module is equipped with a 27-position autosampler. 1t employsa5 ml
sample loop and uses a three-bed trap (Tenax, silicagel, and charcoal) for sample preconcentration. The
GC separation column is a 105-meter long Restek Rtx-502.2 megabore column (0.53 mmi.d., 3.0 nm
thick film). The system was calibrated with the same standards as described under section A.3.1,
however, because the dynamic range was much more constrained for this technique, the calibration
ranged only from 4 to 24 ppb. Samples with higher concentrations of TCE (which was most of them)
were diluted by an appropriate amount. Check standards run at the end of each batch typically agreed
with theinitia cdibration to within 5% or better. Method replication precision was typically better than
5%. The method detection limit was approximately 0.2 ppb for both TCE and DCE. All data reported
used the PID for primary quantitation with the ELCD channel used primarily as a QC check. Integration
and quantitation was performed using PE Nelson Turbochrom software.
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B.3.3 Acetylene Analysis by Gas Chromatography-Headspace Sample Introduction

Acetylene, ethene, and ethane are reductive degradation products of trichloroethene. The presence of
any of these species (particularly acetylene) following dithionite treatment can be taken as a priori
evidence that the process has been effective in stimulating abiotic reductive dechlorination. Since
standard VOA techniques do not retain acetylene quantitatively or provide optima separations, some
anaytical development work was needed to find a satisfactory assay method. It was found that a GC-
GasPro column (J&W Scientific) provided exceptionally good separations for the species of interest.
Separation and detection was performed on an HP 5890 gas chromatograph equipped with a flame
ionization detector and a 30-m-long x 0.32 mmi.d. GC-GasPro PLOT column. A headspace method was
used for sample introduction. Twenty-ml aliquots were removed from each via prior to anaysiswith a
large volume syringe. An aliquot of fluorobenzene internal standard was injected through the cap. The
internal standard was used as a quality control check and for approximate quantitation of TCE/DCE,
however, only the acetylene data was reported to the database. Following addition of the internal
standard, each via was stirred with a vortex mixer for 30 seconds and allowed to equilibrate at room
temperature for aminimum of 30 minutes prior to analysis. A gastight syringe was used to remove a
1 ml aiquot of headspace gas from each vial. The gas was injected into the GC through the split injector
port. Theinjector was set to a split ratio of 5:1. A single level caibration standard purchased from Scott
Specialty gases was used for quantitation of acetylene in terms of ppmv in the headspace. Fina reported
data was converted to ppb in solution using a published value of the dimensionless form of the Henry's
Law congtant for acetylene (0.49). The method detection limit for acetylene was approximately 0.06 ppb.
Method precision typically averaged approximately 10% RSD for samples run in batches on the same

day.
B.3.4 Common Anions by lon Chromatography (EPA 300.0)

During the course of this work, three different ion chromatography methods were used in two
different laboratories. All three methods followed the general guidelines of EPA Method 300.0 amended
to reflect instrumentation differences. Initial work was performed according to the in-house method
PNL-IC1. A Dionex 4000i ion chromatograph equipped with lonPac ASAA guard and separations
columns and a membrane suppressor were used for separation and detection. Quantitation was performed
with a Nelson 3000 Series Chromatographic Data System. A Waters 710 autosampler was used for
sample introduction. A six-level calibration standard spanning the range of 0.1 to 100 ppm was used for
guantitation. Because of the wide dynamic range spanned, a cubic fit was used for construction of
calibration curves for the species of interest: fluoride, chloride, nitrate, sulfate, and phosphate. A certified
standard purchased from High Purity Standards, Inc. was used for preparation of secondary standard
dilutions. A response factor for sulfite was determined by preparing a series of in-house sulfite standards
and carefully determining the relative response for sulfite relative to sulfate and phosphate. Because
sulfite and sulfate were not fully resolved by the separation column, samples containing sulfite required
manual reintegration and recalculation of the respective concentrations of the two species.
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Partway through the project, a new ion chromatograph system was purchased. The new instrument
had significantly improved separation and detection capabilities. The instrument was a Dionex DX-120
equipped with an lonPac AS9-HC column, an ASRS-Anion Self Regenerating Suppressor, and a
72 position Dionex autosampler. Operating conditions were adjusted as appropriate for that instrument
but the IC1 protocol was otherwise maintained. The ASO column had greatly improved resolution with
the sulfate and sulfite peaks separated by more than 3 minutes. Dionex PeakNet Software was used for
quantitation and reporting. The method detection limits for IC1 is approximately 0.2 ppm. Replication
precisonistypicaly better than 5% RSD.

A number of anion samples were also run at a second PNNL lab. The method used isinternaly
documented as PNL-AIAL-03. Protocols are taken aso from EPA 300.0., however, the details of
implementation are somewhat different than for PNL-1C1. The instrument used was a Dionex 4000i
equipped with lonPac AS4A guard and separations columns and an Anion Self Regenerating Suppressor.
All samples were injected manually into a sampling loop. Data was recorded on a strip chart recorder
with quantitation taken from peak height. Calibration curves were constructed for each species using a
minimum of 3 calibration levels. Up to 5 levels were used in some cases for samples spanning awide
range of concentrations. Mid-range check standards were run between groups of 5 samples and at the
end. Standards were prepared in-house by weighing of high-purity reagent materias. Sulfite standards
were freshly prepared for each batch. Sulfite standards were stabilized with glycerin to retard oxidation.
Samples were diluted as appropriate to fal within the linear range for sulfate. The method detection limit
was calculated based on the basgline noise. For sulfate, the MDL was conservatively estimated to be 0.1
ppm. Replication precision was typically better than 5% RSD.

B.3.5 TraceMetalsby Inductively Coupled Plasma-Optical Emission Spectroscopy (I CP-
OES; EPA SW-846 M ethod 6010)

Trace metals samples were analyzed by Inductively Coupled Plasma-Optical Emission Spectroscopy
(ICP-OES) according to the protocols documented as PNL-ALO 211.2. The PNNL method is derived
from EPA SW-846 Method 6010 as adapted to more modern instrumentation. The instrument used was a
Thermo Jarrell-Ash AP/Iris. Manua sample addition was performed in al cases. Trace element samples
were run in a 2% nitric acid matrix. Injection and withdrawa samples were analyzed for total sulfur.

That data was used to calculate sulfur mass balance. Total sulfur measurements were performed on
unpreserved samples. Prior to analyss, the samples were treated with 1% ammonium hydroxide and 1%
hydrogen peroxide and alowed to digest overnight at room temperature. Except for the sample prep and
selection of analytical wavelength, analytical conditions were otherwise the same for the sulfur and trace
element analyses. Single element NIST traceable solution standards purchased from Johnson-Mathey
were used to produce multicomponent calibration standards. A multicomponent check standard
purchased from High Purity Standards, Inc. was used for independent calibration verification. All data
analysis was performed by the Thermospec software. Detection limits were based on three standard
deviations of the basdline for each lement. Detection limits varied widedly for different elements with the
most favorable cases ranging down to the low ppb levels. Precision for replicate analysis was typically
5% RSD or less but occasionaly was higher for samples with high levels of total dissolved solids.
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B.3.6 TraceMetalsby Inductively Coupled Plasma-M ass Spectrometry (ICP-MS); EPA
SW-846 M ethods 6020

In order to verify that the dithionite treatment had not adversely impacted aguifer water quality, a
more capable anaytica method, ICP-MS, was used for post-test analysis of trace metals samples. The
method was used after it was concluded that the more routine ICP-OES method (6010) was not adequate-
ly sensitive for a number of key elements (particularly arsenic) with respect to Primary Drinking Water
Limits. The method used was internally documented as PNL-ALO-280. It follows the protocols set forth
in EPA SW-846 Method 6020. The laboratory has been certified by the State of Washington for perform-
ance of thistest. The instrument used was a VG PlasmaQuad PQ2+ STE. The instrument was equipped
with both ultrasonic and Meinhard type nebulizers. Samples were introduced into the system manually
through a perigtatic pump. Indium and thallium spikes were added to each sample to determine if plasma
suppression was present associated with elevated dissolved solids. Samples exhibiting suppression
effects were diluted as appropriate. The instrument was calibrated with a mixture of NIST traceable
commercia standards at four cdibration levels. An independent cdibration verification standard
obtained from a second vendor was used as a QC check. Matrix spikes were aso used as QC checks.
Method detection limits varied with individua eements and as a function of dilution. Under the most
favorable circumstances (i.e. no dilution) detection limits of aslow as 0.001 ppb were typica for many
eements. Replication precision was typically less than 1% RSD for clean samples and generaly better
than 5% for samples with high dissolved solids content.
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Appendix C

Hydrogeologic Setting. Well Construction Summaries,
and As-Built Diagrams

C.1 Regional Geologic Setting

The study area (Figure 1.1) lies approximately 10 miles south of Tacoma, within the southern part of
the Puget Lowland physiographic province of western Washington. The Puget Lowland is a north south
trending structural trough bounded to the east by the Cascade Mountains and to the west by the Olympic
Mountains. The trough is filled with a thick sequence of mostly unconsolidated, Quaternary-age,
sedimentary deposits. For the last 1 to 2 million years, the Puget Lowland has predominantly been under
the influence of the repeated advance and retreat of Puget Lobe of the Cordilleran Ice Sheet, which as
recently as 16,000 years ago filled the Puget Lowland with hundreds to thousands of feet of glacia ice
(Porter and Swanson 1998). The last mgor glaciation deposited the Vashon Drift, which includes those
deposits laid down during the VVashon Stage of the Fraser Glaciation.

Previous investigations (Griffin et a. 1962; Ebasco 1988; 1993; USACE 1993; Woodward-Clyde
1997) reved the stratigraphy to be diverse, erratic, and complex. In general, the geology can be
characterized as a stacked braided stream system incised into tills and or fluvial/lacustrine (nonglacial)
sediments. The complexity and variability inherent of the glacial environment is demonstrated
geomorphically by the wide variety of glacial deposits and land forms left behind during the last
deglaciation (Figure C.1).

C.1.1 Late-Pleistocene (Vashon) Glaciation in the Puget L owland

Late Pleistocene glaciation in the Puget Lowland left behind two types of deposits: glacia outwash
and till. Sheets of glacial outwash, composed predominantly of reworked gravel and sand, were deposited
by proglacia streams with the advance and retreat of the Puget Lobe and occasionally by outburst floods
from ice-dammed lakesin the region. Till, on the other hand, is an ice-contact type of deposit. Two types
of glacial till are represented in the subsurface, lodgement till and ablation till. Lodgement till, locally
known as “hardpan,” is very dense, unstratified, compact gravel in amatrix of clay, silt, and sand
deposited at the base of the glacier and subsequently overridden by the glacier. Ablation till isaloose,
heterogeneous mixture of soil types similar to lodgement till but derived from melting glacia ice
(Ebasco 1988).
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Figure C.1. Geomorphic Map of a Portion of the Puget Lowland

The region is Stuated on a broad, poorly drained, upland plain of glacid drift exhibiting low to
moderate relief (Walters and Kimmel 1968). This upland plain is subdivided into two geomorphic units,
adtriated drift plain and an outburst-flood plain (Figure C.1). The youngest strata within the striated drift
plain, which underlies most of the city of Tacoma, consists of glacially sculpted till. This last-glacid till
was deposited and overridden by several hundreds of feet or more of glacia ice. At the surface are many
subparald grooves and drumlin-like ice-contact features aligned paralel to the direction of ice movement
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(north to south) during the last retreat of the ice sheet; the longest ridges being 2to 3 milesin length. The
sediments within these ridges are heterogeneous and complex, and some of the deposits appear to be
nonglacial (Laprade 2000).

Astheice retreated northward for the last time around 16,000 years ago, a large ice-dammed lake
(Glacia Lake Puyalup) formed in the present Puyalup River valley east of Tacoma. The lake filled until
it overtopped drainage divides aong its western margin. The lake drained suddenly, at least four different
times, as indicated by the number of distinct erosional channels that were created when successively
lower outlets from the ice-dammed lake were exposed by the northward receding ice margin. The last
two flood channels to drain glacia Lake Puyallup (Clover Creek channel and South Tacoma channel) are
shown in Figure C.1; evidence for two other older flood events from glacial Lake Puyallup (Kirby/Muck
Creek and Ohop) lie off the map to the southeast (Walters and Kimmel 1968).

Foodwaters from each of the channels drained westward eroding into the older striated drift plain. In
Figure C.1 it is apparent how floodwaters coming down the Clover Creek channel wereinitially confined
to areatively narrow channel but eventually fanned out near Spanaway, seven miles east of Fort Lewis,
creating a huge, gently west-doping, outburst-flood plain. From Spanaway westward is a network of
braided flood channels that blanketed the area with outburst flood gravel (i.e., the Steilacoom Grave).
Subsequent to the outburst flood down Clover Creek the ice continued its retreat northward. Lake
Puydlup filled one last time and ultimately overtopped another divide, creating a new outlet referred to as
the South Tacoma channel. This last flood event locally incised into the older outburst-flood deposits
previoudy deposited viathe Clover Creek channd (Figure C.1).

The last glacial ice-contact feature to form was kettle lakes, which began to develop when large
blocks of ice stagnated after becoming separated from the main ice mass as it retreated northward. The
stagnant ice blocks were subsequently buried or partially buried beneath an aggrading blanket of outwash
sand and gravel, from meltwater streams as well as outburst floods from glacial Lake Puyalup. The
stagnant ice did not melt completely until after Glacial Lake Puyallup drained for the last time. Theice
blocks melted dowly, forming isolated sinkholes that later filled with groundwater. The kettles and
depressions range in size from 50 ft to 2 miles. A string of kettle |akes formed north and west of Fort
Lewis. American Lake isone of these.

Due to the retreat and melting of the glaciers, sealevel has risen about 300 ft since the last ice age.
Thisrisein sealevel flooded dl the lowland areas formerly occupied with ice, created the waterways of

Puget Sound, and raised groundwater levels. Only minor modification of the land surface has occurred in
the last 15,000 years via surface streams and organic depression fillings (Ebasco 1988).

C.1.2 Regional Stratigraphy

The generalized stratigraphy for the southern Puget Lowland is presented in Figure C.2.

C.3



Generalized Stratigraphy-
South-Central Puget Lowland

i Kitsap

ISRM Site Stratigraphy

AN

"odder” till

Formation (Whidbey Fm.)
| Glacial Outwash

. Glacial Till

=4
Glacial s A
r ge
Drift I& iyrs. B.P.)
12,000
Yashon |
LK)
:
4]
Ohymypia nonglacial o
[
&
Possession 5
ot gl cil
[i3
2
Double Bhuff % %
%E"“ 280,000 |
iR 22
Salmon Springs
g
nan gacal ak
2
[
&
Shuck o
=
o
L
an glacal
Orting
-
non glacel |2 §
o
2
&
Sw

Normal Folamy
Heversed Polary
- FPuyallup
Farmation
L .
,/, Aquitard properties
Alderton #~_/ Major Unconformity
Formation
Undifferentiated Drift
Mon-Glacial Deposits
. Bazement Fock
Puget
Group

Modified after Noble (1930), COE (1993), Woodward-Clyde {1997), and Troost (unpublished data)

Fr.Lewis. sirat

Figure C.2. Generalized Stratigraphy of the South-Central Puget Lowland

c4




Based on the oxygenisotope record preserved in degp marine cores, seven mgjor interglacial-glacia
cycles have occurred in the last 620,000 years, athough many more glacia-interglacia cycles may extend
back 2.5 million yearsinto the earliest Pleistocene (Morrison 1991). Earlier reports (Ebasco 1988, 1993)
presented evidence for only four glacia-interglacia cycles. From youngest to oldest, these include the
Vashon, pre-Vashon-post-Kitsap, Salmon Springs, and Stuck glacia-drift sequences. More recently,
Troost et a. (1998) recognized two other glacia-drift sequences (Possession and Double Bluff) within the
pre-V ashon-post-Kitsap sequence reported earlier. An older, early Pleistocene glaciation, which
deposited the Orting Drift, is aso reported in the literature (Walters and Kimmel 1968; Shannon and
Wilson 1986). Thusit appears that within the published geologic record there is evidence for at least six
major glaciakinterglacia cycles within the Puget Lowland. The youngest, pre-Vashon non-glacid unit,
which was deposited about 17,000 years B.P., isreferred to as the Olympia nonglacia interval. Older
nonglacia units, from youngest to oldest, include the Kitsap, Puyallup, and Alderton Formations,
respectively.

The region is underlain by 2000 ft or more of unconsolidated Pleistocene sediments (Hall and
Othberg 1974) that consist of aternating layers of glacia, and non-glacia deposits from at least Six
periods of glacial advance and retreat. Deposits of coarse-grained glacial drift (till and outwash) are often
separated by finer-grained, non-glacia fluvid, lacustrine, and marsh deposits (Walters and Kimmel
1968). The predominant surficial deposit in the areais a mantle of outwash gravel (Steilacoom Gravel);
these gravels were deposited in braided channels that formed just downstream of glacial Lake Puyallup
(Figure C.1), asthe lake rapidly drained at the end of the last ice age. The Steilacoom Gravdl is
considered to be part of the Vashon Drift and is composed of consistently coarse gravel in a sand matrix.
The relative consistency of grain size and singular source (outburst floods from Lake Puyallup) serveto
differentiate the Steilacoom Gravel from other members of the underlying Vashon Drift (Woodward-
Clyde 1997).

Below the Steilacoom Gravel is a sequence of glacia sediments associated with the last advance and
retreat of the ice sheet during the late Pleistocene (13,000-17,000 years B.P.); these deposits belong to the
Vashon Drift (Figure C.2). Multipletill layers separated by layers of glacial outwash suggest that there
were at least two, and perhaps more, secondary advances of the Puget Lobe in the area during this time.
Lying stratigraphically below the VVashon Drift are several units of undetermined age (Ebasco 1993). The
upper unit is an undifferentiated till layer consisting of lodgment till, glaciomarine drift, glaciolacustrine
deposits, and lesser amounts of ablation till. Underlying the undifferentiated till is a unit of nonglacia
aluvid deposits (Olympia nonglacia interval); the Olympia Beds vary from silt to sandy gravel and
contain organic debris (Troost 2000). Another sequence of glacial drift (Possession Drift) may be present
aop the laterally extensive Whidbey Formation (Borden and Troost 1995) formerly referred to as the
Kitsap Formation.

The dilts, fine sands, and peat of the Whidbey Formation, equivaent to the Qpv unit of Logan et al.
(2000), represent non-glacia (fluvial and lacustrine) deposits laid down during the last major interglacia
period, which lasted from about 70,000-130,000 years B.P. (Morrison 1991). The Whidbey Formation is
important because it forms the shallowest, regionally extensive aquitard between the unconfined aquifer
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(i.e., Vashon Drift) and deeper groundwater systems (Noble 1990; Borden and Troost 1995). The maxi-
mum thickness of the Kitsap is not known, but it has been inferred to be up to 150 ft thick in central
Pierce County (Walters and Kimmel 1968).

Another pre-Vashon glacia sequence (Double Bluff) may exist between the Kitsap Formation and the
underlying Salmon Springs Drift (Troost et a. 1998). The Salmon Springs Drift has a reversed magneto-
polarity and therefore assigned to the Matuyama Polarity Epoch (Mankinen and Dalrymple 1979), dated
at >780,000 years B.P. (Morrison 1991). Below the Salmon Springs Drift may be at least two other
episodes of nonglacial (Puyallup Formation, Alderton Formation) and glacial (Stuck Drift, Orting Drift)
deposition (Figure C.2). Underlying the Orting Drift are unconsolidated and undifferentiated lacustrine
and volcaniclastic deposits of Miocene age (Walters and Kimmel 1968). The predominance of volcanic
material within these sediments differentiates them from the Pleistocene deposits.
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Pacific Northwest National Laboratory I WELL COMPLETION SUMMARY l?ug: lafl
Project  [SRM Well Mo, RM-1a  Temp well No.
Location  FI Lewis = | Coordinates ; MNB53514.7 E14549348.9
Drilling Co. Baan Longyear Elevation: Casing 290.32  Survey Marker e
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PV - Endcap 040 43 it o BRT = 631 D eriane
PVC- Lonayear Continuous Wrap Screen 4.5 5.00 20 307 - 647 603 - 643
Botton af PFC @ 65,43 - — R S o R [ e
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SteclCasing = = B 7.3 — B = fd
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Enviroplug bentomite chips - medium 525 - 575 — ZThags
Enviroplug bentonite grout = 180 - 525 Ghags :
Cement Grout - o 4 - 158 1 bag o
COMMENTS

*PWC added to bring top of PVC 10 1.35 fi ags.
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* Added 3.5 of PVC casing after instalation.

Final height of PVCis 2.3 ft ags.

Pacific Northwest National L aboratory WElL |l COMPI ETION SJIMMARY
Project ISRM wellNo. —_RM-1h  Temp. well No.
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Pacific Northwesi National Laboratory _| WELL COMPLETION SUMMARY [Page 10t 1
Project |SRM Well No. RM-2 Temp. Well No.
Location EtLewis Coordinates NB53528.1 £1494932.1
Drilling Co. _Boartlongyear Elevation: Casing 200,235 ft Survey Marker
Driller(s) Jeff Rustad
Geoloaist(s) Other (Company) DRILLING METHOD
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Drilling Method(s)
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Drilling Fluid None
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COMPLETION DATA OTHER (check if performed)
Drilled Depth (ft) 80 Completed Depth (ft) 79 ______Well Abandonment X Pad X_Lock and Can
Date Started —8/28/08 Date Completed ___8/29/98 | —_ Well Development X___Guardpost(s) Aquifer Testing
X Well Pre-development —_Manhole Cover Other (list)
Static Water Level (ft) — 2556 Date___8/20/08 _X___ Geophysical Log(s) _X___Protective Casing _ﬁ:enuaLLzer_

0.45 ft blank: bottom of screen to bottom joint. SCREEN
060  fthlank: top of screen to top joint. Cap Outer Length Slot Interval (ft bgs) Interval (ft bgs)
Type (ft) Dia. (in.) (ft) Size Joint-to-Joint Slot-to-Slot
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)
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ANNULAR SEAL/FILL 3
Type Interval (ft bgs) Quantity Volume (ft )
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- 673 -_725 1 hag
Environliin hentonite aroiit 150 - 673 [} h;\g-:
Cement Grout 69 - 150 1 bag

COMMENTS

*Added 3.0 ft of PV C casing after installation. Final height of PVCis 2.2 ft ags.
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*Add 1.0 ft of PVC casing. Final height of PVCis2.0 ft ags.

Pacific Northwest National L aboratory | WEL | _COMPI ETION SUMMARY [Poge o
Project ISRM wellNo. _—RM-=3  Temp. wellNo.
Location Ftl ewis Coordinates N653473.3 F14949890 7
DrillingCo. -Boatlongyear | Flevation' Casing 20064 ft Survey Marker
Driller(s) Jeff Rustad
Geologist(s) Other (Company) DRILLING METHOD
Drilling Method(s) Resnnant Sonic
Drilling Fluid Naone
Other
COMPLETION DATA OTHER (check if performed)
Drilled Depth (ft) — —L2—— Completed Depth (ft) —ZO8— | —— Well Abandonment X Pad I aele and Can
Date Started _9/10/98 Date Completed—9/10/98 [ ____ Well Development X___ Guardpost(s) Aquifer Testing
X Well Pre-development ———Manhole Cover _Ei;?:‘;;';;‘_
Static Water Level (ft) 2595 Date——QM1/O8 | — Geophysical Log(s) X__ Protective Casing !
045  ftblank: bottom of screen to bottom joint. SCREEN
— 060 ftblank: top of screentotonioint. Cap Outer Length Slot Interval (ft bgs) Interval (ft bgs)
Type (ft) Dia (in.) (ft) Size Joint-to-Joint Slot-to-Slot
PVC - Endcap 040 45 600 -_694 -
P\/C- | ongyear Continuous\Wrap Screen 45 100 20 500 -_690 506 -_686
_Bottomof PVC @ 69.4' 45 100 20 400 - _50Q0 496 -_586
TEMPORARY CASING Max. Section
Shoe Nominal Outer Length
Type (ft) Dia (in.) Dia (in.) (ft) Interval (ft bgs)
“Steel Casing 2] 75 Q - 72
PERMANENT CASING Max. Section
Cap Nominal  Outer Length
Type (ft) Dia (in.) Dia (in.) (ft) Interval (ft bgs)*
BV/C. Schedule 40 (B piece) 4 45 1000 =10 __ - 490
ANNULAR SEAL/FILL s
Type Interval (ft ng) Quantity \/nliima (ft \
| Colorado 10-20 Silica Sand 460 - 708 10bags-
-Enviroplug hentonite chips - medium. 330 - 460 10bag
_Enviraplug bentonite grout 130 - 380 5 bags
Coment Grand 85 - 130 1 hag
COMMENTS

C.l4




Pacific Northwest National L aboratory I

WELL COMPLETION SUMMARY Pagelof 1
Project ISRM Well No. RM-4 Temp. Well No.
Location Et L ewis Coordinates N653502 6 E1494961 7
Drilling Co. Boart Longyear Fla/stion:_ Cacnn 290 45 fi Survey Marker
Driller(s) Jeff Rustad
Geologist(s) Other (Company) DRILLING METHOD
Bruce. Rj arnstad Drilling Mahocl(s) Resonant Sonic
Drilling Fluid None
Other
COMPLETION DATA OTHFR (check if nerfarmed)
Drilled Depth (ft) 85— Completed Depth (ft)—64.0— | ——Wel Abandonment X— Pad I arle and Can
Date Started —9/o/a8 Date Completed ——9/9/98 | — Wl Development X Guardpost(s) —— Aquifer Testing
X Well Pre-development Manhnla Covar Othar Mlich
Static Water Level (ft)  ——25.0 Date—_/9/98 _ | __ Geophysica Log(s) X Protective Casing EX.CZDLL&U.ZEL
__ 045 fthlank: bottom of screen to bottom joint. SCREEN
—060 _ ftblank: top of screen to top ioint. Outer Length Yot Interval (ft bgs) Interval (ft bgs)
Type (ft) Dia (in.) (ft) Size Joint-to-Joint Slot-to-Slot
D\/C - Endean 0.40 45 629 - 633 -
- i 45 100 20 529 - _629 535 -_625
Bottom of PVC @ 63.3' bgs 45 10.0 20 429 . _529 435 -_525
TEMPORARY CASING Max. Section
Shoe Nominal Outer Length
Type (ft) Dia (in.) Dia (in.) (ft) Interval (ft bgs)
Steel {‘neing 8 75 Q - 80
PERMANENT CASING Max. Section
Cep Nominal Outer Length
Type (ft) Dia (in.) Dia (in.) (ft) Interval (ft bgs)*
P\/C - Schedule 40 4 45 250 05 - 30
BMC. Schedule 40 (4 pieces) 4. A5 1000 20 - 429
ANNLII AR SFAI /FII | s
Type Interval (ft bgs) Quantity Veluma fft 1\
Coloradn 10.20 Silica Sand 415 - 64.0 10 bags
Fn\/irnplng hentonite r‘hian_ medium 330 - 415 15 hagc
Envi rnpl ug hentonite TaTdal it 150 - 330 g h.’-YJQ
Cement Grout 40 - 150 1 harJ

COMMENTS

*Add 2 | ft of P\V/C after ingtallation  Final heinht nf PV/C i< 2 0 ft ans
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Pacific Northwest National L aboratory WELL COMPLETION SUMMARY Page 1 of 1
Project ISRM well No. RM-5 Temp. Well No.
Location Etl ewis Coordinates NE53540.3 E14040202
Drilling Co.  -Boart Longyear | Flevation: Casing 290,215 ft Survey Marker
Driller(s) Jeff Rustad.
Geologi(9) Other (Company) DRILLING METHOD

Drilling Method(s) Respnant Sonic

Prillina Elic

*Add 3.0t of PVC casing. Final height of PVC = 2.3 ft ags.

Other
COMPLETION DATA OTHER (check if performed)
Drilled Depth (ft) 80 Completed Depth (ft) ——72.2— [ — WAl Ahandnnment —X_Pad I ncle and Can
Date Started —Q/jes Date Completed——Q/1/98 | — Well Development —X_ Guardpost(s) — Aaquifer Testing
X \Wdll Dradasdanmaont Manhole Cover hor (lich
Qtatic Wator | aual (FA 2538 Date 9/1/98. onnhvcea | anlQ _X_____Protective Casing _EEBLLBLLZEI'S_
— 045 ftblank: bottom of screen to bottom joint. SCREEN
— 060  fthlank: ton of soreen to ton inint Cap  Outer Length Slot Interval (ft bgs) Interval (ft bgs)
Type (ft) Dia (in.) (ft) Size Joint-to-Joint Slot-to-Slot
BPV/C.- Endeap 040 _45 - 707 -_711 -
= —4-5- —100 . 20 607 -_707 613 -_703
Rnttom nf D\/C @ 71 1' hne - -
TEMPORARY CASING Max. Section
Shoe Nominal Outer Length
Type (ft) Dia. (in.)  Dia. (in.) (ft) Interval (ft bgs)
_Stedl Casing 8 75 Q - 20
PERMANENT CASING Max. Section
Cap Nominal Outer Length
Type (ft) Dia (in.)  Dia (in.) (ft) Interval (ft bgs)*
B/C- Schedule 40 (6 pieces) 4 45 1000 Q7 - 607
ANNULAR SEAL/FILL s
Type Interval (ft bgs) Quantity \/aliima ()
| Calorado 10-20 SilicaSand. 585 - 722 Bhags
Envirophug hentonite chips - mediim 525 - L= Lhag
Envi mlnll ol hentonite grout 120 - 025 _Ehags
_Cement Grout 100 - 120 ’Ihmd
COMMENTS
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Pacific Northwest National L aboratory WELL COMPLETION SUMMARY IPagelof 1
Project ISRM wellNo. _ RM-6_ Temp. Well No.
I acation Etlewis Coordinates NB53557.2 £14948930
Drilling Co.  Boartlongyear Elevation: Casing 290 115 ft Survey Marker
Driller(s) Jeff Rustad
Geologist(s) Other (Company) DRILLING METHOD

Bruce R,i ornstad

Resonant Sonic

Drilling Method(s)

None.

Drilling Fluid

Other

Drilled Denoth (ft)

Date Started

COMPLETION DATA
—8Q
—8/30/98

Completed Depth (ft) 687
Date Completed —____8/30/98

OTHER (check if performed)
___ Well Abandonment X Pad
— Well Development —X___Guardpost(s)
X Well Pre-development Manhole Cover

Lock and Cap
Aquifer Testing

z)j Other (list)

Static Water Level (ft) 2532 Date 8/31/98 __ Geophysical Log(s) X Protective Casing
045 ftblank: bottom of screen to bottom joint. SCREEN
060 ft hlank: tan nf soreen tatoninint Cap Outer Length Slot Interval (ft bgs) Interval (ft bgs)
Type (ft) Dia. (in.) (ft) Size Joint-to-Joint Slot-to-Slot
P\/C - Endcan 040 45 687 - 661 -
- i _45 100 20 55.7 - _B857 563 - 653
Bottom of PVC @ 66.1' bas - - -
TEMPORARY CASING Max. Section
Shoe Nominal Outer Length
Type (ft) Dia (in.) Dia (in) (ft) Interval (ft bgs)
Steel Casi ng 8 75 Q - 20
PERMANENT CASING Max. Section
Cap Nominal Outer Length
Type (ft) Dia (in.) Dia (in) (ft) Interval (ft bgs)*
P\/C - Schedule 40 4 45 5.00 07 - 57
P\/C - Schedule 40 (5 pieces) 4 45 10.00 57 - 557
ANNULAR SEAL/FILL 3
Type Interval (ft bgs) Quantity Volume (ft)
Colorado 10-20 Silica Sand 523 - 67.0 85 hngc
Enviranliin hentonite ching - medinm 415 - 523 2 hag:
Fn\/irnlnlug hentonite grout 150 - 415 [} hagc
Cement Grout 6.6 - 150 2 hng:

*Add 3.0 ft of PVC casing after installation.

COMMENTS

Final height of PVC = 2.3 ft ags.
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Pacific Northwest National Laboratory I

WELL COMPLETION SUMMARY

I Page 1 of 1

Bruce R‘i ornstad

Drilling Method(s)

Project ISRM Well No. RM-7 Temp. Well No.

Location EtLewis Coordinates NB653542 7 £1494911.9
Drilling Co. _Boartlongyear Elevation: Casing 290055 ft Survey Marker
Driller(s) Jeff Rustad

Geologist(s) Other (Company) DRILLING METHOD

Resonant Sonic

Drilling Fluid

None

Other

COMPLETION DATA

NTHER (rharlk if narfarmad)

*Add 2.5 ft of PVC casing. Final height of PVC = 2.1 ft ags.

