EPA/540/R-02/500
September 2001

Technology Evaluation Report

HYDROTECHNICS
IN SITUFLOW SENSOR

National Risk Management Research Laboratory
Office of Research and Devel opment
U.S. Environmenta Protection Agency
Cincinnati, OH 45268

ORDEzE
RESEARCH & DEVELOPMEMT

TE




NOTICE

The information in this document has been funded by the U.S. Environmental Protection Agency (EPA)
under Contract No. 68-C5-0037 to Tetra Tech EM Inc. It has been subjected to the Agency’s peer and
administrative reviews and has been approved for publication as an EPA document. Mention of trade
names or commercia products does not constitute an endorsement or recommendation for use.



FOREWORD

The U.S. Environmenta Protection Agency is charged by Congress with protecting the Nation's land, air,
and water resources. Under a mandate of national environmenta laws, the Agency strives to formulate
and implement actions leading to a compatible baance between human activities and the ability of natura
systems to support and nurture life. To meet this mandate, EPA’ s research program is providing data and
technical support for solving environmental problems today and building a science knowledge base
necessary to manage our ecological resources wisely, understand how pollutants affect our health, and
prevent or reduce environmental risks in the future.

The Nationa Risk Management Research Laboratory (NRMRL) is the Agency’s center for investigation
of technological and management approaches for reducing risks from threats to human health and the
environment. The focus of the Laboratory’ s research program is on methods for the prevention and
control of pollution to air, land, water, and subsurface resources; protection of water quality in public
water systems; remediation of contaminated sites and groundwater; and prevention and control of indoor
air pollution. The goa of this research effort isto catalyze development and implementation of
innovative, cost-effective environmental technologies; devel op scientific and engineering information
needed by EPA to support regulatory and policy decisions; and provide technical support and information
transfer to ensure effective implementation of environmental regulations and strategies.

This publication has been produced as part of NRMRL's strategic long-term research plan. It is published

and made available by EPA’s Office of Research and Development to assist the user community and to
link researchers with their clients.

E. Timothy Oppelt, Director
National Risk Management Research Laboratory



ABSTRACT

The U.S. Environmental Protection Agency (EPA) Superfund Innovative Technology Evauation (SITE)
Program evaluated performance of HydroTechnics, Inc. flow sensors in measuring the three-dimensiona
flow pattern created by operation of the Wasatch Environmental, Inc. (WEI) groundwater circulation well
(GCW). The GCW is a dual-screened, in-wel air-stripping system designed to remove volatile organic
compounds (VOC) from groundwater. Operation of the GCW creates a groundwater flow pattern that
forms a three-dimensional regime known as a*“circulation cell.” EPA’sevauation of the GCW
circulation cdll involved use of in Situ groundwater velocity flow sensors that were developed at Sandia

National Laboratories and manufactured by HydroTechnics, Inc.

This Technology Evaluation Report (TER) documents and summarizes the findings of EPA’s evaluation
of HydroTechnics flow sensors.  The flow sensors are in situ instruments that use athermal perturbation
technique to directly measure the velocity of groundwater flow in unconsolidated, saturated, porous
media. The manufacturer claims that the flow meter can measure horizontal and vertical flow rates and
direction in the range is 0.01 to 2.0 feet per day (ft/day) (0.3 to 60.96 centimeter per second [cm/g]).

The GCW is a patented system manufactured by WEI and was demonstrated at Cape Canavera Air
Station (CCAS) by the U.S. Air Force Center for Environmental Excellence (AFCEE). AFCEE
conducted a comprehensive evauation of the GCW, including contaminant mass removal rates,
groundwater dye tracer studies, and numerical modeling. Demonstration data collected by AFCEE are
documented separately in “ Groundwater Circulation Well Technology Evauation at Facility 1381, Cape
Canaveral Air Station, Florida Technology Summary Report” (Parsons 2001).

The primary conclusions of EPA’s evaluation of the HydroTechnics flow sensors include:

During GCW operation, the groundwater velocities measured by all seven sensors increased by
more than 0.1 ft/day, indicating that (1) the sensors were within the circulation cell established by
the GCW, and (2) the horizontal extent of groundwater circulation was greater than 15 feet. Flow
direction data further support the establishment of a circulation cell and that al the flow sensors
are within the horizontal extent of groundwater circulation cell.

The demongtration data suggest that the flow sensors are responsive to changes in groundwater
flow conditions and can be used to help define and evaluate the three-dimensional flow patterns.

Thisreport is available from www.epa.go/ORD/SI TE/reports.html. Printed copies can be obtained from
Nationa Service Center for Environmenta Publications in Cincinnati, Ohio, at (800) 490-9198.
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EXECUTIVE SUMMARY

The U.S. Environmental Protection Agency (EPA) Superfund Innovative Technology Evauation (SITE)
Program evaluated performance of HydroTechnics, Inc. flow sensors in measuring the three-dimensiona
flow pattern created by operation of the Wasatch Environmental, Inc. (WEI) groundwater circulation well
(GCW). The GCW is a dual-screened, in-wel air-stripping system designed to remove volatile organic
compounds (VOC) from groundwater. Operation of the GCW creates a groundwater flow pattern that
forms a three-dimensional regime known as a“circulation cell.” EPA’s evauation of the GCW
circulation cdll involved use of in Situ groundwater velocity flow sensors that were developed at Sandia
National Laboratories and manufactured by HydroTechnics, Inc.

The HydroTechnics flow sensors are in situ instruments that use athermal perturbation technique to
directly measure the velocity of groundwater flow in unconsolidated, saturated, porous media. The flow
sensors differ from other devices that measure groundwater velocity in that they are in direct contact with
the unconsolidated aquifer matrix where the flow is to be measured, thereby avoiding borehole effects.
The flow sensor is athin, cylindrical device that is permanently buried at the depth where the velocity of
groundwater flow isto be measured. The manufacturer claims that the flow meter can measure
groundwater flow in the rangeis 0.01 to 2.0 feet per day (ft/day) (0.3 to 60.96 centimeter per second
[cm/s]) with an error of +/- 0.001 feet (0.03 centimeter). Data collected from the flow sensors include the
horizontal and vertical groundwater flow rate as well as groundwater flow direction.

The GCW is a patented system manufactured by WEI and was demonstrated at Cape Canavera Air
Station (CCAS) by the U.S. Air Force Center for Environmental Excellence (AFCEE). AFCEE
conducted a comprehensive evauation of the GCW, including contaminant mass removal rates,
groundwater dye tracer sudies, and numerical modeling. The results of the AFCEE study can be found in
the report entitled “ Groundwater Circulation Well Technology Evauation at Facility 1381, Cape

Canavera Air Station, Florida— Final Report” (Parsons, 2001). The results of the EPA SITE Program
demondtration provided additiona hydraulic datathat are useful in characterizing the GCW circulation

cel.

AFCEE managed the overal GCW technology evaluation and was responsible for installation, operation,
and optimization of the GCW. EPA was responsible for aquifer hydraulic testing and the ingtdlation and



acquisition of data from the HydroTechnics flow sensors. Additionaly, the Oregon Graduate Institute
conducted dye tracer studies and modeling to evaluate the GCW circulation cell.

EPA’s evauation of the HydroTechnics flow sensors was designed with one primary and four secondary
objectives to assess the sensor’ s ability to detect the groundwater circulation cell established by the GCW.
The primary and secondary objectives were evaluated by collecting and interpreting data from seven flow
sensors, conducting a series of aguifer hydraulic tests, and collecting GCW operationa data during four
modes of operation. The four modes of operation include: (1) natural flow conditions, (2) circulation
conditions, (3) pump-and-treat testing, and (4) aguifer hydraulic testing (step-drawdown, constant-rate
pump testing, and dipole flow testing). Data were collected and analyzed using the methods and
procedures presented in the Technology Evaluation Plan/Quality Assurance Project Plan (TEP/QAPP) for
the project (Tetra Tech 2000). The data from the groundwater flow sensors yielded valuable information
regarding the circulation cdll of the GCW. The conclusions of the technology evauation, asthey relate to
the demonstration project objectives, include:

Primary Conclusions

P1 Evauate the flow sensor’s ability to detect the horizontal extent of the GCW groundwater
circulation cell based on a change in the groundwater velocity criterion of 0.1 foot per day (0.03
meter per day)

During the GCW circulation operation mode, the groundwater velocities measured by al seven
sensors increased by more than 0.1 ft/day, indicating that (1) the sensors were within the
circulation cell established by the GCW, and (2) the horizontal extent of groundwater circulation
was greater than 15 feet. Furthermore, the groundwater flow direction data suggest that
groundwater in the upper portion of the trestment zone generdly flows radialy away from the
GCW and that groundwater in the bottom of the treatment zone generally flows radialy towards
the GCW. Thisflow direction data further support the establishment of a circulation cell and that
al the flow sensors are within the horizonta extent of groundwater circulation cell.

The data from the four modes of GCW operation suggest that the flow sensors are responsive to
changes in groundwater flow conditions and can be used to help define and evaluate the three-
dimensional flow pattern created by the GCW. The immediate response of the sensors to changes
in GCW operation suggest that the groundwater circulation cell is established within hours

instead of days. Additionally, the velocity data from the flow sensors suggest that the GCW
circulation flow was generaly constant during operation in the circulation mode.

Secondary Conclusions

S1 Evaluate the reproducibility of the groundwater velocity sensor data



The reproducibility of the sensors during steady state conditions ranged from 0.1 to 23 percent

with an average of 1.9 percent and a standard deviation of 3.8 percent.

Evaluate the three-dimensiona groundwater flow surrounding the GCW

Groundwater flow patterns, as measured by the flow sensors, were documented for each of the
four GCW operational modes and are depicted graphicdly to illustrate general flow patternsin

the vicinity of the GCW during each mode of operation.

Document the operating parameters of the GCW

GCW pumping rate, duration of system operation, and GCW shutdowns were documented for

each of the four modes of operation:

GCW Operational Mode Pumping Duration of Operation GCW Shutdowns
Rate
Circulation 4 gpm July 10— 28, 2000 1 shutdown for
mechanical maintenance

Pump and Treat 4 gpm August 2 — 29, 2000 7 shutdowns for
mechanica repairs

Aquifer Hydraulic Testing Various September 13 — 19, 2000 None

Natural Conditions No pumping GCW not operated GCW not operated

A Document the hydrogeologic characteristics a the demonstration site

Natural groundwater flow velocities at the CCAS Facility 1381 site are very low, ranging from
0.03 to 0.21 ft/day (0.009 to 0.064 meter/day).