Drilled Depth (ft) 74 Completed Depth (ft) 64 Well Abandonment _X____Pad — lLockandCap
Date Started _8/30/08 Date Completed —_8/30/98 | —Well Development X Guardpost(s) Aauifer Testina
_X___Well Pre-development Manhole Cover Other (list)
Static Water Level (ftf) 2532 Date____8/31/98 __Geophysical Log(s) _X____Protective Casing _LEDUALLZEIS_
— 045  ftblank: bottom of screen to bottom joint. SCREEN
— 060 fthlank: tanof screentatoninint Cep Outer Length Slot Interval (ft bgs) Interval (ft bgs)
Type (fy  Dia (in.) (ft) Size Joint-to-Joint Slot-to-Slot
P\V/C - Endcap 0.40 _45 630 -_6834 -
- i _45 100 20 53.0 -_630 536 - 626
Bottom of PVC @ 66.1' bgs _ - -
TEMPORARY CASING Max. Section
Shoe Nominal Outer Length
Type (ft) Dia. (in.) Dia (in.) (ft) Interval (ft bgs)
Steel Casi ng 8 75 Q - 87
PERMANENT CASING Max. Section
Cap Nominal Outer Length
Type (ft) Dia (in.) Dia (in.) (ft) Interval (ft bgs)*
P\/C - Schedule 40 4 45 250 04 -29
P\/C - Schedule 40 (5 pieces) 4 45 10.00 29  -_530
ANNULAR SEAL/FILL R
Type Interval (ft bgs) Quantity Volume (ft)
Colorado 10-20 Silica Sand 521 - 64.0 7 hngQ
Envi roplug. bentonite chi pS-= medium 440 - 521 2 h:gq
Envi mlnl g, hentonite grout 150 - 440 5 hnrJQ
Cement Grout 3.0 - 15.0 1 h:\g
COMMENTS

C.18




Pacific Northwest National L aboratory WELL COMPLETION SUMMARY Pagelof 1
Project ISRM welNo. _RM-8  Temp waeliNo.
Location Ftl ewis Coordinates NG6535304 E14949196
DrillingCo.  -Boartlongyear | Flevation: Casing 290 27 ft Survey Marker
Driller(s) Jeff Rustad
Geologist(s) Other (Company) DRILLING METHOD
Bruce Bjornstad Drilling Method(s) —Resonant Sonic
Drilling Fluid Naone
Other
COMPLETION DATA OTHER (check if performed)
Drilled Depth (ft) —80 Completed Depth (ft) —6Z5— | — Well Abandonment X Pad  lerkandCan
Date Started —9/2/08 Date Completed——Q[3/98 | — Wl Development X Guardpost(s) Aquifer Testing
_X___\Wall Dradasd anmant Manhole Cover X Othar (lich
Static Water Level (ft) 2552 Dae—9/3/08 | Geophysical Loa(s) =X Protective Casing izere
—045__ ftblank: bottom of screen to bottom joint. SCREEN
— 060  fthlank: ton of screen to ton inint Cap  Outer Length Slot Interva (ft bgs) Interva (ft bgs)
Type (ft) Dia (in.) (ft) Size Joint-to-Joint Slot-to-Slot
BPV/C- Endcap 040 45 655 - _659 -
a 45 100 _20 530 - _B55 586 -_651
Raottam of P\/C. @) A8 Q' has - I - -
TEMPORARY CASING Max. Section
Shoe Nominal Outer Length
Type (ft) Dia (in) Nia fin (ft) Interval (ft bgs)
Sted Casing 8 75 Q - 75
PERMANENT CASING Max. Section
Cap Nominal Outer Length
Type (ft) Dia (in) Nia fim (ft) Interval (ft bgs)*
P\V/C - Schedule40 4 45 250 05 - 30
P\/C - Schedule 40 4 45 500 20 80
PV/C- Schedule 40 (5 pieces) 4 45 10.00 80 - 580
ANNULAR SEAL/FILL 5
Type Interval (ft bgs) Quantity \alima ()
-Colorado 10-20 Silica Sand 560 - 675
_Euuj,mpLug_bentgui_te_chj,ps._maﬂil m 510 - 560 1hag
Enviroplug bentonite grot 180 - 510 _Ghags
Cement Grout 180 - 30 1 hmJ
COMMENTS

*Add 2.5 ft of PVC casing after installation. Fina height of PVC = 2.0 ft ags.
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Pacific Northwest National L aboratory I WELL COMPLETION SUMMARY Page 1 of 1
Project |SRM Well No. RM-9 Temp. Well No.
Location Et Lowis Coordinates NB53524.6E£1494927 9
Drilling Co. Boart | ongyear Elevation: Casing 200235 ft Survey Marker
Driller(s) eff Rustad
Geologist(s) Other (Company) DRILLING METHOD

Bruce Biornstad

Resonant Sonic

Drilling Method(s)

None.

Drilling Fluid

Other

COMPLETION DATA

OTHFR (check if nerformed)

Drilled Depth (ft) 855  Completed Depth (ft) ___ g8 6 | ___ Well Abandonment X P Lock and Cap
Date Started —9/13/08 Date Completed __Q/14/98 | — Well Development X Guardpost(s) Aniifer Tectinn
X__Well Pre-development Manhole Cover Other (list)
Static Water Level (ft) —25-6— Date _Q/14/98 —Geophysical Log(s) —X— Protective Casing _|_—
— 015 ftblank: bottom of screen to bottom joint. SCREEN
— 050 ftblank: top of screentotopjoint. Cep Outer Length Slot Interval (ft bgs) Interval (ft bgs)
Type (ft) Dia (in.) (v Size Joint-to-Joint Slot-to-Slot
P\V/C - Endcap. 005 _80 _ 67.1 -_680 -
PV C- Johnson Continuous Wire-Wrap Screen _80 100 _20 571 -_671 576 - 66.9
Bottom of PVC @ 68.0' bas - - - -
TEMPORARY CASING Max. Section
Shoe Nominal Outer Length
Type (ft) Dia. (in.) Dia. (in.) (ft) Interval (ft bgs)
Steel Casing. 12 - 68
PERMANENT CASING Max. Section
Cap Nominal Outer Length
Type (ft) Dia. (in.) Dia. (in.) (ft) Interval (ft bgs)
B\/C - Schedile 40 80 10 -14 - =04
P\/C . Schedile 40 20 25 — 04 - _21
D\/C . Grhadila A0 80 50 21 -271
B\ C - Schedule 40 (5 nieces) 80 100 — 71 -_571 -
ANNULAR SEAL/FILL s
Type Interval (ft bgs) Quantity Volume (ft )
Colorado 10-20 Silica Sand. 540 - 68.6 9bags
I:n\/implng hentonite chi pS= medium 480 - 686 1 hng
Fn\/irnplllg bentonite Taldall it 200 - 48.0 8 hag:
Cement Grout 40 - 200 2 h;\ge

COMMENTS
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Pacific Northwest National Laboratory | WELL COMPLETION SUMMARY Page 10 1
Project ISRM Well No. RM-10 Temp. Well No.
Location Etl ewis Coordinates
DrillingCo.  -Boartlonovear | Flevation Casing Survey Marker
Dri||a'(5) Dale ﬁ-:fprhnrg
Geologist(s) Other (Company) DRILLING METHOD
Bruce R‘inrn tad. DriIIing MﬁhOd(S) Resonant Sonic
Drilling Fluid None.
Other
COMPLETION DATA OTHER (check if performed)
Drilled Depth (ft) —680 Completed Depth (ft) —59-5—— | —— Well Abandonment X— Pad ! aecle and Car
Date Started —5/11/90 Date Completed —5£16/09 — | —— Well Development X— Guardpost(s) Aquifer Testing
X WEell Pre-devel opment ———Manhole Cover — X Othor flich
Static Water Level (ftbgs)  —22-85- Dae—5/16/00 — | Geophysica Log(s) -X— Protective Casing —2centralizers
02  ftblank: bottom of screen to bottom joint. SCREEN
— 04 ftblank: top of screentotopjoint. Outer Length Yot Interval (ft bgs) Interval (ft bgs)
Type (ft) Dia (in.) (ft) Size Joint-to-Joint Slot-to-Slot
P\/C - Endcap 050 45 595 - 500 -
] : 45 50 20 59.0 - 540 588 -_544
Bottom of PVC @ 65.9" R -
TEMPORARY CASING Max. Section
Shoe Nomind Outer Length
Type (fH) Dia. (in.) Dia. (in.) (ft) Interval (ft bgs)
Steel Casi ng. 8 75 Q - 60
PERMANENT CASING Max. Section
Nomina Outer Length
Type Dia (in.) Dia (in.) (ft) Interval (ft bgs)*
P\/C - Schedule 40 4 45 500 =10 40
D\IP.Qth’illlc\Aﬂ(Rpia{‘m\ 4 45 10.00 4.0 - 54.0
ANNULAR SEAL/FILL s
Type Interval (ft bgs) Quantity \/ahima (ft )
c 10.20 Silica Sand 520 -_595 35hags
Fn\/irnplug bentonite rhipc = coarse 460 -_520 1 hag
EnRvirophug-bentonite-grout 20— - 460 —6-bags.

*0 3K ft of PV C et off  Final heinht of PV C hns = -0 45 ft

COMMENTS
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Pacific Northwest National L aboratory

WELL COMPLETION SUMMARY

IPagelofl

Project ISRM. Well No. RM-11 Temp. Well No.
Location Et Leowis Coordinates
Drilling Co. Boart | ongyear Elevation: Casing Survey Marker
Driller(s) Dale Octerhorn
Geologist(s) Other (Company) DRILLING METHOD
Bruce Bjornstad Drilling Method(s) Dacnnant Snnic
Drilling Fluid None
Other
COMPLETION DATA OTHER (check if performed)
Drilled Depth (ft) _8Q Completed Depth (ft) 595 | ____Well Abandonment X Pad Lock and Can
Date Started —5/14/99 Date Completed____5/15/9Q Well Development X Guardpost(s) Aquifer Testing
X Well Pre-development _____Manhole Cover Other (list)
Static Water Level (ft) 2285 Date 5/16/99 ______Geophysical Log(s) _X___Protective Casing 2 rontralizarc
—lR2_ ftblank: bottom of screen to bottom joint. SCREEN
04 ft hlank® tan nf screen tatoninint Cap Outer Length Slot Interval (ft bgs) Interval (ft bgs)
Type (ft) Dia (in.) (ft) Size Joint-to-Joint Slot-to-Slot
P\/C - l:nrir‘:xp 4 45 85 1 - A5 5 -
RLC. Ik Continuous\A\ran Scraan, Aj_ 12 0 20 L2 6 651 530 - 64.0
Bottom of PVC @ 65.5' _ - -
TEMPORARY CASING Max. Section
Shoe Nominal Outer Length
Type (ft) Dia. (in.) Dia. (in.) (ft) Interval (ft bgs)
Steel Casing 8 75 Q - 68
Steal Cading A A8 - Z5
PERMANENT CASING Max. Section
Cep Nominal Outer Length
Type (ft) Dia. (in.) Dia. (in.) (ft) Interval (ft bgs)*
D\/C . Srhedila A0 4 45 5.00 24 26
P\/C - Schedule 40 (5 pieces) 4 45 10.00 26 - 526
ANNULAR SEAL/FILL 3
Type Interval (ft bgs) Quantity Volume (ft )
Enviroplug bentonite chips - coarse 68 80
Colorado 10-20 Silica Sand 510 - 68.0 6 bags
Fn\/impln Tal bhentonite chi PS-=coarse 460 - 510 1 h;\g
Enviranliin hentanite aronit 20 - 46 0 10 hng:

*1.85 ft of PVC cut off. Final height of the PVC bgs = -0.45 ft.

COMMENTS
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Pacific Northwest National L aboratory I WELL COMPLETION SUMMARY IPagelof 1
Project ISRM wellNo. _ RM-12 Temp. Well No.
Location Etl ewis Coordinates
Drilling Co. Boart Longyear Elevation: Casing Survey Marker
Driller(s) Dale QOsterberg
Geologist(s) Other (Company) DRILLING METHOD
Bruce Bjornstad Drilling Method(s) Resonant Sonic
Drillina Fluid Nane
Other
COMPLETION DATA OTHER (check if perfor med)
Drilled Depth (ft) a5 Completed Depth (ft) 203 _____Well Abandonment X Pad Lock and Cap
Date Started _5/16/Q09 Date Completed ____5/18/09 Well Development X Guardpost(s) Aquifer Testing
X___Well Pre-development ______Manhole Cover Other (list)
Static Water Level (ft) ~23 Date _____Geophysical Log(s) _X___Protective Casing 5 ((;ml:a izers
— 02 ftblank: bottom of screen to bottom joint. QCRFFN
04 fthlank: top of screentotopjoint. Cep Outer Length Slot Interval (ft bgs) Interval (ft bgs)
Type (ft) Dia. (in.) (ft) Size Joint-to-Joint Sot-to-Sot
PVC Cndr\ep 050 45 7908 80.3 -
- i _45 100 20 69.8 - 798 702 - _798
Bottom of PVC @ 80.3' I - -
TEMPORARY CASING Max. Section
Shoe Nominal Outer Length
Type (ft) Dia (in.) Dia (in.) (ft) Interval (ft bgs)
Steel Casi ng. 8 75 Q - 68
Steel Casing 8 68 - 75
PERMANENT CASING Max. Section
Cap Nominal Outer Length
Type (ft) Dia. (in.) Dia. (in.) (ft) Interval (ft bgs)*
P\/C - Schedule 40 (7 pieces) 4 45 10.00 -02 - 69.8
ANNULAR SEAL/FILL 3
Type Interval (ft bgs) Quantity Volume (ft)
Colorado 10-20 Silica Sand 675 - 803 41 bags
Environliig hentonite chins - coarse 620 - 675 1 h:\g
Envi rnpl ug hentonite grout 20 - 620 10 hngc
COMMENTS

* 0.35 ft of PVC added. Final height of PVC bgs = -0.55 ft.
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Pacific Northwest National L aboratory I

WELL COMPLETION SUMMARY

Page 1 of 1

RM-13

Temp. Well No.

Survey Marker

Project ISRM Waell No.
Location EtLewis Coordinates
Drilling Co. Boart Longyear . ing
Driller(s) Dale Qsterherg - Elevation Cas
Geologist(s) Other (Company)

Bruce R,inrnqrnri

DRILLING METHOD

Resonant Sonic

Drilling Method(s)

Prilliney Elid None.
Other
COMPLETION DATA OTHER (check if performed)
Drilled Degpth (ft) 80 Completed Depth (ft) —881— | ———\A/all Ahandnnmant X— Pad — ! nrlrand Can
Date Started —5/18/90 Date Completed ——5/19/99 | Wl Development X Guardpost(s) Aquifer Testing
X— Well Pre-development —— Manhole Cover —i;ﬁfha flich
Static Water Leve (ft) —2275 Date —5/20/00 ——— (ennhvdeal | anlQ X Protective Casing i
02  fthlank: bottom of screen to bottom joint. QCRERN
— 04 ftblank: top of screento top joint. Cap Outer Length Sot Interval (ft bgs) Interval (ft bgs)
Type (fty  Dia (in) (ft) Size Joint-to-Joint Slot-to-Slot
PV C - Endcap. Q.50 45 676 - _681 R
a i 45 125 20 55.1 . _678 555 -_674
Bottom of PVC @ 68.1' - R
TEMPORARY CASING Max. Section
Shoe Nomina Outer Length
Type (ft) Dia (in.) Dia (in.) (ft) Interval (ft bgs)
Steal Casing 2 75 2] - A8
Steel Casing 8 68 - 75
PERMANENT CASING Max. Section
Cep Nomina Outer Length
Type (ft) Dia (in.) Dia (in.) (ft) Interval (ft bgs)*
P\/C - Schedule 40 (6 pieces) 4 45 10.00 49 - 551
ANNULAR SEAL/FILL 3
Type Interval (ft bgs) Quantity Veluma (ft)
Caolaradn 10-20 Silica Sand 675 - 803 5
Enviranlin hantanita chine - rnarca 620 - __675 1hag
Envi rnpl ug. bentonite grout 20 - 62.0 10 hngq
COMMENTS

*4.5 ft of PVC cut off. Final height of PVC bgs = -0.45 ft.
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*7 ft of PVC cut off. Final height of PVC bgs =-0.31 ft.

Pacific Northwest National L aboratory WELL COMPLETION SUMMARY Pagelof 1
Project ISRM Well No. RM-14 Temp. Well No.
Location Etlewis Coordinates
Drilling Co. Boart| ongyear | Elevation: Casing Survey Marker
Driller(s) Nathan Jackson/Dalg Qsterberg
Geologist(s) Other (Company) DRILLING METHOD
Bruce Rj ornstad Dr||||ng Mahod(s) Resonant Sonic
Nrillina Elvid None
Other
COMPLETION DATA OTHER (check if performed)
Drilled Depth (ft) 75 Completed Depth (ft)—22— Wl Ahandnnment X—Pad ———— I arckand Can
Date Started —6/8/00 Date Completed —6/11/00 . [ —Well Development X— Guardpost(s) Aquifer Testing
X Well Pre-development —Manhole Cover —E:f‘fhﬂf flich
Static Water Level (ft) —2L 15 Date —£/0/00 Connhvcieal | nnf) =X Protective Casing i
—03  fthlank: bottom of screen to bottom joint. SCRFFEN
—~03___ fthlank: top of screen to top joint. Cep  Outer Length Sot Interval (ft bgs) Interval (ft bgs)
Type (ft) Dia (in.) (ft) Size Joint-to-Joint Slot-to-Slot
PVC - Endcap 050 2 722 - 717 -
. i 2 100 20 717 - _676 715 - _620
Bottom of PVC @ 72.2' - -
TEMPORARY CASING Max. Section
Shoe Nominal Outer Length
Type (ft) Dia (in.) Dia (in.) (ft) Interva (ft bgs)
Steel Casi ng 6 75 Q - 752
PERMANENT CASING Max. Section
Cp Nominal Outer Length
Type (ft) Dia (in.) Dia (in.) (ft) Interval (ft bgs)*
P\/C (7 pieces)* 2 10.00 -031 - 622
ANNULAR SEAL/FILL 5
Type Interval (ft bgs) Quantity \/alima fft
Calaradn 10-20 Silica Sand 22 - 605 275-bags
Enviroplug bentonite pellets - coarse 605 - _ 530 1bag
Envi rnpl ug hentonite grout 530 - 20 6 hnndc
COMMENTS

C.25




Pacific Nor thwest National L aboratory I WELL COMPLETION SUMMARY Iquelof 1
Project ISRM Well No. RM-15 Temp. Well No.
Location Et | ewis Coordinates
Drilling Co. Boart Longyear Elevation: Casing Survey Marker
Driller(s) Nathan Jackson/Dalg
Geologist(s) Other (Company) DRILLING METHOD

Bruce R’inrn tad

Resonant Sonic

Drilling Method(s)

Drillina Fluid None
Other
COMPLETION DATA OTHER (check if performed)
Drilled Depth (ft) 75 Completed Depth (ft) 700 Well Abandonment X___ Pad Lock and Cap
Date Started —6/9/00 Date Completed —__6/11/00 Well Development X Guardpost(s) Aquifer Testing
X___Well Pre-development ___Manhole Cover Other (list)
Static Water Level (ft) 26.67 Date___5/10/00 Geophvsical Loa(s) X___ Protective Casing 5 ;ntra izers
025  fthlank: bottom of screen to bottom joint. QCRFFN
025 fthlank: top of screentotopjoint. Cep Outer Length Slot Interval (ft bgs) Interval (ft bgs)
Type (ft) Dia (in.) (ft) Size Joint-to-Joint Slot-to-Slot
PVC - Endnep 050 —_— 0.0 - —895 -
- i 2 125 20 69.5 - 56.8 692 -_571
Bottom of PVC @ 70.0' - R
TEMPORARY CASING Max. Section
Shoe Nominal Outer Length
Type (ft) Dia (in.) Dia (in.) (ft) Interval (ft bgs)
Steel Casi ng. 6 Q - 75
PERMANENT CASING Max. Section
Cap Nominal Outer Length
Type (ft) Dia. (in.) Dia. (in.) (ft) Interval (ft bgs)*
P\/C (5 pieces)* 2 10.00 08 - 570
ANNULAR SEAL/FILL R
Type Interval (ft bgs) Quantity Volume (ft)
Colaradn 10-20 Silica Sand 700 - 545 4.5 bag
Em[[gp fel bentonite pe] gts - coarse 54.5 - 450 2 h:gq
Envi rnpl ug hentonite grout 450 - 20 Q hagc
COMMENTS

*7 ft of PVC cut off. Final height of PV C bgs = -0.8 ft.
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C.4 As-Built Diagrams
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Hydraulic Testing Results



Appendix D

Analytical Methods

Contents
- Basdline Hydraulic Test Analyses
- Post-Injection Hydraulic Test Analyses
- Observed Pressure Responses in the Injection Well (RM-9) Throughout the Various Phases of Testing
- Observed Pressure Responses in Monitoring Well RM-5 Throughout the Various Phases of Testing

- Observed Pressure Responses in the Monitoring Well RM-7 Throughout the Various Phases
of Testing

- Observed Pressure Responses in the Monitoring Well RM-8 Throughout the Various Phases
of Testing
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Pacific Northwest
National Laboratory

Operated by Battelle for the
US Department of Energy

Pumping test analysis
HANTUSH's method
Leaky aquifer, no aquitard

Date: 4/13/00

Page 1

storage

Project: Fort Lewis ISRM POPT

Evaluated by: VRV

Pumping Test No.

Constant-Rate Discharge Test

Test conducted on: 9/20/98

RM-5 Drawdown Data

Discharge 80.30 U.S.gal/min
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o RM-5

Transmissivity [ft/d]: 8.90 x 10°

Hydraulic conductivity [ft/d]: 7.42 x 10%

Aquifer thickness [ft]: 12.00

Storativity: 1.14 x 10

Hydraulic resistance (c) [d]: 1.18 x 10°
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Pacific Northwest Pumping test analysis
National Laboratory HANTUSH's method . -
Operated by Battelle for the Leaky aquifer, no aquitard storage Project: Fort Lewis ISARM POPT

US Department of Energy

Evaluated by: VRV

Pumping Test No. Constant-Rate Discharge Test

Test conducted on: 9/20/98

RM-5 Pressure Recovery Data

Discharge 80.30 U.S.gal/min

W(u,r/L)

10308 107 109
o RM-5
Transmissivity [ftz/d]: 8.90 x 10°
Hydraulic conductivity [f/d]: 7.42 x 10?
Aquifer thickness [ft]: 12.00
Storativity: 1.06 x 103

Hydraulic resistance (c) [d]: 1.19 x 10°
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Page 1
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Test conducted on: 9/20/98

RM-7 Drawdown Data
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Pacific Northwest
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US Department of Energy

Pumping test analysis
HANTUSH's method

Leaky aquifer, no aquitard storage

Date: 4/13/00 Page 1

Project: Fort Lewis ISRM POPT

Evaluated by: VRV

Pumping Test No. Constant-Rate Discharge Test

Test conducted on: 9/20/98

RM-7 Pressure Recovery Data

Discharge 80.30 U.S.gal/min
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Transmissivity [ftz/d]: 6.90 x 10°

Hydraulic conductivity [ft/d): 5.75 x 10?

Aquifer thickness [ft]: 12.00

Storativity: 7.71 x 107

Hydraulic resistance (c) [d]: 1.47 x 10°
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Pumping test analysis
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Date: 4/13/00

Page 1

Project: Fort Lewis ISRM POPT

Operated by Battelle for the Leaky aquifer, no aquitard storage
US Department of Energy Evaluated by: VRV
Pumping Test No. Constant-Rate Discharge Test Test conducted on: 9/20/98

RM-8 Drawdown Data
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Page 1

HANTUSH's method
Leaky aquifer, no aquitard storage

Project: Fort Lewis ISRM POPT

Evaluated by: VRV

Pumping Test No. Constant-Rate Discharge Test

Test conducted on: 9/20/98

RM-8 Pressure Recovery Data

Discharge 80.30 U.S.gal/min
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Page 1
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Test conducted on: 9/20/98

RM-1a Drawdown Data
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Hydraulic resistance (c) [d]: 1.01 x 10°
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Date: 4/13/00 Page 1

Project: Fort Lewis ISRM POPT

Evaluated by: VRV

Pumping Test No. Constant-Rate Discharge Test

Test conducted on: 9/20/98

RM-1a Pressure Recovery Data

Discharge 80.30 U.S.gal/min
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Page 1

HANTUSH's method
Leaky aquifer, no aquitard storage

Project: Fort Lewis ISRM POPT

Evaluated by: VRV

Pumping Test No. Withdrawal Phase of Dithionite Inj #4

Test conducted on: 3/27/00

RM-5 Pressure Recovery Data

Discharge 109.80 U.S.gal/min
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Page 1
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Project: Fort Lewis ISRM POPT

Evaluated by: VRV

Pumping Test No. Withdrawal P
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Test conducted on: 3/27/00

RM-7 Pressure Recovery Data
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RM-8 Pressure Recovery Data
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Observed Pressure Responses in the Injection Well (RM-9)
Throughout the Various Phases of Testing
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Observed Pressure Responses in Monitoring Well RM-5
Throughout the Various Phases of Testing
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Observéd Pressure Responses in Monitoring Well RM-7
Throughout the Various Phases of Testing
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Observed Pressure Responses in Monitoring Well RM-8+
Throughout the Various Phases of Testing
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Appendix E

Baseline Chemistry



Appendix E

Basdline Chemistry

The following tables provide a more comprehensive listing of analytica data collected prior to the
start of injections. Only the data considered to be the most reliable is listed here. Species analyzed
include TCE and DCE (Table E.1), Acetylene (Table E.2), Common Anions (Table E.3), Water
Chemistry Parameters (EC, pH, and DO; Table E.4), and Trace Metals (Table E.5).

Table E.1. TCE and DCE Measured by Purge-and-Trap-Gas Chromatography

Sample Well Collection Date TCE cis-1,2-DCE
ID PPB PPB
FL20 RM-1A 09/30/98 121 D 89 J D
FL34 RM-1A 10/12/98 134 D 10.7 J D
FL21 RM-1B 09/30/98 106 D 92 J D
FL35 RM-1B 10/12/98 142 D 153 J D
FL22 RM-2 09/30/98 133 D 15.6 J D
FL36 RM-2 10/12/98 153 D 191 J D
FL23 RM-3 09/30/98 117 D 89 J D
FL31 RM-3 09/30/98 123 D 10.0 J D
FL37 RM-3 10/12/98 139 D 14.0 J D
FL24 RM-4 09/30/98 124 D 104 J D
FL38 RM-4 10/12/98 142 D 133 J D
FL25 RM-5 09/30/98 148 D 144 J D
FL39 RM-5 10/12/98 159 D 155 J D
FL26 RM-6 09/30/98 103 D 153 J D
FL40 RM-6 10/12/98 155 D 231 J D
FL41 RM-6 10/12/98 159 D 26.3 J D
FL27 RM-7 09/30/98 144 D 129 J D
FL42 RM-7 10/12/98 165 D 19.2 J D
FL43 RM-7 10/12/98 177 D 17.2 J D
FL28 RM-8 09/30/98 141 D 114 J D
FL44 RM-8 10/12/98 164 D 17.0 J D
FL29 RM-9 09/30/98 122 D 94 J D
FL30 RM-9 09/30/98 126 D 102 J D

J— Estimated quantity
D — Sample diluted prior to analysis

E.l



Table E.2. Acetylene Measurements by Headspace-Gas Analysis

Sample Well Collection Date Acetylene

ID PPB
FL20 RM-1A 09/30/98 <0.06
FL21 RM-1B 09/30/98 <0.06
FL22 RM-2 09/30/98 <0.06
FL23 RM-3 09/30/98 <0.06
FL24 RM-4 09/30/98 <0.06
FL25 RM-5 09/30/98 <0.06
FL26 RM-6 09/30/98 <0.06
FL27 RM-7 09/30/98 <0.06
FL28 RM-8 09/30/98 <0.06
FL30 RM-9 09/30/98 <0.06

E.2



Table E.3. Common Anions by lon Chromatography

Sample Well Callection Chloride Fluoride Nitrate Phosphate Sulfate
ID Date mg/L mg/L mg/L mg/L mg/L
(asNOg3)
FL20 RM-1A 09/30/98 240 <0.2 173 <0.2 6.87
FL34 RM-1A 10/12/98 235 <02 175 <02 6.22
FL47 RM-1A 11/09/98 247 <0.2 256 <0.2 6.45
FL21 RM-1B 09/30/98 3.05 <0.2 1.86 043 187
FL35 RM-1B 10/12/98 299 <0.2 177 058 205
FL52 RM-1B 11/09/98 303 <0.2 207 033 178
FL22 RM-2 09/30/98 242 <0.2 193 <0.2 810
FL36 RM-2 10/12/98 238 <0.2 255 <0.2 7.07
FL54 RM-2 11/09/98 257 <0.2 213 <0.2 6.71
FL23 RM-3 09/30/98 2.38 <0.2 221 <0.2 5.87
FL31 RM-3 09/30/98 230 <0.2 214 <0.2 584
FL37 RM-3 10/12/98 2.36 <0.2 217 <0.2 5.72
FL55 RM-3 11/09/98 253 <0.2 220 <0.2 6.12
FL56 RM-3 11/09/98 251 <0.2 216 <0.2 6.04
FL24 RM-4 09/30/98 243 <0.2 201 <0.2 598
FL38 RM-4 10/12/98 2.36 <0.2 1.88 <0.2 592
FL48 RM-4 11/09/98 244 <0.2 205 <0.2 6.02
FL25 RM-5 09/30/98 250 <0.2 176 <0.2 6.57
FL39 RM-5 10/12/98 263 <0.2 255 <0.2 6.42
FL57 RM-5 11/09/98 267 <0.2 230 <0.2 6.93
FL26 RM-6 09/30/98 262 <0.2 0.82 <0.2 112
FL40 RM-6 10/12/98 259 <0.2 227 <0.2 6.97
FL41 RM-6 10/12/98 247 <0.2 223 <0.2 6.93
FL50 RM-6 11/09/98 253 <0.2 141 <0.2 879
FL27 RM-7 09/30/98 248 <0.2 242 <0.2 6.46
FL42 RM-7 10/12/98 244 <0.2 251 <0.2 6.31
FL43 RM-7 10/12/98 244 <0.2 248 <0.2 6.25
FL49 RM-7 11/09/98 252 <0.2 256 <0.2 6.53
FL28 RM-8 09/30/98 245 <0.2 258 <0.2 6.33
FL44 RM-8 10/12/98 244 <0.2 256 <0.2 6.10
FL51 RM-8 11/09/98 250 <0.2 252 <0.2 6.43
FL29 RM-9 09/30/98 251 <0.2 252 <0.2 6.14
FL30 RM-9 09/30/98 2.36 <0.2 249 <0.2 6.07
FL58 RM-9 11/09/98 2.66 <0.2 249 <0.2 6.27
FL59 RM-9 11/09/98 260 <0.2 247 <0.2 6.27

E.3



Sample
ID

FL20
FL34
FL47
FL21
FL35
FL52
FL22
FL36
FL54
FL23
FL37
FL55
FL24
FL38
FL48
FL25
FL39
FL57
FL26
FL40
FL41
FL50
FL27
FL42
FL43
FL49
FL28
FL44
FL51
FL29
FL45
FL58

Table E.4. Water Chemistry Parameters

Well

RM-1A
RM-1A
RM-1A
RM-1B
RM-1B
RM-1B
RM-2
RM-2
RM-2
RM-3
RM-3
RM-3
RM-4
RM-4
RM-4
RM-5
RM-5
RM-5
RM-6
RM-6
RM-6
RM-6
RM-7
RM-7
RM-7
RM-7
RM-8
RM-8
RM-8
RM-9
RM-9
RM-9

Collection
Date

09/30/98
10/12/98
11/09/98
09/30/98
10/12/98
11/09/98
09/30/98
10/12/98
11/09/98
09/30/98
10/12/98
11/09/98
09/30/98
10/12/98
11/09/98
09/30/98
10/12/98
11/09/98
09/30/98
10/12/98
10/12/98
11/09/98
09/30/98
10/12/98
10/12/98
11/09/98
09/30/98
10/12/98
11/09/98
09/30/98
10/12/98
11/09/98

Electrical
Conductivity
MicroSiemens

E4

159
120
115
189
172
128
169
125
106
161
117

154
117
107
160
128
109
174
133
135
129
151
125
124
113
148
121
114
146
121
102

Dissolved
Oxygen
PPM
45
41
43
4.0
16
32
5.0
43
47
80
6.3
6.0
5.6
50
51
45
38
45
10
4.0
37
14
6.7
55
55
53
7.2
5.9
5.7
6.9
5.9
5.6

pH

6.53
6.74
6.76
6.81
7.06
6.94
6.69
6.88
6.89
6.33
6.75
6.76
6.63
6.75
6.76
6.78
6.93
6.91
7.23
711
714
7.14
6.69
6.86
6.86
6.87
6.60
6.86
6.82
6.61
6.78
6.80



Sample

ID

FL20
FL34
FL47
FL21
FL35
FL52
FL22
FL36
FL>4
FL23
FL31
FL37
FL55
FL56
FL24
FL38
FL48
FL25
FL39
FL57
FL26
FL40
FL41
FL50
FL27
FL42
FL43
FL49
FL28
FL44
FL51
FL29
FL30
FL45
FL58
FL59

Table E.5a. Trace Metals by Inductively Coupled Argon Plasma-Optical
Emission Spectroscopy (Al, As, Ba, Be, B, and Cd)

Well

RM-1A
RM-1A
RM-1A
RM-1B
RM-1B
RM-1B
RM-2
RM-2
RM-2
RM-3
RM-3
RM-3
RM-3
RM-3
RM-4
RM-4
RM-4
RM-5
RM-5
RM-5
RM-6
RM-6
RM-6
RM-6
RM-7
RM-7
RM-7
RM-7
RM-8
RM-8
RM-8
RM-9
RM-9
RM-9
RM-9
RM-9

Collection
Date
09/30/98
10/12/98
11/09/98
09/30/98
10/12/98
11/09/98
09/30/98
10/12/98
11/09/98
09/30/98
09/30/98
10/12/98
11/09/98
11/09/98
09/30/98
10/12/98
11/09/98
09/30/98
10/12/98
11/09/98
09/30/98
10/12/98
10/12/98
11/09/98
09/30/98
10/12/98
10/12/98
11/09/98
09/30/98
10/12/98
11/09/98
09/30/98
09/30/98
10/12/98
11/09/98
11/09/98

Aluminum  Arsenic

mg/L
<01
<01
<0.1
<01
<01
<0.1
<01
<01
<0.1
<01
<01
<0.1
<01
<01
<0.1
<01
<01
<0.1
<01
<01
<0.1
<01
<01
<0.1
<01
<01
<0.1
<01
<01
<0.1
<01
<01
<0.1
<01
<01
<0.1

E.5

mg/L
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06

Barium Beryllium Boron

mg/L
0.007
0.006
0.006
0.006
0.006
0.007
0.006
0.005
0.005
0.005
0.004
<0.003
<0.003
<0.003
0.007
0.008
0.006
0.008
0.007
0.005
0.009
0.007
0.006
0.006
0.006
0.005
0.005
0.004
0.004
0.004
0.004
0.006
0.004
0.004
0.004
0.004

mg/L

<0.002
<0.002
<0.002
<0.002
<0.002
<0.002
<0.002
<0.002
<0.002
<0.002
<0.002
<0.002
<0.002
<0.002
<0.002
<0.002
<0.002
<0.002
<0.002
<0.002
<0.002
<0.002
<0.002
<0.002
<0.002
<0.002
<0.002
<0.002
<0.002
<0.002
<0.002
<0.002
<0.002
<0.002
<0.002
<0.002

mg/L
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005

Cadmium
mg/L
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02



Sample
ID
FL20
FL34
FL47
FL21
FL35
FL52
FL22
FL36
FL54
FL23
FL31
FL37
FL55
FL56
FL24
FL38
FL48
FL25
FL39
FL57
FL26
FL40
FL41
FL50
FL27
FL42
FL43
FL49
FL28
FL44
FL51
FL29
FL30
FL45
FL58
FL59

Table E.5b. Trace Metals by Inductively Coupled Argon Plasma-Optical
Emission Spectroscopy (Ca, Cr, Co, Cu, Fe, and Pb)

Well

RM-1A
RM-1A
RM-1A
RM-1B
RM-1B
RM-1B
RM-2
RM-2
RM-2
RM-3
RM-3
RM-3
RM-3
RM-3
RM-4
RM-4
RM-4
RM-5
RM-5
RM-5
RM-6
RM-6
RM-6
RM-6
RM-7
RM-7
RM-7
RM-7
RM-8
RM-8
RM-8
RM-9
RM-9
RM-9
RM-9
RM-9

Collection

Date

09/30/98
10/12/98
11/09/98
09/30/98
10/12/98
11/09/98
09/30/98
10/12/98
11/09/98
09/30/98
09/30/98
10/12/98
11/09/98
11/09/98
09/30/98
10/12/98
11/09/98
09/30/98
10/12/98
11/09/98
09/30/98
10/12/98
10/12/98
11/09/98
09/30/98
10/12/98
10/12/98
11/09/98
09/30/98
10/12/98
11/09/98
09/30/98
09/30/98
10/12/98
11/09/98
11/09/98

13
14
14
15
15
15
14
14
14
13
13
14
13
13
13
14
13
14
15
14
15
15
15
14
14
14
14
13
14
14
14
15
14
14
13
13

Calcium Chromium
mg/L

mg/L
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04
<0.04

E.6

Cobalt
mg/L
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004

Copper
mg/L
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006

0.001
<0.006
<0.006
<0.006

0.019
<0.006
<0.006
<0.006

Iron
mg/L
0.02
<0.005
0.01
0.03
0.044
0.026
<0.005
0.016
0.01
<0.005
<0.005
<0.005
<0.005
<0.005
0.019
0.012
0.02
0.015
0.01
0.008
0.018
<0.005
<0.005
0.021
0.013
<0.005
<0.005
0.018
0.011
<0.005
<0.005
0.014
0.019
0.01
0.011
0.010

Lead
mg/L
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06



Table E.5c. Trace Metals by Inductively Coupled Argon Plasma-Optical
Emission Spectroscopy (Li, Mg, Mn, Mo, Ni, and K))

Sample Well Collection  Lithium Magnesium Manganese Molybdenum Nickel Potassium
ID Date mg/L mg/L mg/L mg/L mg/L mg/L
FL20 RM-1A 09/30/98 <0.02 58 0.063 <0.06 <0.01 18
FL34 RM-1A 10/12/98 <0.02 5.9 <0.004 <0.06 <0.01 18
FL47 RM-1A 11/09/98 <0.02 59 0.013 <0.06 <0.01 22
FL21 RM-1B 09/30/98 <0.02 6.9 0.22 <0.06 <0.01 20
FL35 RM-1B 10/12/98 <0.02 6.7 0.18 <0.06 <0.01 21
FL52 RM-1B 11/09/98 <0.02 6.7 0.043 <0.06 <0.01 21
FL22 RM-2 09/30/98 <0.02 6.1 0.022 <0.06 <0.01 18
FL36 RM-2 10/12/98 <0.02 6.2 0.009 <0.06 <0.01 18
FL54 RM-2 11/09/98 <0.02 6.1 <0.004 <0.06 0.017 22
FL23 RM-3 09/30/98 <0.02 59 0.039 <0.06 <0.01 16
FL31 RM-3 09/30/98 <0.02 58 004 <0.06 <0.01 16
FL37 RM-3 10/12/98 <0.02 6.0 0.022 <0.06 <0.01 17
FL55 RM-3 11/09/98 <0.02 59 <0.004 <0.06 0.018 17
FL56 RM-3 11/09/98 <0.02 57 <0.004 <0.06 0.016 16
FL24 RM-4 09/30/98 <0.02 5.7 0.09 <0.06 <0.01 17
FL38 RM-4 10/12/98 <0.02 6.0 0.047 <0.06 <0.01 18
FL48 RM-4 11/09/98 <0.02 5.8 0.011 <0.06 <0.01 18
FL25 RM-5 09/30/98 <0.02 6.2 0.14 <0.06 <0.01 18
FL39 RM-5 10/12/98 <0.02 6.7 0.042 <0.06 <0.01 19
FL57 RM-5 11/09/98 <0.02 6.5 <0.004 <0.06 0.017 19
FL26 RM-6 09/30/98 <0.02 6.7 022 <0.06 <0.01 21
FL40 RM-6 10/12/98 <0.02 6.8 013 <0.06 <0.01 20
FL41 RM-6 10/12/98 <0.02 6.9 0.13 <0.06 <0.01 20
FL50 RM-6 11/09/98 <0.02 6.6 0.034 <0.06 <0.01 20
FL27 RM-7 09/30/98 <0.02 6.5 0.036 <0.06 <0.01 17
FL42 RM-7 10/12/98 <0.02 6.5 0.011 <0.06 <0.01 17
FL43 RM-7 10/12/98 <0.02 6.5 0.011 <0.06 <0.01 18
FL49 RM-7 11/09/98 <0.02 6.2 0.024 <0.06 <0.01 17
FL28 RM-8 09/30/98 <0.02 6.1 0.013 <0.06 <0.01 17
FL44 RM-8 10/12/98 <0.02 6.3 0.006 <0.06 <0.01 17
FL51 RM-8 11/09/98 <0.02 6.1 <0.004 <0.06 <0.01 22
FL29 RM-9 09/30/98 <0.02 6.2 0.036 <0.06 <0.01 16
FL30 RM-9 09/30/98 <0.02 59 0.013 <0.06 <0.01 16
FL45 RM-9 10/12/98 <0.02 6.3 0.008 <0.06 <0.01 17
FL58 RM-9 11/09/98 <0.02 6.1 <0.004 <0.06 011 22
FL59 RM-9 11/09/98 <0.02 6.0 <0.004 <0.06 0.27 22
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Table E.5d.

Sample
ID
FL20
FL34
FL47
FL21
FL35
FL52
FL22
FL36
FL54
FL23
FL31
FL37
FL55
FL56
FL24
FL38
FL48
FL25
FL39
FL57
FL26
FL40
FL41
FL50
FL27
FL42
FL43
FL49
FL28
FL44
FL51
FL29
FL30
FL45
FL58
FL59

Well

RM-1A
RM-1A
RM-1A
RM-1B
RM-1B
RM-1B
RM-2
RM-2
RM-2
RM-3
RM-3
RM-3
RM-3
RM-3
RM-4
RM-4
RM-4
RM-5
RM-5
RM-5
RM-6
RM-6
RM-6
RM-6
RM-7
RM-7
RM-7
RM-7
RM-8
RM-8
RM-8
RM-9
RM-9
RM-9
RM-9
RM-9

Trace Metas by Inductively Coupled Argon Plasma-Optical

Emission Spectroscopy (Se, S, Ag, Na, S, V, and Zn)

Collection Selenium Silicon Silver Sodium Strontium Vanadium Zinc

Date
09/30/98
10/12/98
11/09/98
09/30/98
10/12/98
11/09/98
09/30/98
10/12/98
11/09/98
09/30/98
09/30/98
10/12/98
11/09/98
11/09/98
09/30/98
10/12/98
11/09/98
09/30/98
10/12/98
11/09/98
09/30/98
10/12/98
10/12/98
11/09/98
09/30/98
10/12/98
10/12/98
11/09/98
09/30/98
10/12/98
11/09/98
09/30/98
09/30/98
10/12/98
11/09/98
11/09/98

mg/L
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06

mg/L
11
0.2
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mg/L
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02

mg/L
6.6
6.4
6.2
120
120
110
71
6.9
6.3
55
55
55
5.7
54
59
6.1
58
6.4
6.5
6.3
9.6
7.2
7.2
7.7
6.2
6.0
6.1
58
5.8
59
58
5.7
56
5.8
58
5.7

mg/L
0.073
0.072
0.074
0.083
0.082
0.081
0.074
0.074
0.074
0.070
0.070
0.070
0.071
0.068
0.070
0.073
0.071
0.074
0.078
0.076
0.080
0.078
0.078
0.078
0.076
0.074
0.075
0.072
0.072
0.073
0.073
0.076
0.072
0.074
0.071
0.069

mg/L
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02

mg/L
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006

0.041
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
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Appendix F

Tracer Test

This gppendix contains the bromide breakthrough curves (BTC) for al the wells at the Fort Lewis
ISRM proof -of-principle test site during the Bromide Tracer Test. The bromide data shown are from
samples collected during the test and measured in the laboratory using ion chromatography. The bromide
tracer test is discussed in Section 6. Table 6.1 contains a summary of the test operation.

Bromide Tracer Test Breakthrough Curves
F.1
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Appendix G

Dithionite I njection/Withdr awal

This appendix contains dithionite and electrical conductivity (EC) measurements for al wells at the
Fort Lewis proof-of -principle test site during dithionite Injection/Withdrawd Tests 1, 2a, 2b, 3, and 4.
These data are from samples collected and analyzed at the ISRM site. These tests are discussed in
Section 6. Table 6.1 contains a summary of the test operations.
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Appendix H

Post-1 njection Perfor mance Assessment Monitoring

The following tables provide a more comprehensive listing of analytica data collected following each
injection. Only the data considered the most reliable are listed here. Species analyzed include TCE and
DCE (Table H.1), Acetylene (Table H.2), Common Anions (Table H.3), Water Chemistry Parameters
(EC, pH, DO, and Eh; Table H.4), Trace Metals by ICP-OES (Table H.5), and Trace Metals by ICP-MS
(Table H.6). An additiona group of elements was also measured by ICP-M S on the FL1200 series
samples. Results for many species were typicaly non-detects at an MDL of at least 0.0001 mg/L or
better. Because data for those e ements provided little useful additiona information, detailed tabulations
were not prepared for thisreport. Table H.7 contains alist of the elements surveyed together with
estimated non-detect levels.

H.1



TableH.la. TCE and DCE Measured by Purge-and-Trap Gas Chromatography
(RM-1A, RM-1B, and RM-2)

Collection cis-1,2-DCE
Sample|D Well Date TCE (PPB) (PPB)
FL220 RM-1A 08/05/99 114 83
FL400 RM-1A 09/21/99 778 5.1
FL500 RM-1A 10/19/99 68.2 6.75
FL600 RM-1A 12/01/99 103 88
FL700 RM-1A 01/06/00 341 7.25
FL800 RM-1A 02/08/00 70.1 111
FL900 RM-1A 03/20/00 915 111
FL1000 RM-1A 04/26/00 22 112
FL1100 RM-1A 05/24/00 50.8 117
FL1200 RM-1A 06/21/00 711 10.8
FL221 RM-1B 08/05/99 138 128
FL401 RM-1B 09/21/99 1 791
FL501 RM-1B 10/19/99 125 127
FL601 RM-1B 12/01/99 121 121
FL701 RM-1B 01/06/00 86.3 9.79
FL801 RM-1B 02/08/00 109 143
FLO01 RM-1B 03/20/00 125 139
FL1001 RM-1B 04/26/00 125 153
FL1101 RM-1B 05/24/00 125 157
FL222 RM-2 08/05/99 39.1 89
FL223 RM-2 08/05/99 333 86
FL402 RM-2 09/21/99 6.1 7.78
FL502 RM-2 10/19/99 71 8.17
FL503 RM-2 10/19/99 6.68 7.88
FL602 RM-2 12/01/99 105 9.28
FL603 RM-2 12/01/99 9.76 9.26
FL704 RM-2 01/06/00 347 8.09
FL810 RM-2 02/08/00 7.9 9.77
FL902 RM-2 03/20/00 4.03 92.04
FL1002 RM-2 04/26/00 261 101
FL1102 RM-2 05/24/00 2.56 94
FL1202 RM-2 06/21/00 241 844
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Table H.1b. TCE and DCE Measured by Purge-and-Trap-Gas Chromatography
(RM-3, RM-4, and RM-5)

Collection cis-1,2-DCE
Sample|D Well Date TCE (PPB) (PPB)
FL224 RM-3 08/05/99 127 92
FL404 RM-3 09/21/99 139 6.71
FL504 RM-3 10/19/99 110 751
FL604 RM-3 12/01/99 134 101
FL703 RM-3 01/06/00 107 8.39
FL702 RM-3 01/06/00 120 9.99
FL802 RM-3 02/08/00 138 12
FL803 RM-3 02/08/00 136 11.9
FL903 RM-3 03/20/00 141 113
FLo04 RM-3 03/20/00 147 11.3
FL1003 RM-3 04/26/00 113 101
FL1004 RM-3 04/26/00 108 10.2
FL1103 RM-3 05/24/00 135 10.6
FL1104 RM-3 05/24/00 141 105
FL1203 RM-3 06/21/00 142 9.96
FL1204 RM-3 06/21/00 149 10.3
FL225 RM-4 08/05/99 130 8.6
FL405 RM-4 09/21/99 110 533
FL505 RM-4 10/19/99 116 857
FL605 RM-4 12/01/99 120 9.22
FL705 RM-4 01/06/00 85.1 812
FL8M4 RM-4 02/08/00 114 113
FL905 RM-4 03/20/00 120 111
FL1005 RM-4 04/26/00 90.8 115
FL1105 RM-4 05/24/00 934 10.7
FL1205 RM-4 06/21/00 122 10.8
FL226 RM-5 08/05/99 995 92
FL406 RM-5 09/21/99 29.2 125
FL506 RM-5 10/19/99 36.7 9.15
FL606 RM-5 12/01/99 56.4 9.77
FL714 RM-5 01/06/00 132 10.2
FL714 RM-5 01/06/00 132 10.1
FL813 RM-5 02/08/00 244 10.9
FL814 RM-5 02/08/00 229 11.2
FL906 RM-5 03/20/00 22 118
FL907 RM-5 03/20/00 25.6 121
FL1006 RM-5 04/26/00 555 10.9
FL1007 RM-5 04/26/00 5.29 10.8
FL1106 RM-5 05/24/00 773 973
FL1107 RM-5 05/24/00 6.69 9.63
FL1206 RM-5 06/21/00 104 105
FL1207 RM-5 06/21/00 133 10.8
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TableH.1lc. TCE and DCE Measured by Purge-and-Trap Gas Chromatography
(RM-6, RM-7, and RM-8)

Sample Collection cis-1,2-DCE
ID Well Date TCE (PPB) (PPB)
FL227 RM-6 8/5/99 118 165
FL407 RM-6 9/21/99 131 174
FL507 RM-6 10/19/99 129 164
FL607 RM-6 12/1/99 118 148
FL706 RM-6 1/6/00 939 138
FL816 RM-6 2/8/00 128 175
FL908 RM-6 3/20/00 113 171
FL1008 RM-6 4/26/00 116 180
FL1108 RM-6 5/24/00 108 161
FL1208 RM-6 6/21/00 134 180
FL228 RM-7 8/5/99 126 106
FL408 RM-7 9/21/99 102 111
FL508 RM-7 10/19/99 128 118
FL608 RM-7 12/1/99 140 130
FL707 RM-7 1/6/00 855 981
FL815 RM-7 2/8/00 109 128
FL909 RM-7 3/20/00 107 136
FL1009 RM-7 4/26/00 69.2 131
FL1109 RM-7 5/24/00 R4 125
FL1209 RM-7 6/21/00 121 135
FL230 RM-8 8/5/99 114 81
FL410 RM-8 9/21/99 9.5 103
FL510 RM-8 10/19/99 65.0 547
FL610 RM-8 12/1/99 121 109
FL708 RM-8 1/6/00 36.1 7.99
FL708 RM-8 1/6/00 39.0 8.69
FL708 RM-8 1/6/00 39.0 86
FL812 RM-8 2/8/00 58.8 110
FLI11 RM-8 3/20/00 79.7 120
FL1011 RM-8 4/26/00 203 116
FL1111 RM-8 5/24/00 383 111
FL1211 RM-8 6/21/00 718 119
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TableH.1d. TCE and DCE Measured by Purge-and-Trap Gas Chromatography
(RM-9, RM-10, and RM-11)

Collection cis-1,2-DCE
Sample|D Well Date TCE (PPB) PPB
FL231 RM-9 8/5/99 121 87
FL411 RM-9 9/21/99 107 102
FL403 RM-9 9/21/99 103 7
FL511 RM-9 10/19/99 106 9.37
FL611 RM-9 12/1/99 117 9.92
FL710 RM-9 1/6/00 46.1 7.9
FL710 RM-9 1/6/00 229 33
FL710 RM-9 1/6/00 491 7.57
FL808 RM-9 2/8/00 909 11
FL912 RM-9 3/20/00 9%.1 11.8
FL1012 RM-9 4/26/00 289 112
FL1112 RM-9 5/24/00 56.7 113
FL1212 RM-9 6/21/00 93.2 11.3
FL232 RM-10 8/5/99 123 9.8
FL412 RM-10 9/21/99 108 9.89
FL512 RM-10 10/19/99 9.4 851
FL612 RM-10 12/1/99 123 10.3
FL613 RM-10 12/1/99 126 105
FL711 RM-10 1/6/00 55.8 6.34
FL805 RM-10 2/8/00 97.8 11.3
FL913 RM-10 3/20/00 123 124
FL1013 RM-10 4/26/00 62 125
FL1113 RM-10 5/24/00 62 111
FL1213 RM-10 6/21/00 101 116
FL233 RM-11 8/5/99 114 9.7
FL234 RM-11 8/5/99 124 101
FL413 RM-11 9/21/99 106 104
FL414 RM-11 9/21/99 108 106
FL513 RM-11 10/19/99 105 10
FL514 RM-11 10/19/99 994 9.23
FL614 RM-11 12/1/99 131 119
FL712 RM-11 1/6/00 64.4 743
FL712 RM-11 1/6/00 64.4 743
FL807 RM-11 2/8/00 82.6 121
FL914 RM-11 3/20/00 105 125
FL1014 RM-11 4/26/00 67.6 125
FL1114 RM-11 5/24/00 76.9 119
FL1214 RM-11 6/21/00 115 126
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TableH.le. TCE and DCE Measured by Purge-and-Trap Gas Chromatography
(RM-12, RM-13, RM-14, and RM-15)

Collection cis-1,2-DCE

Sample|D Well Date TCE PPB PPB
FL235 RM-12 8/5/99 148 162
FL415 RM-12 9/21/99 108 136

FL515 RM-12 10/19/99 756 6.69
FL615 RM-12 12/1/99 152 144

FL715 RM-12 1/6/00 82.7 9.08
FL806 RM-12 2/8/00 142 179
FL915 RM-12 3/20/00 159 195
FL1015 RM-12 4/26/00 79.8 171
FL1115 RM-12 5/24/00 118 172

FL236 RM-13 8/5/99 120 9

FL416 RM-13 9/21/99 35.7 4.3

FL516 RM-13 10/19/99 9.6 9.57

FL616 RM-13 12/1/99 112 9.94

FL716 RM-13 1/6/00 429 6.57
FL811 RM-13 2/8/00 91.3 113
FL916 RM-13 3/20/00 108 127
FL1016 RM-13 4/26/00 46.7 141
FL1116 RM-13 5/24/00 436 116
FL1216 RM-13 6/21/00 68 125
FL1215 RM-14 6/21/00 18 105
FL1201 RM-15 6/21/00 344 109
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TableH.2a. Acetylene Measurements by Headspace Gas Anaysis
(RM-1A, RM-1B, and RM-2)

SamplelD Well Collection Date Acetylene PPB
FL100 RM-1A 12/1/98 0.86
FL120 RM-1A 12/15/98 0.38
FL140 RM-1A 1/5/99 0.08
FL400 RM-1A 9/21/99 0.22
FL500 RM-1A 10/19/99 0.20
FL600 RM-1A 12/1/99 0.15
FL700 RM-1A 1/6/00 164
FL800 RM-1A 2/8/00 0.55
FL900 RM-1A 3/20/00 047
FL1000 RM-1A 4/26/00 248
FL1100 RM-1A 5/24/00 0.89
FL1200 RM-1A 6/21/00 054
FL101 RM-1B 12/1/98 0.12J
FL121 RM-1B 12/15/98 0.12J
FL141 RM-1B 1/5/99 0.22
FL401 RM-1B 9/21/99 <0.06
FL501 RM-1B 10/19/99 <0.05
FL601 RM-1B 12/1/99 <0.05
FL701 RM-1B 1/6/00 <0.06
FL801 RM-1B 2/8/00 <0.06
FLO01 RM-1B 3/20/00 <0.06
FL1001 RM-1B 4/26/00 <0.06
FL1101 RM-1B 5/24/00 <0.06
FL102 RM-2 12/1/98 4.14
FL122 RM-2 12/15/98 262
FL142 RM-2 1/5/99 289
FL402 RM-2 9/21/99 4.75
FL502 RM-2 10/19/99 548
FL503 RM-2 10/19/99 548
FL602 RM-2 12/1/99 119
FL603 RM-2 12/1/99 145
FL704 RM-2 1/6/00 5.96
FL810 RM-2 2/8/00 185
FL902 RM-2 3/20/00 0.74
FL1002 RM-2 4/26/00 7.56
FL1102 RM-2 5/24/00 5.9
FL1202 RM-2 6/21/00 557
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Table H.2b. Acetylene Measurements by Headspace Gas Analysis
(RM-3, and RM-4)

SamplelD Well Cadllection Date Acetylene PPB
FL104 RM-3 12/1/98 <0.05
FL123 RM-3 12/15/98 <0.05
FL143 RM-3 1/5/99 <0.05
FL404 RM-3 9/21/99 012J
FL504 RM-3 10/19/99 <0.05
FL604 RM-3 12/1/99 <0.05
FL703 RM-3 1/6/00 <0.06
FL702 RM-3 1/6/00 <0.06
FL802 RM-3 2/8/00 <0.06
FL803 RM-3 2/8/00 <0.06
FL903 RM-3 3/20/00 <0.06
FLO04 RM-3 3/20/00 <0.06
FL1003 RM-3 4/26/00 <0.06
FL1004 RM-3 4/26/00 <0.06
FL1103 RM-3 5/24/00 <0.06
FL1104 RM-3 5/24/00 <0.06
FL1203 RM-3 6/21/00 <0.06
FL1204 RM-3 6/21/00 <0.06
FL106 RM-4 12/1/98 0.60
FL124 RM-4 12/15/98 048
FL125 RM-4 12/15/98 044
FL144 RM-4 1/5/99 042
FL145 RM-4 1/5/99 044
FL405 RM-4 9/21/99 <0.06
FL505 RM-4 10/19/99 0.18
FL605 RM-4 12/1/99 <0.05
FL705 RM-4 1/6/00 0.77
FL804 RM-4 2/8/00 0.16
FL905 RM-4 3/20/00 0.30

FL1005 RM-4 4/26/00 110
FL1105 RM-4 5/24/00 0.55
FL1205 RM-4 6/21/00 0.68
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Table H.2c. Acetylene Measurements by Headspace Gas Analysis
(RM-5, and RM-6)

SamplelD Well Collection Date  Acetylene PPB
FL107 RM-5 12/1/98 314
FL126 RM-5 12/15/98 214
FL146 RM-5 1/5/99 148
FL406 RM-5 9/21/99 4.15
FL506 RM-5 10/19/99 4.17
FL606 RM-5 12/1/99 4.13
FL713 RM-5 1/6/00 7.99
FL714 RM-5 1/6/00 841
FL813 RM-5 2/8/00 266
FL814 RM-5 2/8/00 291
FL906 RM-5 3/20/00 0.65
FL907 RM-5 3/20/00 0.75

FL1006 RM-5 4/26/00 748
FL1007 RM-5 4/26/00 7.36
FL1106 RM-5 5/24/00 4.20
FL1107 RM-5 5/24/00 4.34
FL1206 RM-5 6/21/00 4.88
FL1207 RM-5 6/21/00 3.98
FL108 RM-6 12/1/98 040
FL127 RM-6 12/15/98 044
FL128 RM-6 12/15/98 048
FL148 RM-6 1/5/99 <0.06
FL407 RM-6 9/21/99 <0.06
FL507 RM-6 10/19/99 <0.05
FL607 RM-6 12/1/99 <0.05
FL706 RM-6 1/6/00 <0.06
FL816 RM-6 2/8/00 <0.06
FL908 RM-6 3/20/00 <0.06
FL1008 RM-6 4/26/00 <0.06
FL1108 RM-6 5/24/00 <0.06
FL1208 RM-6 6/21/00 <0.06
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Table H.2d. Acetylene Measurements by Headspace Gas Analysis
(RM-7, RM-8, and RM-9)

SamplelD Well Collection Date Acetylene PPB
FL110 RM-7 12/1/98 0.20
FL129 RM-7 12/15/98 0.14
FL149 RM-7 1/5/99 0.17
FL150 RM-7 1/5/99 0.19
FL408 RM-7 9/21/99 <0.06
FL508 RM-7 10/19/99 <0.05
FL608 RM-7 12/1/99 <0.05
FL707 RM-7 1/6/00 <0.06
FL815 RM-7 2/8/00 <0.06
FL909 RM-7 3/20/00 <0.06
FL1009 RM-7 4/26/00 <0.06
FL1109 RM-7 5/24/00 <0.06
FL1209 RM-7 6/21/00 <0.06
FL111 RM-8 12/1/98 0.62
FL130 RM-8 12/15/98 0.24
FL151 RM-8 1/5/99 0.39
FL410 RM-8 9/21/99 040
FL510 RM-8 10/19/99 043
FL610 RM-8 12/1/99 0.29
FL708 RM-8 1/6/00 4.18
FL812 RM-8 2/8/00 0.63
FLO11 RM-8 3/20/00 0.93
FL1011 RM-8 4/26/00 455
FL1111 RM-8 5/24/00 265
FL1211 RM-8 6/21/00 327
FL112 RM-9 12/1/98 0.38
FL132 RM-9 12/15/98 0.26
FL152 RM-9 1/5/99 0.26
FL411 RM-9 9/21/99 0.08
FL403 RM-9 9/21/99 0.08
FL511 RM-9 10/19/99 0.15
FL611 RM-9 12/1/99 0.22
FL710 RM-9 1/6/00 259
FL808 RM-9 2/8/00 043
FLO912 RM-9 3/20/00 0.62
FL1012 RM-9 4/26/00 544
FL1112 RM-9 5/24/00 262
FL1212 RM-9 6/21/00 172
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Table H.2d. Acetylene Measurements by Headspace Gas Analysis
(RM-10, RM-11, and RM-12)

SamplelD Well Collection Date Acetylene PPB
FL412 RM-10 9/21/99 <0.06
FL512 RM-10 10/19/99 <0.05
FL612 RM-10 12/1/99 <0.05
FL613 RM-10 12/1/99 <0.05
FL711 RM-10 1/6/00 100
FL805 RM-10 2/8/00 0.36
FL913 RM-10 3/20/00 0.46

FL1013 RM-10 4/26/00 106
FL1113 RM-10 5/24/00 0.59
FL1213 RM-10 6/21/00 0.99
FL413 RM-11 9/21/99 <0.06
FL414 RM-11 9/21/99 0.08J
FL513 RM-11 10/19/99 <0.05
FL514 RM-11 10/19/99 <0.06
FL614 RM-11 12/1/99 <0.05
FL712 RM-11 1/6/00 0.93
FL807 RM-11 2/8/00 0.13
FLO14 RM-11 3/20/00 0.20
FL1014 RM-11 4/26/00 0.99
FL1114 RM-11 5/24/00 050
FL1214 RM-11 6/21/00 0.68
FL415 RM-12 9/21/9 0.17
FL515 RM-12 10/19/99 <0.06
FL615 RM-12 12/1/99 <0.05
FL715 RM-12 1/6/00 0.52
FL806 RM-12 2/8/00 0.35
FL915 RM-12 3/20/00 022
FL1015 RM-12 4/26/00 203
FL1115 RM-12 5/24/00 091
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Table H.2e. Acetylene Measurements by Headspace Gas Anaysis
(RM-13, RM-14, and RM-15)

SamplelD Well Collection Date Acetylene PPB
FL416 RM-13 9/21/99 0.64
FL516 RM-13 10/19/99 0.32
FL616 RM-13 12/1/99 0.26
FL716 RM-13 1/6/00 189
FL811 RM-13 2/8/00 0.92
FL916 RM-13 3/20/00 0.92
FL1016 RM-13 4/26/00 230
FL1116 RM-13 5/24/00 131
FL1216 RM-13 6/21/00 325
FL1215 RM-14 6/21/00 315
FL1201 RM-15 6/21/00 176
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TableH.3a. Common Anions by lon Chromatography (Wells RM-1A and RM-1B)

Collection Chloride Fluoride Nitratemg/L Phosphate Sulfate Sulfite Thiosulfate

SampleID  Well Date mg/L mg/L (asNO3) mg/L mg/L mg/L mg/L

FL100 RM-1A 12/1/98 4.40 <2 <2 <2 133 247

FL120 RM-1A  12/15/98 4.26 <2 <2 <2 105 131

FL140 RM-1A 1/5/99 348 <0.2 <0.2 <0.2 818 <0.3

FL160 RM-1A 2/9/99 371 <2 <2 <2 816

FL200 RM-1A 4/1/99 221 <2 <2 <2 63.6 <3

FL220 RM-1A 8/5/99 224 0.35 <0.2 <02 46.0

FL340 RM-1A  8/22/99 231 <20 <20 <20 161 <20

FL400 RM-1A  9/21/99 319 <2 <2 <2 220 <3

FL400 RM-1A 92199 239 <1

FL500 RM-1A  10/19/99 164 120 <01
FL600 RM-1A 12/1/99 107 <1 <01
FL600 RM-1A 12/1/99 201 0.17 <2 <2 115

FL700 RM-1A 1/6/00 300 040

FL800 RM-1A 2/8/00 190 <3

FL900 RM-1A  3/20/00 130 <3

FL1100 RM-1A  5/24/00 307

FL1200 RM-1A 6/21/00 156

FL101 RM-1B 12/1/98 334 0.28 1.89 <0.2 446 <3

FL121 RM-1B  12/15/98 301 0.26 162 03J 1.7 <3

FL141 RM-1B 1/5/99 367 <2 <2 <2 318 <3

FL161 RM-1B 2/9/99 4.30 <2 <2 <2 28

FL202 RM-1B 4/1/99 242 <2 <2 <2 149 <3

FL201 RM-1B 4/1/99 270 <2 <2 <2 16.7 <3

FL221 RM-1B 8/5/99 246 0.24 115 <0.2 20.7

FL341 RM-1B  8/22/99 423 <20 <20 <20 733 <20

FL401 RM-1B  9/21/99 317 <2 <2 <2 65.3 <3

FL501 RM-1B  10/19/99 56.0 <04 <01
FL601 RM-1B 12/1/99 269 0.08J 138 <2 300 0.16J <2
FL601 RM-1B 12/1/99 310 <0.8

FL701 RM-1B 1/6/00 120 8.00

FL801 RM-1B 2/8/00 95.0 <14

FL901 RM-1B  3/20/00 570 <13
FL1101 RM-1B  5/24/00 136
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Table H.3b. Common Anions by lon Chromatography (Well RM-2)

Collection Chloride Fluoride Nitratemg/L Phosphate Sulfate Sulfite Thiosulfate

SamplelID  Well Date mg/L mg/L (asNO3) mg/L mg/L mg/L mg/L
FL102 RM-2 12/1/98 <200 <200 <200 <200 2240 402
FL122 RM-2 12/15/98 206 <20 <20 <20 2270 504
FL142 RM-2 1/5/99 545 9.70 <2 <2 1370 734
FL163 RM-2 2/9/99 217 <20 22J <20 1040
FL162 RM-2 2/9/99 52.1 <20 4167 <20 1070
FL203 RM-2 4/1/99 2.1 <10 <10 <10 1160 404
FL204 RM-2 4/1/99 216 <20 <20 <20 1210 386
FL222 RM-2 8/5/99 3.9 301 <02 <02 1090
FL223 RM-2 8/5/99 3.97 282 <0.2 <0.2 988
FL342 RM-2 8/22/99 442 <20 <20 <20 507 515
FL402 RM-2 9/21/99 119 <20 <20 <20 500 1060
FL402 RM-2 9/21/99 518 1300
FL502 RM-2 10/19/99 542 1440 75.0
FL503 RM-2 10/19/99 4.76 144 1.39 <20 700 1260 62.0
FL602 RM-2 12/1/99 710 680 <01
FL602 RM-2 12/1/99 1620 <30 <01
FL603 RM-2 12/1/99 266 <20 2,66 <20 735 730.00
FL603 RM-2 12/1/99 1610 <30
FL704 RM-2 1/6/00 910 460
FL810 RM-2 2/8/00 1240 250
FL902 RM-2 3/20/00 1480 <25
FL1102 RM-2 5/24/00 1512 404 295
FL1202 RM-2 6/21/00 1490 464 255
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Table H.3c. Common Anions by lon Chromatography (Wells RM-3 and RM-4)