The conductivity of the aquifer at the Facility 1381 site decreased with depth. Based on aquifer
hydraulic test data, the hydraulic conductivity ranges from 43 to 53 ft/day (1.5 x 10* to 1.9 x 10™
cmV/s) for the shallow zone (upper 7 feet or 2.1 meters) and 5 to 10 ft/day (1.8 x 10° to 35 x 10°
cm/s) for the deeper zone (7 to 25 feet deep or 2.1 to 7.6 meters). The Storativity of the lower
aquifer zone ranges from 0.006 to 0.007 and specific yield ranges from 0.06 to 0.09. The average
anisotropic ratio (that is, the ratio of horizonta to vertica hydraulic conductivity) is 2.4, based on
steady-state dipole flow test interpretation.

Additiond findings and observations based on the EPA demonstration of the flow sensors include:

According to the devel oper, the flow sensors measure flow in a 3.3 cubic feet [1 cubic meter] area
volume immediately surrounding the sensor, ) and are subject to local heterogeneities. Complex
ste hydrogeological conditions may require a large number of flow sensors to adequately define
the circulation cell and characterize flow patterns.

To more fully evaluate the three-dimensiond flow surrounding this GCW, additional sensors
should have been installed at varying distances and depths from the GCW. Flow sensors should
be ingtdled a upgradient, downgradient, and cross-gradient locations at a minimum of three
different distances from the GCW. The flow sensors also should be installed at three different
depths corresponding to shallow and deep GCW screens as well as in the middle portion of the
monitored zone between the two screens. The shallow sensors should be installed a minimum of
5 feet (1.5 meters) below the water table, which would minimize the impact of temperature
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variations caused by the vadose zone. Only seven sensors were installed for this project because
preliminary modeling indicated that the circulation cell would be smaler than what was actualy
observed in both the upgradient and cross gradient directions.

HydroTechnics recommends installing the flow sensors with five feet (1.5 meters) of
submergence because the shallow portion of the groundwater will heat up during the day, creating
athermal gradient that the sensor measures as water flow. For the EPA demonstration, the
shallow sensors were installed with less than 5 feet of submergence because preliminary
modeling indicated that there would not be significant flow deeper than 3 feet (1 meter) into the
formation. Data from the shallow sensors were successfully corrected by subtracting the
background temperature gradient.

HydroTechnics recommends allowing a minimum of 7 days for the sensors to come to thermal
equilibrium. During the EPA demonstration, short-term aquifer tests resulted in large but short-
term changes in groundwater flow, that were successfully measured by the flow sensors.

The cost of asingle flow sensor was $2,500. The total cost for the seven sensors, sensor data
analysisfor aperiod of 1 year, and ingtallation was $70,000 for this project. Costs at other sites
may vary depending on installation depth and subsurface conditions.



1.0 INTRODUCTION

This Technology Evaluation Report (TER) documents and summarizes the findings of an evaluation of
HydroTechnics, Inc. in situ flow sensors in measuring the groundwater flow patterns created by an
innovative groundwater circulating well (GCW) ingtalled at Facility 1381 at the U.S. Air Force 45th

Space Wing, Cape Canavera Air Station (CCAS), Forida (Figures 1 and 2). The U.S. Environmenta
Protection Agency (EPA) National Risk Management Research Laboratory (NRMRL) evaluated the
using in Situ groundwater flow sensors under the Superfund Innovative Technology Evauation (SITE)
Program. The EPA’s evaluation was a component of a comprehensive evaluation of the GCW conducted
by the U.S. Air Force Center for Environmental Excellence (AFCEE). The flow sensors were evaluated
for the SITE Program by measuring the magnitude and direction of groundwater flow near the GCW and
by conducting aquifer hydraulic tests using the GCW.

The GCW sdlected is a patented system manufactured by Wasatch Environmental, Inc. (WEI). AFCEE's
support contractor, Parsons Engineering, managed the overall technology evaluation and was responsible
for ingtallation, operation, and optimization of the GCW. The EPA SITE Program managed installation

and acquisition of data from in situ groundwater velocity sensors and the aquifer hydraulic testing.

This report documents the activities conducted during the demonstration and summarizes data collected
by EPA. Demonstration data collected by AFCEE are documented separately and are not included in this
report.

The TER is divided into eight sections. Section 1.0 presents the project background, information on the
SITE Program, a description of the technology, and key contacts. Section 2.0 describes the
environmenta setting of the demonstration site and the objectives of the eval uation, methods and
procedures, and modifications to the Technology Evaluation Plan/Quality Assurance Project Plan
(TEPIQAPP) (Tetra Tech 2000). Section 3.0 describes the groundwater circulation system, and Section
4.0 describes the groundwater flow sensors. Section 5.0 presents interpretation of data from the
groundwater flow sensors used during the evaluation. Section 6.0 presents the results of the technology
evaluation, while Section 7.0 presents the conclusions of the evaluation. References are included in
Section 8.0.



1.1 PROJECT BACKGROUND

As part of ongoing efforts to address impacts to groundwater from chlorinated solvents, CCASis
conducting a series of pilot-scale treatability studies to obtain site-specific data on performance and cost
for potentially applicable remediation technologies. AFCEE identified the WEI GCW as a possible
solution for remediation of nonaqueous-phase liquids (NAPL) source areas such as Facility 1381.
Facility 1381 was selected as the demonstration site because it was thought to have a favorable site
hydrogeologic condition (relatively high hydraulic conductivity) and the presence of a NAPL source.

GCW technologies have been proposed as a cost-effective aternative to traditional pump-and-treat
technologies for remediation of groundwater contaminated with volatile organic compounds (VOC).
AFCEE developed a comprehensive test plan to evaluate the GCW, which included instalation of a 6-
inch GCW and 99 microwells that radiate from the GCW; collection of samples from the soil core,
groundwater, and air for subsequent geotechnical and chemical analysis; completion of a dye tracer test;
and development of a site groundwater flow model. AFCEE alternated operation of the GCW between
pump-and-treat mode and circulation mode to obtain reliable data on the relative capabilities of the GCW
technology. Samples of groundwater and air were collected during both modes of operation to obtain

performance data under various operating scenarios and to alow comparisons of results.

AFCEE invited EPA to participate in an evauation of a GCW at CCAS Facility 1381. To evaluate the
circulation cell, EPA ingtaled in situ groundwater flow sensors to measure the magnitude and direction of
groundwater flow near the GCW, and conducted a series of aquifer hydraulic tests. Data from the
groundwater flow sensors were collected during (1) long-term pump-and-treat operation, (2) long-term
GCW operation, (3) fina pump-and-treat operation, (4) aquifer hydraulic tests, and (5) post-GCW
operation.

A summary of the various operational periods is provided below.

Long-Term Pump-and-Treat Operation. The GCW was installed at the site in November 1999. After
atida influence study, tracer test, and a series of short-term aquifer hydraulic tests, the system began
operation in pump-and-treat mode in February 2000. The system remained in pump-and-treat mode
through April 2000. AFCEE monitored the system to calculate mass removal rates for comparison to
rates achieved during other modes of operation by the GCW.



Long-Term GCW Operation. Long-term operation of the GCW was initiated in April and continued
until July 2000. Thein situ groundwater flow sensors were installed in June 2000. Continuous collection

of data on groundwater flow from the sensors was initiated in July 2000.

Final Pump-and-Treat Operation. Find pump-and-treat operation of the GCW was conducted during
August 2000. Eight transducers were installed to evaluate changes in hydraulic head in the aguifer during
August 2000.

Aquifer Hydraulic Test Operation. A series of aquifer hydraulic tests were conducted in September
2000. Hydraulic head data were collected from the aguifer using eight pressure transducers, and data on
direction and magnitude of groundwater flow were collected from the seven in situ groundwater flow

SENSors.

Post-GCW Operation. The GCW has not operated after aguifer hydraulic testing was completed in
September 2001. EPA collected data from the in situ groundwater flow sensors from September 2000
through September 2001 to document groundwater flow during non-operation of the GCW.

1.2 DESCRIPTION OF FLOW SENSOR AND GCW TECHNOLOGIES

The groundwater flow sensors installed at CCAS were developed at Sandia National Laboratories and
manufactured by HydroTechnics, both of Albuquerque, New Mexico. The flow sensorsarein situ
instruments that use a thermal perturbation technique to directly measure the velocity of groundwater
flow in unconsolidated, saturated, porous media. The flow sensors differ from other devices to measure
groundwater velocity in that they are in direct contact with the unconsolidated aquifer matrix where the
flow isto be measured, thereby avoiding borehole effects. The flow sensor is athin, cylindrical device
that is permanently buried at the depth where the velocity of groundwater flow isto be measured.

The WEI GCW is an in Situ groundwater remediation system designed to circulate groundwater in the
aquifer and strip VOCs. In the WEI system, airlift pumping lifts groundwater from a screen in the lower
section of the well. Air is pumped to the bottom of the well by a blower, reducing the weight of the water
column. Groundwater and air are then lifted to an upper screen, where the air strips VOCs and the
groundwater is allowed to discharge back into the aquifer. The air stream used to strip VOCs is extracted
from the wellhead and is treated before it is released to the atmosphere. Groundwater that reenters the
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aquifer through the top screen flows vertically downward and can be recaptured by the GCW, so that it
can be treated again. The three-dimensional groundwater flow regime devel oped by the GCW istermed a
“circulation cell,” and its characteristics are critical to the effectiveness of the technology. Key
parameters of the circulation cell are its size, or radius, and its percent capture (Parsons 1999a).

1.3 THE SUPERFUND INNOVATIVE TECHNOLOGY EVALUATION PROGRAM

EPA's Office of Solid Waste and Emergency Response (OSWER) and Office of Research and
Development (ORD) created the SITE Program in response to the Superfund Amendments and
Reauthorization Act of 1986 (SARA). The SITE Program promotes the development, evaluation, and use
of new or innovative technologies to clean up Superfund sites across the country.