Coallection Chloride Fluoride Nitratemg/L Phosphate Sulfate Sulfite Thiosulfate

SamplelID  Well Date mg/L mg/L (asNO3) mg/L mg/L mg/L mg/L
FL104 RM-3  12/1/98 270 <0.2 220 <02 6.18 <3
FL105 RM-3  12/1/98 264 <0.2 219 <0.2 6.21 <3
FL123 RM-3  12/15/98 248 <0.2 197 <02 7.36 <3
FL143 RM-3 1/5/99 3.63 <2 <2 <2 6.83 <3
FL164 RM-3 2/9/99 388 <2 <2 <2 7.29
FL205 RM-3 4/1/99 302 <2 <2 <2 7.60 <3
FL224 RM-3 8/5/99 228 <0.2 254 <02 6.53
FL343 RM-3  8/22/99 223 0.21 218 <0.2 187 <0.2
FL404 RM-3  9/21/99 313 <2 <2 <2 6.58 <3
FL504 RM-3  10/19/99 6.10 <0.2 <0.1
FL604 RM-3  12/1/99 264 0.03 190 <2 5.80 <0.3 <0.1
FL604 RM-3  12/1/99 5.85 <3
FL703 RM-3 1/6/00 180 0.20
FL702 RM-3 1/6/00 180 0.20
FL802 RM-3 2/8/00 810 <0.14
FL803 RM-3 2/8/00 7.90 <0.14
FL903 RM-3  3/20/00 7.10 <0.3
FL904 RM-3  3/20/00 7.10 <0.3
FL1103 RM-3  5/24/00 190
FL1104 RM-3  5/24/00 189
FL1203 RM-3  6/21/00 6.60
FL1204 RM-3  6/21/00 6.59
FL106 RM-4  12/1/98 343 <1 157 <1 435 <3
FL124 RM-4  12/15/98 253 0.29 164 0.20 36.9 <3
FL125 RM-4  12/15/98 253 0.30 164 <0.2 36.9 <3
FL144 RM-4 1/5/99 361 <2 <2 <2 253 <3
FL145 RM-4 1/5/99 387 <2 <2 <2 281 <3
FL166 RM-4 2/9/99 459 <2 <2 <2 365
FL206 RM-4 4/1/99 317 <2 <2 <2 156 <3
FL225 RM-4 8/5/99 229 <0.2 159 <0.2 759
FL344 RM-4  8/22/99 424 <20 <20 <20 103 <20
FL405 RM-4  9/21/99 353 <2 <2 <2 570 <3
FL505 RM-4  10/19/99 340 <05 <0.1
FL605 RM-4  12/1/99 281 0.06 0.35 0.09 26.0 <0.3 <0.1
FL605 RM-4  12/1/99 26.3 <30
FL705 RM-4 1/6/00 130 <2
FL804 RM-4 2/8/00 61.0 <0.7
FL905 RM-4  3/20/00 36.0 <1
FL1105 RM-4  5/24/00 825
FL1205 RM-4  6/21/00 273
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Table H.3d. Common Anions by lon Chromatography (Well RM-5)

Coallection Chloride Fluoride Nitratemg/L Phosphate Sulfate Sulfite Thiosulfate

SamplelID  Well Date mg/L mg/L (asNO3) mg/L mg/L mg/L mg/L
FL107 RM-5  12/1/98 581 <2 <2 <2 281 125
FL126 RM-5 12/15/98  4.07 <2 <2 << 183 333
FL146 RM-5 1/5/99 4.26 <2 <2 <2 144 264
FL176 RM-5 2/9/99 593 <2 <2 <2 140
FL177 RM-5 2/9/99 5.76 <2 <2 <2 150
FL178 RM-5 2/9/99 5.89 <2 <2 <2 159
FL171 RM-5 2/9/99 484 <2 <2 <2 158
FL208 RM-5 4/1/99 310 <2 <2 <2 91.3 <3
FL226 RM-5 8/5/99 232 054 <0.2 <0.2 139
FL345 RM-5  8/22/99 227 <20 <20 <20 326 100
FL406 RM-5  9/21/99 360 <2 <2 <2 278 120
FL406 RM-5  9/21/99 420
FL506 RM-5  10/19/99 280 <3 <01
FL606 RM-5  12/1/99 281 0.26 0.35 072 157 <1 <01
FL606 RM-5  12/1/99 159 <3
FL713 RM-5 1/6/00 480 8.00
FL714 RM-5 1/6/00 490 8.00
FL813 RM-5 2/8/00 400 <6
FL814 RM-5 2/8/00 400 <6
FL906 RM-5  3/20/00 275 <5
FL907 RM-5  3/20/00 280 <5
FL1106 RM-5  5/24/00 525 540
FL1107 RM-5  5/24/00 530 492
FL1206 RM-5  6/21/00 332 1210
FL1207 RM-5  6/21/00 330
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Table H.3e. Common Anions by lon Chromatography (Well RM-6 and RM-7)

Coallection Chloride Fluoride Nitratemg/L Phosphate Sulfate Sulfite Thiosulfate

SamplelID  Well Date mg/L mg/L (asNO3) mg/L mg/L mg/L mg/L
FL108 RM-6  12/1/98 454 <2 <2 <2 89.8 334
FL109 RM-6  12/1/98 4.74 <2 <2 <2 90.1 290
FL127 RM-6  12/15/98 424 <2 <2 << 79.0 578
FL148 RM-6 1/5/99 4.03 <2 <2 << 98.8 13.40
FL168 RM-6 2/9/99 4.46 <2 <2 <2 141
FL167 RM-6 2/9/99 4.95 <2 <2 <2 150
FL209 RM-6 4/1/99 363 <2 <2 <2 126 <2
FL227 RM-6 8/5/99 237 0.39 <0.2 <0.2 56.3
FL227 RM-6 8/5/99 57.7
FL346 RM-6  8/22/99 228 0.28 118 <0.2 437 <0.2
FL407 RM-6  9/21/99 357 <2 <2 <2 93.1 <3
FL507 RM-6  10/19/99 60.0 <1 <01
FL607 RM-6  12/1/99 269 0.05 0.95 004 345 <05 <01
FL607 RM-6  12/1/99 367 <30
FL706 RM-6 1/6/00 250 <3
FL816 RM-6 2/8/00 270 <3
FL908 RM-6  3/20/00 270 <5
FL1108 RM-6  5/24/00 311
FL1208 RM-6  6/21/00 184
FL110 RM-7  12/1/98 450 <2 <2 <2 104 <2
FL129 RM-7  12/15/98 432 <2 <2 << 773 6.37
FL149 RM-7 1/5/99 359 <0.2 <0.2 <0.2 736 6.64
FL150 RM-7 1/5/99 395 <2 <2 <2 75.6 7.16
FL179 RM-7 2/9/99 6.34 <2 <2 <2 918
FL180 RM-7 2/9/99 6.28 <2 <2 <2 838.7
FL181 RM-7 2/9/99 6.70 <2 <2 <2 117
FL172 RM-7 2/9/99 592 <2 <2 <2 9.6
FL210 RM-7 4/1/99 340 <2 <2 <2 730 <3
FL228 RM-7 8/5/99 237 0.33 <0.2 <0.2 308
FL347 RM-7  8/22/99 412 <20 <20 <20 137 <20
FL408 RM-7  9/21/99 362 <2 <2 <2 121 <3
FL508 RM-7  10/19/99 60.0 <1 <01
FL608 RM-7  12/1/99 279 0.06 034 <2 319 <05 <01
FL608 RM-7  12/1/99 320 <30
FL707 RM-7 1/6/00 230 <3
FL815 RM-7 2/8/00 180 <3
FL909 RM-7  3/20/00 160 <3
FL1109 RM-7  5/24/00 259
FL1209 RM-7  6/21/00 123
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SamplelD
FL111
FL130
FL151
FL173
FL174
FL175
FL169
FL211
FL230
FL348
FL410
FL510
FL610
FL610
FL708
FL812
FL911
FL1111
FL1211

Well

RM-8
RM-8
RM-8
RM-8
RM-8
RM-8
RM-8
RM-8
RM-8
RM-8
RM-8
RM-8
RM-8
RM-8
RM-8
RM-8
RM-8
RM-8
RM-8

Table H.3f. Common Anions by lon Chromatography (Well RM-8)

Collection Chloride Fluoride Nitratemg/L Phosphate Sulfate
(asN03')

Date
12/1/98
12/15/98
1/5/99
2/8/99
2/8/99
2/8/99
2/9/99
4/9/99
8/5/99
8/22/99
9/21/99
10/19/99
12/1/99
12/1/99
1/6/00
2/8/00
3/20/00
5/24/00
6/21/00

mg/L
443
4.61
3.80
511
532
5.52
4.45
3.61
2.30
43.9
3.90

2.68

mg/L
<2
<2
<2
<2
<2
<2
<2
<2

0.40
<20
<2

0.04

<2
<2
<2
<2
<2
<2
<2
<2
<0.2

<20

H.18

<2

<2

mg/L

<2
<2
<2
<2
<2
<2
<2
<2
0.23
<20
<2

0.67

mg/L
117
96.6
65.3
65.1
741
88.6
70.7
45.8
37.0
254
96.5
81.0
64.9
67.0
340
210
120
262
97.8

Sulfite Thiosulfate
mg/L mg/L
<30
7.00
312

<3

<20

10.10

<0.2 <0.1

<0.5 <0.1
<30

<3

<1

<3



Table H.3g. Common Anions by lon Chromatography (Well RM-9 and RM-10)

Coallection Chloride Fluoride Nitratemg/L Phosphate Sulfate Sulfite Thiosulfate

SamplelID  Well Date mg/L mg/L (asNO3) mg/L mg/L mg/L mg/L
FL112 RM-9  12/1/98 515 <2 <2 <2 822 <30
FL133 RM-9  12/15/98 4.88 <2 205 <2 718 <30
FL132 RM-9  12/15/98 471 <2 <2 <2 79.9 <30
FL135 RM-9  12/15/98 532 <2 <2 <2 822 <30
FL136 RM-9  12/15/98 268 0.54 125 <0.2 102 <30
FL134 RM-9  12/15/98 5.00 <2 <2 <2 794 <30
FL137 RM-9  12/15/98 5.08 <2 <2 <2 91.6 <30
FL152 RM-9 1/5/99 3.85 <2 <2 <2 44.1 <30
FL170 RM-9 2/9/99 4.27 <2 <2 <2 68.1
FL212 RM-9 4/1/99 411 <2 <2 <2 52.3 <3
FL231 RM-9 8/5/99 225 0.30 0.39 <0.2 191
FL349 RM-9  8/22/99 425 <20 <20 <20 130 <20
FL411 RM-9  9/21/99 395 <2 <2 << 59.3 291
FL403 RM-9  9/21/99 3.00 <2 <2 <2 67.9 <3
FL403 RM-9  9/21/99 68.0 <1
FL511 RM-9  10/19/99 480 <05 <0.12
FL611 RM-9  12/1/99 261 0.06 261 0.67 510 <30 <01
FL611 RM-9  12/1/99 514
FL710 RM-9 1/6/00 245 0.20
FL808 RM-9 2/8/00 140 <1
FL912 RM-9  3/20/00 83.0 <3
FL1112 RM-9  5/24/00 181
FL1212 RM-9  6/21/00 7.7
FL232 RM-10  8/5/99 227 0.29 0.31 <02 191
FL350 RM-10  8/22/99 282 <20 <20 <20 101 <20
FL412 RM-10  9/21/99 4.01 <2 <2 <2 78.1 <3
FL512 RM-10  10/19/99 54.0 <1 <01
FL612 RM-10  12/1/99 264 0.05 <2 0.63 480 <05 <01
FL613 RM-10  12/1/99 264 0.05 <2 0.70 480 <05 <01
FL613 RM-10  12/1/99 483 <30
FL612 RM-10  12/1/99 484 <30
FL711 RM-10  1/6/00 180 <3
FL805 RM-10  2/8/00 79.0 <0.7
FL913 RM-10  3/20/00 520 <1
FL1113 RM-10  5/24/00 146
FL1213 RM-10  6/21/00 63.1
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Table H.3h. Common Anions by lon Chromatography
(WellsRM-11, RM-12, RM-13, RM-14, and RM-15)

Collection Chloride Fluoride Nitratemg/L Phosphate Sulfate

Sulfite Thiosulfate

SamplelID  Well Date mg/L mg/L (asNO3) mg/L mg/L mg/L mg/L
FL233 RM-11  8/5/99 232 0.24 0.44 <0.2 251
FL234 RM-11  8/5/99 231 0.24 042 <0.2 254
FL351 RM-11  8/22/99 434 <20 <20 <20 153 <20
FL413 RM-11  9/21/99 4.07 <2 <2 <2 91.2 423
FL414 RM-11  9/21/99 4.02 <2 <2 <2 939 <3
FL513 RM-11  10/19/99 68.0 <1 <0.1
FL514 RM-11  10/19/99 66.0 <1 <01
FL614 RM-11  12/1/99 275 0.05 048 0.65 430 <05 <01
FL614 RM-11  12/1/99 443 <30
FL712 RM-11  1/6/00 210 <2
FL807 RM-11  2/8/00 130 <1
FL914 RM-11  3/20/00 110 <3
FL1114 RM-11  5/24/00 174
FL1214 RM-11  6/21/00 123
FL235 RM-12  8/5/99 250 0.33 179 <0.2 50.7
FL352 RM-12  8/22/99 46.0 <20 <20 <20 296 <20
FL415 RM-12  9/21/99 451 <2 <2 <2 144 24
FL515 RM-12  10/19/99 103 <1 <01
FL615 RM-12  12/1/99 271 0.04 0.02 0.64 490 <1 <01
FL615 RM-12  12/1/99 584 <30
FL715 RM-12  1/6/00 180 8.00
FL806 RM-12  2/8/00 100 <1
FL915 RM-12  3/20/00 74.0 <3
FL1115 RM-12  5/24/00 210
FL236 RM-13  8/5/99 230 0.21 <0.2 <0.2 213
FL353 RM-13  8/22/99 45.6 <20 <20 <20 156 <20
FL416 RM-13  9/21/99 3.99 <2 <2 <2 136 951
FL416 RM-13  9/21/99 150
FL516 RM-13  10/19/99 1.0 <1
FL616 RM-13  12/1/99 269 0.05 0.02 0.72 720 <1
FL616 RM-13  12/1/99 850 <30
FL716 RM-13  1/6/00 190 4.00
FL811 RM-13  2/8/00 9.0 <1
FL916 RM-13  3/20/00 58.0 <1
FL1116 RM-13  5/24/00 167
FL1216 RM-13  6/21/00 9.6
FL1215 RM-14  6/21/00 289
FL1201 RM-15  6/21/00 308 120
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Table H.4a. Water Chemistry Parameters (Wells RM-1a and RM-1B)

Electrical Conductivity = Dissolved Oxygen

Well Callection Date (MicroSiemens) (PPM) pH Eh (mv)
RM-1A 11/09/98 114.8 43 6.76

RM-1A 11/10/98 19530 0 10.26

RM-1A 11/12/98 8670 0.1 9.13

RM-1A 11/15/98 1080 0 9.09

RM-1A 12/01/98 633 0 845

RM-1A 12/15/98 594 0 841

RM-1A 01/05/99 495 0 841

RM-1A 02/09/99 450 0 840

RM-1A 04/01/99 389 0 8.38

RM-1A 08/05/99 288 0 8.38 -218
RM-1A 08/22/99 830 0 9.20

RM-1A 09/21/99 842 0 8.78 -249
RM-1A 10/19/99 574 0 8.82 -328
RM-1A 12/01/99 460 0 8.65 -269
RM-1A 01/06/00 1018 0 8.90 -320
RM-1A 02/08/00 734 0 891 -312
RM-1A 03/20/00 550 0 9.04 -A
RM-1A 04/26/00 1336 0 8.96 -355
RM-1A 05/24/00 1050 0 883 -330
RM-1A 06/21/00 720 0 887 -293
RM-1B 11/09/98 1284 32 6.94

RM-1B 11/10/98 380 0 840

RM-1B 11/12/98 430 0.1 7.44

RM-1B 11/15/98 282 0.8 7.56

RM-1B 12/01/98 240 14 7.15

RM-1B 12/15/98 236 10 7.14

RM-1B 01/05/99 233 0.2 711

RM-1B 02/09/99 206 0.2 717

RM-1B 04/01/99 196 0.3 7.09

RM-1B 04/01/99 196 0.3 7.09

RM-1B 08/05/99 169 04 7.02

RM-1B 08/22/99 290 0.0 7.25

RM-1B 09/21/99 240 0.0 7.26 -170
RM-1B 10/19/99 289 04 734 -227
RM-1B 12/01/99 200 04 7.18 -39
RM-1B 01/06/00 413 0.1 7.23 -178
RM-1B 02/08/00 377 0.2 717 -151
RM-1B 03/20/00 299 0.2 7.44 -49
RM-1B 04/26/00 516 0 7.38 -227
RM-1B 05/24/00 459 0.3 7.24 -200
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Table H.4b. Water Chemistry Parameters (Wel RM-2)

Electrical Conductivity = Dissolved Oxygen

Well Callection Date (MicroSiemens) (PPM) pH Eh (mv)
RM-2 11/09/98 1055 47 6.89

RM-2 11/10/98 48700 0 1061

RM-2 11/12/98 29800 0.1 9.901

RM-2 11/15/98 190 0 9.64

RM-2 11/16/98 13000 0 943

RM-2 11/16/98 9400 0 9.39

RM-2 11/16/98 7680 0 951

RM-2 11/17/98 7500 0 9.42

RM-2 11/17/98 5200 0 9.32

RM-2 11/19/98 4350 0 9.34

RM-2 12/01/98 A70 0 872

RM-2 12/15/98 7690 0 858

RM-2 01/05/99 6160 0 846

RM-2 02/09/99 4530 0 844

RM-2 02/09/99 4360 0 845

RM-2 04/01/99 3090 0 8.39

RM-2 04/01/99 3090 0 839

RM-2 08/05/99 3320 0 802 -264
RM-2 08/05/99 3160 0 803

RM-2 08/22/99 2600 0 8.99

RM-2 09/21/99 7500 0 9.11 -390
RM-2 10/19/99 6700 0 9.03 -406
RM-2 10/19/99 6700 0 9.03

RM-2 12/01/99 4900 0 881 -354
RM-2 12/01/99 4610 0 881 -365
RM-2 01/06/00 5340 0 9.04 -360
RM-2 02/08/00 4870 0 9.08 -346
RM-2 03/20/00 4480 0 9.00 -303
RM-2 04/26/00 6870 0 9.35 -410
RM-2 05/24/00 6710 0 9.22 -406
RM-2 06/21/00 6630 0 9.28 -397
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Table H.4c. Water Chemistry Parameters (Well RM-3)

Electrical Conductivity = Dissolved Oxygen

Well Callection Date (MicroSiemens) (PPM) pH Eh (mv)
RM-3 11/09/98 985 6.0 6.76

RM-3 11/10/98 2320 00 8.85

RM-3 11/12/98 128 6.7 7.27

RM-3 11/15/98 125 70 7.32

RM-3 12/01/98 1228 6.8 6.80

RM-3 12/01/98 1229 6.8 6.79

RM-3 12/15/98 122 65 6.83

RM-3 01/05/99 124 5.7 6.76

RM-3 02/09/99 126.7 41 6.95

RM-3 04/01/99 1316 46 6.75

RM-3 08/05/99 109 7.2 6.89 -30
RM-3 08/22/99 170 40 725

RM-3 09/21/99 114 6.5 6.86 74
RM-3 10/19/99 1075 6.3 6.92 496
RM-3 12/01/99 112 6.3 6.86 107
RM-3 01/06/00 165.3 14 7.07 15
RM-3 01/06/00 1635 15 7.06 -134
RM-3 02/08/00 1329 42 7.00 -20
RM-3 02/08/00 131 891 10
RM-3 03/20/00 1232 43 6.98 73
RM-3 03/20/00 1223 43 6.99 11
RM-3 04/26/00 281 0 7.95 -347
RM-3 04/26/00 287 0 7.89 -347
RM-3 05/24/00 167 10 7.33 -33
RM-3 05/24/00 167 21 7.30 -33
RM-3 06/21/00 130.8 6.2 7.09 32
RM-3 06/21/00 1304 55 7.26 32
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Table H.4d. Water Chemistry Parameters (Well RM-4)

Electrical Conductivity = Dissolved Oxygen

Well Callection Date (MicroSiemens) (PPM) pH Eh (mv)
RM-4 11/09/98 106.7 51 6.76

RM-4 11/10/98 28300 0 10.35

RM-4 11/12/98 2690 0.1 9.03

RM-4 11/15/98 470 0 9.10

RM-4 12/01/98 303 0 843

RM-4 12/15/98 268 0 845

RM-4 12/15/98 268 0 845

RM-4 01/05/99 261 0 835

RM-4 02/09/99 248 0 822

RM-4 04/01/99 208 04 7.85

RM-4 08/05/99 148 38 7.32 -105
RM-4 08/22/99 600 0 893

RM-4 09/21/99 360 0 862 -240
RM-4 10/19/99 266 0 8.70 -275
RM-4 12/01/99 239 0 858 -262
RM-4 01/06/00 528 0 8.74 -315
RM-4 02/08/00 344 0.1 891 -284
RM-4 03/20/00 286 0.2 8.95 -247
RM-4 04/26/00 737 0 883 -331
RM-4 05/24/00 422 0 8.90 -310
RM-4 06/21/00 280 0 8.88 -287
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Well

RM-5
RM-5
RM-5
RM-5
RM-5
RM-5
RM-5
RM-5
RM-5
RM-5
RM-5
RM-5
RM-5
RM-5
RM-5
RM-5
RM-5
RM-5
RM-5
RM-5
RM-5
RM-5
RM-5
RM-5
RM-5
RM-5
RM-5
RM-5

Table H.4e. Water Chemistry Parameters (Well RM-5)

Collection Date
11/09/98
11/10/98
11/12/98
11/15/98
12/01/98
12/15/98
01/05/99
02/09/99
02/09/99
02/09/99
02/09/99
04/01/99
08/05/99
08/22/99
09/21/99
10/19/99
12/01/99
01/06/00
01/06/00
02/08/00
03/20/00
03/20/00
04/26/00
04/26/00
05/24/00
05/24/00
06/21/00
06/21/00

Electrical Conductivity = Dissolved Oxygen
(MicroSiemens)

108.5
20900
12370

2200
1119
925
77
559
591
609
631
471
498
2300
1600

992

631
1729
1786
1270

991
1045
2050
2150
1700
1790
1352
1508

H.25

(PPM) pH

45 6.91
10.11
9.05
9.10
8.46
8.44
8.40
8.47
8.49
8.51
8.56
8.54
8.35
9.11
9.13
9.11
9.06
9.22
9.24
9.17
9.30
9.32
9.32
9.31
9.37
9.30
9.48
9.48

=

Eh (mv)

-232

-360
-322
-312
-335
-325
-307
-270
-275
-385
-387
-368
-390
-358
-376



Well

RM-6
RM-6
RM-6
RM-6
RM-6
RM-6
RM-6
RM-6
RM-6
RM-6
RM-6
RM-6
RM-6
RM-6
RM-6
RM-6
RM-6
RM-6
RM-6
RM-6
RM-6
RM-6
RM-6

Table H.4f. Water Chemistry Parameters (Well RM-6)

Collection Date
11/09/98
11/10/98
11/12/98
11/15/98
12/01/98
12/01/98
12/15/98
12/15/98
01/05/99
02/09/99
02/09/99
04/01/99
08/05/99
08/22/99
09/21/99
10/19/99
12/01/99
01/06/00
02/08/00
03/20/00
04/26/00
05/24/00
06/21/00

Electrical Conductivity = Dissolved Oxygen

(MicroSiemens)

1289
21
797

8

1041
790
594

H.26

(PPM)
14
0
0.1
18

O OO OO0 O0OO0oOOoOOoOOo

o o
A~ w

O OO0 O O O ¢

pH

7.14
861
753
755
7.9
7.9
750
750
748
7.59
7.59
7.52
7.13
7.22
7.33
734
731
741
734
7.37
7.62
7.72
7.38

Eh (mv)



Well

RM-7
RM-7
RM-7
RM-7
RM-7
RM-7
RM-7
RM-7
RM-7
RM-7
RM-7
RM-7
RM-7
RM-7
RM-7
RM-7
RM-7
RM-7
RM-7
RM-7
RM-7
RM-7

Table H.4g. Water Chemistry Parameters (Well RM-7)

Collection Date
11/09/98
11/10/98
11/12/98
11/15/98
12/01/98
12/15/98
02/09/99
02/09/99
02/09/99
02/09/99
04/01/99
08/05/99
08/22/99
09/21/99
10/19/99
12/01/99
01/06/00
02/08/00
03/20/00
04/26/00
05/24/00
06/21/00

Electrical Conductivity = Dissolved Oxygen

(MicroSiemens)

1125
1803
1129

560

421

408
407
405
480

415

1020

H.27

(PPM)
53

(=Y

eleNeReReReReReReReReXe)
o

O O O O OO O0oO oo

pH

6.87
8.79
7.60
781
757
747
7.46
749
7.63
750
743
743
884
7.92
8.02
790
7.74
7.82
7.78
7.72
7.72
791

Eh (mv)



Well

RM-8
RM-8
RM-8
RM-8
RM-8
RM-8
RM-8
RM-8
RM-8
RM-8
RM-8
RM-8
RM-8
RM-8
RM-8
RM-8
RM-8
RM-8
RM-8
RM-8
RM-8
RM-8
RM-8

Table H.4h. Water Chemistry Parameters (Well RM-8)

Collection Date

11/09/98
11/10/98
11/12/98
11/15/98
12/01/98
12/15/98
01/05/99
02/08/99
02/08/99
02/08/99
02/09/99
04/09/99
08/05/99
08/22/99
09/21/99
10/19/99
12/01/99
01/06/00
02/08/00
03/20/00
04/26/00
05/24/00
06/21/00

Electrical Conductivity — Dissolved Oxygen

(MicroSiemens)

1136
43700
4470
464
528
515
411
432

8828

259
1100

1073
724
528

1370

H.28

(PPM)

5.7

o
P~ o

O OO 0000000000000 O0OOoOOoOOoOo

pH
6.82

1051

8.90
8.95
853
848
845
832
845
8.50
8.46
844
845
884
9.01
897
8.79
9.02
911
921
9.19
9.18
9.26

Eh (mv)



Well

RM-9
RM-9
RM-9
RM-9
RM-9
RM-9
RM-9
RM-9
RM-9
RM-9
RM-9
RM-9
RM-9
RM-9
RM-9
RM-9
RM-9
RM-9
RM-9
RM-9
RM-9
RM-9
RM-9
RM-9
RM-9

Table H.4i. Water Chemistry Parameters (Well RM-9)

Collection Date

11/09/98
11/10/98
11/12/98
11/15/98
12/01/98
12/15/98
12/15/98
12/15/98
12/15/98
12/15/98
12/15/98
01/05/99
02/09/99
04/01/99
08/05/99
08/22/99
09/21/99
10/19/99
12/01/99
01/06/00
02/08/00
03/20/00
04/26/00
05/24/00
06/21/00

Electrical Conductivity = Dissolved Oxygen
(MicroSiemens)

102.2
24300
1760
562
411
395
429
440
454
411

466
340
395
332
219
600
369
296
292
839
556
438

1121
715

H.29

(PPM) pH
56 6.80
1052
9.28
876
855
850
852
853
852
850
852
845
843
8.39
816
876
8.8
881
8.70
906
905
915
9.22
910
9.09

o o o
[N

O O OO0 O0OD0OO0OO0D0O0O0DO0DO0OO0O0O0O0OO0oOOoOOoo
N

Eh (mv)



Table H.4j. Water Chemistry Parameters (Wells RM-10, RM-11, and RM-12)

Electrical Conductivity = Dissolved Oxygen

Well Callection Date (MicroSiemens) (PPM) pH Eh (mv)
RM-10 08/05/99 202 0 7.80 -136
RM-10 08/22/99 480 0 8.14
RM-10 09/21/99 427 0 874 -406
RM-10 10/19/99 325 0 8.69 -266
RM-10 12/01/99 290 0 848 -287
RM-10 12/01/99 287 04 8.13
RM-10 01/06/00 673 0 885 -336
RM-10 02/08/00 415 0 9.03 -303
RM-10 03/20/00 326 0 895
RM-10 04/26/00 844 0 8.99 -410
RM-10 05/24/00 637 0 891 -367
RM-10 06/21/00 426 0 8% -398
RM-11 08/05/99 208 0 7.55 -172
RM-11 08/05/99 212 0 7.64
RM-11 08/22/99 580 0 7.93
RM-11 09/21/99 401 0 852 -370
RM-11 10/19/99 313 0.1 8.39 -340
RM-11 10/19/99 313 0.1 839 -254
RM-11 12/01/99 255 0 857 -197
RM-11 01/06/00 710 0 864 -311
RM-11 02/08/00 523 0 859 -345
RM-11 03/20/00 449 0 8.76 -285
RM-11 04/26/00 1005 0 834 -386
RM-11 05/24/00 663 0 855 -347
RM-11 06/21/00 401 0 8.69 -397
RM-12 08/05/99 293 43 6.86 -112
RM-12 08/22/99 1250 0 867
RM-12 09/21/99 670 0 8.39 -246
RM-12 10/19/99 418 0 852 -273
RM-12 12/01/99 29%6 0 8.80 -300
RM-12 01/06/00 634 0 8.74 -301
RM-12 02/08/00 457 0 8.76 -298
RM-12 03/20/00 368 0 877 -295
RM-12 04/26/00 1215 0 8.92 -385
RM-12 05/24/00 800 0 8.80 -355
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Table H.4k. Water Chemistry Parameters (Wells RM-13, RM-14, and RM-15)

Electrical Conductivity = Dissolved Oxygen

Well Callection Date (MicroSiemens) (PPM) pH Eh (mv)
RM-13 08/05/99 221 0 8.19 -183
RM-13 08/22/99 630 0 859
RM-13 09/21/99 650 0 897 -350
RM-13 10/19/99 449 0 8.95
RM-13 12/01/99 385 0 8.80 -335
RM-13 01/06/00 736 0 9.02 -292
RM-13 02/08/00 452 0 9.04 -333
RM-13 03/20/00 359 0 9.11 -305
RM-13 04/26/00 839 0 9.17 -386
RM-13 05/24/00 714 0 9.11 -348
RM-13 06/21/00 498 0 9.17 -378
RM-14 06/21/00 1150 0 9.36 -421
RM-15 06/21/00 1102 0 9.16 -342

TableH.5a. Trace Metds by Inductively Coupled Argon Plasma-Optical Emission Spectroscopy
(Al, As, Ba, Be, B, and Cd)

Collection Aluminum Antimony Arsenic Barium Beryllium Boron Cadmium

SampleID  Well Date mg/L mg/L mg/L mg/L mg/L mg/L mg/L
FL100 RM-1A  1-Dec-98 <01 NA <0.06 <0.005 <0002 <0.005 <0.02
FL101 RM-1B  1-Dec-98 <01 NA <0.06 0.014 <0002 <0.005 <0.02
FL102 RM-2  1-Dec-98 <01 NA <0.06 0.016 <0002 <0.005 <0.02
FL104 RM-3  1-Dec-98 <01 NA <0.06 <0.005 <0002 <0.005 <0.02
FL105 RM-3  1-Dec-98 <01 NA <0.06 <0.005 <0002 <0.005 <0.02
FL106 RM-4  1-Dec-98 <01 NA <0.06 0.007 <0002 <0.005 <0.02
FL107 RM-5  1-Dec-98 <01 NA <0.06 0.026 <0002 <0.005 <0.02
FL108 RM-6  1-Dec-98 <01 NA <0.06 0.057 <0.002 0.009 <0.02
FL109 RM-6  1-Dec-98 <01 NA <0.06 0.057 <0.002 0.009 <0.02
FL110 RM-7  1-Dec-98 <01 NA <0.06 0.021 <0.002 0.009 <0.02
FL111 RM-8  1-Dec-98 <01 NA <0.06 0.006 <0.002 0.007 <0.02
FL112 RM-9  1-Dec-98 <01 NA <0.06 <0.005 <0.002 0.008 <0.02
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Table H.5b. Trace Metals by Inductively Coupled Argon Plasma-Optica Emission Spectroscopy
(Ca, Cr, Co, Cu, Fe, and Pb)

Collection Calcium
mg/L

BBRELERERNR

26
24

Chromiu
m mg/L

<0.04
<004
<004
<0.04
<0.04
<004
<004
<0.04
<0.04
<004
<004
<0.04

Cobalt
mg/L
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004
<0.004

Copper
mg/L
<0.006
<0.006
022
<0.006
<0.006
<0.006
<0.006
<0.006
0.16
0.014
<0.006
<0.006

Iron mg/L
0.15
0.03
240
0.01
0.02
0.05
0.30
0.02
004
0.01
0.07
0.05

Lead
mg/L
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06

Lithium
mg/L
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02

. Trace Metas by Inductively Coupled Argon Plasma-Optica Emission Spectroscopy

(Li, Mg, Mn, Mo, Ni, and K)

SampleID  Well Date
FL100 RM-1A  1-Dec-98
FL101 RM-1B  1-Dec-98
FL102 RM-2  1-Dec-98
FL104 RM-3 1-Dec-98
FL105 RM-3 1-Dec-98
FL106 RM-4 1-Dec-98
FL107 RM-5  1-Dec-98
FL108 RM-6 1-Dec-98
FL109 RM-6 1-Dec-98
FL110 RM-7 1-Dec-98
FL111 RM-8  1-Dec-98
FL112 RM-9 1-Dec-98

TableH.5c

SampleID Well Collection Date
FL100 RM-1A 1-Dec-98
FL101 RM-1B 1-Dec-98
FL102 RM-2 1-Dec-98
FL104 RM-3 1-Dec-98
FL105 RM-3 1-Dec-98
FL106 RM-4 1-Dec-98
FL107 RM-5 1-Dec-98
FL108 RM-6 1-Dec-98
FL109 RM-6 1-Dec-98
FL110 RM-7 1-Dec-98
FL111 RM-8 1-Dec-98
FL112 RM-9 1-Dec-98

Magnesium Manganese Mercury Molybdenum

mg/L
14
10
150
57
6.1
8
23
20
19
18
12
94

mg/L
0.15
0.29
0.19
0.016
0.017
0.28
0.31
058
053
084
014
0.18
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mg/L