The primary purpose of the SITE Program is to maximize the use of aternatives in cleaning up hazardous
waste sites by encouraging development and evaluation of innovative treatment and monitoring

technologies. It consists of three major elements:

The Technology Evaluation Program
The Monitoring and M easurement Technologies Program

The Technology Transfer Program

The objective of the Technology Evauation Program is to develop reliable data on performance and cost
for innovative technologies so that potential users may assess the technology’ s site-specific applicability.
Technologies evaluated are either currently available or are close to being available for remediation of
Superfund sites. SITE evauations are conducted on hazardous waste sites under circumstances that
closely smulate full-scale remediation conditions, thus ensuring the usefulness and rdiability of the

information collected.

Existing technologies that improve field monitoring and Site characterizations are identified in the
Monitoring and M easurement Technologies Program. This program supports new technologies that
provide faster, more cost-effective contamination and site assessment data. The Monitoring and
Measurement Technologies Program also formulates protocols and standard operating procedures for

evaluation methods and equipment.



The Technology Transfer Program disseminates technical information on innovative technologies in the
Evaluation and Monitoring and Measurements Technologies Programs through various activities. These
activities increase the awareness and promote the use of innovative technologies for assessment and
remediation at Superfund sites. The god of the technology transfer is to develop communication among
individuas who reguire up-to-date technical information.

1.4 KEY CONTACTS

Additiond information on the SITE Program and the eva uation can be obtained from the EPA Project
Manager:

Michelle Smon

U.S. Environmental Protection Agency

Office of Research and Development

26 West Martin Luther King Drive

Cincinnati, Ohio 45268

Telephone: (513) 569-7469, Facsmile: (513) 569-7676
E-mail: ssimon.michelle@epa.gov

Additiond information on AFCEE' s evauation of the GCW technology can be obtained from the AFCEE
project manager:

James Gonzales

Air Force Center for Environmental Excellence

3207 North Road

Brooks AFB, Texas 78235-5363

Telephone: (210) 536-4324, Facsmile: (210) 536-4330
E-mail: james.gonza es@hqafcee.brooks.af.mil

Additional information on the WEI GCW technology or the evaluation can be obtained from the
technology vendor:

Tabor DeHart

Wasatch Environmental, Inc.

2410 West Cdifornia Avenue

Sdt Lake City, Utah 84104

Telephone: (801) 972-8400, Facsmile: (801) 972-8459
E-mail: wasatchenv@aol.com

Additiond information on in Situ flow sensors or this evaluation can be obtained from:



Martha Moses

HydroTechnics

P.O. Box 92828

Albuquerque, NM 87199-2828

Telephone: (505) 797-2421, Facsamile: (505) 797-0838
E-Mail: info@hydrotechnics.com

In addition, information on the SITE Program is available through the following on-line information

clearinghouses:

SITE Program Home Page:  http://www.epa.gov/ORD/SITE. All recent SITE reports,
including this one can be downloaded from this web site.

The Alternative Treatment Technology Information Center (ATTIC) Internet Access:
http://mww.epa.gov/attic

Cleanup Information Bulletin Board System (CLU-IN)
Help Desk: (301) 589-8368; Internet Access. http://www.clu-in.org

EPA Remediation and Characterization Innovative Technologies
Internet Access. http://www.epa.reachit.org

Groundwater Remediation Technology Center
Internet Access. http://www.gwrtac.org

Technical reports may be obtained by contacting the Nationa Service Center for Environmental
Publications in Cincinnati, Ohio. To find out about newly published documents or to be included on the
SITE malling lig, call or writeto:

U.S. EPA/NSCEP

P.O. Box 42419

Cincinnati, Ohio 45242-2419
(800) 490-9198
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2.0 SITE DESCRIPTION, OBJECTIVES, AND PROCEDURES

A description of the demonstration site, as well as objectives and procedures for the flow sensor
evaluation, are described in the following sections. Specifically, Section 2.1 provides a demonstration Site
description; Section 2.2 describes the objectives of the evaluation; Section 2.3 describesthe field and
analytica methods including placement and ingtdlation of groundwater velocity sensors, design of the
evauation, data presentation, and data analysis; Section 2.4 presents the quality assurance and quality
control (QA/QC) procedures; and Section 2.5 presents the modifications to the Technology Evaluation
Pan that were implemented during the technology evaluation.

2.1 DEMONSTRATION SITE DESCRIPTION

This section provides information on site conditions, including the site location, history, geology,
hydrogeology, and soil and groundwater contamination at CCAS Facility 1381. This section also
provides a summary of the site hydrogeologica conceptual model.

211 Site L ocation

CCASison Canavera Peninsula, which is the easternmost portion of Merritt Idand, abarrier idand in
Brevard County on the Atlantic coast of Florida (Figure 1). The main complex of CCAS consists of
assembly and launch facilities for missiles and space vehicles and occupies 25 square miles. The property
is bounded by the Atlantic Ocean to the east and the Banana River to the west. The southern boundary is
an artificial shipping canal; the John F. Kennedy Space Center (KSC) adjoins CCAS to the north. Facility
1381 islocated in the east-central portion of CCAS A site map isincluded as Figure 2.

2.1.2 Site History

Since it was established in 1950, CCAS has been a proving ground for research, development, and testing
of the country’s military missile programs. Seventy-three miles of paved roads at CCAS connect the
various launch and support facilities with the centralized industrial area. The primary industrial activities
at CCAS support missile launches from CCAS and spacecraft launches from KSC. CCAS aso provides
support for submarine port activities (Parsons 1999b).
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Facility 1381 has been used for severa operations since it was built in 1958. For the 10 years after
construction, Facility 1381 was used as the Guidance Azimuth Transfer Building. Aeria photographs
from that time indicate numerous drums and tanker trucks at the facility. Verba reports indicate that the
tanker trucks were used for dumping waste solvents in the forest that surrounds the facility. In 1968, the
site became the In-Place Precision Cleaning Laboratory. Specific activities included cleaning metal
componentsin acid and solvent dip tanks, resulting in the generation of approximately 3,300 gallons of
waste trichloroethene (TCE) per year. In 1977, the facility became known as the Ordnance Support
Facility, and its name has remained unchanged to the present time (Parsons 1999b).

2.1.3 Regional and Site Geology

This section discusses the regiona and site geology near CCAS and Facility 1381.

2.131 Regional Geology

Florida condtitutes the southeast portion of the Atlantic Coastal Plain physiographic province of the
southeastern United States. The Coastal Plain is athick sequence of unconsolidated to semiconsolidated
sedimentary rocks that range from Jurassic to Holocene in age. The configuration of rocks in the Coastal
Pain is atilted wedge that slopes and thickens seaward toward the Atlantic Ocean and the Gulf of
Mexico.

In Florida, the sequence of sedimentary rocks that make up the Coastal Plain isreferred to as the Forida
Patform. The Florida Platform rocks were deposited on top of an eroded surface of a crystalline rock
complex, which is known collectively as the Florida basement rocks. The Florida basement rocks,
conssting of low-grade metamorphics and igneous intrusives, occur several thousand feet below the land
surface and are Precambrian, Paleozoic, and Mesozoic in age.

The base of the sedimentary rocks in the Florida Platform is made up of athick, primarily carbonate
sequence deposited from the Jurassic through the Paleocene. Starting in the Miocene and continuing

through the Holocene, siliciclastic sedimentation became more dominant.

The east coast of Floridais bounded by a continental shelf that is moderately broad and sopes gently to
the north but becomes both narrower and steeper to the south, toward Cape Canaveral. Cape Canavera is

aprominent feature, alarge cuspate foreland or promontory that projects 13 miles seaward of the main
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coastal trend and strongly influences the orientation and sedimentation patterns along at least 80 miles of
Florida' s east coast. Cape Canaveral itself may have been formed by converging littora transport aong
the coast (Davis 1997).

2.1.3.2 Site Geology

CCAS s stuated on Canavera Peninsula, which is on the east side of Merritt ISand, a barrier idand in
Brevard County on the Atlantic coast of Florida. Facility 1381 islocated in the central portion of CCAS.
The topography at Facility 1381 isrelatively flat, with ground eevations ranging from approximately 5 to
10 feet above mean sealevel (mdl) (Parsons 1999a). The topography consists of long, northeast-
southwest trending, low rises that are most likely depositional features associated with accretion of the
barrier idand. Vertica relief in the areais limited to shoulders of drainage canals that dope from the
ground surface to the canal bed. Drainage canas are located 200 feet southwest (Landfill Canal) and
2,500 feet north (Northern Drainage Canal) of the GCW; both flow westward toward the Banana River.

The site geology is presented in cross-section A-A’, which is shown as Figure 3. Based on previous work
at the site conducted by Parsons (2000), the geology at Facility 1381 consists of unconsolidated sediments
to a depth of at least 60 feet bgs. The upper 15 feet consists of poorly sorted, dominantly coarse shell
material and coarse to medium sand.

The average grain size of the sand fraction decreases and the silt and clay content increases from depths
of 35 feet to approximately 50 feet below ground surface (bgs). A 5foot-thick unit of fine to very fine-
grained sand and silt occurs from 35 to 40 feet bgs. Shell fragments and coarse sand occur with varying

amounts of clay from approximately 40 to 50 feet bgs.

A layer of firm clay, which may be continuous across the site, has been encountered at a depth of 50 feet

bgs.

2.14 Regional and Site Hydr ogeology

The regiona and site hydrogeology are discussed in the following subsections.
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2141 Regional Hydr ogeol ogy

Regional hydrostratigrapic units that occur near Cape Canavera are presented in Figure 4 and are
described below.

Surficial Aquifer. The uppermost water-bearing unit near the site is the surficia aguifer, which is
unconfined and consists primarily of unconsolidated materials. The surficia aquifer system is ashalow,
nonartesan aquifer, which occurs over much of eastern Florida but is not an important source of
groundwater because better supplies are generaly available from other aquifers. The extent of the

surficia aquifer is shown in Figure 5.

The surficid aquifer system extends to a depth of approximately 50 to 60 feet bgs near CCAS. The
surficial aquifer is described as consisting of fine to medium quartz sand that contains varying amounts of
sit, clay, and loose shdlls that are post-Miocene in age. In coastal areas, such as at CCAS, the surficia
aquifer may aso consist of partially cemented shell beds or coquina. The depth of the water table in the
surficial aguifer ranges from at or near the land surface in low-lying areas to tens of feet below the land
surface in areas of higher elevations.