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

mg/L
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06

Nickel
mg/L
<0.01
<0.01
0.1
<0.01
<0.01
<0.01
<0.01
0.02
0.021
0.022
<0.01
<0.01

Potassium
mg/L
109

79
2,600

21

21
51
205
28
29
23
0
72



Table H.5d. Trace Metds by Inductively Coupled Argon Plasma-Optical Emission Spectroscopy
(Se S, Ag, Na, S, V, and Zn)

Collection Rubidu Selenium Silicon
Date m mg/L

Sample
ID Well
FL100 RM-1A
FL101 RM-1B
FL102 RM-2
FL14 RM-3
FL105 RM-3
FL106 RM-4
FL107 RM-5
FL108 RM-6
FL109 RM-6
FL110 RM-7
FL111 RM-8
FL112 RM-9
Table H.5e
Samplel
FL100
FL101
FL102
FL104
FL105
FL106
FL107
FL108
FL109
FL110
FL111
FL112

1-Dec-98
1-Dec-98
1-Dec-98
1-Dec-98
1-Dec-98
1-Dec-98
1-Dec-98
1-Dec-98
1-Dec-98
1-Dec-98
1-Dec-98
1-Dec-98

D Well
RM-1A
RM-1B

RM-2
RM-3
RM-3
RM-4
RM-5
RM-6
RM-6
RM-7
RM-8
RM-9

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

Collection Titanium Tungsten Uranium Vanadium

Date

mg/L
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06

1-Dec-98
1-Dec-98
1-Dec-98
1-Dec-98
1-Dec-98
1-Dec-98
1-Dec-98
1-Dec-98
1-Dec-98
1-Dec-98
1-Dec-98
1-Dec-98

mg/L

mg/L
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

5.7
10
28
12
12
8.8
13
10
94
43
2.7
6.3

H.33

Silver
mg/L
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02

mg/L
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

Sodium Strontium Thalliu

mg/L
41
15
970

59

59
14
9%5
37
37
23
32
2

mg/L
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

mg/L
0.35
0.14
0.66
0.066
0.072
0.13
0.36
0.28
0.28
0.25
0.15
0.12

mg/L
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02

m mg/L
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

Zinc mg/L
0.010
0.013
0.027
0.011
0.010
0.008
0.009
0.009
0.013
0.006
0.007
0.007

Tin
mg/L
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

. Trace Metals by Inductively Coupled Argon Plasma-Optical Emission Spectroscopy
(Ti, W, U, V, and Zn)



TableH.6a. Trace Metas by Inductively Coupled Argon Plasma-Mass Spectrometry
(Al, Sh, As, Ba, Be, B, and Cd)

Collection Aluminum Antimony Arsenic Barium Beryllium Boron Cadmium
SamplelD Well Date mg/L mg/L mg/L mg/L mg/L mg/L mg/L
FL500 RM-1A  19-Oct-99  <0.06 000089 <0005 0.0072 NA NA <0.003
FL501 RM-1B  19-Oct-99  <0.06 000066 <0.005 0.0164 NA NA <0.003
FL502 RM-2  19-Oct-99  <0.06 000552 <0005 0.1250 NA NA <0.003
FL503 RM-2  19-Oct-99  <0.06 000244 <0005 0.1280 NA NA <0.003
FL504 RM-3  19-Oct-99  <0.06 000070 <0.005  0.0056 NA NA <0.003
FL505 RM-4  19-Oct-99  <0.06 000091 <0005 0.0034 NA NA <0.003
FL506 RM-5 19-Oct-99  <0.06 000125 <0005 0.0105 NA NA <0.003
FL507 RM-6  19-Oct-99  <0.06 0.00080 <0.005 0.0269 NA NA <0.003
FL508 RM-7  19-Oct-99  <0.06 0.00083 <0005 0.0108 NA NA <0.003
FL510 RM-8  19-Oct-99  <0.06 000099 <0005 0.0021 NA NA <0.003
FL511 RM-9  19-Oct-99  <0.06 000109 <0005  0.0017 NA NA <0.003
FL512 RM-10 19-Oct-99  <0.06 000098 <0.005  0.0061 NA NA 0.0060
FL513 RM-11  19-Oct-99  <0.06 000093 <0005 0.0159 NA NA <0.003
FL514 RM-11  19-Oct-99  <0.06 0.00086 <0.005 0.0165 NA NA <0.003
FL515 RM-12  19-Oct-99  <0.06 000094 <0005 0.0051 NA NA <0.003
FL516 RM-13  19-Oct-99  <0.06 000103 <0.005 0.0026 NA NA <0.003
FL1200H RM-1A  21-Jun-00 0036  0.0013 0.0025 0.006 <0.0002 NA 0.00005
FL1202H RM-2  21-Jun-00 0030  0.0020 00018 0.187 <0.0002 NA 0.00007
FL1203K RM-3  21-Jun-00 0029  0.0010 00012 0.008 <0.0002 NA 0.00002
FL1204H RM-3  21-Jun-00 0030  0.0012 00012 0.008 <0.0002 NA <0.00002
FL1205H RM-4  21-Jun-00 0030  0.0011 00016 0.002 <0.0002 NA 0.00003
FL1206K RM-5  21-Jun-00 0058  0.0015 0.0016 0.009 <0.0002 NA 0.00002
FL1207H RM-5  21-Jun-00 0078 0.0014 00016 0.010 <0.0002 NA 0.00006
FL1208H RM-6  21-Jun-00 0026 00011 0002 0.043 <0.0002 NA 0.00018
FL1209H RM-7  21-Jun-00 0079 00011 00039 0.024 <0.0002 NA 0.00027
FL1I2090HRep RM-7  21-Jun-00 0075  0.0012 00039 0.025 <0.0002 NA 0.00026
FL1211H RM-8  21-Jun-00 0039 0.0010 0.0006 0.002 <0.0002 NA <0.00002
FL1212H RM-9  21-Jun-00 0026  0.0010 00006 0.001 <0.0002 NA <0.00002
FL1213H RM-10  21-Jun-00 0034  0.0013 00016 0.003 <0.0002 NA 0.00002
FL1214H RM-11  21-Jun-00 0028  0.0009 00017 0.014 <0.0002 NA 0.00004
FL1216H RM-13  21-Jun-00 0031  0.0010 0.0005 0.002 <0.0002 NA 0.00004
FL1215H RM-14  21-Jun-00 0073  0.0015 00014 0.025 <0.0002 NA 0.00005
FL1201H RM-15  21-Jun-00 0056  0.0014 00020 0.029 <0.0002 NA 0.00019
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Table H.6b. Trace Metds by Inductively Coupled Argon Plasma-Mass Spectrometry
(Cq, Cr, Co, Cu, Fe, P, and Li)

Collection Calcium* Chromium Cobalt  Copper Iron* Lead Lithium

SamplelD Well Date mg/L mg/L mg/L mg/L mg/L mg/L mg/L
FL500 RM-1A  19-Oct-99 20 <0.0015 NA <0.005 0.07 <0.009 NA
FL501 RM-1B  19-Oct-99 20 <0.0015 NA <0.005 0.04 <0.009 NA
FL502 RM-2  19-Oct-99 20 <0.0015 NA <0.005 140 <0.009 NA
FL503 RM-2  19-Oct-99 13 <0.0015 NA <0.005 140 <0.009 NA
FL504 RM-3  19-Oct-99 11 <0.0015 NA <0.005 0.02 <0.009 NA
FL505 RM-4  19-Oct-99 12 <0.0015 NA <0.005 0.05 <0.009 NA
FL506 RM-5  19-Oct-99 11 <0.0015 NA <0.005 011 <0.009 NA
FL507 RM-6  19-Oct-99 24 <0.0015 NA <0.005 0.08 <0.009 NA
FL508 RM-7  19-Oct-99 23 <0.0015 NA <0.005 0.01 <0.009 NA
FL510 RM-8  19-Oct-99 10 <0.0015 NA <0.005 0.05 <0.009 NA
FL511 RM-9  19-Oct-99 10 <0.0015 NA <0.005 0.04 <0.009 NA
FL512 RM-10  19-Oct-99 13 <0.0015 NA <0.005 0.03 <0.009 NA
FL513 RM-11  19-Oct-99 17 <0.0015 NA <0.005 0.06 <0.009 NA
FL514 RM-11  19-Oct-99 14 <0.0015 NA <0.005 0.06 <0.009 NA
FL515 RM-12  19-Oct-99 20 <0.0015 NA <0.005 0.09 <0.009 NA
FL516 RM-13  19-Oct-99 12 <0.0015 NA <0.005 0.05 <0.009 NA

FL1200H RM-1A  21-Jun-00 16 0.001 0.045 00029 031 <0.009 <0.002
FL1202H RM-2  21-Jun-00 7 0.001 0.060 00044 159 0.00044B  0.003
FL1203K RM-3  21-Jun-00 17 <0.001 0.001 00026 015 0.00019B  0.002
FL1204H RM-3  21-Jun-00 17 0.001 0.001 00020 008 0.00020B  0.002
FL1205H RM-4  21-Jun-00 12 <0.001 0.010 00010 008 0.00017B <0.002
FL1206K RM-5  21-Jun-00 9 <0.001 0.050 00012 028 0.00044B  <0.002
FL1207H RM-5  21-Jun-00 9 <0.001 0.051 00028 040 0.00024B  <0.002
FL1208H RM-6  21-Jun-00 78 <0.001 0.057 00123 040 0.00034B  0.003
FL1209H RM-7  21-Jun-00 51 <0.001 0.055 00063 022 <0.0002 0.002
FLI209HRep RM-7  21-Jun-00 51 <0.001 0.055 00062 022 0.00094B  0.003
FL1211H RM-8  21-Jun-00 7 <0.001 0.020 00010 014 0.00094B  <0.002
FL1212H RM-9  21-Jun-00 8 <0.001 0.014 00009 006 0.00020B  <0.002
FL1213H RM-10  21-Jun-00 13 <0.001 0.021 00011 007 0.00017B  <0.002
FL1214H RM-11  21-Jun-00 25 <0.001 0.026 00014 014 0.00023B  0.002
FL1216H RM-13  21-Jun-00 8 <0.001 0.016 00010 007 0.00018B <0.002
FL1215H RM-14  21-Jun-00 8 <0.001 0.038 00014 020 0.00020B <0.002
FL1201H RM-15  21-Jun-00 27 0.002 0.056 00047 038 0.00038B  0.002

" 500 Series samples measured by |CP-OES for calcium and iron.
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TableH.6¢. Trace Metds by Inductively Coupled Argon Plasma-Mass Spectrometry
(Mg, Mn, Hg, Mo, Ni, and K)

Collection Magnesum Manganese Mercury Molybdenum Nickel Potassium’
SamplelD Well Date " mg/L mg/L mg/L mg/L mg/L mg/L

FL500 RM-1A 19-Oct-99 86 0.13 NA 0.0012 <0.01 100
FL501 RM-1B 19-Oct-99 89 053 NA 0.0012 <0.01 14
FL502 RM-2 19-Oct-99 44 011 NA 0.022 0.28 1,520
FL503 RM-2 19-Oct-99 %! 011 NA 0.022 0.26 1,550

FL504 RM-3 19-Oct-99 42 0.049 NA 0.00037 <0.01 27
FL505 RM-4 19-Oct-99 41 0.17 NA 0.00037 <0.01 v\
FL506 RM-5 19-Oct-99 55 014 NA 0.0023 <0.01 210
FL507 RM-6 19-Oct-99 9.1 040 NA 0.0018 <0.01 18
FL508 RM-7 19-Oct-99 83 0.81 NA 0.00054 <0.01 24
FL510 RM-8 19-Oct-99 4.3 0.041 NA 0.00039 <0.01 84
FL511 RM-9 19-Oct-99 42 0.085 NA 0.00039 <0.01 58
FL512 RM-10 19-Oct-99 4.8 0.20 NA 0.00038 <0.01 53
FL513 RM-11 19-Oct-99 6.6 0.38 NA 0.0004 <0.01 45
FL514 RM-11 19-Oct-99 6.6 0.37 NA 0.00057 <0.01 45
FL515 RM-12 19-Oct-99 74 0.35 NA 0.00096 <0.01 45
FL516 RM-13 19-Oct-99 41 0.084 NA 0.00048 <0.01 84
FL1200H RM-1A 21-Jun-00 9.8 0.11 <0.0003 0.0062 0.021 NA
FL1202H RM-2 21-Jun-00 269 0.15 <0.0003 0.0111 0.230 NA
FL1203K RM-3 21-Jun-00 6.8 0.12 <0.0003 0.0006 0.004 NA
FL1204H RM-3 21-Jun-00 7.0 0.12 <0.0003 0.0005 0.003 NA
FL1205H RM-4 21-Jun-00 4.8 0.071 <0.0003 0.0008 0.005 NA
FL1206K RM-5 21-Jun-00 6.2 0.074 <0.0003 0.0036 0.024 NA
FL1207H RM-5 21-Jun-00 6.5 0.079 <0.0003 0.0036 0.028 NA
FL1208H RM-6 21-Jun-00 320 0.83 <0.0003 0.0034 0.029 NA
FL1209H RM-7 21-Jun-00 183 135 <0.0003 0.0020 0.023 NA
FL1209H Rep RM-7 21-Jun-00 175 134 <0.0003 0.0020 0.025 NA
FL1211H RM-8 21-Jun-00 41 0.030 <0.0003 0.0014 0.011 NA
FL1212H RM-9 21-Jun-00 45 0.030 <0.0003 0.0010 0.007 NA
FL1213H RM-10 21-Jun-00 64 0.102 <0.0003 0.0012 0.010 NA
FL1214H RM-11 21-Jun-00 111 0.66 <0.0003 0.0013 0.012 NA
FL1216H RM-13 21-Jun-00 42 0.043 <0.0003 0.0014 0.009 NA
FL1215H RM-14 21-Jun-00 57 0.13 <0.0003 0.0080 0.024 NA
FL1201H RM-15 21-Jun-00 13.7 0.55 <0.0003 0.0054 0.027 NA

" 500 Series samples measured from magnesium and potassium by | CP-OES.
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Table H.6d. Trace Metas by Inductively Coupled Argon Plasma-Mass Spectrometry
(Rb, Se, Si, Ag, Na, S, Tl, and Sn)

Collection Rubidium Selenium Silicon Silver Sodium* Strontium Thallium Tin

SampleID  Well Date mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L
FL500 RM-1A  19-Oct-99 NA <0.025 NA 0.0062 26 NA NA 0.047
FL501 RM-1B  19-Oct-99 NA <0.025 NA 0.013 14 NA NA 0.047
FL502 RM-2  19-Oct-99 NA <0.025 NA 0.012 440 NA NA 0.046
FL503 RM-2  19-Oct-99 NA <0.025 NA 0.0085 440 NA NA 0.074
FL504 RM-3  19-Oct-99 NA <0.025 NA 0.0054 4.8 NA NA 0.046
FL505 RM-4  19-Oct-99 NA <0.025 NA 0.0088 9.2 NA NA 0.046
FL506 RM-5  19-Oct-99 NA <0.025 NA 0.0089 59 NA NA 0.092
FL507 RM-6  19-Oct-99 NA <0.025 NA 0.014 15 NA NA 0.047
FL508 RM-7  19-Oct-99 NA <0.025 NA 0.0003 14 NA NA 0.046
FL510 RM-8  19-Oct-99 NA <0.025 NA 0.012 16 NA NA 0.077
FL511 RM-9  19-Oct-99 NA <0.025 NA 0.013 12 NA NA 0.048
FL512 RM-10 19-Oct-99 NA <0.025 NA 0.0003 12 NA NA 0.17
FL513 RM-11  19-Oct-99 NA <0.025 NA 0.011 15 NA NA 0.065
FL514 RM-11  19-Oct-99 NA <0.025 NA 0.0065 14 NA NA 0.41
FL515 RM-12  19-Oct-99 NA <0.025 NA 0.0073 18 NA NA 0.086
FL516 RM-13 19-Oct-99 NA <0.025 NA 0.0041 17 NA NA 0.13

FL1200H RM-1A 21-Jun-00 0.026 <0.0003 5.6 0.0008 NA 0.15 <0.00002 0.00167
FL1202H RM-2  21-Jun-00 0.214 <0.0003 <0.1 0.0034 NA 0.48 <0.00002 0.00055
FL1203K RM-3  21-Jun-00 0.0015 <0.0003 144 0.0035 NA 0.086 <0.00002  0.00041
FL1204H RM-3  21-Jun-00 0.0013 <0.0003 15.6 0.0036 NA 0.089 <0.00002  0.00032
FL1205H RM-4  21-Jun-00 0.0082 <0.0003 119 0.0040 NA 0.047 <0.00002  0.00027
FL1206K RM-5 21-Jun-00 0.046 <0.0003 29 0.0028 NA 0.10  <0.00002  0.00027
FL1207H RM-5  21-Jun-00 0.045 <0.0003 19 0.0027 NA 011  <0.00002  0.00102
FL1208H RM-6  21-Jun-00 0.0058 <0.0003 115 0.0032 NA 054  <0.00002  0.00027
FL1209H RM-7  21-Jun-00 0.0032 <0.0003 8.7 0.0042 NA 0.36 <0.00002 0.00027
FL 209H Rep RM-7  21-Jun-00  0.0032 <0.0003 8.4 0.0043 NA 0.37 <0.00002 0.00027
FL1211H RM-8  21-Jun-00 0.017 <0.0003 45 0.0022 NA 0.039 <0.00002 0.00019
FL1212H RM-9  21-Jun-00 0.014 <0.0003 6.1 0.0025 NA 0.038 <0.00002 0.00024
FL1213H RM-10 21-Jun-00 0.011 <0.0003 6.8 0.0014 NA 0.070 <0.00002 <0.00017
FL1214H RM-11 21-Jun-00 0.0074 <0.0003 8.8 0.0033 NA 0.19 <0.00002  0.00023
FL1216H RM-13 21-Jun-00 0.014 <0.0003 38 0.0028 NA 0.045 <0.00002  0.00018
FL1215H RM-14 21-Jun-00 0.034 <0.0003 13 0.0027 NA 0.088 <0.00002  0.00078
FL1201H RM-15 21-Jun-00 0.028 <0.0003 45 0.0025 NA 028  <0.00002  0.00095

" Measured by |CP-OES.
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Table H.6e. Trace Metals by Inductively Coupled Argon Plasma-Mass Spectrometry
(Ti, W, U, V, and Zn)

Cadllection Titanium Tungsten Uranium Vanadium
SamplelD Well Date mg/L mg/L mg/L mg/L  Zincmg/L
FL500 RM-1A  19-Oct-99 NA NA 0.00012 NA <0.05
FL501 RM-1B  19-Oct-99 NA NA 0.00016 NA <0.05
FL502 RM-2 19-Oct-99 NA NA <0.00008 NA <0.05
FL503 RM-2 19-Oct-99 NA NA <0.00008 NA <0.05
FL504 RM-3  19-Oct-99 NA NA <0.00008 NA <0.05
FL505 RM-4  19-Oct-99 NA NA <0.00008 NA <0.05
FL506 RM-5  19-Oct-99 NA NA 0.00015 NA <0.05
FL507 RM-6  19-Oct-99 NA NA 0.00014 NA <0.05
FL508 RM-7 19-Oct-99 NA NA 0.00055 NA <0.05
FL510 RM-8  19-Oct-99 NA NA <0.00008 NA <0.05
FL511 RM-9  19-Oct-99 NA NA <0.00008 NA <0.05
FL512 RM-10  19-Oct-99 NA NA <0.00008 NA <0.05
FL513 RM-11  19-Oct-99 NA NA 0.00014 NA <0.05
FL514 RM-11  19-Oct-99 NA NA 0.000125 NA <0.05
FL515 RM-12  19-Oct-99 NA NA <0.00008 NA <0.05
FL516 RM-13  19-Oct-99 NA NA <0.00008 NA <0.05
FL1200H RM-1A  21-Jun-00  0.00298 0.0055 0.00024 0.00034 0.0066
FL1202H RM-2  21-Jun-00 <0.0002 0.0135 0.000014  0.00038 0.012
FL1203K RM-3  21-Jun-00 <0.0002 0.0017 0.00018 0.0022 0.0023
FL1204H RM-3  21-Jun-00 <0.0002 0.0014 0.00017 0.0025 0.0049
FL1205H RM-4  21-Jun-00 <0.0002 00016 <0.000002 <0.00008 0.0047
FL1206K RM-5  21-Jun-00 <0.0002 0.0027 0.000014 <0.00008 0.0053
FL1207H RM-5  21-Jun-00 <0.0002 0.0026 0.000011 <0.00008 0.028
FL1208H RM-6  21-Jun-00 <0.0002 0.0014 0.0010 0.00053 0.0074
FL1209H RM-7  21-Jun-00  <0.0002 0.0012 0.00042  <0.00008 0.038
FL 209H Rep RM-7  21-Jun-00 <0.0002 0.0011 0.00041  <0.00008 0.038
FL1211H RM-8  21-Jun-00 <0.0002 0.0007 <0.000002 <0.00008 0.0020
FL1212H RM-9  21-Jun-00 <0.0002 00005 <0.000002 <0.00008  -0.0008
FL1213H RM-10  21-Jun-00 <0.0002 00005 <0.000002 <0.00008 0.0021
FL1214H RM-11  21-Jun-00 <0.0002 0.0004 0.000070  <0.00008 0.0060
FL1216H RM-13  21-Jun-00 <0.0002 0.0007 <0.000002 <0.00008 0.0065
FL1215H RM-14  21-Jun-00 <0.0002 0.0038 0.000017 <0.00008 0.012
FL1201H RM-15  21-Jun-00 <0.0002 0.0044 0.00024 0.00074 0.011
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TableH.7. Elements Surveyed by Inductively Coupled Argon Plasma-Mass Spectrometry
on FL1200 Series Samples for which al Results were Non-Detects

Egtimated MDL Egtimated MDL
Element (mg/L) Element (mg/L)
Au 0.00002 Nd 0.00005
Ce 0.0002 Os 0.000003
Cs 0.0002 Pd 0.00002
Dy 0.00003 Pr 0.00002
B 0.00002 Pt 0.00002
Eu 0.00003 Re 0.00001
Ga 0.0001 Ru 0.00002
(€ 0.00004 Sm 0.00003
Ge 0.0001 Ta 0.00002
Hf 0.00002 Tb 0.00002
Ho 0.00001 Te 0.00002
In 0.000002 Th 0.0002
La 0.00005 Tm 0.000003
Lu 0.00002 Y 0.0001
Nb 0.0001 Yb 0.00003
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|SRM Sediment Sample Inventory
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Tablel.1. ISRM Sediment Sample Inventory

Sample Sample
Analyzed by: Analyzed for: Borehole | Depth (ft) Date M ethod Preserved In: | Lithology Unit Comments
USGS (Cox) ” RM-2 54.5-55.0 |8/17/98 | Split spoon 6" lexan sleeve | smG Qutl
USGS (Cox) 7 RM-2 55.0-55.5 | 8/17/98 | Split spoon 6" lexan sleeve | sG Gg-u
USGS (Cox) ” RM-2 59.0-59.5 [8/17/98 | Split poon 6" lexan sleeve | msG Gg-u
USGS (Cox) 7 RM-2 62.0-62.5 [8/17/98 | Split spoon 6" lexan sleeve | G Gg-u
USGS (Cox) ” RM-2 64.0-64.5 | 8/17/98 | Split spoon 6" lexan sleeve | G Gg-u
USGS (Cox) ”? RM-3 68.5-69.0 |8/19/98 [ Split spoon 6" lexansleeve |S Gs
USGS (Cox) 7 RM-3 69.0-69.5 |8/19/98 | Split spoon 6" lexan sleeve | 9Z7? GInG?
USGS (Cox) ” RM-3 69.5-70.0 |8/19/98 | Split spoon 6" lexan sleeve | sZ/Z ng
USGS (Cox) ” RM-3 70.0-70.5 [8/19/98 | Split spoon 6" lexan sleeve | sZ/Z ng
USGS (Cox) ”? RM-3 70.5-71.0 |8/19/98 | Split spoon 6" lexan sleeve | sZ/Z ng
USGS (Cox) 7 RM-3 71.0-71.5 | 8/19/98 | Split spoon 6" lexan sleeve | sZ/Z ng
USGS (Cox) ” RM-3 71.5-72.0 [8/19/98 | Split spoon 6" lexan sleeve | sZ/Z ng
USGS (Cox) ” RM-9 2 9/11/98 | grab core barrel | zip loc bag msG Qvs
USGS (Cox) ” RM-9 5 9/11/98 | grab core barrel | zip loc bag msG Qvs
USGS (Cox) ”? RM-9 9 9/11/98 | grab core barrel | zip loc bag msG Qvs
USGS (Cox) ”? RM-9 14 9/11/98 | grab core barrel | zip loc bag msG Qvs
USGS (Cox) 7 RM-9 24 9/11/98 | grab core barrel | zip loc bag smG Qvtl
USGS (Cox) ” RM-9 29 9/11/98 | grab core barrel | zip loc bag mG-smG Qvtl
USGS (Cox) ”? RM-9 34 9/11/98 | grab core barrel | zip loc bag mG-smG Qvtl
USGS (Cox) 7 RM-9 39 9/12/98 | grab core barrel | zip loc bag msG Qvtl
USGS (Cox) ” RM-9 44 9/12/98 | grab core barrel | zip loc bag mG-smG Qutl
USGS (Cox) Microbiology (aseptic)| RM-4 59.0-59.5 |8/20/95 | Split spoon 6" lexan sleeve | msG Ggru
USGS (Cox) Microbiology (aseptic)| RM-8 68.5-69.0 | 9/2/98 Split spoon 6" lexan sleeve | msG? Gg?
USGS (Cox) Microbiology (aseptic)| RM-8 69.0-69.5 | 9/2/98 Split spoon 6" lexan sleeve | msG? Gg?
USGS (Cox) Microbiology (aseptic)| RM-9 57.5-58.0 |9/13/98 | Split spoon 6" lexan sleeve | msG Ggru
USGS (Cox) Microbiology (aseptic)| RM-9 58.0-58.5 [9/13/98 | Split spoon 6" lexan sleeve | msG Gg-u
USGS (Cox) Microbiology (aseptic)| RM-9 59.5-60.0 |9/13/98 | Split spoon 6" lexan sleeve | msG Ggru
USGS (Cox) Microbiology (aseptic)| RM-9 60.5-61.0 |9/13/98 [ Split spoon 6" lexan sleeve | msG Gg-u
USGS (Cox) ” RM-11 52.5-53.0 [5/15/99 | Split spoon 6" lexan sleeve | smG Qutl
UFA Ventures | Physical Properties | RM-1 39.5-40.0 |8/13/98 | Split spoon 6" lexan sleeve | (MG Qvtl
UFA Ventures | Physical Properties | RM-1 50.0-50.5 |8/13/98 | Split spoon 6" lexan sleeve | sG Ggru
UFA Ventures | Physical Properties | RM-1 62.0-62.5 |8/14/98 | Split spoon 6" lexan sleeve | zgS Gs-u
UFA Ventures | Physical Properties | RM-1 66.5-67.0 | 8/14/98 | Split spoon 6" lexan sleeve | gM Qvt2
UFA Ventures | Physical Properties | RM-1 71.0-71.5 [ 8/14/98 | Split spoon 6" lexan sleeve | G Gg-l
UFA Ventures | Physical Properties | RM-1 78.5-79.0 |8/15/98 | Split spoon 6" lexan sleeve | sG Ggl Actual sample depth is~2 ft higher
UFA Ventures | Physical Properties | RM-1 86.0-86.5 | 8/15/98 | Split spoon 6" lexan sleeve | zS ng
UFA Ventures | Physical Properties | RM-1 86.5-87.0 | 8/15/98 | Split spoon 6" lexan sleeve | zS ng




A

Tablel.1. (contd)

Sample Sample
Analyzed by: Analyzed for: Borehole | Depth (ft) Date M ethod Preserved In: | Lithology Unit Comments
UFA Ventures | Physical Properties | RM-2 52.5-53.0 | 8/16/98 | Split spoon 6" lexan sleeve | smG Qvtl
UFA Ventures | Physical Properties | RM-2 55.6-56.0 |8/17/98 | Split spoon 6" lexan sleeve | sG Gg-u
UFA Ventures | Physical Properties | RM-2 61.0-61.5 [8/17/98 | Split spoon 6" lexan sleeve | sG Gg-u
UFA Ventures | Physical Properties | RM-2 65.5-66.0 |8/17/98 | Split spoon 6" lexan sleeve | sG Ggl
UFA Ventures | Physical Properties | RM-2 71.0-71.5 | 8/17/98 | Split spoon 6" lexan sleeve | mG Qvt2
UFA Ventures | Physical Properties | RM-2 74.0-74.5 |8/17/98 | Split spoon 6" lexan sleeve | smG Qvt2
UFA Ventures | Physical Properties | RM-2 75.5-76.0 |8/17/98 | Split spoon 6" lexan sleeve | sG Gl
UFA Ventures | Physical Properties | RM-2 78.5-79.0 |8/17/98 | Split spoon 6" lexan sleeve | ZS ng
UFA Ventures | Physical Properties | RM-3 53.0-53.5 |8/18/98 [ Split spoon 6" lexan deeve | SG/msG €]
UFA Ventures | Physical Properties | RM-3 58.5-59.0 |8/19/98 | Split spoon 6" lexan sleeve | SG/msG €]
UFA Ventures | Physical Properties | RM-3 62.0-62.5 |8/19/98 | Split spoon 6" lexan sleeve | SG/msG (€]
UFA Ventures | Physical Properties | RM-3 68.0-68.5 |8/19/98 | Split spoon 6" lexansleeve |S Gs
UFA Ventures | Physical Properties | RM-4 47.0-47.5 | 8/20/95 | Split spoon 6" lexan sleeve | sG Ggu
UFA Ventures | Physical Properties | RM-4 53.0-53.5 | 8/20/95 | Split spoon 6" lexan sleeve | (m)G Gg-u
UFA Ventures | Physical Properties | RM-4 63.5-64.0 | 8/20/95 [ Split spoon 6" lexan sleeve | msG Gg-u
UFA Ventures | Physical Properties | RM-4 69.0-69.5 [8/20/95 | Split spoon 6" lexan sleeve | msG Ggl
UFA Ventures | Physical Properties | RM-4 73.5-74.0 [8/20/95 | Split spoon 6" lexansleeve |S Gs|
UFA Ventures | Physical Properties | RM-4 78.5-79.0 |8/20/95 | Split spoon 6" lexansleeve |S Gs|
Szecsody Redox conditions FM-3 56.0-56.5 | 6/5/00 Split spoon 6" lexan sleeve | msG Gg-u
Szecsody Redox conditions FM-3 57.0-57.5 | 6/5/00 Split spoon 6" lexan deeve | msG Gg-u
Szecsody Redox conditions FM-3 58.0-58.5 | 6/5/00 Split spoon 6" lexan sleeve | msG Ggru Color change - more reduced at 58’
Szecsody Redox conditions FM-3 59.5-60.0 | 6/5/00 Split spoon 6" lexan sleeve | msG Ggru
Szecsody Redox conditions FM-3 61.5-62.0 | 6/5/00 Split spoon 6" lexan sleeve | msG Ggru
Szecsody Redox conditions FM-3 62.5-63.0 | 6/5/00 Split spoon 6" lexan sleeve | msG Gg-u
Szecsody Redox conditions FM-3 63.5-64.0 | 6/5/00 Split spoon 6" lexan sleeve | msG Ggru
Szecsody Redox conditions FM-3 64.5-65.0 [ 6/5/00 Split spoon 6" lexan sleeve | msG Gg-u
Szecsody Redox conditions FM-3 66.5-67.0 | 6/6/00 Split spoon 6" lexan sleeve | msG Ggru
Szecsody Redox conditions FM-3 67.5-68.0 | 6/6/00 Split spoon 6" lexan sleeve | msG Gg-u
Szecsody Redox conditions FM-3 68.5-69.0 [ 6/6/00 Split spoon 6" lexan sleeve | smG Qvt2
Szecsody Redox conditions FM-3 69.5-70.0 [6/6/00 Split spoon 6" lexan sleeve | smG Qvt2
Szecsody Redox conditions FM-3 71.5-72.0 | 6/6/00 Split spoon 6" lexan sleeve | smG Qvt2
Szecsody Redox conditions FM-3 72.5-73.0 | 6/6/00 Split spoon 6" lexan sleeve | smG Qvt2
Szecsody Redox conditions FM-3 73.5-74.0 | 6/6/00 Split spoon 6" lexan sleeve | msG Gl
Szecsody Redox conditions FM-3 74.5-75.0 | 6/6/00 Split spoon 6" lexan sleeve | msG Ggrl
Szecsody Redox conditions FM-4 51.5-52.0 | 6/6/00 Split spoon 6" lexan sleeve | msG Ggru
Szecsody Redox conditions FM-4 52.5-53.0 | 6/6/00 Split spoon 6" lexan sleeve | msG Gg-u
Szecsody Redox conditions FM-4 53.5-54.0 | 6/6/00 Split spoon 6" lexan sleeve | msG Gg-u
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Table 1.1. (contd)