The most important function of the surficial aguifer is to store water, some of which recharges the
underlying Floridan aguifer. The surficial aquifer islittle used as a source of drinking water since its
permegbility islow, resulting in relatively limited yield to wells, when compared with the Floridan

aquifer system. The surficial aquifer is used to supply potable drinking water only in coastal areas where
the underlying Floridan aguifer may be brackish (Miller 1986).

The sands of the surficial aquifer generaly grade into less permeable clayey or silty sands or low-
permeability carbonate rocks at depths of usually less than 75 feet below the land surface. These rocks
act as a confining unit for limestones that compose the underlying Floridan aquifer system. This upper
confining unit of the Floridan aguifer system, asit is known, is generally composed of the middle
Miocene-aged Hawthorn Formation, low-permeability rocks that in most places separate the Floridan
aquifer from the surficia aguifer.

Floridan Aquifer. The Floridan aguifer system is a nearly verticaly continuous, very thick sequence of
generally highly permeable carbonate rocks. The degree of hydraulic connection of units that make up
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the FHoridan aguifer depends primarily on the texture and mineralogy of the rocks that constitute the
system (Miller 1986). The Floridan aguifer system is composed of sequences of limestone and dolomitic

limestone.

The top of the Floridan Aquifer is defined as the first occurrence of vertically persistent, permeable,
consolidated carbonate rocks. Rocks at the top of the Floridan aquifer at CCAS occur at an elevation of
approximately 150.0 feet below md or a a depth of 160 feet bgs. The top unit of the Floridan aquifer at
CCAS s composed of the Ocala Limestone of late Eocene age, and the Floridan aquifer system rangesin
thickness from 2,600 to 2,700 feet. The base of the Floridan aquifer system is defined as the first
occurrence of anhydrite or presence of a gradational contact of generally permeable carbonate to much
less permeable gypsiferous and anhydritic rocks. These low-permeability rocks, known as the lower
confining unit of the Floridan aguifer system, everywhere underlie the Floridan. The transmissivity of the
Upper Floridan aquifer that underlies CCAS is estimated to be 50,000 to 100,000 square ft/day (Miller
1986).

Geologic formations that make up the Floridan aquifer in east-central Florida are, from top to bottom, the
Suwanee Limestone (where present), Eocene in age; the Ocala Limestone (where present); the Avon Park
Formation; and, in some areas, all or part of the Oldsmar Formation. Paleocene rocks of the Cedar Keys
Formation usually are recognized as forming the base of the Floridan aquifer system, except in areas
where the upper part of the Cedar Keys Formation is permeable (Tibbals 1990).

2.14.2 Site Hydr ogeology

The shallow aquifer zone at Facility 1381 is part of the surficid aquifer, which, as described previoudy, is
aregiondly unconfined water table aquifer. The water table at CCAS generally occurs at depths ranging
from 3 to 15 feet bgs. The water table occurred at approximately 8 feet bgs near the area where the
groundwater circulation well was instdled.

Flow of shallow groundwater at CCAS is controlled by an engineered drainage system consisting of a
series of man-made canals, which were installed to reclaim land by lowering the water table. Surface
water at the site drains through the canals and discharges into the Banana River, which is located west of
CCAS. Closest to Facility 1381 is Landfill Cana, which islocated 200 feet southwest; the Northern
Drainage Canal is located about 2,500 feet due north of Facility 1381.
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The cands strongly influence flow of shallow groundwater at the Site. A groundwater divide is indicated
in the vicinity of the GCW, as evidenced by groundwater flow to the southwest toward Landfill Canal, as
well as to the northeast in the direction of the Northern Drainage Canal. Surface water elevations
measured in the canals are lower than adjacent shallow groundwater elevations, suggesting groundwater
discharge to the canals (Parsons 2000).

The upper part of the surficid aquifer at Facility 1381 has been delineated into shallow and deep aquifer
zones for this evaluation. The shallow aquifer zone is defined as the upper saturated portion of the
aquifer, from the water table to the contact of the coarse-grained shell and coarse to medium grained sand
unit that occurs approximately 15 feet bgs. The shallow aguifer zone is approximately 8 feet thick. The
deep aquifer zone is made up of medium to fine sand units, which occur at depths of 15 to 30 feet bgs.
The shallow and deep aquifer zones are depicted on Figure 3, cross-section A-A’.

The hydraulic conductivity of the surficia aquifer at Facility 1381 was previously measured using risng
head dug tests a a monitoring well pair, 1381MWS09 (screened 7.5 to 12.5 feet bgs) and 1381MWI09
(screened 30 to 35 feet bgs), located 55 feet southeast of the GCW. The calculated hydraulic conductivity
values are 11.6 ft/day for the shallow well and 0.4 ft/day for the deep well.

Slug testing in piezometers near the GCW yielded hydraulic conductivity values of 17.8 to 24.2 ft/day in
piezometer 4PZS (screened 6.5 to 9.5 feet bgs) in the shallow aguifer zone and 0.1 to 0.2 ft/day in
piezometers 2PZD (screened 21.3 to 24.6 feet bgs) and 6PZD (screened 22.7 to 26 feet bgs) in the deep
aquifer zone. The groundwater velocity in the shallow aquifer zone under natura flow conditionsis
estimated at 0.21 ft/day (Parsons 2000).

Vaues for hydraulic conductivity obtained from aquifer testing conducted in September 2000 are
presented in Appendix A, the Hydrogeologica Investigation Report. Based on the pumping test data, the
hydraulic conductivity of the estimated saturated upper portion of the aquifer (42 feet thick) ranges from
43 to 53 ft/day.

2.1.5 Site Contamination

Contamination in soil and groundwater at Facility 1381 has been attributed to historical waste disposal

practices. A plume of contaminants in groundwater, consisting primarily of TCE and associated
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degradation products including cis-1,2-dichloroethene and vinyl chloride, has been detected at the site.
The plume is 110 acresin areal extent and is 2,500 feet long. The axis of the plume is elongated to the
north-northeast.

The maximum concentration of TCE detected to date in the suspected source areais 342,000 micrograms
per liter (ug/L) (Parsons 1999b). Concentrations of TCE measured in samples from the source area have

been lower during more recent sampling rounds.

2.2 OBJECTIVES OF EVALUATION

The SITE evauation was designed to address primary and secondary objectives selected for the GCW
technology. These objectives were selected to provide potentia users of the GCW technology with
technical information on the groundwater circulation cell established by the treatment system. One
primary and four secondary objectives were selected for the SITE evaluation of the GCW technology and
are listed below:

Primary Objective:

P1 Evauate the flow sensor’ s ability to detect the horizontal extent of the GCW groundwater
circulation cell based on a change in the groundwater velocity criterion of 0.1 foot per day (0.03
meter per day)

Secondary Objectives:

Sl Evaluate the reproducibility of the groundwater velocity sensor data

SV Evaluate the three-dimensiona groundwater flow surrounding the GCW

3 Document the operating parameters of the GCW.

A Document the hydrogeologic characteristics at the treatment Site.

The objectives were evaluated by collecting in situ groundwater sensor data and conducting a series of

aquifer hydraulic tests. Data were collected and analyzed using the methods and procedures summarized
in Section 2.3 to meet the objectives of the evaluation.

2.3 METHODOLOGY OF EVALUATION

This section describes the procedures used to collect and analyze data from the groundwater flow sensors.
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2.3.1 Placement and I nstallation of Groundwater Flow Sensors

The strategy for placement and installation procedures for the groundwater flow sensorsis described in
the following subsections.

2.3.1.1 Placement of Sensors

Seven groundwater flow sensors manufactured by HydroTechnics were installed during the week of June
24, 2000. Theflow sensors were installed in two separate clusters southeast of and in two separate
clusters southwest of the GCW.

Data collected from the flow sensors were used to evaluate both the horizontal extent of recirculation and
the overal three-dimensiond groundwater flow pattern that surrounds the GCW. Modeling of the
circulation cell performed by the Oregon Graduate Research Ingtitute was used to predict the horizontal
extent of the circulation cell and to select the locations of the flow sensors. The modeling predicted that
groundwater in the upper portion of the trestment zone would flow radialy away from the GCW, and that
groundwater in the lower portion of the treatment zone would flow radialy toward the GCW. The results
of modeling were aso used to show that flow ve ocities surrounding the GCW would decrease with
distance from the GCW. The modeling results indicated that the extent of circulation at velocities that
exceeded 0.05 ft/day appeared to be limited to aradia distance of 10 feet from the GCW. In addition,
induced groundwater flow velocities near the GCW were predicted to exceed 2.0 ft/day at a distance of 5
feet from the GCW. Based on the modeling results, the most appropriate zone for installation of flow
sensors is between 5 feet and 10 feet from the GCW.

The velocity range of groundwater flow that can be accurately measured by the groundwater flow sensors
is between 0.01 and 2.0 ft/day, based on the manufacturer’ s specifications. Based on this criterion and the
results of modeling for the GCW, two of the flow sensor clusters were installed 7.5 feet from the GCW,
and two of the flow sensor clusters were installed 13 to 15 feet from the GCW. This strategy for
placement of the sensors took into account the measurement range of the sensors of 0.01 to 2.0 ft/day to
ensure that changes in the velocity of groundwater flow can be accurately measured.
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The sensors were installed in relation to the assumed hydraulic gradient, which was determined to be to
the southwest. Three flow sensors were placed to the southwest (assumed downgradient) of the GCW.

Another four flow sensors were placed to the southeast (assumed cross gradient) of the GCW (Figure 6).

2.3.1.2 Installation of Flow Sensors

The sensors were installed using a hollow-stem auger drilling rig equipped with 4.25-inch-inner-diameter
augers. The sensor was then lowered through the inner annulus of the drill pipe by attaching it to a 2-
inch-diameter schedule 40 PVC well casing. The well casing was used to house the sensor cablesin
addition to providing a platform that enabled the field crew to lower the sensors into the borehole. After
the sensor was seated at the bottom of the boring, the auger flights were retracted, alowing the saturated

unconsolidated aquifer matrix to collapse around the flow sensor.

2.3.2 M ethodology for Evaluation of Data from Flow Sensors

Evauation of the flow sensors consists of using the data collected to assess the presence of athree-
dimensional groundwater flow regime or circulation cell. The circulation cell is induced when the GCW
isin recirculation mode. For this evauation, evidence for the existence and the extent of the circulation
cell was asfollows:

(1) Increasesin horizontal groundwater Darcy velocities (hydraulic conductivity times hydraulic
gradient) in excess of 0.1 ft/day.

(2) Changesin vertica groundwater Darcy velocities and the vertical hydraulic gradient.

(3) Changesin direction of groundwater flow such that flow is away from the upper screen of the
GCW in the shalow aquifer zone and toward the lower screen of the GCW in the deep
aquifer zone.
The evauation was designed to assess changes in the velocity of groundwater flow (magnitude and

direction) measured by the flow sensors.

Data from the flow sensors were presented in hydrographs as horizontal and vertical velocity versustime,
plotted in map view to show the horizontal component of velocity and direction, and plotted in cross-
section view showing resulting groundwater velocities and directions of groundwater flow. In addition,

the data on groundwater velocity that represent each operational period were tabulated.
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The groundwater flow sensors were installed in linear arrays at varying distances and depths from the
GCW in order to achieve the primary objectives defined in Section 2.2. Ve ocities and directions of
groundwater flow within the circulation cell of the GCW were measured using seven in situ groundwater
flow sensorsin each cluster. The horizontal change in velocity was calculated by subtracting the
measured flow velocity. The changesin velocity of flow were calculated for each operational mode using
the data set that began when steady-state flow conditions had been established. Locations where changes
in the velocity of flow were equal to or greater than 0.1 ft/day were considered to be within the extent of
the circulation cell created by the GCW.

The three-dimensiona groundwater flow that surrounds the GCW was evduated to identify overall
changesin direction of groundwater flow and velocity attributed to the GCW. The three-dimensond
groundwater flow pattern was depicted quaitatively using hydrographs, horizontal flow vector maps, and
resulting flow velocity projected onto cross-sections. The three-dimensional groundwater flow was
depicted separately for each operating condition.

The following process control data collected by AFCEE during operation of the GCW eval uation were
used to document the operating parameters of the GCW: (1) water pumping rate, (2) duration of system
operation, and (3) description of any system shutdowns.

Hydrogeol ogic data collected during previous investigations at Facility 1381 were reviewed to develop a
site hydrogeologic conceptual model. A series of aquifer tests were aso conducted to evaluate the
hydraulic parameters in the shalow aquifer zone such as hydraulic conductivity (K), transmissivity (T),
dorativity (S), and specific yield (S;). These data were used in combination with data from the flow
sensors to assess groundwater flow patterns within the treatment zones.

2.4 QUALITY ASSURANCE AND QUALITY CONTROL PROGRAM

This section discusses QC measures that were used during installation and operation of the flow sensors.

241 Calibration Procedures for Flow Sensors

All flow sensors undergo a two-step calibration process. The first calibration step occurs at the factory
and involves certifying that al thermistors measure temperature differences as small as 0.01 C in awater

bath and creating a signal signature, or caibration file. The second calibration step occursin the field,
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involving mathematicaly correcting for recorded lithology-induced therma variations. The end result isa
probe that records the thermal distribution over its surface independent of lithology and as measured

against a known standard

2472 Installation Proceduresfor Flow Sensors

QA/QC procedures implemented during installation of the sensors ensured that the exact location, depth,
and orientation of each sensor were recorded, and that the sensors were operating properly after they were
installed. The procedure for installation included recording the number designated by the factory from
each sensor and labeling each sensor with an appropriate EPA identification number. Each EPA
identification number included the project name, the work assignment number, the number designated by
the factory, the relationship to the GCW, and a two-digit consecutive number.

A reference line on each sensor was trandated to the surface indicating its orientation. The sensors were
attached to the top of the PVC casing. The line was marked on the side of the PV C casing so that the
orientation of the sensor would be identified at the ground surface. When installation was complete, the
orientation of the sensor was verified using a compass that had been corrected for declination.
HydroTechnics requires the orientation of the sensor as an input to the data processing software. After
the sensors were installed and oriented, the electrical resistance of each flow sensor was checked to make
sure that it was working properly. The GCW and the locations of the flow sensors were surveyed and the

horizontal coordinates were used to calculate the exact distances of the flow sensors from the GCW.

2.4.3 Data Processing Procedures

The probes generate raw minivolt data that HTFLOW® software interprets. QA/QC procedures used in
processing raw millivolt data used the two reference resisters built into each sensor. The two reference
resisters are fixed and read constant values regardless of the temperature or position of the sensor in the
subsurface. The data loggers collect and store readings from the reference resisters as part of the main
datafile. Thereference resisters serve as a check to ensure that data being collected are accurate and are
not subject to any electrical interferences.
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2.5 MODIFICATIONSTO THE TECHNOLOGY EVALUATION PLAN

The TEP (Tetra Tech 2000) specified that the flow sensors would be installed near the GCW and in
relation to the natural flow gradient. Two groups of flow sensors, consisting of deep and shallow clusters,
were to be installed downgradient of the GCW, and two clusters were to be installed cross-gradient from
the GCW. The sensors were installed assuming a natural flow gradient to the southwest. Groundwater
elevation data collected in 2000, however, suggest that the horizontal hydraulic gradient is very low and
that the direction of groundwater flow near the GCW varies. Evidence aso indicates that a groundwater
flow divide is present near the GCW. Because a constant hydraulic gradient is absent, the relationship of
the locations of the flow sensors to the natural direction of groundwater flow cannot be established.

The flow sensors were installed at depths that varied from the plan. The deep sensors were installed 1 to
2 feet shallower than was planned because of subsurface conditions encountered during their installation.
Soil samples collected from the deeper portion of the aquifer showed an increase in fine-grained
materials. The sensors were installed in the shallower, more permeable portion of the aquifer to ensure

flow around the sensor would be measurable.

To evaluate the flow in the upper screened interval, it was therefore decided in the field to install the
shalow sensors at a depth of approximately 1 foot (0.3 meters) below the existing groundwater surface.
The shallow sensors were installed at alower depth because the groundwater level at the site was lower
than was anticipated. Florida was experiencing a drought and static water levels were several feet lower
than had been reported in previous site investigations. The shalow flow sensors were installed with less
than manufacturer recommended submergence because initial modeling results indicated that there would
not be measurable flow deeper than 6.6 feet (2 meters) into the aquifer 6.6 feet (2 meters) radia distance
from GCW. With effort the manufacturer was able to interpret shallow sensor data.

In most cases, the radia distances of the flow sensors from the GCW were within 0.25 feet of those
specified in the plan. The clusters of flow sensors were installed along a line such that the deep flow
sensors were farther away from the GCW than were the shallow flow sensors. As aresult, the following
exceptions were noted with respect to installation distances of the flow sensors. Deep flow sensor C02
was installed 1.5 feet farther away from the GCW than was specified in the plan. Deep flow sensor D02
was installed approximately 1.75 feet farther from the GCW than was specified in the plan. Shallow flow
sensor CO3 was installed 0.5 feet closer to the GCW than was specified in the plan.
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While the technical data collection performed during the demonstration was generally consistent with the
requirements of the TEP, except as noted above, the wording of the primary objective and first secondary
objective were dightly revised for the purposes of clarity in reporting the results of the demonstration.
The TEP reports the primary objective as to evaluate the horizontal extent of the groundwater circulation
cell. This TER reports the primary objective more accurately as to evauate the flow sensor’s ability to
detect the horizontal extent of the groundwater circulation cell. The first secondary objective was
reworded to more accurately reflect the objective to evauate the reproducibility of the groundwater
velocity data obtained from the flow sensors; rather than the original wording, which was to evaluate the
precision of the sensors.
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3.0 GROUNDWATER CIRCULATION WELL SYSTEM

This section describes the GCW system, including the design and principle of operation, GCW
ingtallation, hydraulic conditions near the GCW, and operational modes of the GCW. Tablelisa
chronology of field events associated with installation and operation of the GCW.

3.1 DESIGN AND PRINCIPLE OF OPERATION

The WEI GCW isan in situ groundwater remediation system designed to Smultaneously circulate and
strip VOCs from groundwater in the aquifer. In the WEI system, airlift pumping moves groundwater
upward from a screen in the lower section of the well. Air is pumped to the bottom of the well using a
blower, reducing the weight of the water column. Groundwater and air are then lifted to an upper screen,
where the air strips VOCs and the groundwater is alowed to discharge back into the aquifer. The air
stream used to strip VOCs is extracted from the wellhead and is treated before it is released to the
atmosphere. Groundwater that re-enters the aquifer via the top screen flows vertically downward and can
be recaptured by the GCW, where it is treated again. The groundwater flow regime developed by the
GCW istermed acirculation cell, and its characteristics are critical to the effectiveness of the technology.

Key parameters of the circulation cell are its size, or radius, and its percent capture (Parsons 1999a).

For the demonstration at CCAS, the design of the GCW was modified to include an eductor pipe. The
eductor pipe was installed inside the GCW to prevent air bubbles from escaping from the lower screened
interval and into the surrounding aquifer. The addition of the eductor pipe alows air-lift pumping
operation of the GCW without exposing the GCW intake screen (lower screen) to air bubbles.

3.2 INSTALLATION OF GROUNDWATER CIRCULATION WELL"

The GCW system at CCAS Facility 1381 was installed in November 1999. A schematic diagram of the
GCW is presented as Figure 7. The GCW system is a 6-inch-diameter PV C well casing with two
separate, wire-wrapped PV C well screens, installed to atotal depth of 35 feet bgs. The upper screened
interval is 5 feet long and was ingtalled from 5 to 10 feet bgs using a 20-dot (0.020-inch), wire-wrapped
PVC screen. The lower screened interval is 10 feet long and was installed from a depth of 20 to 30 feet
bgs using a 10-dot (0.010-inch), wire-wrapped PV C screen. A 5-foot long sump was installed a a depth

L All pipe diameters and lengths are listed in American Standard Engineering units. Please see page xiv for
conversion factors for metric units.
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of 30 to 35 feet bgs, below the intake screen of the lower screened interval, to collect sediments. The
entire sub-surface system was installed in a 14-inch diameter boring.