Sample Sample
Analyzed by: Analyzed for: Borehole | Depth (ft) Date M ethod Preserved In: | Lithology Unit Comments
Szecsody Redox conditions FM-4 54.5-55.0 | 6/6/00 Split spoon 6" lexan sleeve | msG Gg-u
Szecsody Redox conditions FM-4 56.0-56.5 | 6/6/00 Split spoon 6" lexan sleeve | smG Gg-u Excessive heat from cobble stuck in shoe
Szecsody Redox conditions FM-4 57.0-57.5 [6/6/00 Split spoon 6" lexan sleeve | smG Gg-u Excessive heat from cobble stuck in shoe]
Szecsody Redox conditions FM-4 58.0-58.5 | 6/6/00 Split spoon 6" lexan sleeve | smG Ggru Excessive heat from cobble stuck in shoe
Szecsody Redox conditions FM-4 59.0-59.5 | 6/6/00 Split spoon 6" lexan sleeve | smG Gg-u Excessive heat from cobble stuck in shoe
Szecsody Redox conditions FM-4 61.5-62.0 | 6/6/00 Split spoon 6" lexan sleeve | msG Gg-u
Szecsody Redox conditions FM-4 62.5-63.0 | 6/6/00 Split spoon 6" lexan sleeve | msG Gg-u
Szecsody Redox conditions FM-4 63.5-64.0 | 6/6/00 Split spoon 6" lexan sleeve | msG Ggru
Szecsody Redox conditions FM-4 64.5-65.0 | 6/6/00 Split spoon 6" lexan sleeve | msG Ggru
Szecsody Redox conditions FM-4 66.5-67.0 | 6/6/00 Split spoon 6" lexan sleeve | smG Qvt2
Szecsody Redox conditions FM-4 67.5-68.0 | 6/6/00 Split spoon 6" lexan sleeve | smG Qvt2
Szecsody Redox conditions FM-4 68.5-69.0 | 6/6/00 Split spoon 6" lexan sleeve | smG Qvt2
Szecsody Redox conditions FM-4 69.5-70.0 [6/6/00 Split spoon 6" lexan sleeve | smG Qvt2
Szecsody Redox conditions CH-1 51.5-52.0 | 6/7/00 Split spoon 6" lexan sleeve | msG Gg-u
Szecsody Redox conditions CH-1 52.5-53.0 | 6/7/00 Split spoon 6" lexansleeve | S Gg-u
Szecsody Redox conditions CH-1 53.0-53.5 [ 6/7/00 Split spoon 6" lexansleeve | S Gg-u
Szecsody Redox conditions CH-1 53.5-54.0 | 6/7/00 Split spoon 6" lexansleeve |S Ggru
Szecsody Redox conditions CH-1 56.5-57.0 | 6/7/00 Split spoon 6" lexan sleeve | smG Qvt2
Szecsody Redox conditions CH-1 57.5-58.0 | 6/7/00 Split spoon 6" lexan sleeve | smG Qvt2
Szecsody Redox conditions CH-1 58.5-59.0 | 6/7/00 Split spoon 6" lexan sleeve | smG Qvt2
Szecsody Redox conditions CH-1 59.5-60.0 | 6/7/00 Split spoon 6" lexan sleeve | smG Qvt2
Szecsody Redox conditions CH-1 61.0-61.5 | 6/7/00 Split spoon 6" lexan sleeve | smG Qvt2 Excessive heat from cobble stuck in shoe
Szecsody Redox conditions CH-1 62.0-62.5 | 6/7/00 Split spoon 6" lexan sleeve | smG Qvt2 Excessive heat from cobble stuck in shoe
Szecsody Redox conditions CH-1 63.0-63.5 | 6/7/00 Split spoon 6" lexan sleeve | smG Qvt2 Excessive heat from cobble stuck in shoe
Szecsody Redox conditions CH-1 64.5-65.0 [ 6/7/00 Split spoon 6" lexan deeve | smG Gg-l Excessive heat from cobble stuck in shoe]
Szecsody Redox conditions CH-1 71.0-71.5 [ 6/7/00 Split spoon 6" lexan sleeve | sG Gg-l
Szecsody Redox conditions CH-1 72.0-72.5 | 6/7/00 Split spoon 6" lexan sleeve | msG Ggl
Szecsody Redox conditions CH-1 72.5-73.0 | 6/7/00 Split spoon 6" lexan sleeve | msG Gl
Szecsody Redox conditions CH-1 73.0-73.5 [ 6/7/00 Split spoon 6" lexan sleeve | msG Ggl
Szecsody Redox conditions FM-2 63.5-64.0 [5/13/99 | split spoon 6" lexan sleeve | SGsmG Gg-u
Szecsody Redox conditions FM-2 76.0-76.5 | 5/13/99 | split spoon 6" lexan sleeve | msG Ggl
Szecsody Redox conditions RM-14 51.0-51.5 | 6/8/00 Split spoon 6" lexan sleeve | msG Gg-u
Szecsody Redox conditions RM-14 52.0-52.5 | 6/8/00 Split spoon 6" lexan sleeve | msG Gg-u
Szecsody Redox conditions RM-14 53.0-53.5 | 6/8/00 Split spoon 6" lexan sleeve | msG Ggru
Szecsody Redox conditions RM-14 54.0-54.5 | 6/8/00 Split spoon 6" lexan sleeve | msG Ggru
Szecsody Redox conditions RM-14 56.5-57.0 | 6/8/00 Split spoon 6" lexan sleeve | mG-smG Qvt2
Szecsody Redox conditions RM-14 57.5-58.0 | 6/8/00 Split spoon 6" lexan sleeve | mG-smG Qvt2
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Tablel.1. (contd)

Sample Sample
Analyzed by: Analyzed for: Borehole | Depth (ft) Date M ethod Preserved In: | Lithology Unit Comments
Szecsody Redox conditions RM-14 58.5-59.0 | 6/8/00 Split spoon 6" lexan sleeve | mG-smG Qvt2
Szecsody Redox conditions RM-14 59.5-60.0 | 6/8/00 Split spoon 6" lexan sleeve | mG-smG Qvt2
Szecsody Redox conditions RM-14 66.0-66.5 | 6/8/00 Split spoon 6" lexan sleeve | sG Ggl
Szecsody Redox conditions RM-14 67.0-67.5 [6/8/00 Split spoon 6" lexan sleeve | G Gg-l
Szecsody Redox conditions RM-14 68.0-68.5 | 6/8/00 Split spoon 6" lexan sleeve | sG Ggl
Szecsody Redox conditions RM-14 69.0-69.5 | 6/8/00 Split spoon 6" lexan sleeve | sG Gl
Szecsody Redox conditions RM-14 71.0-71.5 | 6/8/00 Split spoon 6" lexan sleeve | sG Gl
Szecsody Redox conditions RM-14 72.0-72.5 | 6/8/00 Split spoon 6" lexan sleeve | smG Ggrl
Szecsody Redox conditions RM-14 73.0-73.5 | 6/8/00 Split spoon 6" lexan sleeve | smG Ggl
Szecsody Redox conditions RM-14 74.0-74.5 | 6/8/00 Split spoon 6" lexan sleeve | smG Ggl
Szecsody Redox conditions RM-15 51.0-51.5 | 6/9/00 Split spoon 6" lexan sleeve | smG Qvtl
Szecsody Redox conditions RM-15 52.0-52.5 | 6/9/00 Split spoon 6" lexan sleeve | smG Qvtl
Szecsody Redox conditions RM-15 53.0-53.5 [ 6/9/00 Split spoon 6" lexan sleeve | smG Qutl
Szecsody Redox conditions RM-15 54.0-54.5 | 6/9/00 Split spoon 6" lexan sleeve | smG Qvtl
Szecsody Redox conditions RM-15 56.0-56.5 | 6/9/00 Split spoon 6" lexan sleeve | smG Qvtl
Szecsody Redox conditions RM-15 57.0-57.5 [6/9/00 Split spoon 6" lexan sleeve | smG Qutl
Szecsody Redox conditions RM-15 58.0-58.5 | 6/9/00 Split spoon 6" lexan sleeve | msG Ggru
Szecsody Redox conditions RM-15 59.0-59.5 | 6/9/00 Split spoon 6" lexan sleeve | msG Gg-u
Szecsody Redox conditions RM-15 61.0-61.5 | 6/9/00 Split spoon 6" lexan sleeve | msG Gg-u
Szecsody Redox conditions RM-15 62.0-62.5 | 6/9/00 Split spoon 6" lexan sleeve | msG Gg-u
Szecsody Redox conditions RM-15 63.0-63.5 | 6/9/00 Split spoon 6" lexan sleeve | med S Ggru
Szecsody Redox conditions RM-15 64.0-64.5 | 6/9/00 Split spoon 6" lexan sleeve | msG Qvt2
Szecsody Redox conditions RM-15 66.0-66.5 | 6/10/00 [ Split spoon 6" lexan sleeve | smG Qvt2
Szecsody Redox conditions RM-15 67.0-67.5 | 6/10/00 | Split spoon 6" lexan sleeve | smG Qvt2
Szecsody Redox conditions RM-15 68.0-68.5 | 6/10/00 [ Split spoon 6" lexan sleeve | smG Qvt2
Szecsody Redox conditions RM-15 69.0-69.5 [6/10/00 | Split spoon 6" lexansleeve |med S Gg-l Black, reduced sand
Szecsody Chemistry (oxic) RM-1 39.0-39.5 |8/13/98 | Split spoon 6" lexan sleeve | (MG Qvtl
Szecsody Chemistry (oxic) RM-1 50.5-51.0 | 8/13/98 | Split spoon 6" lexan sleeve | sG Gg-u
Szecsody Chemistry (oxic) RM-1 61.5-62.0 |8/14/98 | Split spoon 6" lexan sleeve | sG Gg-u
Szecsody Chemistry (oxic) RM-1 66.0-66.5 |8/14/98 | Split spoon 6" lexan sleeve | oM Qvt2
Szecsody Chemistry (oxic) RM-1 70.5-71.0 |8/14/98 | Split spoon 6" lexan sleeve | sG Ggl
Szecsody Chemistry (oxic) RM-1 78.0-78.5 | 8/15/98 | Split spoon 6" lexan sleeve | sG Ggl Actual sample depth is ~2 ft higher
Szecsody Chemistry (oxic) RM-1 85.5-86.0 | 8/15/98 | Split spoon 6" lexan sleeve | zS ng
Szecsody Chemistry (oxic) RM-2 52.0-52.5 | 8/16/98 | Split spoon 6" lexan sleeve | smG Qvtl
Szecsody Chemistry (oxic) RM-2 56.0-56.5 |8/17/98 [ Split spoon 6" lexan sleeve | sG Ggru
Szecsody Chemistry (oxic) RM-2 61.5-62.0 |8/17/98 | Split spoon 6" lexan sleeve | sG Gg-u
Szecsody Chemistry (oxic) RM-2 66.0-66.5 | 8/17/98 [ Split spoon 6" lexan sleeve | msG Gl
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Tablel.1. (contd)

Sample Sample
Analyzed by: Analyzed for: Borehole | Depth (ft) Date Method Preserved In: | Lithology Unit Comments
Szecsody Chemistry (oxic) RM-2 70.5-71.0 | 8/17/98 | Split spoon 6" lexan sleeve | mG Qvt2
Szecsody Chemistry (oxic) RM-2 74.5-75.0 |8/17/98 | Split spoon 6" lexan sleeve | smG Qvt2
Szecsody Chemistry (oxic) RM-2 76.5-77.0 [8/17/98 | Split spoon 6" lexan sleeve | sG Ggl
Szecsody Chemistry (oxic) RM-2 79.0-79.5 |8/17/98 | Split spoon 6" lexan sleeve | ZS ng
Szecsody Chemistry (oxic) RM-3 53.5-54.0 |8/18/98 [ Split spoon 6" lexan sleeve | SG/msG €]
Szecsody Chemistry (oxic) RM-3 59.0-59.5 |8/19/98 | Split spoon 6" lexan sleeve | SG/msG (€]
Szecsody Chemistry (oxic) RM-3 61.5-62.0 |8/19/98 | Split spoon 6" lexan sleeve | SG/msG (€]
Szecsody Chemistry (anoxic) | RM-3 62.5-63.0 |8/19/98 | Split spoon 6" lexan sleeve | sSG/msG Gg
Szecsody Chemistry (anoxic) | RM-3 63.0-63.5 |8/19/98 | Split spoon 6" lexan sleeve | SG/msG €]
Szecsody Chemistry (anoxic) | RM-3 63.5-64.0 |8/19/98 | Split spoon 6" lexan sleeve | SG/msG €]
Szecsody Chemistry (anoxic) | RM-3 64.0-64.5 |8/19/98 | Split spoon 6" lexan sleeve | SG/msG (€]
Szecsody Chemistry (oxic) RM-3 67.5-68.0 |8/19/98 | Split spoon 6" lexansleeve |S Gs
Szecsody Chemistry (anoxic) [RM-4 47.5-48.0 |8/20/95 | Split spoon 6" lexan sleeve | sG Gg-u
Szecsody Chemistry (oxic) RM-4 54.0-54.5 |8/20/95 | Split spoon 6" lexan sleeve | msG Gg-u
Szecsody Chemistry (anoxic) | RM-4 56.5-57.0 | 8/20/95 [ Split spoon 6" lexan sleeve | msG Gg-u
Szecsody Chemistry (anoxic) [RM-4 57.0-57.5 [8/20/95 | Split spoon 6" lexan sleeve | msG Gg-u
Szecsody Chemistry (anoxic) [RM-4 58.0-58.5 [8/20/95 | Split spoon 6" lexan sleeve | msG Gg-u
Szecsody Chemistry (anoxic) | RM-4 58.5-59.0 | 8/20/95 [ Split spoon 6" lexan sleeve | msG Gg-u
Szecsody Chemistry (oxic) RM-4 64.0-64.5 | 8/20/95 | Split spoon 6" lexan sleeve | SG/msG Gg-u
Szecsody Chemistry (oxic) RM-4 68.5-69.0 | 8/20/95 [ Split spoon 6" lexan sleeve | msG Gl
Szecsody Chemistry (oxic) RM-4 74.0-74.5 |8/20/95 | Split spoon 6" lexansleeve |S Gs|
Szecsody Chemistry (oxic) RM-4 78.0-78.5 | 8/20/95 | Split spoon 6" lexansleeve |S Gs|
Szecsody Chemistry (anoxic) | RM-9 59.0-59.5 | 9/13/98 | Split spoon 6" lexan sleeve | msG Ggru
Szecsody Chemistry (anoxic) | RM-9 60.0-60.5 |9/13/98 | Split spoon 6" lexan sleeve | msG Gg-u
OSU (Istok) Redox conditions FM-2 52.0-52.5 |5/13/99 | split spoon 6" lexan sleeve | msG-smG Qvtl
OSU (Istok) Redox conditions FM-2 53.0-53.5 [5/13/99 | split spoon 6" lexan sleeve | msG-smG Qvtl
OSU (Istok) Redox conditions FM-2 54.0-54.5 |5/13/99 | split spoon 6" lexan sleeve | msG-smG Qvtl
OSU (Istok) Redox conditions FM-2 57.0-57.5 |5/13/99 | split spoon 6" lexan sleeve | msG-smG Qvtl
OSU (Istok) Redox conditions FM-2 58.0-58.5 [5/13/99 | split spoon 6" lexan sleeve | msG-smG Qutl
OSU (Istok) Redox conditions FM-2 59.0-59.5 [5/13/99 | split spoon 6" lexan sleeve | msG-smG Qvtl
OSU (Istok) Redox conditions FM-2 61.0-61.5 |5/13/99 | split spoon 6" lexan sleeve | sSG-smG Ggru
OSU (Istok) Redox conditions FM-2 62.0-62.5 | 5/13/99 | split spoon 6" lexan sleeve | sSG-smG Gg-u
OSU (Istok) Redox conditions FM-2 63.0-63.5 | 5/13/99 | split spoon 6" lexan sleeve | sSG-smG Gg-u
OSU (Istok) Redox conditions FM-2 64.0-64.5 |5/13/99 | split spoon 6" lexan sleeve | sSG-smG Ggru
OSU (Istok) Redox conditions FM-2 66.0-66.5 | 5/13/99 | split spoon 6" lexan sleeve | SGmsG Ggru
OSU (Istok) Redox conditions FM-2 67.0-67.5 | 5/13/99 | split spoon 6" lexan sleeve | SGmsG Gg-u
OSU (Istok) Redox conditions FM-2 68.0-68.5 | 5/13/99 | split spoon 6" lexan sleeve | smG Qvt2
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Tablel.1. (contd)

Sample Sample
Analyzed by: Analyzed for: Borehole | Depth (ft) Date M ethod Preserved In: | Lithology Unit Comments
OSU (Istok) Redox conditions FM-2 69.0-69.5 |5/13/99 | split spoon 6" lexan sleeve | smG Qvt2
OSU (Istok) Redox conditions FM-2 70.5-71.0 |5/13/99 | split spoon 6" lexan sleeve | msG-smG Qvt2
OSU (Istok) Redox conditions FM-2 71.5-72.0 [5/13/99 | split spoon 6" lexan sleeve | msG-smG Qvt2
OSU (Istok) Redox conditions FM-2 72.5-73.0 [5/13/99 | split spoon 6" lexan sleeve | msG-smG Qvt2
OSU (Istok) Redox conditions FM-2 75.5-76.0 |5/13/99 | split spoon 6" lexan sleeve | msG Ggl
OSU (Istok) Redox conditions FM-2 76.5-77.0 |5/13/99 | split spoon 6" lexan sleeve | msG Gl
OSU (Istok) Redox conditions RM-11 51.0-51.5 |5/15/99 | split spoon 6" lexan sleeve | msG Gg-u
OSU (Istok) Redox conditions RM-11 52.0-52.5 |5/15/99 | split spoon 6" lexan sleeve | smG Qvtl
OSU (Istok) Redox conditions RM-11 53.0-53.5 | 5/15/99 | split spoon 6" lexan sleeve | msG Ggru
OSU (Istok) Redox conditions RM-11 54.0-54.5 |5/15/99 | split spoon 6" lexan sleeve | msG Ggru
OSU (Istok) Redox conditions RM-11 56.0-56.5 | 5/15/99 | split spoon 6" lexan sleeve | msG Gg-u
OSU (Istok) Redox conditions RM-11 57.0-57.5 |5/15/99 | split spoon 6" lexan sleeve | msG Ggru
OSU (Istok) Redox conditions RM-11 58.0-58.5 [5/15/99 | split spoon 6" lexan sleeve | msG Gg-u
OSU (Istok) Redox conditions RM-11 59.0-59.5 |5/15/99 | split spoon 6" lexan sleeve | msG Gg-u
OSU (Istok) Redox conditions RM-11 61.0-61.5 | 5/15/99 | split spoon 6" lexan sleeve | sG Gg-u
OSU (Istok) Redox conditions RM-11 62.0-62.5 [5/15/99 | split spoon 6" lexan sleeve | sG Gg-u
OSU (Istok) Redox conditions RM-11 63.0-63.5 [5/15/99 | split spoon 6" lexan sleeve | sG Gg-u
OSU (Istok) Redox conditions RM-11 64.0-64.5 | 5/15/99 | split spoon 6" lexan sleeve | sG Gg-u
OSU (Istok) Redox conditions RM-11 66.0-66.5 | 5/15/99 | split spoon 6" lexan sleeve | sG Gg-u
OSU (Istok) Redox conditions RM-11 67.0-67.5 | 5/15/99 | split spoon 6" lexan sleeve | sG Gg-u
OSU (Istok) Redox conditions RM-11 68.0-68.5 | 5/15/99 | split spoon 6" lexan sleeve | smG Qvt2
OSU (Istok) Redox conditions RM-11 69.0-69.5 | 5/15/99 | split spoon 6" lexan sleeve | smG Qvt2
OSU (Istok) Redox conditions RM-11 71.0-71.5 |5/15/99 | split spoon 6" lexan sleeve | mG Qvt2
OSU (Istok) Redox conditions RM-11 72.0-72.5 |5/15/99 | split spoon 6" lexan sleeve | mG Qvt2
OSU (Istok) Redox conditions RM-11 73.0-73.5 | 5/15/99 | split spoon 6" lexan sleeve | ImsG Ggrl Mixed layers
OSU (Istok) Redox conditions RM-11 74.0-74.5 [5/15/99 | split spoon 6" lexan sleeve | msG Gg-l
OSU (Istok) Redox conditions RM-11 76.0-76.5 | 5/15/99 | split spoon 6" lexan sleeve | msG Ggl
OSU (Istok) Redox conditions RM-11 77.0-77.5 | 5/15/99 | split spoon 6" lexan sleeve | msG Gl
OSU (Istok) Redox conditions RM-11 78.0-78.5 [5/15/99 | split spoon 6" lexan sleeve | msG Ggl
OSU (Istok) Redox conditions RM-12 51.0-51.5 [5/17/99 | split spoon 6" lexan sleeve | SGmsG Gg-u
OSU (Istok) Redox conditions RM-12 52.0-52.5 |5/17/99 | split spoon 6" lexan sleeve | SGmsG Qvtl
OSU (Istok) Redox conditions RM-12 53.0-53.5 | 5/17/99 | split spoon 6" lexan sleeve | SGmsG Gg-u
OSU (Istok) Redox conditions RM-12 54.0-54.5 |5/17/99 | split spoon 6" lexan sleeve | SGmsG Gg-u
OSU (Istok) Redox conditions RM-12 56.0-56.5 | 5/17/99 | split spoon 6" lexan sleeve | SGmsG Ggru
OSU (Istok) Redox conditions RM-12 57.0-57.5 |5/17/99 | split spoon 6" lexan sleeve | SGmsG Ggru
OSU (Istok) Redox conditions RM-12 58.0-58.5 |5/17/99 | split spoon 6" lexan sleeve | SGmsG Gg-u
OSU (Istok) Redox conditions RM-12 59.0-59.5 | 5/17/99 | split spoon 6" lexan sleeve | sSGmsG Gg-u
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Tablel.1. (contd)

Sample Sample
Analyzed by: Analyzed for: Borehole | Depth (ft) Date M ethod Preserved In: | Lithology Unit Comments
OSU (Istok) Redox conditions RM-12 61.0-61.5 | 5/17/99 | split spoon 6" lexan sleeve | SGmsG Gg-u
OSU (Istok) Redox conditions RM-12 62.0-62.5 | 5/17/99 | split spoon 6" lexan sleeve | SGmsG Gg-u
OSU (Istok) Redox conditions RM-12 63.0-63.5 [5/17/99 | split spoon 6" lexan sleeve | SgS Gg-u
OSU (Istok) Redox conditions RM-12 64.0-64.5 [5/17/99 | split spoon 6" lexan sleeve | SGmsG Gg-u
OSU (Istok) Redox conditions RM-12 66.0-66.5 | 5/17/99 | split spoon 6" lexan sleeve | (g)sM Qvt2
OSU (Istok) Redox conditions RM-12 67.0-67.5 | 5/17/99 | split spoon 6" lexan sleeve | smG-msG Qvt2
OSU (Istok) Redox conditions RM-12 68.0-68.5 | 5/17/99 | split spoon 6" lexan sleeve | smG-msG Qvt2
OSU (Istok) Redox conditions RM-12 69.0-69.5 |5/17/99 | split spoon 6" lexan sleeve | smG-msG Qvt2
OSU (Istok) Redox conditions RM-12 71.0-71.5 |5/17/99 | split spoon 6" lexan sleeve | SGmsG Ggl
OSU (Istok) Redox conditions RM-12 72.0-72.5 |5/17/99 | split spoon 6" lexan sleeve | SGmsG Ggl
OSU (Istok) Redox conditions RM-12 73.0-73.5 | 5/17/99 | split spoon 6" lexan sleeve | sSGmsG Gl Mixed layers
OSU (Istok) Redox conditions RM-12 74.0-74.5 |5/17/99 | split spoon 6" lexansleeve |S Gs| Clean fine-medium sand
OSU (Istok) Redox conditions RM-12 76.0-76.5 [5/17/99 | split spoon 6" lexansleeve |S Gs
OSU (Istok) Redox conditions RM-12 77.0-77.5 |5/17/99 | split spoon 6" lexansleeve |S Gs|
OSU (Istok) Redox conditions RM-12 78.0-78.5 |5/17/99 | split spoon 6" lexansleeve | S Gs|
OSU (Istok) Redox conditions RM-12 79.0-79.5 [5/17/99 | split spoon 6" lexansleeve | S Gsl
OSU (Istok) Redox conditions RM-13 51.0-51.5 [5/19/99 | split spoon 6" lexan sleeve | smG Qvtl
OSU (Istok) Redox conditions RM-13 52.0-52.5 |5/19/99 | split spoon 6" lexan sleeve | smG Qvtl
OSU (Istok) Redox conditions RM-13 53.0-53.5 | 5/19/99 | split spoon 6" lexan sleeve | smG Qvtl
O (Istok) Redox conditions RM-13 54.0-54.5 |5/19/99 | split spoon 6" lexan sleeve | msG Gg-u
OSU (Istok) Redox conditions RM-13 56.0-56.5 |5/19/99 | split spoon 6" lexan sleeve | smG Ggru
OSU (Istok) Redox conditions RM-13 57.0-57.5 |5/19/99 | split spoon 6" lexan deeve | smG Ggru
OSU (Istok) Redox conditions RM-13 58.0-58.5 |5/19/99 | split spoon 6" lexan sleeve | smG Ggru
OSU (Istok) Redox conditions RM-13 59.0-59.5 |5/19/99 | split spoon 6" lexan sleeve | smG Gg-u
OSU (Istok) Redox conditions RM-13 61.0-61.5 |5/19/99 | split spoon 6" lexan sleeve | sSG-smG Ggru
OSU (Istok) Redox conditions RM-13 62.0-62.5 [5/19/99 | split spoon 6" lexan sleeve | smG-msG Gg-u
OSU (Istok) Redox conditions RM-13 63.0-63.5 | 5/19/99 | split spoon 6" lexan sleeve | smG-msG Ggru
OSU (Istok) Redox conditions RM-13 64.0-64.5 | 5/19/99 | split spoon 6" lexan sleeve | smG-msG Gg-u
OSU (Istok) Redox conditions RM-13 66.0-66.5 [5/19/99 | split spoon 6" lexan sleeve | smG-msG Gg-u
OSU (Istok) Redox conditions RM-13 67.0-67.5 [5/19/99 | split spoon 6" lexan sleeve | smG-msG Gg-u
OSU (Istok) Redox conditions RM-13 68.0-68.5 | 5/19/99 | split spoon 6" lexan sleeve | smG-msG Ggru
OSU (Istok) Redox conditions RM-13 70.0-70.5 |5/19/99 | split spoon 6" lexan sleeve | msG-smG Ggl
OSU (Istok) Redox conditions RM-13 71.0-71.5 |5/19/99 | split spoon 6" lexan sleeve | msG-smG Gl
OSU (Istok) Redox conditions RM-13 72.0-72.5 |5/19/99 | split spoon 6" lexan sleeve | msG-smG Ggrl
OSU (Istok) Redox conditions RM-13 75.5-76.0 |5/19/99 | split spoon 6" lexan sleeve | msG Ggl
OSU (Istok) Redox conditions RM-13 76.5-77.0 |5/19/99 | split spoon 6" lexan sleeve | msG Ggl
OSU (Istok) Column studies RM-1 51.0-51.5 | 8/13/98 | Split spoon 6" lexan sleeve | sG Gg-u
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Tablel.1. (contd)

Sample Sample
Analyzed by: Analyzed for: Borehole | Depth (ft) Date M ethod Preserved In: | Lithology Unit Comments
OSU (Istok) Column studies RM-1 51.5-52.0 |8/13/98 | Split spoon 6" lexan sleeve | sG Gg-u
OSU (Istok) Column studies RM-1 52.0-52.5 |8/13/98 | Split spoon 6" lexan sleeve | sG Gg-u
OSU (Istok) Column studies RM-1 52.5-53.0 [8/13/98 | Split spoon 6" lexan sleeve | sG Gg-u liner cracked
OSU (Istok) Column studies RM-1 60.0-60.5 |8/14/98 | Split spoon 6" lexan sleeve | sG Ggru
OSU (Istok) Column studies RM-1 60.5-61.0 |8/14/98 | Split spoon 6" lexan sleeve | sG Gg-u
OSU (Istok) Column studies RM-1 61.0-61.5 |8/14/98 | Split spoon 6" lexan sleeve | sG Gg-u
OSU (Istok) Column studies RM-1 76.0-76.5 | 8/15/98 | Split spoon 6" lexan sleeve | sG Gl
OSU (Istok) Column studies RM-1 76.5-77.0 |8/15/98 | Split spoon 6" lexan sleeve | sG Ggrl
OSU (Istok) Column gudies RM-1 77.0-77.5 |8/15/98 | Split spoon 6" lexan sleeve | sG Ggl Actual sample depth is~2 ft higher
OSU (Istok) Column studies RM-4 45.5-46.0 | 8/20/95 | Split spoon 6" lexan sleeve | sG Ggru
OSU (Istok) Column studies RM-4 46.0-46.5 | 8/20/95 | Split spoon 6" lexan sleeve | sG Gg-u
OSU (Istok) Column studies RM-4 46.5-47.0 | 8/20/95 | Split spoon 6" lexan sleeve | sG Ggru
OSU (Istok) Column studies RM-4 48.0-48.5 |8/20/95 | Split spoon 6" lexan sleeve | sG Gg-u
OSU (Istok) Column studies RM-4 48.5-49.0 | 8/20/95 | Split poon 6" lexan sleeve | sG Gg-u
OSU (Istok) Column studies RM-4 49.0-49.5 | 8/20/95 | Split spoon 6" lexan sleeve | sG Gg-u
OSU (Istok) Column studies RM-4 51.0-51.5 [8/20/95 | Split spoon 6" lexan sleeve | (MG Gg-u
OSU (Istok) Column studies RM-4 51.5-52.0 [8/20/95 | Split spoon 6" lexan sleeve | (M)G Gg-u
OSU (Istok) Column studies RM-4 53.5-54.0 | 8/20/95 | Split spoon 6" lexan sleeve | msG Gg-u
OSU (Istok) Column studies RM-4 60.5-61.0 | 8/20/95 [ Split spoon 6" lexan sleeve | msG Gg-u
OSU (Istok) Column studies RM-4 61.5-62.0 | 8/20/95 [ Split spoon 6" lexan sleeve | msG Gg-u
OSU (Istok) Column studies RM-4 62.5-63.0 |8/20/95 [ Split spoon 6" lexan sleeve | msG Ggru
OSU (Istok) Column studies RM-4 63.0-63.5 | 8/20/95 [ Split spoon 6" lexan sleeve | msG Ggru
OSU (Istok) Column studies RM-5 61.5-62.0 |8/26/98 | Split spoon 6" lexan sleeve | SGmsG Ggru
OSU (Istok) Column studies RM-5 62.0-62.5 | 8/26/98 | Split spoon 6" lexan sleeve | SGmsG Gg-u
OSU (Istok) Column studies RM-5 62.5-63.0 |8/26/98 | Split spoon 6" lexan sleeve | SGmsG Ggru
OSU (Istok) Column studies RM-5 63.0-63.5 [8/26/98 | Split spoon 6" lexan sleeve | SGmsG Gg-u
OSU (Istok) Column studies RM-5 63.5-64.0 | 8/26/98 | Split spoon 6" lexan sleeve | SGmsG Ggru
OSU (Istok) Column studies RM-5 64.0-64.5 | 8/26/98 | Split spoon 6" lexan sleeve | SGmsG Gg-u
OSU (Istok) Column studies RM-5 65.0-65.5 [8/27/98 | Split spoon 6" lexan sleeve | msG Gg-u
OSU (Istok) Column studies RM-5 65.5-66.0 |8/27/98 | Split spoon 6" lexan sleeve | msG Gg-u
OSU (Istok) Column studies RM-5 66.0-66.5 |8/27/98 | Split spoon 6" lexan sleeve | msG Ggru
OSU (Istok) Column studies RM-5 66.5-67.0 |8/27/98 | Split spoon 6" lexan sleeve | msG Gg-u
OSU (Istok) Column studies RM-5 67.0-67.5 |8/27/98 | Split spoon 6" lexan sleeve | msG Gg-u
OSU (Istok) Column studies RM-5 67.5-68.0 |8/27/98 [ Split spoon 6" lexan sleeve | msG Ggru
OSU (Istok) Column studies RM-5 68.0-68.5 |8/27/98 | Split spoon 6" lexan sleeve | msG Ggru
OSU (Istok) Column studies RM-5 70.0-70.5 | 8/27/98 | Split spoon 6" lexan sleeve | msG Gg-u
OSU (Istok) Column studies RM-5 70.5-71.0 | 8/27/98 | Split spoon 6" lexan sleeve | msG Gg-u
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Tablel.1. (contd)

Sample Sample
Analyzed by: Analyzed for: Borehole | Depth (ft) Date M ethod Preserved In: | Lithology Unit Comments
OSU (Istok) Column studies RM-5 71.0-71.5 | 8/27/98 | Split spoon 6" lexan sleeve | msG Gg-u
OSU (Istok) Column studies RM-5 71.5-72.0 |8/27/98 | Split spoon 6" lexan sleeve | msG Gg-u
OSU (Istok) Column studies RM-5 72.0-72.5 [ 8/27/98 | Split spoon 6" lexan sleeve | msG Gg-u
OSU (Istok) Column studies RM-6 61.0-61.5 [8/30/98 | Split spoon 6" lexan sleeve | msG-sG Gg-u
OSU (Istok) Column studies RM-6 61.5-62.0 |8/30/98 [ Split spoon 6" lexan sleeve | (g)S Gs-u
OSU (Istok) Column studies RM-6 62.0-62.5 |8/30/98 [ Split spoon 6" lexan sleeve | (9)S Gs-u
OSU (Istok) Column studies RM-6 62.5-63.0 |8/30/98 [ Split spoon 6" lexan sleeve | gSsG Gs-u
OSU (Istok) Column studies RM-6 63.0-63.5 |8/30/98 | Split spoon 6" lexan sleeve | gSsG Gs-u
OSU (Istok) Column studies RM-6 63.5-64.0 |8/30/98 [ Split spoon 6" lexan sleeve | gSsG Gs-u
OSU (Istok) Column studies RM-6 64.0-64.5 |8/30/98 [ Split spoon 6" lexan sleeve | (g)S Gs-u
OSU (Istok) Column studies RM-6 65.0-65.5 |8/30/98 [ Split spoon 6" lexan sleeve | msG Gg-u
OSU (Istok) Column studies RM-2 56.5-57.0 |8/17/98 | Split spoon 6" lexan sleeve | sG Ggru
OSU (Istok) Column studies RM-2 58.0-58.5 [8/17/98 | Split spoon 6" lexan sleeve | msG Gg-u
OSU (Istok) Column studies RM-2 58.5-59.0 | 8/17/98 | Split spoon 6" lexan sleeve | msG Gg-u large cobble in end
OSU (Istok) Column studies RM-2 65.0-65.5 |8/17/98 | Split spoon 6" lexan sleeve | sG Gl
OSU (Istok) Column studies RM-2 67.0-67.5 [8/17/98 | Split spoon 6" lexan sleeve | msG Ggl
OSU (Istok) Column studies RM-2 68.0-68.5 [8/17/98 | Split spoon 6" lexan sleeve | msG Gg-l
Lost CH-1 54.5-55.0 | 6/7/00 Split spoon 6" lexan sleeve | msG Gg-u
Lost CH-1 63.5-64.0 | 6/7/00 Split spoon 6" lexan sleeve | smG Qvt2 Missing liner; weak color change
Lost CH-1 67.5-68.0 | 6/7/00 Split spoon 6" lexan sleeve | ? Ggl?
Lost CH-1 68.0-68.5 | 6/7/00 Split spoon 6" lexan sleeve | ? Ggrl?
Lost CH-1 68.5-69.0 | 6/7/00 Split spoon 6" lexan sleeve | ? Ggrl?
Lost CH-1 69.0-69.5 | 6/7/00 Split spoon 6" lexan sleeve | ? Ggl?
Lost CH-1 69.5-70.0 | 6/7/00 Split spoon 6" lexan sleeve | ? Ggl?
Lost CH-1 74.0-74.5 | 6/7/00 Split spoon 6" lexan sleeve | <Z ng
Lost RM-14 61.5-62.0 [6/8/00 Split spoon 6" lexan sleeve | mG-smG Qvt2
Lost RM-14 62.0-62.5 | 6/8/00 Split spoon 6" lexan sleeve | mG-smG Qvt2
Lost RM-14 62.5-63.0 | 6/8/00 Split spoon 6" lexan sleeve | mG-smG Qvt2
Lost RM-14 63.0-63.5 | 6/8/00 Split spoon 6" lexan sleeve | mG-amG Qvt2
Lost RM-14 63.5-64.0 | 6/8/00 Split spoon 6" lexan sleeve | mG-smG Qvt2
Lost RM-14 64.0-64.5 | 6/8/00 Split spoon 6" lexan sleeve | mG-smG Qvt2
Lost RM-14 64.5-65.0 | 6/8/00 Split spoon 6" lexan sleeve | mG-smG Qvt2
Archived RM-1 5.0 8/13/98 | grab core barrel | zip loc bag smG Qvs
Archived RM-1 10.0 8/13/98 | grab core barrel | zip loc bag smG Qvs
Archived RM-1 15.0 8/13/98 | grab corebarrel | zip loc bag smG Qvs
Archived RM-1 20.0 8/13/98 | grab corebarrel | zip loc bag smG Qvs
Archived RM-1 25.0 8/13/98 | grab core barrel | zip loc bag (892G Qvtl
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Tablel.1. (contd)