A filter pack that consisted of 20/45 silica sand was ingtaled in the annulus around the intake (lower)
screen from 18 to 35 feet bgs. Coarser-grained, 6/20 silicafilter sand was installed in the annulus around
the outflow (upper) screen from O to 11 feet bgs. The filter sand was ingtalled using a tremie pipe and
was surged every 5 feet to ensure that the filter pack settled. Alternating layers of bentonite clay and
silica sand were poured in the annulus around the middle blank casing section between 11 and 18 feet
bgs. The bentonite clay seds were installed to prevent downward flow of water through the annulus.

The eductor pipe was constructed of 4-inch-diameter PV C to smulate the airlift performance of a 4-inch-
diameter GCW. The eductor pipeis perforated from 3 to 5.5 feet bgs and from 29.5 to 31 feet bgs. The
perforations consist of 0.5-inch diameter holes in four lines spaced radidly around the pipe,

approximately 4 inches apart verticaly.

Two piezometers were installed within the sand pack of the 14-inch diameter GCW boring. The upper
piezometer, GCWS, was screened from 7 to 8 feet bgs, adjacent to the upper screened interval of the
GCW. The lower piezometer, GCWD, was screened from 24.5 to 25.5 feet bgs, adjacent to the lower
screened interval of the GCW. Figure 6 shows piezometers GCWS and GCWD in relation to the GCW.

Four piezometer pairs, each consisting of 1.5-inch-diameter shallow and deep piezometers (2PZS/2PZD,
3PZS/3PZD, 4PZS/4PZD, and 6PZS/6PZD) were installed within a 30-foot radius of the GCW. Except
for 6PZS, these piezometers were used as observation wells during aquifer hydraulic testing. The
piezometers were screened at intervals of approximately 6 to 9.5 feet (shallow) and 22 to 26 feet (deep)
bgs.

3.3 HYDRAULIC CONDITIONS NEAR THE GROUNDWATER CIRCULATION
WELL

This section discusses hydraulic conditions near the GCW by defining the aquifer zones screened by the
GCW and describing the natural patterns of groundwater flow near the GCW.
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331 Definition of Screened Aquifer Zones

The upper screen of the GCW was ingtalled at a depth of 5 to 10 feet bgs and is completed in the shallow
aquifer zone. The shallow aquifer zone consists predominantly of coarse shell fragments and coarse to
medium sand with little or no silt and no clay.

The lower screen of the GCW was placed at a depth of 20 to 30 feet bgs in the deep aquifer zone. The
lithology of the deep aquifer zone is described as predominantly medium to very fine sand with little or
no silt or clay, possibly containing significant amounts of shell fragments. A lower part of the deep

aquifer zone consists of fine sand and silt.

Piezometer pairs near the GCW were ingtalled in either the shallow (S-series) or the deep (D-series)

aquifer zones.

3.3.2 Natural Groundwater Flow Conditions

Site groundwater elevations measured in 1996 indicated that site groundwater appears to be affected by a
northwest-trending groundwater divide (Parsons 2000). The divide directs groundwater flow to the
southwest toward Landfill Canal, and to the northeast. The groundwater divide is present in both the
shallow and deep aquifer zones, athough the location of the divide may differ in the two aquifer zones.
As aresult of the divide, direction of groundwater flow beneath Facility 1381 may be temporally variable,
as the groundwater divide moves laterally in response to changes in water levelsin the canal and

infiltration recharge rates.

Data on groundwater elevations were collected in the degp and shallow piezometers near the GCW during
natural flow conditions on separate dates in April, June, and July 2000 (Parsons 2000). Table 2
summarizes directions of groundwater flow. The data indicate that directions of flow in both the shallow
and deep zones reversed during the 4-month period. The direction of groundwater flow in the shallow
aquifer zone shifted between flow to the northwest and flow to the south and southeast. Similarly, the
direction of groundwater flow in the deep aquifer zone shifted between flow to the north/northwest and
flow to the southeast. However, the direction of flow in the degp and shallow aguifer zones were the
samein April and mid-June, but were different from each other in late June and early July. The
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combination of the low horizonta hydraulic gradient and recharge effects of the canas most likely cause
constant fluctuations in the direction of groundwater flow near the GCW.

The information presented in Table 2 indicates that the directions of groundwater flow in both the shallow
and deep aquifer zones are variable and can vary between the two aquifer zones at the sametime. The
information confirms that a groundwater flow divide exists near the GCW. As aresult, no dominant

direction of flow can be identified in either agquifer zone.

3.4 GCW OPERATIONS

During the demonstration the GCW was operated in four operational modes. GCW circulation, pump-
and-treat testing, aquifer testing, and dipole flow testing (DFT). This section describes GCW operation in
each mode.

341 GCW Circulation

AFCEE operated the GCW in circulation mode during the spring and summer of 2000. The setup of the
GCW in circulation mode is shown as a schematic diagram in Figure 8. An air supply pipe, constructed

of 0.75-inch PVC, was inserted in the GCW within the eductor pipe. Pressurized air was then supplied to
the well via piping fitted with a pressure gauge and a flow meter, which measured airflow to the GCW. A
section of 1.5-inch-diameter PV C pipe was attached to the end of the air supply pipe to direct airflow
upward within the eductor pipe. Air was injected into the GCW at a depth of approximately 29 feet bgs.

After severa weeks of operation in this mode, evidence of scaling or accumulation of calcium carbonate
was noted in the GCW. The scaling occurs when carbon dioxide is stripped from the water as it flows
through awell, when the pH of the water increases to the point that calcium carbonate is oversaturated
and beginsto precipitate. Asaresult, an acid drip system was installed, which began operating on May 5,
2000, to maintain the pH of the water and reduce scaling. The acid drip system consisted of a 5-gdlon
acid container and a metered pump that discharged acid to the top of the air supply pipe. A hydrochloric
acid solution with apH of dightly above 2.0 standard units was injected into the well at the air discharge
point, where the surging action of the airlift pumping would promote maximum mixing. The acid

injection rate was adjusted in an attempt to maintain the pH of the outflow water as near as possible to the
pH of the inflow water. The 5-gallon storage container was subsequently replaced with a 30-gdlon
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container to permit increases in the rate of acid addition. The acid injection system is shown
schematicdly in Figure 8.

During the circulation mode of operation, AFCEE conducted three types of tracer tests to assess the
performance of the GCW. Flow rate testing using bromide was performed to provide a direct measure of
flow through the GCW. A second test using sulphur hexafluoride (SFs) assessed the extent of
recirculation for flow out of the upper GCW screen back to the lower well screen. A third test using
fluorescent dye evaluated movement of water away from the GCW and into the aquifer.

3.4.2 Pump-and-Treat Testing

AFCEE conducted groundwater pump-and-treat tests both before and after operation of the GCW in
circulation mode to alow a comparison of the circulation operation results with results obtained using a
more conventiond technology (pump-and-treat). A schematic diagram of the pump-and-treat system is
shown in Figure 9. A %2-horsepower (HP) eectric submersible pump was instaled in the 4-inch ID
eductor pipein the lower screened interval of the GCW at a depth of approximately 28 feet bgs to conduct
the pump-and-treat operation.

Operation of the GCW during the pump-and-treat test consisted of pumping water from the lower
screened interval. The extracted water was pumped into a holding tank and then treated using an air-
stripping unit. The treated effluent was then piped to an infiltration zone for discharge by a sprinkler
system.

3.4.3 Aquifer Hydraulic Testing

EPA conducted aquifer hydraulic testing using the lower screened interval of the GCW as the pumping
well. Aninflatable packer was used to isolate the two screened intervals to facilitate pumping from only

the lower screened interval. Figure 10 is a schematic diagram of the aquifer testing system at the GCW.
Aquifer hydraulic tests consisted of a step drawdown test, a DFT, and a constant-rate pumping test.

Objectives and results of the aquifer testing are presented in Appendix A, the Hydrogeol ogical
Investigation Report.
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3.44 Dipole Flow Testing

EPA conducted multiple DFTs using the GCW on September 14 and 18, 2000. Figure 11 is a schematic
diagram of the setup for the DFTs. The DFTs were conducted by simultaneously pumping water from the
lower screened interval in the deep aguifer zone and injecting the discharged groundwater into the upper
screened interval in the shallow aquifer zone. The pumping rate was equa to the injection rate during

each of the DFTs. Water levelsin piezometers GCWD, GCWS, 2PZD, 2PZS, 3PZD, 3PZS, 4PZD,

4P7S, and 6PZD were monitored using Insitu® mini-TROLL pressure transducers and data loggers.

Five separate tests were completed at different flow rates during the DFTs conducted on September 14,
2000. Groundwater was pumped and injected simultaneoudly at rates of 2.3, 3.7, 6.0, 8.8, and 4.8 gdlons
per minute (gpm) in periods that lasted 30 minutes each, except for the final test, which lasted 90 minutes.
A recovery period of 30 minutes was alowed between each test. The 30-minute recovery period after
each DFT was considered adequate because relatively fast recovery in the water level was observed in the
lower and upper screened intervals of the GCW during the step-drawdown tests. Groundwater
hydrographs for piezometers GCWS and GCWD during Dipole Tests 1 through 5 (see Appendix A)
demonstrate that the 30-minute recovery period between tests was adequate.

An additional DFT (Dipole Test 6) was conducted on September 18, 2000 using a higher flow rate and a
longer test period, specifically pumping and injecting groundwater at arate of 12.5 gpm for 142 minutes.
The DFT was stopped prior to its full duration because of a power failure and, as aresult, logarithmic data
for the water level recovery could not be collected for the early portion of the test. A second high-
flow/long-duration DFT (Dipole Test 7) was conducted later on September 18, at a pumping and injection
rate of 12.5 gpm for 360 minutes.
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4.0 IN SITU GROUNDWATER FLOW SENSORS

This section describes the in situ groundwater flow sensors and discusses their operation, data collection,
and data evaluation.

4.1 DESCRIPTION OF GROUNDWATER FLOW SENSORS'

The groundwater flow sensorsinstalled at CCAS were developed at Sandia National Laboratories and
manufactured by HydroTechnics, both of Albuquerque, New Mexico. The flow sensorsarein situ
instruments that use a thermal perturbation technique to directly measure the velocity of groundwater
flow in unconsolidated, saturated, porous media. The flow sensors differ from other devices to measure
groundwater velocity in that they are in direct contact with the unconsolidated aquifer matrix where the
flow is to be measured, thereby avoiding borehole effects. The flow sensor isathin, cylindrical device
that is permanently buried at the depth where the velocity of groundwater flow isto be measured.

The flow sensors operate on the principle that if the heat flux out of the cylinder is uniform over its
surface, the temperature distribution on the surface of the cylinder will vary as afunction of the direction
and magnitude of groundwater flow past the cylinder. Because heat introduced into the formation by the
heater is advected by flow of fluid around and past the instrument, relatively warm temperatures are
sensed on the downstream side of the probe and relatively cool temperatures are detected on the upstream
side (Bdlard 1996). Thus, the direction and magnitude of groundwater flow are recorded as those
locations in the cylinder where the temperature gradients are the highest.

Each flow sensor consists of acylindrica heater, 30 inches long by 2 3/8 inch in diameter with an array of
30 calibrated temperature sensors on its surface. When the instrument isingtaled directly in contact with
the unconsolidated aquifer matrix and activated, the heater warms the aquifer matrix and groundwater
around the instrument to 20 to 30 °C above background temperature. The distribution of temperature on
the surface of the sensor is independent of azimuth and symmetrical about the vertica midpoint of the
sensor in the absence of any flow. When there is flow past the sensor, the distribution of the surface
temperature is perturbed as the heat emanating from the sensor is advected by the moving fluid.

L All pipe diameters and lengths are listed in American Standard Engineering units. Please see page xiv for
conversion factors for metric units.
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The flow sensors are designed to be installed into the subsurface through the center of a hollow-stem
auger flight, typicaly through a standard 4.25-inchrinner-diameter hollow-stem auger. Each sensor is
connected to the surface by electrical cables housed in 2-inch schedule 40 PVC well casing. One
electrica cable provides power for the 40-ohm electrical resistance heaters on each sensor. Seventy watts
of power input are required to operate a 57-volt direct current (DC) power supply a 1.4 amps. The
thermistors within the sensors have a normal resistance of 1 megaohm at 25 °C, about 2.5 megaohm at 10
°C, and about 125 killiohm at 70 °C. Table 4 provides asummary of the specifications for the flow

Sensors.

Dataloggers collect and store data as millivolt readings derived from the thermistors. The data logger can
be programmed to collect data as frequently as once every minute. Once data are collected, they can be
manuadly downloaded in the fild using alaptop computer or they can be acquired remotely through a
modem. The data can be interpreted via HydroTechnics proprietary software, HTFLOW®
(HydroTechnics 1997). The software accepts the raw millivolt data and converts them into temperature
data; temperature data can then be manipulated and smulated to calculate velocities of groundwater flow
using an inverse technique. The resulting output includes horizontal and vertical groundwater velocity

vectors and an azimuth for horizontal direction of flow.

4.2 INSTALLATION OF GROUNDWATER FLOW SENSORS

Seven flow sensors were installed in the deep and shalow aquifer zones in two separate clusters. The
flow sensors were installed from June 26 to June 28, 2000; data collection and data downloading began
by July 1, 2000. Specifications for installation of the flow sensors are provided in Table 5.

Locations of the sensors in the deep and shallow aquifer zones relative to the GCW are shown in Figure 6.
Four flow sensors (D-series) were installed southeast of the GCW, and three flow sensors (C-series) were
installed southwest of the GCW. The radid distances of the flow sensors from the GCW were selected
based on modeled predictions of the extent of the circulation cell created by the GCW. The modeling
results were also used to predict the velocity of groundwater flow in the area that surrounds the GCW.

A generd criterion was established to define the area of the GCW circulation cell where changesin the
velocity of groundwater flow either horizontal, vertical, or both of more than 0.1 ft/day occur. Based on
this criterion and on the results of the GCW maodeling, two of the flow sensor clusters (COL/C02 and
D01/D02) were installed within the predicted radius of the circulation cell, 7.5 feet from the GCW. The

other two flow sensor clusters (C03/C04 and D0O3) were installed at 13 to 15 feet from the GCW.
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The depths of the flow sensors were selected in reference to the upper and lower screened intervals of the
GCW. The upper screen of the GCW was installed from 5 to 10 feet bgs, and the lower screen of the
GCW was installed from 20 to 30 feet bgs. When the flow sensors were installed, the water table was
approximately 8 feet bgs, based on awater level measurement in piezometer 3PZS made on July 7, 2000
(Parsons 2000). The shallow flow sensors were installed at depths so that the top of each sensor was
approximately 8.5 feet bgs, or about 0.5 foot below the static water table. The deep flow sensors were
installed at depths so that the top of the sensor was approximately 17 to 19 feet bgs. Based on
recommendations by HydroTechnics, the deep sensors were ingtaled first, followed by the shallow
sensors. This method allowed the formation time to settle around the deep sensors before drilling was
resumed in their immediate vicinity.

When the soil borings were advanced for flow sensor installation, soil samples were collected at changes
in lithology or a 5-foot intervals using a 24-inch-long, split-spoon sampler. The soil samples were used
to assess subsurface conditions and for lithologic logging. Soil samples and cuttings were logged using
the Unified Soil Classfication System. In addition, the bottom 4 feet of each boring was continuously
sampled to ensure that the 30-inch long sensors would be positioned in a relaively homogenous lithologic
section of the soil column. As such, the depths proposed for the sensors were adjusted based on the
subsurface conditions encountered during installation to ensure a homogenous lithologic section in the

vicinity of the flow sensor.

4.3 OPERATION OF GROUNDWATER FLOW SENSORS

The flow sensors were connected to a control panel to provide electrical power for their heaters and to
store outputs in adatalogger. Two Campbell Scientific CR-10X data loggers were used to record sensor
data and were connected to a modem for remote data access. One data logger was dedicated to the four
cross-gradient sensors, and the other data logger was dedicated to the three downgradient sensors.
Starting on July 1, 2000, the data loggers recorded data from each sensor every 30 minutes for the 6-
month evaluation period. The data from the flow sensors were collected at 2-minute intervals during the
aquifer testing period from September 11 to September 20, 2000.

Data from the flow sensors were being collected and stored as millivolt readings, derived from the
thermistors that cover the sensors. Failure of a power strip at the beginning of September 2000
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(potentialy the result of lightning strikes) caused al of the flow sensors to power down. The failure was
discovered and the power strip was replaced; the flow sensors were restarted on September 11, 2000.

Based on the memory capacity of the data loggers and the proposed frequency of data collection, each
data logger rewrites over old data about every 2 months. Each data logger was downloaded remotely
every 30 days using a modem to ensure that no data would be lost. This schedule alowed approximately
30 days to collect data manually in the event that remote access capabilities were lost. The raw sensor
data was processed using HTFLOW® software. A copy of the HTFLOW® software manual wasincluded
as Appendix A inthe TEP/QAPP (Tetra Tech 2000).

4.4 LIMITATIONS OF FLOW SENSOR DATA AND DATA MANIPULATION

The process of smulating and manipulating data from the flow sensors yields a three-dimensiona vector
for velocity of groundwater flow, which is then converted to the horizonta Darcy flow rate, vertica
Darcy flow rate, and the azimuthal direction of groundwater flow. The limitations of data manipulation

are discussed in the following sections.

44.1 Flow Velocity Simulation

Vectors for the velocity of groundwater flow were simulated using HTFLOW®, which employs an
inversion process to match theoretical curves with the observed temperature data. \When the observed
temperature data are discontinuous or exceed the upper bounds of the recommended velocities, the
simulation becomes unstable and difficult to converge and could result in inversion errors.  In generdl,
small, abrupt temperature changes can be smulated by varying the time-steps (averaging the data to
smooth the curve).

During the study period, some flow sensors recorded huge changes in temperature gradient as a result of
exposure to ground water flows in excess of the specified 2.0ft/day upper limit. These high ground water
flows induce large inversion errors and an unreliable calculated velocity. In such cases, velocity data
were omitted represented as corresponding data gaps in the hydrographs. For example, deep flow sensor
D01 showed severa gaps in velocity data during the aquifer hydraulic testing period. However, the raw
millivolt data collected in these circumstances provided a useful, if qualitative, window into how quickly
flow vectors changed.
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4.42 Placement of Flow Sensorsin Relation to Direction of Groundwater Flow

The flow sensors were installed based on distance from the GCW and relative to the expected natural
direction of groundwater flow toward the southwest. Based on this assumption, cross gradient (southeast)
and downgradient (southwest) clusters of flow sensors were installed. However, because of the probable
presence of a groundwater flow divide near the GCW, direction of groundwater flow is more variable. As
aresult, the relationship of the flow sensors to the horizonta hydraulic gradient is most likely transent.
Therefore, the flow sensors and clusters are referred to as “ southeast” and “ southwest,” rather than “ cross

gradient” and “downgradient” for this evauation.

4.4.3 Depth of Shallow Flow Sensors with Respect to Water Table

The manufacturer’ s recommended installation depth requires a minimum of 5 feet of saturated aquifer
material between the top of the flow sensor and the water table. If the flow sensor istoo near the
unsaturated zone, which tends to be higher in temperature than the underlying groundwater, then the
existing temperature gradient will incorrectly be interpreted by the sensor as upward flow. These
superposed vectors can be accounted for and corrected using the programs' vector subtraction feature. To
evaluate the flow in the upper screened interval, it was decided in the field to ingtall the shallow sensors at
a depth of approximately 1 foot below the existing groundwater surface (approximately 8 feet below
ground surface) to alow the sensor to be placed at a depth similar to the upper screened interval of the
GCW. The limited water column above the sensors may have impaired the sensor’ s performance.
However, it was suspected that deeper placement of the flow sensors would compromise the ability to
evauate GCW performance in the shallow aquifer zone.

444 Accuracy and Precision of Flow Sensor Data

Past studies conducted by independent parties have shown that the flow sensors accurately record precise
flow velocity data when directly compared to piezometric analysis in fluctuating flow environments such
as occur in natural ground water/surface water interactions as well as pump test of many varieties.
Though the probes routinely and accurately record fluctuations in flow velocities, flow velocities higher
than 2 ft/day have higher interpretation errors. This upper limit is dictated by the sensor geometry and the
heat flow equation centra to the agorithm. The agorithm used by the sensor to calculate a flow vector
requires the last collected data point; if that last data point is outside the upper specified limit, it will
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calculate the next data point but yield an incorrect velocity. In addition, rapid oscillations in flow

velocities, as might be experienced by turning a nearby pump on and off very quickly, may yield
ambiguous data. Some measure of equilibrium must be attained between changes in velocities for any one
velocity to be calculated faithfully.