Sample Sample
Analyzed by: Analyzed for: Borehole | Depth (ft) Date M ethod Preserved In: | Lithology Unit Comments
Archived RM-1 30.0 8/13/98 | grab corebarrel | zip loc bag (simG Qvtl
Archived RM-1 35.0 8/13/98 | grab corebarrel | zip loc bag (simG Qvtl
Archived RM-1 45.0 8/13/98 | grab core barrel | zip loc bag msG Qutl
Archived RM-1 50.0 8/13/98 | grab corebarrel | zip loc bag (9)S Gs-u
Archived RM-1 60.0 8/14/98 | grab corebarrel | zip loc bag G Gg-u
Archived RM-1 63.0 8/14/98 | grab core barrel | zip loc bag zgS Gs-u
Archived RM-1 67.5 8/14/98 | grab core barrel | zip loc bag (992 Qvt2
Archived RM-1 78.0 8/15/98 | grab core barrel | zip loc bag zS ng
Archived RM-1 81.0 8/15/98 | grab core barrel | zip loc bag zS ng
Archived RM-1 83.0 8/15/98 | grab core barrel | zip loc bag z ng
Archived RM-1 92.0 8/15/98 | grab core barrel | zip loc bag S ng
Archived RM-2 1 8/16/98 | grab core barrel | zip loc bag msG Qvs
Archived RM-2 5 8/16/98 | grab core barrel | zip loc bag msG Qvs
Archived RM-2 10 8/16/98 | grab corebarrel | zip loc bag msG Qvs
Archived RM-2 15 8/16/98 | grab corebarrel | zip loc bag msG Qvs
Archived RM-2 20 8/16/98 | grab core barrel | zip loc bag mG Qvs
Archived RM-2 25 8/16/98 | grab core barrel | zip loc bag msg Qvs
Archived RM-2 31 8/16/98 | grab corebarrel | zip loc bag mG Qvtl
Archived RM-2 35 8/16/98 | grab corebarrel | zip loc bag mG Qvtl
Archived RM-2 38 8/16/98 | grab core barrel | zip loc bag mG Qvtl
Archived RM-2 44 8/16/98 | grab core barrel | zip loc bag gS Qvtl
Archived RM-2 49 8/16/98 | grab corebarrel | zip loc bag mG Qvtl
Archived RM-2 50 8/16/98 | grab corebarrel | zip loc bag smG Qvtl
Archived RM-2 53.5 8/16/98 | grab core barrel | zip loc bag smG Qvtl
Archived RM-2 55 8/17/98 | grab core barrel | zip loc bag smG Qvtl
Archived RM-2 60 8/17/98 | grab corebarrel | zip loc bag G Ggru
Archived RM-2 62 8/17/98 | grab corebarrel | zip loc bag G Ggru
Archived RM-2 65 8/17/98 | grab corebarrel | zip loc bag G Gg-u
Archived RM-2 67 8/17/98 | grab core barrel | zip loc bag msG Gg-u
Archived RM-2 68.5 8/17/98 | grab corebarrel | zip loc bag msG/Z Gg-u/Qvt2
Archived RM-2 75 8/17/98 | grab corebarrel | zip loc bag smG Qvt2
Archived RM-2 76 8/18/98 | grab core barrel | zip loc bag G Ggl
Archived RM-2 80 8/18/98 | grab core barrel | zip loc bag ZS ng
Archived RM-3 1 8/18/98 | grab core barrel | zip loc bag smG Qvs
Archived RM-3 5 8/18/98 | grab corebarrel | zip loc bag msG Qvs
Archived RM-3 10 8/18/98 | grab core barrel | zip loc bag msG Qvs
Archived RM-3 15 8/18/98 | grab core barrel | zip loc bag msG Qvs
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Tablel.1. (contd)

Sample Sample
Analyzed by: Analyzed for: Borehole | Depth (ft) Date M ethod Preserved In: | Lithology Unit Comments
Archived RM-3 21 8/18/98 | grab corebarrel | zip loc bag msG Qvs
Archived RM-3 25 8/18/98 | grab core barrel | zip loc bag smG Qvtl
Archived RM-3 30 8/18/98 | grab core barrel | zip loc bag msG Qutl
Archived RM-3 35 8/18/98 | grab core barrel | zip loc bag msG Qvtl
Archived RM-3 40 8/18/98 | grab corebarrel | zip loc bag msG Qvtl
Archived RM-3 44 8/18/98 | grab core barrel | zip loc bag smG Qvtl
Archived RM-3 50 8/18/98 | grab core barrel | zip loc bag sG/msG (€]
Archived RM-3 52 8/18/98 | grab core barrel | zip loc bag sG/msG Gg
Archived RM-3 53 8/18/98 | grab corebarrel | zip loc bag G/msG €]
Archived RM-3 55 8/18/98 | grab core barrel | zip loc bag SG/ImsG €]
Archived RM-3 56.5 8/19/98 | grab core barrel | zip loc bag sG/msG (€]
Archived RM-3 60 8/19/98 | grab core barrel | zip loc bag sG/msG Gg
Archived RM-3 65 8/19/98 | grabcore barrel | zip loc bag SG/ImsG Gy
Archived RM-3 66 8/19/98 | grab corebarrel | zip loc bag S Gs
Archived RM-3 70.5 8/19/98 | grab core barrel | zip loc bag 74 ng
Archived RM-3 72 8/19/98 | grab core barrel | zip loc bag z ng
Archived RM-4 1 8/20/95 | grab core barrel | zip loc bag msG Qvs
Archived RM-4 5 8/20/95 | grab corebarrel | zip loc bag msG Qvs
Archived RM-4 10 8/20/95 | grab core barrel | zip loc bag msG Qvs
Archived RM-4 15 8/20/95 | grab core barrel | zip loc bag msG Qvs
Archived RM-4 25 8/20/95 | grab corebarrel | zip loc bag smG Qvtl
Archived RM-4 32 8/20/95 | grab corebarrel | zip loc bag smG Qvtl
Archived RM-4 39 8/20/95 | grab corebarrel | zip loc bag smG Qvtl
Archived RM-4 43 8/20/95 | grab core barrel | zip loc bag smG Qvtl
Archived RM-4 49.5 8/20/95 | grab core barrel | zip loc bag msG Ggru
Archived RM-4 52.5 8/20/95 | grab corebarrel | zip loc bag (mG Ggru
Archived RM-4 54.5 8/20/95 | grab corebarrel | zip loc bag msG Ggru
Archived RM-4 59.5 8/20/95 | grab core barrel | zip loc bag msG Gg-u
Archived RM-4 61 8/20/95 | grab core barrel | zip loc bag msG Gg-u
Archived RM-4 65 8/20/95 | grab corebarrel | zip loc bag 74 Qvt2 thin silt atop Qvt2
Archived RM-4 66.5 8/20/95 | grab corebarrel | zip loc bag msg Ggl
Archived RM-4 69.5 8/20/95 | grab core barrel | zip loc bag msg Ggl
Archived RM-4 74.5 8/20/95 | grab core barrel | zip loc bag S Gs|
Archived RM-4 79.5 8/20/95 | grab corebarrel | zip loc bag S Gs|
Archived RM-4 80 8/20/95 | grab corebarrel | zip loc bag S Gs|
Archived RM-4 85 8/20/95 | grab core barrel | zip loc bag < Gs|
Archived RM-5 1 8/26/98 | grab core barrel | zip loc bag msG Qvs




Tablel.1. (contd)

Sample Sample
Analyzed by: Analyzed for: Borehole | Depth (ft) Date M ethod Preserved In: | Lithology Unit Comments
Archived RM-5 5 8/26/98 | grab core barrel | zip loc bag msG Qvs
Archived RM-5 13 8/26/98 | grab core barrel | zip loc bag msG Qvs
Archived RM-5 18 8/26/98 | grab core barrel | zip loc bag msG Qvs
Archived RM-5 20 8/26/98 | grab core barrel | zip loc bag smG Qutl
Archived RM-5 27 8/26/98 | grab corebarrel | zip loc bag mG Qvtl
Archived RM-5 35 8/26/98 | grab core barrel | zip loc bag msG Qvtl
Archived RM-5 40 8/26/98 | grab core barrel | zip loc bag smG-mG Qvtl
Archived RM-5 45 8/26/98 | grab core barrel | zip loc bag smG-mG Qvtl
Archived RM-5 49.5 8/26/98 | grab corebarrel | zip loc bag smG-mG Qvtl
Archived RM-5 54.5 8/26/98 | grab corebarrel | zip loc bag smG-mG Qvtl
Archived RM-5 57 8/27/98 | grab core barrel | zip loc bag msG Gg-u
Archived RM-5 59.5 8/27/98 | grab core barrel | zip loc bag smG Ggru
Archived RM-5 64.5 8/27/98 | grab core barrel | zip loc bag G-zsG Ggru
Archived RM-5 68.5 8/27/98 | grab corebarrel | zip loc bag G-zsG Gg-u
Archived RM-5 73.5 8/27/98 | grab core barrel | zip loc bag smG Qvt2
Archived RM-5 74.1 8/27/98 | grab corebarrel | zip loc bag S Gsl
Archived RM-5 80 8/27/98 | grab corebarrel | zip loc bag zS ng
Archived RM-6 1 8/30/98 | grab corebarrel | zip loc bag msG Qvs
Archived RM-6 5 8/30/98 | grab core barrel | zip loc bag msG Qvs
Archived RM-6 10 8/30/98 | grab core barrel | zip loc bag msG Qvs
Archived RM-6 15 8/30/98 | grab core barrel | zip loc bag msG Qvs
Archived RM-6 22 8/30/98 | grab corebarrel | zip loc bag msG Qvs
Archived RM-6 25 8/30/98 | grab core barrel | zip loc bag smG Qvtl
Archived RM-6 30 8/30/98 | grab core barrel | zip loc bag mG-smG Qvtl
Archived RM-6 35 8/30/98 | grab core barrel | zip loc bag mG-smG Qvtl
Archived RM-6 40 8/30/98 | grab core barrel | zip loc bag mG-smG Qvtl
Archived RM-6 45 8/30/98 | grab corebarrel | zip loc bag mG-smG Qvtl
Archived RM-6 55 8/30/98 | grab corebarrel | zip loc bag ? ?
Archived RM-6 60 8/30/98 | grab core barrel | zip loc bag msG-sG Gg-u
Archived RM-6 61 8/30/98 | grab corebarrel | zip loc bag (9)S Gs-u
Archived RM-6 64.5 8/30/98 | grab corebarrel | zip loc bag (9)S Gs-u
Archived RM-6 65.5 8/30/98 | grab core barrel | zip loc bag (9)S Gs-u
Archived RM-6 65.8 8/30/98 | grab core barrel | zip loc bag mG Qvt2
Archived RM-6 70 8/30/98 | grab core barrel | zip loc bag gS Gs|
Archived RM-6 71 8/30/98 | grab corebarrel | zip loc bag d ng
Archived RM-6 75 8/30/98 | grab core barrel | zip loc bag S ng
Archived RM-6 80 8/30/98 | grab core barrel | zip loc bag zS ng
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Tablel.1. (contd)

Sample Sample
Analyzed by: Analyzed for: Borehole | Depth (ft) Date M ethod Preserved In: | Lithology Unit Comments
Archived RM-7 1 8/31/98 | grab corebarrel | zip loc bag msG
Archived RM-7 5 8/31/98 | grab core barrel | zip loc bag msG Qvs
Archived RM-7 10 8/31/98 | grab core barrel | zip loc bag msG Qvs
Archived RM-7 15 8/31/98 | grab corebarrel | zip loc bag msG Qvs
Archived RM-7 25 8/31/98 | grab corebarrel | zip loc bag smG-mG Qvtl
Archived RM-7 35 8/31/98 | grab core barrel | zip loc bag smG-mG Qvtl
Archived RM-7 40 8/31/98 | grab core barrel | zip loc bag msG Qvtl
Archived RM-7 45 8/31/98 | grab core barrel | zip loc bag smG-mG Qvtl
Archived RM-7 55 8/31/98 | grab corebarrel | zip loc bag smG-mG Qvtl
Archived RM-7 57 8/31/98 | grab core barrel | zip loc bag msG Ggru
Archived RM-7 60 8/31/98 | grab core barrel | zip loc bag msG Gg-u
Archived RM-7 65 8/31/98 | grab corebarrel | zip loc bag (gM Qvt2
Archived RM-7 69.5 8/31/98 | grab corebarrel | zip loc bag msG Ggl
Archived RM-7 73 8/31/98 | grab corebarrel | zip loc bag zS ng
Archived RM-8 1 9/2/98 grab core barrel | zip loc bag msG Qvs
Archived RM-8 5 9/2/98 grab core barrel | zip loc bag msG Qvs
Archived RM-8 10 9/2/98 grab core barrel | zip loc bag msG Qvs
Archived RM-8 15 9/2/98 grab core barrel | zip loc bag msG Qvs
Archived RM-8 20 9/2/98 grab core barrel | zip loc bag smG Qvtl
Archived RM-8 23 9/2/98 grab core barrel | zip loc bag msG Qvtl
Archived RM-8 25 9/2/98 grab core barrel | zip loc bag smG-mG Qvtl
Archived RM-8 30 9/2/98 grab core barrel | zip loc bag smG-mG Qvtl
Archived RM-8 35 9/2/98 grab core barrel | zip loc bag smG-mG Qvtl
Archived RM-8 40 9/2/98 grab core barrel | zip loc bag smG-mG Qvtl
Archived RM-8 45 9/2/98 grab core barrel | zip loc bag smG-mG Qvtl
Archived RM-8 50 9/2/98 grab core barrel | zip loc bag smG-mG Qutl
Archived RM-8 55 9/2/98 grab core barrel | zip loc bag smG-mG Qutl
Archived RM-8 57 9/2/98 grab core barrel | zip loc bag smG-mG Qvtl
Archived RM-8 64 9/2/98 grab core barrel | zip loc bag sG-msG Gg-u
Archived RM-8 68 9/2/98 grab core barrel | zip loc bag smG Qvt2
Archived RM-8 73 9/2/98 grab core barrel | zip loc bag smG-msG Ggl
Archived RM-8 75 9/2/98 grab core barrel | zip loc bag oS Gs|
Archived RM-8 77 9/2/98 grab core barrel | zip loc bag zS ng
Archived RM-9 3 9/11/98 | grab core barrel | zip loc bag msG Qvs
Archived RM-9 5 9/11/98 | grab corebarrel | zip loc bag msG Qvs
Archived RM-9 10 9/11/98 | grab core barrel | zip loc bag msG Qvs
Archived RM-9 15 9/11/98 | grab core barrel | zip loc bag msG Qvs
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Tablel.1. (contd)

Sample Sample
Analyzed by: Analyzed for: Borehole | Depth (ft) Date M ethod Preserved In: | Lithology Unit Comments
Archived RM-9 25 9/11/98 | grab core barrel | zip loc bag smG Qvtl
Archived RM-9 30 9/11/98 | grab core barrel | zip loc bag mG-smG Qvtl
Archived RM-9 35 9/11/98 | grab core barrel | zip loc bag mG-smG Qutl
Archived RM-9 40 9/12/98 | grab core barrel | zip loc bag msG Qutl
Archived RM-9 45 9/12/98 | grab core barrel | zip loc bag mG-smG Qvtl
Archived RM-9 50 9/12/98 | grab core barrel | zip loc bag mG-smG Qvtl
Archived RM-9 53 9/12/98 | grab core barrel | zip loc bag sG-msG Qvtl
Archived RM-9 55 9/12/98 | grab core barrel | zip loc bag smG Qvtl
Archived RM-9 61 9/13/98 | grab corebarrel | zip loc bag msG Ggru
Archived RM-9 64 9/13/98 | grab corebarrel | zip loc bag msG Ggru
Archived RM-9 68 9/13/98 | grab core barrel | zip loc bag msG Gg-u
Archived RM-9 70 9/13/98 | grab core barrel | zip loc bag mG-smG Qvt2
Archived RM-9 73 9/13/98 | grab core barrel | zip loc bag mG Qvt2 “old” till?
Archived RM-9 74 9/13/98 | grab core barrel | zip loc bag S Gs|
Archived RM-9 77 9/13/98 | grab core barrel | zip loc bag mG “old” till
Archived RM-9 79 9/13/98 | grab core barrel | zip loc bag mG “old” till
Archived RM-9 81 9/13/98 | grab core barrel | zip loc bag zS ng
Archived RM-9 84 9/13/98 | grab core barrel | zip loc bag zS ng
Archived RM-9 85 9/13/98 | grab core barrel | zip loc bag S ng
Archived FM-1 1.0 5/10/99 | grab corebarrel | zip loc bag msG Qvs
Archived FM-1 5.0 5/10/99 | grab corebarrel | zip loc bag msG Qvs
Archived FM-1 10.0 5/10/99 | grab corebarrel | zip loc bag msG Qvs
Archived FM-1 15.0 5/10/99 | grab corebarrel | zip loc bag msG Qvs
Archived FM-1 20.0 5/10/99 | grab corebarrel | zip loc bag msG Qvs
Archived FM-1 25.0 5/10/99 | grab corebarrel | zip loc bag msG Qvs
Archived FM-1 30.0 5/10/99 | grab core barrel | zip loc bag smG Qutl
Archived FM-1 35.0 5/10/99 | grab corebarrel | zip loc bag smG Qvtl
Archived FM-1 40.0 5/10/99 | grab corebarrel | zip loc bag smG Qvtl
Archived FM-1 43.0 5/10/99 | grab core barrel | zip loc bag smG Qutl
Archived FM-1 45.0 5/10/99 | grab core barrel | zip loc bag smG Qutl
Archived FM-1 50.0 5/11/99 | grab corebarrel | zip loc bag G Ggru
Archived FM-1 55.0 5/11/99 | grab corebarrel | zip loc bag G Gg-u
Archived FM-1 60.0 5/11/99 | grab core barrel | zip loc bag G Gg-u
Archived FM-1 65.0 5/11/99 | grab corebarrel | zip loc bag G Ggru
Archived FM-1 70.0 5/11/99 | grab corebarrel | zip loc bag G Ggru
Archived FM-1 75.0 5/11/99 | grab corebarrel | zip loc bag (9)S Ggl
Archived FM-1 79.0 5/11/99 | grab core barrel | zip loc bag mS ng
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Tablel.1. (contd)

Sample Sample

Analyzed by: Analyzed for: Borehole | Depth (ft) Date Method Preserved In: | Lithology Unit Comments
Archived FM-2 5 5/12/99 | grab corebarrel | zip loc bag msG Qvs
Archived FM-2 10 5/12/99 | grab corebarrel | zip loc bag msG Qvs
Archived FM-2 15 5/12/99 | grab core barrel | zip loc bag msG Qvs
Archived FM-2 20 5/12/99 | grab corebarrel | zip loc bag msG Qvs
Archived FM-2 25 5/12/99 | grab corebarrel | zip loc bag msg Qvs
Archived FM-2 31 5/12/99 | grab corebarrel | zip loc bag smG-mG Qvtl
Archived FM-2 34 5/12/99 | grab core barrel | zip loc bag smG-mG Qvtl
Archived FM-2 40 5/12/99 | grab core barrel | zip loc bag smG-mG Qvtl
Archived FM-2 45 5/12/99 | grab corebarrel | zip loc bag smG-mG Qvtl
Archived FM-2 50 5/12/99 | grab corebarrel | zip loc bag smG-mG Qvtl
Archived RM-10 5 5/11/99 | grab core barrel | zip loc bag msG Qvs
Archived RM-10 10 5/11/99 | grab corebarrel | zip loc bag msG Qvs
Archived RM-10 15 5/11/99 | grab corebarrel | zip loc bag msG Qvs
Archived RM-10 20 5/11/99 | grab corebarrel | zip loc bag msG Qvs
Archived RM-10 25 5/11/99 | grab corebarrel | zip loc bag msG Qvs
Archived RM-10 30 5/12/99 | grab core barrel | zip loc bag msG-smG Qutl
Archived RM-10 35 5/12/99 | grab core barrel | zip loc bag mG-smG Qvtl
Archived RM-10 38 5/12/99 | grab corebarrel | zip loc bag oS Qvtl
Archived RM-10 40 5/12/99 | grab core barrel | zip loc bag mG-smG Qvtl
Archived RM-10 45 5/12/99 | grab core barrel | zip loc bag GsG Qvtl
Archived RM-10 a7 5/12/99 | grab core barrel | zip loc bag smG Qvtl
Archived RM-10 50 5/12/99 | grab core barrel | zip loc bag sG-msG Ggru
Archived RM-10 55 5/12/99 | grab corebarrel | zip loc bag sG-msG Ggru
Archived RM-11 4 5/14/99 | grab core barrel | zip loc bag msG Qvs
Archived RM-11 10 5/14/99 | grab corebarrel | zip loc bag msG Qvs
Archived RM-11 15 5/14/99 | grab corebarrel | zip loc bag msG Qvs
Archived RM-11 20 5/14/99 | grab corebarrel | zip loc bag msG Qvs
Archived RM-11 25 5/14/99 | grab corebarrel | zip loc bag smG-mG Qvtl
Archived RM-11 30 5/14/99 | grab core barrel | zip loc bag smG-mG Qutl
Archived RM-11 35 5/14/99 | grab core barrel | zip loc bag oS Qvtl
Archived RM-11 40 5/14/99 | grab corebarrel | zip loc bag msG-smG Qvtl
Archived RM-11 45 5/14/99 | grab corebarrel | zip loc bag smG Qvtl
Archived RM-11 50 5/14/99 | grab core barrel | zip loc bag msG Qvtl
Archived RM-12 4 5/16/99 | grab corebarrel | zip loc bag msG Qvs
Archived RM-12 10 5/16/99 | grab corebarrel | zip loc bag msG Qvs
Archived RM-12 15 5/16/99 | grab corebarrel | zip loc bag msG Qvs
Archived RM-12 20 5/16/99 | grab corebarrel | zip loc bag msG Qvs
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Tablel.1. (contd)

Sample Sample

Analyzed by: Analyzed for: Borehole | Depth (ft) Date M ethod Preserved In: | Lithology Unit Comments
Archived RM-12 25 5/16/99 | grab corebarrel | zip loc bag smG-mG Qvtl
Archived RM-12 30 5/16/99 | grab corebarrel | zip loc bag smG-mG Qvtl
Archived RM-12 35 5/16/99 | grab core barrel | zip loc bag gsS Qutl
Archived RM-12 40 5/16/99 | grab core barrel | zip loc bag msG-smG Qutl
Archived RM-12 45 5/16/99 | grab corebarrel | zip loc bag smG Qvtl
Archived RM-12 50 5/16/99 | grab corebarrel | zip loc bag msG Qvtl
Archived RM-13 5 5/18/99 | grab core barrel | zip loc bag msG Qvs
Archived RM-13 10 5/18/99 | grab corebarrel | zip loc bag msG Qvs
Archived RM-13 15 5/18/99 | grab corebarrel | zip loc bag msG Qvs
Archived RM-13 20 5/18/99 | grab corebarrel | zip loc bag msG Qvs
Archived RM-13 25 5/18/99 | grab core barrel | zip loc bag msG Qvs
Archived RM-13 30 5/18/99 | grab corebarrel | zip loc bag smG Qvtl
Archived RM-13 35 5/18/99 | grab core barrel | zip loc bag msG Qvtl
Archived RM-13 40 5/18/99 | grab corebarrel | zip loc bag msG Qvtl
Archived RM-13 45 5/18/99 | grab corebarrel | zip loc bag mG-smG Qvtl
Archived RM-13 50 5/18/99 | grab core barrel | zip loc bag mG-smG Qutl
Archived FM-3 5 6/5/00 grab core barrel | zip loc bag msG Qvs
Archived FM-3 10 6/5/00 grab core barrel | zip loc bag msG Qvs
Archived FM-3 15 6/5/00 grab core barrel | zip loc bag msG Qvs
Archived FM-3 20 6/5/00 grab core barrel | zip loc bag msG Qvs
Archived FM-3 25 6/5/00 grab core barrel | zip loc bag msG Qvs
Archived FM-3 30 6/5/00 grab core barrel | zip loc bag msG Qvs
Archived FM-3 35 6/5/00 grab core barrel | zip loc bag mG Qvtl
Archived FM-3 40 6/5/00 grab core barrel | zip loc bag (m)sG Qvtl
Archived FM-3 45 6/5/00 grab core barrel | zip loc bag smG Qvtl
Archived FM-3 50 6/5/00 grab core barrel | zip loc bag smG Qvtl
Archived FM-4 5 6/6/00 grab core barrel | zip loc bag msG Qvs
Archived FM-4 10 6/6/00 grab core barrel | zip loc bag msG Qvs
Archived FM-4 15 6/6/00 grab core barrel | zip loc bag msG Qvs
Archived FM-4 20 6/6/00 grab core barrel | zip loc bag msG Qvs
Archived FM-4 25 6/6/00 grab core barrel | zip loc bag smG Qvtl
Archived FM-4 30 6/6/00 grab core barrel | zip loc bag smG Qvtl
Archived FM-4 35 6/6/00 grab core barrel | zip loc bag msG Qvtl
Archived FM-4 40 6/6/00 grab core barrel | zip loc bag smG Qvtl
Archived FM-4 45 6/6/00 grab core barrel | zip loc bag msG Ggru
Archived FM-4 50 6/6/00 grab core barrel | zip loc bag msG Gg-u
Archived FM-4 54.5 6/6/00 grab core barrel | zip loc bag msG Gg-u
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Tablel.1. (contd)

Sample Sample
Analyzed by: Analyzed for: Borehole | Depth (ft) Date M ethod Preserved In: | Lithology Unit Comments
Archived CH-1 5 6/6/00 grab core barrel | zip loc bag msG Qvs
Archived CH-1 10 6/6/00 grab core barrel | zip loc bag msG Qvs
Archived CH-1 15 6/6/00 grab core barrel | zip loc bag msG Qvs
Archived CH-1 20 6/7/00 grab core barrel | zip loc bag msG Qvs
Archived CH-1 25 6/7/00 grab core barrel | zip loc bag msG Qvs
Archived CH-1 30 6/7/00 grab core barrel | zip loc bag mG Qvtl
Archived CH-1 35 6/7/00 grab core barrel | zip loc bag G Qvtl
Archived CH-1 40 6/7/00 grab core barrel | zip loc bag msG Qvtl
Archived CH-1 45 6/7/00 grab core barrel | zip loc bag mG Qvtl
Archived CH-1 50 6/7/00 grab core barrel | zip loc bag G Ggru
Archived RM-14 5 6/8/00 grab core barrel | zip loc bag msG Qvs
Archived RM-14 10 6/8/00 grab core barrel | zip loc bag msG Qvs
Archived RM-14 15 6/8/00 grab core barrel | zip loc bag msG Qvs
Archived RM-14 20 6/8/00 grabcorebarrel | zip loc bag msG Qvs
Archived RM-14 25 6/8/00 grab core barrel | zip loc bag msG Qvs
Archived RM-14 30 6/8/00 grab core barrel | zip loc bag smG Qutl
Archived RM-14 35 6/8/00 grab core barrel | zip loc bag smG Qutl
Archived RM-14 40 6/8/00 grab core barrel | zip loc bag smG Qvtl
Archived RM-14 45 6/8/00 grab core barrel | zip loc bag msG Gg-u
Archived RM-15 5 6/9/00 grab core barrel | zip loc bag msG Qvs
Archived RM-15 10 6/9/00 grab core barrel | zip loc bag msG Qvs
Archived RM-15 15 6/9/00 grab core barrel | zip loc bag msG Qvs
Archived RM-15 20 6/9/00 grab core barrel | zip loc bag msG Qvs
Archived RM-15 25 6/9/00 grab core barrel | zip loc bag msG Qvs
Archived RM-15 30 6/9/00 grab core barrel | zip loc bag mg-smG Qvtl
Archived RM-15 35 6/9/00 grab core barrel | zip loc bag mg-smG Qvtl
Archived RM-15 40 6/9/00 grab core barrel | zip loc bag sG-msG Qvtl
Archived RM-15 45 6/9/00 grab core barrel | zip loc bag mG-smG Qvtl
Archived FM-2 54.5-55.0 [5/13/99 | grab split spoon | zip loc bag msG Gg-u
Archived FM-2 59.5-60.0 |5/13/99 [ grab split spoon | zip loc bag smG-mG Ggru
Archived FM-2 64.5-65.0 |5/13/99 | grab split spoon | zip loc bag msG-smG Qvt2?
Archived FM-2 69.5-70.0 |5/13/99 | grab split spoon | zip loc bag smG-mG Qvt2
Archived FM-2 73.0-73.5 | 5/13/99 | grab split spoon | zip loc bag msG-smG Gl
Archived FM-2 79.5-80.0 |5/13/99 | grab split spoon | zip loc bag mS ng
Archived RM-11 54.5-55.0 |5/15/99 | grab split spoon | zip loc bag msG Ggru
Archived RM-11 59.5-60.0 |5/15/99 | grab split spoon | zip loc bag G Gg-u
Archived RM-11 64.5-65.0 | 5/15/99 | grab split spoon | zip loc bag G Gg-u
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Tablel.1. (contd)

Sample Sample
Analyzed by: Analyzed for: Borehole | Depth (ft) Date M ethod Preserved In: | Lithology Unit Comments
Archived RM-11 69.5-70.0 |5/15/99 | grab split spoon | zip loc bag mG-smG Qvt2
Archived RM-11 74.5-75.0 |5/15/99 | grab split spoon | zip loc bag msG Gl
Archived RM-11 79.5-80.0 [5/15/99 | grab split spoon | zip loc bag mS ng
Archived RM-12 54.5-55.0 [5/17/99 | grab split spoon | zip loc bag msG Gg-u
Archived RM-12 59.5-60.0 |5/17/99 | grab split spoon | zip loc bag G Gg-u
Archived RM-12 64.5-65.0 |5/17/99 | grab split spoon | zip loc bag G Gg-u
Archived RM-12 69.5-70.0 |5/17/99 | grab split spoon | zip loc bag mG-smG Qvt2
Archived RM-12 74.5-75.0 |5/17/99 | grab split spoon | zip loc bag msG Ggrl
Archived RM-12 79.5-80.0 |5/17/99 | grab split spoon | zip loc bag mS ng
Archived RM-13 54.5-55.0 |5/19/99 | grab split spoon | zip loc bag S Ggru
Archived RM-13 59.5-60.0 |5/19/99 | grab split spoon | zip loc bag smG-msG Gg-u
Archived RM-13 79.5-80.0 |5/19/99 | grab split spoon | zip loc bag mS ng
Archived RM-1 38.0-38.5 |8/13/98 | Split spoon 6" lexan sleeve | (MG Qvtl
Archived RM-1 65.0-65.5 |8/14/98 | Split spoon 6" lexan sleeve | gM Qvt2
Archived RM-1 65.5-66.0 |8/14/98 | Split spoon 6" lexan sleeve | gM Qvt2
Archived RM-1 77.5-78.0 [8/15/98 | Split spoon 6" lexan sleeve | sG Ggl Actual sample depth is ~2 ft higher
Archived RM-1 84.5-85.0 |8/15/98 | Split spoon 6" lexan sleeve | zS ng
Archived RM-1 85.0-85.5 | 8/15/98 | Split spoon 6" lexan sleeve | zS ng
Archived RM-2 50.0-50.5 | 8/16/98 | Split spoon 6" lexan sleeve | smG Qvtl
Archived RM-2 50.5-51.0 | 8/16/98 | Split spoon 6" lexan sleeve | smG Qvtl
Archived RM-2 51.0-51.5 | 8/16/98 | Split spoon 6" lexan sleeve | smG Qvtl
Archived RM-2 51.5-52.0 | 8/16/98 | Split spoon 6" lexan sleeve | smG Qvtl
Archived RM-2 54.0-54.5 |8/17/98 | Split spoon 6" lexan sleeve | smG Qvtl
Archived RM-2 68.5-69.0 |8/17/98 | Split spoon 6" lexan sleeve | Z/smG Qvt2 4" silt layer @ top of Qvt2
Archived RM-2 69.0-69.5 |8/17/98 | Split spoon 6" lexan sleeve | smG Qvt2
Archived RM-2 75.0-75.5 [ 8/17/98 | Split spoon 6" lexan sleeve | smG Qvt2 base @contact with Gg
Archived RM-2 77.0-77.5 |8/17/98 | Split spoon 6" lexan sleeve | ZS ng
Archived RM-2 77.5-78.0 |8/17/98 | Split spoon 6" lexan sleeve | ZS ng
Archived RM-2 78.0-78.5 [ 8/17/98 | Split spoon 6" lexan sleeve | ZS ng
Archived RM-3 47.0-47.5 |8/18/98 | Split spoon 6" lexan sleeve | smG Qvtl
Archived RM-3 47.5-48.0 | 8/18/98 | Split spoon 6" lexan sleeve | smG Qvtl
Archived RM-3 48.0-48.5 | 8/18/98 | Split spoon 6" lexan sleeve | smG Qvtl
Archived RM-3 48.5-49.0 | 8/18/98 | Split spoon 6" lexan sleeve | smG Qvtl
Archived RM-3 49.0-49.5 | 8/18/98 | Split spoon 6" lexan sleeve | msG Gg
Archived RM-3 50.0-50.5 |8/18/98 [ Split spoon 6" lexan sleeve | SG/msG &g
Archived RM-3 50.5-51.0 | 8/18/98 [ Split spoon 6" lexan sleeve | SG/msG €]
Archived RM-3 51.0-51.5 | 8/18/98 | Split spoon 6" lexan sleeve | SG/msG (€]
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Tablel.1. (contd)

Sample Sample
Analyzed by: Analyzed for: Borehole | Depth (ft) Date M ethod Preserved In: | Lithology Unit Comments
Archived RM-3 52.0-52.5 |8/18/98 | Split spoon 6" lexan sleeve | SG/msG €]
Archived RM-3 54.0-54.5 |8/18/98 | Split spoon 6" lexan sleeve | SG/msG (€]
Archived RM-3 56.5-57.0 [8/19/98 | Split spoon 6" lexan sleeve | SG/ImsG Gg Split liner
Archived RM-3 57.0-57.5 [8/19/98 | Split spoon 6" lexan sleeve | SG/ImsG Gg Split liner
Archived RM-3 57.5-58.0 |8/19/98 | Split spoon 6" lexan sleeve | SG/msG €] Split liner
Archived RM-3 58.0-58.5 |8/19/98 | Split spoon 6" lexan sleeve | SGmMsG (€] Split liner
Archived RM-3 61.0-61.5 | 8/19/98 | Split spoon 6" lexan sleeve | SG/msG (€]
Archived RM-4 65.0-65.5 | 8/20/95 [ Split spoon 6" lexan sleeve | sSG/msG Ggrl
Archived RM-4 65.5-66.0 | 8/20/95 [ Split spoon 6" lexan sleeve | msG Ggl
Archived RM-4 66.5-67.0 | 8/20/95 [ Split spoon 6" lexan sleeve | msG Ggl
Archived RM-4 67.0-67.5 | 8/20/95 [ Split spoon 6" lexan sleeve | msG Gl
Archived RM-4 67.5-68.0 |8/20/95 [ Split spoon 6" lexan sleeve | msG Ggrl
Archived RM-4 68.0-68.5 [8/20/95 | Split spoon 6" lexan deeve | msG Gg-l
Archived RM-4 70.0-70.5 |8/20/95 | Split spoon 6" lexan sleeve | smG Ggl
Archived RM-4 70.5-71.0 | 8/20/95 | Split spoon 6" lexan sleeve | gS Gs|
Archived RM-4 71.0-71.5 [8/20/95 | Split spoon 6" lexan sleeve | gS Gsl
Archived RM-4 71.5-72.0 [ 8/20/95 | Split spoon 6" lexan sleeve | gS Gs
Archived RM-4 72.0-72.5 | 8/20/95 | Split spoon 6" lexansleeve |S Gs|
Archived RM-4 72.5-73.0 | 8/20/95 | Split spoon 6" lexansleeve |S Gs|
Archived RM-4 73.0-73.5 | 8/20/95 | Split spoon 6" lexansleeve | S Gs|
Archived RM-4 75.0-75.5 |8/20/95 | Split spoon 6" lexansleeve |S Gs|
Archived RM-4 75.5-76.0 | 8/20/95 | Split spoon 6" lexansleeve |S Gs|
Archived RM-4 76.0-76.5 | 8/20/95 | Split spoon 6" lexansleeve |S Gs|
Archived RM-4 76.5-77.0 | 8/20/95 | Split spoon 6” lexansleeve | S Gs|
Archived RM-4 77.0-77.5 |8/20/95 | Split spoon 6" lexansleeve |S Gs|
Archived RM-4 77.5-78.0 [8/20/95 | Split spoon 6" lexansleeve |S Gs
Archived RM-5 45.5-46.0 | 8/26/98 | Split spoon 6" lexan sleeve | smG-mG Qvtl
Archived RM-5 46.5-47.0 | 8/26/98 | Split spoon 6" lexan sleeve | smG-mG Qvtl cracked liner
Archived RM-5 47.5-48.0 |8/26/98 | Split spoon 6" lexan sleeve | smG-mG Qutl
Archived RM-5 48.0-48.5 |8/26/98 | Split spoon 6" lexan sleeve | smG-mG Qvtl
Archived RM-5 48.5-49.0 | 8/26/98 | Flit spoon 6" lexan sleeve | smG-mG Qvtl
Archived RM-5 49.0-49.5 | 8/26/98 | Split spoon 6" lexan sleeve | smG-mG Qvtl
Archived RM-5 50.0-50.5 | 8/26/98 | Split spoon 6" lexan sleeve | smG-mG Qvtl
Archived RM-5 50.5-51.0 | 8/26/98 | Split spoon 6" lexan sleeve | smG-mG Qvtl
Archived RM-5 51.0-51.5 | 8/26/98 | Split spoon 6" lexan sleeve | smG-mG Qvtl
Archived RM-5 51.5-52.0 | 8/26/98 | Split spoon 6" lexan sleeve | smG-mG Qvtl
Archived RM-5 52.0-52.5 |8/26/98 | Split spoon 6" lexan sleeve | smG-mG Qvtl
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Tablel.1. (contd)

Sample Sample
Analyzed by: Analyzed for: Borehole | Depth (ft) Date M ethod Preserved In: | Lithology Unit Comments
Archived RM-5 52.5-53.0 | 8/26/98 | Split spoon 6" lexan sleeve | smG-mG Qvtl
Archived RM-5 53.0-53.5 | 8/26/98 | Split spoon 6" lexan sleeve | smG-mG Qutl
Archived RM-5 53.5-54.0 [8/26/98 | Split spoon 6" lexan sleeve | smG-mG Qutl
Archived RM-5 54.0-54.5 [8/26/98 | Split spoon 6" lexan sleeve | smG-mG Qvtl
Archived RM-5 55.0-55.5 | 8/26/98 | Split spoon 6" lexan sleeve | smG Qvtl
Archived RM-5 55.5-56.0 | 8/26/98 | Split spoon 6" lexan sleeve | smG Qvtl
Archived RM-5 56.0-56.5 | 8/26/98 | Split spoon 6" lexan sleeve | msG Qvtl
Archived RM-5 57.0-57.5 | 8/26/98 | Split spoon 6" lexan sleeve | msG Qvtl
Archived RM-5 57.5-58.0 | 8/26/98 | Split spoon 6" lexan sleeve | msG Qvtl
Archived RM-5 58.0-58.5 |8/26/98 | Split spoon 6" lexan sleeve | smG Qvtl
Archived RM-5 58.5-59.0 |8/26/98 | Split spoon 6" lexan sleeve | smG Qvtl
Archived RM-5 59.0-59.5 |8/26/98 | Split spoon 6" lexan sleeve | smG Qvtl
Archived RM-5 60.5-61.0 | 8/26/98 | Split spoon 6" lexan sleeve | SGmsG Ggru
Archived RM-5 61.0-61.5 | 8/26/98 | Split spoon 6" lexan sleeve | SGmsG Gg-u
Archived RM-5 72.5-73.0 |8/27/98 | Split spoon 6" lexan sleeve | smG Qvt2 cracked liner
Archived RM-5 73.0-73.5 [ 8/27/98 | Split spoon 6" lexan sleeve | smG Qvt2
Archived RM-5 75.0-75.5 [ 8/27/98 | Split spoon 6" lexan sleeve | §zS Gs-l/ing Contact
Archived RM-5 75.5-76.0 |8/27/98 | Split spoon 6" lexan sleeve | zS ng
Archived RM-5 76.0-76.5 | 8/27/98 | Split spoon 6" lexan sleeve | zS ng
Archived RM-5 76.5-77.0 | 8/27/98 | Split spoon 6" lexan sleeve | zS ng
Archived RM-5 77.0-77.5 |8/27/98 | Split spoon 6" lexan sleeve | zS ng
Archived RM-5 77.5-78.0 |8/27/98 | Split spoon 6" lexan sleeve | zS ng
Archived RM-5 78.0-78.5 |8/27/98 | Split spoon 6" lexan sleeve | zS ng
Archived RM-5 78.5-79.0 |8/27/98 | Split spoon 6" lexan sleeve | zS ng
Archived RM-5 79.0-79.5 |8/27/98 | Split spoon 6" lexan sleeve | zS ng
Archived RM-6 66.0-66.5 |8/30/98 | Split spoon 6" lexan sleeve | mG Qvt2
Archived RM-6 66.5-67.0 | 8/30/98 [ Split spoon 6" lexan sleeve | mG Qvt2
Archived RM-6 67.0-67.5 | 8/30/98 [ Split spoon 6" lexan sleeve | mG Qvt2

Qut2/Go-|

Archived RM-6 67.5-68.0 | 8/30/98 | Split spoon 6" lexan sleeve | mG/msG contact
Archived RM-6 68.0-68.5 |8/30/98 [ Split spoon 6" lexan sleeve | msG Ggl
Archived RM-6 68.5-69.0 |8/30/98 [ Split spoon 6" lexan sleeve | msG Gl
Archived RM-6 69.0-69.5 [8/30/98 | Split spoon 6" lexan sleeve | msG Ggl
Archived RM-7 64.5-65.0 |8/31/98 | Split spoon 6" lexan sleeve | (QM Qvt2
Archived RM-7 65.0-65.5 |8/31/98 [ Split spoon 6" lexan sleeve | (Q)M Qvt2
Archived RM-7 66.0-66.5 |8/31/98 [ Split spoon 6" lexan sleeve | msG Ggl
Archived RM-7 67.0-67.5 |8/31/98 | Split spoon 6" lexan sleeve | msG Gl
Archived RM-7 67.5-68.0 |8/31/98 [ Split spoon 6" lexan sleeve | msG Ggl
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Tablel.1. (contd)

Sample Sample
Analyzed by: Analyzed for: Borehole | Depth (ft) Date M ethod Preserved In: | Lithology Unit Comments
Archived RM-7 68.0-68.5 |8/31/98 | Split spoon 6" lexan sleeve | msG Ggl
Archived FM-2 50.5-51.0 |5/13/99 | split spoon 6" lexan sleeve | msG-smG Qvtl
Archived FM-2 51.0-51.5 [5/13/99 | split spoon 6" lexan sleeve | msG-smG Qutl
Archived FM-2 51.5-52.0 [5/13/99 | split spoon 6" lexan sleeve | msG-smG Qvtl
Archived FM-2 52.5-53.0 |5/13/99 | split spoon 6" lexan sleeve | msG-smG Qvtl
Archived FM-2 53.5-54.0 | 5/13/99 | split spoon 6" lexan sleeve | msG-smG Qvtl
Archived FM-2 55.5-56.0 |5/13/99 | split spoon 6" lexan sleeve | msG-smG Qvtl
Archived FM-2 56.0-56.5 |5/13/99 | split spoon 6" lexan sleeve | msG-smG Qvtl
Archived FM-2 57.5-58.0 |5/13/99 | split spoon 6" lexan sleeve | msG-smG Qvtl
Archived FM-2 58.5-59.0 |5/13/99 | split spoon 6" lexan sleeve | msG-smG Qvtl
Archived FM-2 60.5-61.0 |5/13/99 | split spoon 6" lexan sleeve | sSGsmG Gg-u
Archived FM-2 61.5-62.0 |5/13/99 | split spoon 6" lexan sleeve | sSG-anG Gg-u
Archived FM-2 62.5-63.0 |5/13/99 | split spoon 6" lexan sleeve | sSG-smG Ggru
Archived FM-2 66.5-67.0 |5/13/99 | split spoon 6" lexan sleeve | SGmsG Gg-u
Archived FM-2 67.5-68.0 |5/13/99 | split spoon 6" lexan sleeve | SGmsG Gg-u
Archived FM-2 68.5-69.0 [5/13/99 | split spoon 6" lexan sleeve | smG Qvt2
Archived FM-2 70.0-70.5 [5/13/99 | split spoon 6" lexan sleeve | msG-smG Qvt2
Archived FM-2 71.0-71.5 |5/13/99 | split spoon 6" lexan sleeve | msG-smG Qvt2
Archived FM-2 72.0-72.5 |5/13/99 | split spoon 6" lexan sleeve | msG-smG Qvt2
Archived FM-2 77.0-77.5 |5/13/99 | split spoon 6" lexan sleeve | mS ng
Archived FM-2 77.5-78.0 |5/13/99 | split spoon 6" lexan sleeve | mS ng
Archived FM-2 78.0-78.5 |5/13/99 | split spoon 6" lexan sleeve | mS ng
Archived FM-2 78.5-79.0 |5/13/99 | split spoon 6" lexan sleeve | mS ng
Archived FM-2 79.0-79.5 |5/13/99 | split spoon 6" lexan sleeve | mS ng
Archived RM-11 50.5-51.0 |5/15/99 | split spoon 6" lexan sleeve | msG Ggru
Archived RM-11 51.5-52.0 [5/15/99 | split spoon 6" lexan sleeve | smG Qvtl
Archived RM-11 53.5-54.0 | 5/15/99 | split spoon 6" lexan sleeve | msG Ggru
Archived RM-11 55.5-56.0 |5/15/99 | split spoon 6" lexan sleeve | msG Gg-u
Archived RM-11 56.5-57.0 [5/15/99 | split spoon 6" lexan sleeve | msG Gg-u
Archived RM-11 57.5-58.0 |5/15/99 | split spoon 6" lexan sleeve | msG Ggru
Archived RM-11 58.5-59.0 |5/15/99 | split spoon 6" lexan sleeve | msG Ggru
Archived RM-11 60.5-61.0 |5/15/99 | split spoon 6" lexan sleeve | sG Gg-u
Archived RM-11 61.5-62.0 |5/15/99 | split spoon 6" lexan sleeve | sG Gg-u
Archived RM-11 62.5-63.0 | 5/15/99 | split spoon 6" lexan sleeve | sG Gg-u
Archived RM-11 63.5-64.0 | 5/15/99 | split spoon 6" lexan sleeve | sG Ggru
Archived RM-11 65.5-66.0 | 5/15/99 | split spoon 6" lexan sleeve | sG Gg-u
Archived RM-11 66.5-67.0 | 5/15/99 | split spoon 6" lexan sleeve | sG Gg-u




Tablel.1. (contd)

Sample Sample
Analyzed by: Analyzed for: Borehole | Depth (ft) Date M ethod Preserved In: | Lithology Unit Comments
Archived RM-11 67.5-68.0 |5/15/99 | split spoon 6" lexan sleeve | smG Qvt2
Archived RM-11 68.5-69.0 | 5/15/99 | split spoon 6" lexan sleeve | smG Qvt2
Archived RM-11 70.5-71.0 [5/15/99 | split spoon 6" lexan sleeve | mG Qvt2
Archived RM-11 71.5-72.0 [5/15/99 | split spoon 6" lexan sleeve | mG Qvt2
Archived RM-11 72.5-73.0 |5/15/99 | split spoon 6" lexan sleeve | ImsG Ggl Mixed layers
Archived RM-11 73.5-74.0 |5/15/99 | split spoon 6" lexan sleeve | msG Gl
Archived RM-11 75.5-76.0 | 5/15/99 | split spoon 6" lexan sleeve | msG Gl
Archived RM-11 76.5-77.0 |5/15/99 | split spoon 6" lexan sleeve | msG Ggrl
Archived RM-11 77.5-78.0 |5/15/99 | split spoon 6" lexan sleeve | msG Ggl
Archived RM-11 78.5-79.0 |5/15/99 | split spoon 6" lexan sleeve | msG Ggl
Archived RM-11 79.0-79.5 | 5/15/99 | split spoon 6" lexan sleeve | mS ng
Archived RM-12 50.5-51.0 |5/17/99 | split spoon 6" lexan sleeve | SGmsG Ggru
Archived RM-12 51.5-52.0 [5/17/99 | split spoon 6" lexan sleeve | SGmsG Qvtl
Archived RM-12 52.5-53.0 |5/17/99 | split spoon 6" lexan sleeve | SGmsG Qvtl
Archived RM-12 53.5-54.0 | 5/17/99 | split spoon 6" lexan sleeve | SGmsG Gg-u
Archived RM-12 55.5-56.0 [5/17/99 | split spoon 6" lexan sleeve | SGmsG Gg-u
Archived RM-12 56.5-57.0 |5/17/99 | split spoon 6" lexan sleeve | SGmsG Ggru
Archived RM-12 57.5-58.0 |5/17/99 | split spoon 6" lexan sleeve | SGmsG Gg-u
Archived RM-12 58.5-59.0 | 5/17/99 | split spoon 6" lexan sleeve | SGmsG Gg-u
Archived RM-12 60.5-61.0 |5/17/99 | split spoon 6" lexan sleeve | SGmsG Gg-u
Archived RM-12 61.5-62.0 |5/17/99 | split spoon 6" lexan sleeve | SGmsG Ggru
Archived RM-12 62.5-63.0 |5/17/99 | split spoon 6" lexan deeve | SGmsG Ggru
Archived RM-12 63.5-64.0 |5/17/99 | split spoon 6" lexan sleeve | SgS Ggru
Archived RM-12 65.5-66.0 | 5/17/99 | split spoon 6" lexan sleeve | smG-msG Gg-u/Qvt2
Archived RM-12 66.5-67.0 |5/17/99 | split spoon 6" lexan sleeve | (g)sM Qvt2
Archived RM-12 67.5-68.0 [5/17/99 | split spoon 6" lexan sleeve | smG-msG Qvt2
Archived RM-12 68.5-69.0 |5/17/99 | split spoon 6" lexan sleeve | smG-msG Qvt2
Archived RM-12 70.5-71.0 |5/17/99 | split spoon 6" lexan sleeve | SGmsG Gl
Archived RM-12 71.5-72.0 [5/17/99 | split spoon 6" lexan sleeve | SGmsG Ggl
Archived RM-12 72.5-73.0 [5/17/99 | split spoon 6" lexan sleeve | SGmsG Gg-l Mixed layers
Archived RM-12 73.5-74.0 |5/17/99 | split spoon 6" lexan sleeve | SG/S Ggl/Gs-I
Archived RM-12 75.5-76.0 |5/17/99 | split spoon 6" lexansleeve |S Gs|
Archived RM-12 76.5-77.0 |5/17/99 | split spoon 6" lexansleeve | S Gs|
Archived RM-12 77.5-78.0 |5/17/99 | split spoon 6" lexansleeve |S Gs|
Archived RM-12 78.5-79.0 |5/17/99 | split spoon 6" lexansleeve |S Gs|
Archived RM-13 50.5-51.0 |5/19/99 | split spoon 6" lexan sleeve | smG Qvtl
Archived RM-13 51.5-52.0 |5/19/99 | split spoon 6" lexan sleeve | smG Qvtl
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Tablel.1. (contd)

Sample Sample
Analyzed by: Analyzed for: Borehole | Depth (ft) Date M ethod Preserved In: | Lithology Unit Comments
Archived RM-13 52.5-53.0 |5/19/99 | split spoon 6" lexan sleeve | smG Qvtl
Archived RM-13 53.5-54.0 |5/19/99 | split spoon 6" lexan sleeve | smG Qvtl
Archived RM-13 55.5-56.0 [5/19/99 | split spoon 6" lexan sleeve | msG Gg-u
Archived RM-13 56.5-57.0 |5/19/99 | split spoon 6" lexan sleeve | smG Ggru
Archived RM-13 57.5-58.0 |5/19/99 | split spoon 6" lexan sleeve | smG Gg-u
Archived RM-13 58.5-59.0 |5/19/99 | split spoon 6" lexan sleeve | smG Gg-u
Archived RM-13 61.5-62.0 |5/19/99 | split spoon 6" lexan sleeve | smG-msG Gg-u
Archived RM-13 62.5-63.0 |5/19/99 | split spoon 6" lexan sleeve | smG-msG Ggru
Archived RM-13 63.5-64.0 |5/19/99 | split spoon 6" lexan sleeve | smG-msG Ggru
Archived RM-13 65.5-66.0 | 5/19/99 | split spoon 6" lexan sleeve | smG-msG Ggru
Archived RM-13 66.5-67.0 |5/19/99 | split spoon 6" lexan sleeve | smG-msG Gg-u
Archived RM-13 67.5-68.0 |5/19/99 | split spoon 6" lexan sleeve | smG-msG Ggru
Archived RM-13 68.5-69.0 [5/19/99 | split spoon 6" lexan sleeve | smG-msG Qvt2
Archived RM-13 70.5-71.0 |5/19/99 | split spoon 6" lexan sleeve | msG-smG Ggl
Archived RM-13 71.5-72.0 |5/19/99 | split spoon 6" lexan sleeve | msG-smG Gl
Archived RM-13 76.0-76.5 [5/19/99 | split spoon 6" lexan sleeve | msG Ggl
Archived RM-13 77.0-77.5 [5/19/99 | split spoon 6" lexan sleeve | msG/mS Gg-l/ng
Archived RM-13 77.5-78.0 |5/19/99 | split spoon 6" lexan sleeve | mS ng
Archived RM-13 78.0-78.5 | 5/19/99 | split spoon 6" lexan sleeve | mS ng
Archived RM-13 78.5-79.0 |5/19/99 | split spoon 6" lexan sleeve | mS ng
Archived RM-13 79.0-79.5 |5/19/99 | split spoon 6" lexan sleeve | mS ng
Archived FM-3 56.5-57.0 | 6/5/00 Split spoon 6" lexan sleeve | msG Ggru
Archived FM-3 57.5-58.0 | 6/5/00 Split spoon 6" lexan sleeve | msG Ggru
Archived FM-3 58.5-59.0 | 6/5/00 Split spoon 6" lexan sleeve | msG Gg-u
Archived FM-3 59.0-59.5 | 6/5/00 Split spoon 6" lexan sleeve | msG Ggru
Archived FM-3 61.0-61.5 | 6/5/00 Split spoon 6" lexan sleeve | msG Ggru
Archived FM-3 62.0-62.5 | 6/5/00 Split spoon 6" lexan sleeve | msG Ggru
Archived FM-3 63.0-63.5 | 6/5/00 Split spoon 6" lexan sleeve | msG Gg-u
Archived FM-3 64.0-64.5 [ 6/5/00 Split spoon 6" lexan sleeve | msG Gg-u
Archived FM-3 66.0-66.5 | 6/6/00 Split spoon 6" lexan sleeve | msG Ggru
Archived FM-3 67.0-67.5 | 6/6/00 Split spoon 6" lexan sleeve | msG Ggru
Archived FM-3 68.0-68.5 | 6/6/00 Split spoon 6" lexan sleeve | smG Qvt2
Archived FM-3 69.0-69.5 | 6/6/00 Split spoon 6" lexan sleeve | smG Qvt2
Archived FM-3 71.0-71.5 | 6/6/00 Split spoon 6" lexan sleeve | smG Qvt2
Archived FM-3 72.0-72.5 | 6/6/00 Split spoon 6" lexan sleeve | smG Qut2
Archived FM-3 73.0-73.5 | 6/6/00 Split spoon 6" lexan sleeve | msG Ggl
Archived FM-3 74.0-74.5 | 6/6/00 Split spoon 6" lexan sleeve | msG Gl
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Tablel.1. (contd)

Sample Sample
Analyzed by: Analyzed for: Borehole | Depth (ft) Date M ethod Preserved In: | Lithology Unit Comments
Archived FM-4 51.0-51.5 | 6/6/00 Split spoon 6" lexan sleeve | msG Gg-u
Archived FM-4 52.0-52.5 | 6/6/00 Split spoon 6" lexan sleeve | msG Gg-u
Archived FM-4 53.0-53.5 [ 6/6/00 Split spoon 6" lexan sleeve | msG Gg-u
Archived FM-4 54.0-54.5 | 6/6/00 Split spoon 6" lexan sleeve | msG Ggru
Archived FM-4 56.5-57.0 | 6/6/00 Split spoon 6" lexan sleeve | smG Gg-u Excessive heat from cobble stuck in shoe
Archived FM-4 57.5-58.0 | 6/6/00 Split spoon 6" lexan sleeve | smG Gg-u Excessive heat from cobble stuck in shoe
Archived FM-4 58.5-59.0 | 6/6/00 Split spoon 6" lexan sleeve | smG Gg-u Excessive heat from cobble stuck in shoe
Archived FM-4 59.5-60.0 | 6/6/00 Split spoon zip loc bag smG Ggru Excessive heat; collapsed liner
Archived FM-4 61.0-61.5 | 6/6/00 Split spoon 6" lexan sleeve | msG Ggru Color change - more reduced at @ 60’
Archived FM-4 62.0-62.5 | 6/6/00 Split spoon 6" lexan sleeve | msG Ggru
Archived FM-4 63.0-63.5 | 6/6/00 Split spoon 6" lexan sleeve | msG Gg-u
Archived FM-4 64.0-64.5 | 6/6/00 Split spoon 6" lexan sleeve | msG Ggru
Archived FM-4 66.0-66.5 | 6/6/00 Split spoon 6" lexan sleeve | smG Qvt2
Archived FM-4 67.0-67.5 | 6/6/00 Split spoon 6" lexan sleeve | smG Qvt2
Archived FM-4 68.0-68.5 | 6/6/00 Split spoon 6" lexan sleeve | smG Qvt2
Archived FM-4 69.0-69.5 [6/6/00 Split spoon 6" lexan sleeve | smG Qvt2
Archived FM-4 71.0-71.5 [6/6/00 Split spoon 6" lexan sleeve | smG Qvt2
Archived FM-4 71.5-72.0 | 6/6/00 Split spoon 6" lexan sleeve | gM “old” till
Archived FM-4 72.0-72.5 | 6/6/00 Split spoon 6" lexan sleeve | gM “old” till
Archived FM-4 72.5-73.0 | 6/6/00 Split spoon 6" lexan sleeve | gM “old” till
Archived FM-4 73.0-73.5 | 6/6/00 Split spoon 6" lexan sleeve | gM “old” till
Archived FM-4 73.5-74.0 | 6/6/00 Split spoon 6" lexan sleeve | gM “old” till
Archived FM-4 74.0-74.5 | 6/6/00 Split spoon 6" lexan sleeve | gM “old” till
Archived FM-4 74.5-75.0 | 6/6/00 Split spoon 6" lexan sleeve | gM “old” till
Archived CH-1 51.0-51.5 | 6/7/00 Split spoon 6" lexan sleeve | msG Ggru
Archived CH-1 52.0-52.5 | 6/7/00 Split spoon 6" lexansleeve |S Ggru
Archived CH-1 54.0-54.5 | 6/7/00 Split spoon 6" lexan sleeve | msG Ggru
Archived CH-1 56.0-56.5 | 6/7/00 Split spoon 6" lexan sleeve | smG Qvt2
Archived CH-1 57.0-57.5 [ 6/7/00 Split spoon 6" lexan sleeve | smG Qvt2
Archived CH-1 58.0-58.5 [ 6/7/00 Split spoon 6" lexan sleeve | smG Qvt2
Archived CH-1 59.0-59.5 | 6/7/00 Split spoon 6" lexan sleeve | smG Qvt2
Archived CH-1 61.5-62.0 | 6/7/00 Split spoon 6" lexan sleeve | smG Qvt2 Excessive heat from cobble stuck in shoe
Archived CH-1 62.5-63.0 | 6/7/00 Split spoon 6" lexan sleeve | smG Qvt2 Excessive heat from cobble stuck in shoe
Archived CH-1 64.0-64.5 | 6/7/00 Split spoon 6" lexan sleeve | smG Qvt2 Excessive heat from cobble stuck in shoe
Archived CH-1 71.5-72.0 | 6/7/00 Split spoon 6" lexan sleeve | sG Ggl
Archived CH-1 73.5-74.0 | 6/7/00 Split spoon 6" lexan sleeve | <«Z ng
Archived RM-14 51.5-52.0 | 6/8/00 Split spoon 6" lexan sleeve | msG Gg-u
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Tablel.1. (contd)

Sample Sample
Analyzed by: Analyzed for: Borehole | Depth (ft) Date M ethod Preserved In: | Lithology Unit Comments
Archived RM-14 52.5-53.0 | 6/8/00 Split spoon 6" lexan sleeve | msG Gg-u
Archived RM-14 53.5-54.0 | 6/8/00 Split spoon 6" lexan sleeve | msG Gg-u
Archived RM-14 54.5-55.0 [6/8/00 Split spoon 6" lexan sleeve | mG-anG Qvt2
Archived RM-14 56.0-56.5 | 6/8/00 Split spoon 6" lexan sleeve | mG-smG Qvt2
Archived RM-14 57.0-57.5 | 6/8/00 Split spoon 6" lexan sleeve | mG-smG Qvt2
Archived RM-14 58.0-58.5 | 6/8/00 Split spoon 6" lexan sleeve | mG-smG Qvt2
Archived RM-14 59.0-59.5 | 6/8/00 Split spoon 6" lexan sleeve | mG-smG Qvt2
Archived RM-14 60.0-60.5 | 6/8/00 Split spoon 6" lexan sleeve | mG-smG Qvt2 Change from brownish to dk. gray
Archived RM-14 60.5-61.0 | 6/8/00 Split spoon 6" lexan sleeve | mG-smG Qvt2
Archived RM-14 61.0-61.5 | 6/8/00 Split spoon 6" lexan sleeve | mG-smG Qvt2
Archived RM-14 66.5-67.0 | 6/8/00 Split spoon 6" lexan sleeve | sG Gl
Archived RM-14 67.5-68.0 | 6/8/00 Split spoon 6" lexan sleeve | sG Ggrl
Archived RM-14 68.5-69.0 [ 6/8/00 Split spoon 6" lexan sleeve | sG Ggl
Archived RM-14 69.5-70.0 | 6/8/00 Split spoon 6" lexan sleeve | sG Ggl
Archived RM-14 71.5-72.0 | 6/8/00 Split spoon 6" lexan sleeve | sG Gl
Archived RM-14 72.5-73.0 [6/8/00 Split spoon 6" lexan sleeve | smG Ggl
Archived RM-14 73.5-74.0 [ 6/8/00 Split spoon 6" lexan sleeve | smG Gg-l
Archived RM-15 51.5-52.0 | 6/9/00 Split spoon 6" lexan sleeve | smG Qvtl
Archived RM-15 52.5-53.0 | 6/9/00 Split spoon 6" lexan sleeve | smG Qvtl
Archived RM-15 53.5-54.0 | 6/9/00 Split spoon 6" lexan sleeve | smG Qvtl
Archived RM-15 54.5-55.0 | 6/9/00 Split spoon 6" lexan sleeve | smG Qvtl Core catcher sample
Archived RM-15 56.5-57.0 | 6/9/00 Split spoon 6" lexan sleeve | smG Qvtl
Archived RM-15 57.5-58.0 | 6/9/00 Split spoon 6" lexan sleeve | smG Qvtl
Archived RM-15 58.5-59.0 | 6/9/00 Split spoon 6" lexan sleeve | msG Gg-u
Archived RM-15 61.5-62.0 | 6/9/00 Split spoon 6" lexan sleeve | msG Ggru
Archived RM-15 62.5-63.0 | 6/9/00 Split spoon 6" lexan sleeve | med S Ggru
Archived RM-15 63.5-64.0 | 6/9/00 Split spoon 6" lexan sleeve | msG Qvt2
Archived RM-15 66.5-67.0 | 6/10/00 [ Split spoon 6" lexan sleeve | smG Qvt2
Archived RM-15 67.5-68.0 [6/10/00 | Split spoon 6" lexan sleeve | smG Qvt2
Archived RM-15 68.5-69.0 [6/10/00 | Split spoon 6" lexan sleeve | smG Qvt2
Archived RM-15 69.5-70.0 | 6/10/00 [ Split spoon 6" lexan sleeve | med S Ggl
Archived RM-15 71.0-71.5 | 6/10/00 [ Split spoon 6" lexansleeve |fnS ng
Archived RM-15 71.5-72.0 | 6/10/00 [ Split spoon 6" lexansleeve |fnS ng
Archived RM-15 72.0-72.5 | 6/10/00 [ Split spoon 6" lexan sleeve | fn-med sand | ng
Archived RM-15 72.5-73.0 | 6/10/00 [ Split spoon 6" lexan sleeve | fn-med sand | ng
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Tablel.1. (contd)

Sample Sample
Analyzed by: Analyzed for: Borehole | Depth (ft) Date Method Preserved In: | Lithology Unit Comments
Archived RM-15 73.0-73.5 | 6/10/00 [ Split spoon 6" lexan sleeve | fn-med sand | ng
Archived RM-15 73.5-74.0 | 6/10/00 [ Split spoon 6" lexan sleeve | fn-med sand | ng
Archived RM-15 74.0-74.5 [6/10/00 | Split spoon 6" lexan sleeve | fn-med sand | ng

G=Gravd; S=Sand; M=Mud
g=Gravelly; s=Sandy; m=Muddy

0 = dlightly

EXAMPLE = (m)sG = dlightly muddy sandy gravel
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