4.4.5 Physical Reliability of Flow Sensors

Each flow sensor consists of arod of low thermal conductivity surrounded by athin flex circuit heater, an
array of 30 temperature thermistors, and a waterproof jacket constructed from high-density plastic and
PVC. Theedtimated life of the flow sensorsis 1 to 2 years (Ballard 1996) though many have lasted much
longer.

The flow sensors are capable of measuring groundwater flow velocities in the range of approximately 5 X
10° to 1 X 10° centimeters per second (crm/s) (0.014 to 2.8 feet per day) (Balard 1996). Higher flow
rates than were anticipated near the GCW exceeded the capability of the instruments. For this evaluation,
flow velocities greater than 3 feet per day were considered less reliable.
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5.0 RESULTSAND INTERPRETATION OF FLOW SENSOR DATA COLLECTION

Groundwater velocity vectors were calculated from the temperature data collected from each flow sensor.
When the GCW was not in operation, the measured groundwater velocity vectors were assumed to be the
background velocity. These background velocity vectors for each of the shallow flow sensors were then
subtracted from al of the velocity vectors using vector subtraction. This process essentialy reduced the
ambient groundwater flow vector to zero, primarily to observe the effects of pumping and GCW operation

on the groundwater flow regime.

5.1 GCW CIRCULATION OPERATION (JULY 1 TO JULY 30, 2000)

This section describes the groundwater velocity data collected during July 2000. Data from this period
are presented in Figures 12 through 26 and in Table 6. Table 7 provides a chronology of probable GCW
operationa events during July and August 2000, as interpreted from the flow sensor data.

511 Horizontal and Vertical Groundwater Darcy Velocities

Horizontal and vertical groundwater Darcy velocities are presented and discussed in this section.

Horizontal Darcy Velocities. Figures 12 and 13 present hydrographs of horizontal groundwater Darcy
velocity versus time in the deep aquifer zone, with Figure 12 showing the actual data and Figure 13
displaying data corrected for background. The background horizontal velocities are very low, on the
order of 0.01 ft/day; therefore, differences between the two sets of data are insignificant.

The flow sensor data indicate that the GCW was not operationa until July 11, when the four flow sensors
in the deep aquifer zone recorded sharp increases in horizontal velocities. Theincreasesin flow velocity
recorded on July 11 are caused by initiation of the long-term GCW circulation mode test; that is,
smultaneoudy pumping from the lower screen and injecting into the upper screen. The responses of the
flow sensorsindicate that al of the deep sensors were in an area of the aquifer zone that was affected by
operation of the GCW. Southwest flow sensor D03, farther from the GCW, exhibited a greater response
to operation of the GCW than did flow sensor D02, which is closer to the well. Southeast flow sensor
C02, which is closer to the GCW, exhibited a greater response to operation of the GCW than did flow
sensor C04, farther from the pumping well. Different responses in southwest flow sensors D02 and D03
possibly indicate aguifer heterogeneity and anisotropy in this direction. According to the flow sensor
data, the long-term GCW test ended late on July 28, 2000, resulting in atest period of about 17 days. The
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velocity data from the flow sensors suggest that the GCW circulation flow was generally constant over
the testing period.

Flow inversion errors versus time, shown in Figure 14, indicate that inversion errors increased when the
flow velocity is higher during the operation period from July 11 to July 28, 2000. Thermistor temperature
data versus time shown in Figure 15 indicate that flow sensor CO2 recorded substantia variationsin

temperatures during the GCW testing period.

Horizontal groundwater Darcy velocitiesin the shallow aquifer zone are shown in Figures 16 and 17;
Figure 16 shows the actual measurement data, and Figure 17 displays data corrected for background. As
with the deep aquifer zone, the data collected before July 11 shows the natural flow velocities, whichin
the shallow aquifer zone are approximately 0.3 to 0.5 ft/day. On July 11, 2000, similar to the deep flow
sensors, the shallow flow sensors recorded a sharp change in horizontal Darcy groundwater velocity.
Southeast flow sensor CO1, which is closer to the GCW, showed lower horizontal velocities than were
measured at southeast flow sensor C03, which is farther from the GCW. Horizontal velocities recorded at
shallow southeast flow sensor CO3 were similar to southwest flow sensor D01, on the order of 1.5to 2
ft/day.

Flow sensor inversion errors versus time, shown in Figure 18, indicate that inversion errors increased by
up to approximately 0.6 °C during the GCW testing period. The 0.6 °C inversion errar is generaly
considered the upper limit of the errors for reasonably reliable velocity smulations. Thermistor
temperatures versus time, shown in Figure 19, indicate that more variation in temperature at flow sensor
CO01 occurred during the GCW testing period.

The net flow velocities for the deep flow sensors ranged from 0.5 to 1.5 ft/day during the GCW testing
period. The net flow velocities for the shallow flow sensors ranged from 0.5 to 2.0 ft/day during the
GCW tegting period.

Vertical Darcy Velocities. The measured vertical Darcy groundwater velocities versus time in the deep
aquifer zone are shown in Figure 20. Figure 21 shows the vertical flow velocities with background flow
removed. Thereisvery little difference between the two sets of hydrographs, indicating that the
background vertical velocities are low in comparison to the changes in flow velocity during the test
period. Aswith the horizontal velocities, a change in the vertical velocities occurred on July 11. This

37



change is the start of pumping associated with the long-term GCW test. The most significant change in
the vertical velocity occurred in flow sensor C02, 8.9 feet southeast of the GCW, where the vertica
velocity reversed from upward to downward, to approximately minus 5.0 feet per day. The changein
vertical velocity was much less pronounced in the other deep southeast flow sensor, CO4. At southwest
flow sensors D02 and D03, the more significant change in vertica velocity occurred at D03, farther from
the GCW than is flow sensor D02, which exhibited a much less pronounced response that was similar to
flow sensor C04. Vertical groundwater velocities in each of the deep flow sensors appear to have
stabilized quickly after the GCW test began and remained consistent until the apparent end of the test on
July 28, 2000.

Vertica velocities versus time measured in the shallow aguifer zone are shown in Figures 22 and 23. One
of the shalow flow sensors, southeast flow sensor D01, recorded a brief change in vertical velocity on
July 8, 2000, which was not registered by other shallow flow sensors CO1 and CO3 or any of the deep

flow sensors. The reason for this brief change in vertical flow velocity in flow sensor DO1 is unknown.

51.2 Horizontal Groundwater Flow Directions

Horizontal directions of groundwater flow under GCW circulation mode measured in the deep aquifer
zone are shown in Figure 24. The data shown were collected at 4 p.m. on July 28, 2000, near the end of
the pumping period associated with the GCW testing period. It is assumed that groundwater circulation
reached a steady state condition at the end of the GCW testing period.

The length of the arrows shown on Figure 24 represents the magnitude of horizontal flow velocity. It
appears that velocities of groundwater flow in three out of the four sensors are on the order of 1 foot per
day. Assuming natural flow velocities in the deep aguifer flow zone on the order of 0.01 ft/day, the
arrows that represent vectors of velocity and direction in Figure 24 indicate that al of the flow sensors are
in areas that were affected by pumping of the GCW. In genera, except for flow sensor D03, the
directions of groundwater flow shown are toward the lower screen of the GCW.

Figure 25 shows the horizontal Darcy velocity and direction of flow in the sensors for the shallow aquifer
zone. The flow velocities at sensors CO3 and D01 are an order of magnitude higher than the estimated
natural rate of flow in the shallow aquifer zone of about 0.3 ft/day, with little change recorded at flow
sensor CO1. The directions of flow are away from the GCW, indicating that the sensors in the shallow
aquifer zone were recording the effects of water recharged to the upper screen of the GCW.
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5.1.3 Resultant Groundwater Flow Velocities Projected in Cross-Section

Resulting groundwater flow velocities and directions, measured by the flow sensors on July 28, 2000,
were projected onto cross-section AOB, shown in Figure 26. (The location of cross-section AOB is

shown in Figure 6.)

Figure 26 shows that under pumping and reinjection conditions, as represented at the end of the GCW
circulation test, velocities and directions of groundwater flow in the deep and shallow aquifer zone were
clearly atered by operation of the GCW. The highest velocities were recorded in sensors closest to the
GCW, C01, C02, and DO1. The flow regime near the GCW, as defined by those sensors, appears to
contain a more pronounced component of vertical flow than of horizontal flow. This phenomenonis
consistent with the Oregon Graduate Institute’s model predictions and observations during aguifer testing.

The magnitude of flow velocity reflected on Figure 26 may be less reliable than the directions of the
recorded flow because (1) flow velocities at sensors C01, C02, and D01 are out of the range that can be
measured, according to specifications for the flow sensors, and (2) the shallow flow sensors may be
significantly affected by ambient temperatures in the vadose zone. Nevertheless, flow at each of the
shalow flow sensorsis directed away from the GCW, while flow recorded at each of the deep flow
sensors is toward the GCW, consistent with the direction expected in acirculation cell produced by
operation of the GCW.

5.2 FINAL PUMP-AND-TREAT TESTING (AUGUST 1 TO AUGUST 31, 2000)

This section describes the data on velocity and direction of groundwater flow collected during the August
2000 GCW fina pump-and-treat test. Data from this period are presented in Figures 27 through 41 and in
Table 6. Table 7 provides a chronology of probable events during August 2000 as interpreted from the

flow sensor data.

5.2.1 Horizontal and Vertical Darcy Groundwater Velocities

Horizontal Darcy Velocities. Figures 27 and 28 show hydrographs that display horizontal groundwater
Darcy velocities versus time, as recorded in the deep aquifer zone during August 2000. The actua data
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are shown in Figure 27, while the data with background removed are shown on Figure 28. The
background flow velocities are low, so there is very little difference between the two figures. The
hydrographs indicate that the GCW pump-and-treat test started and stopped several times during the final
pump-and-treat tests, asindicated in Table 7. The changes in horizonta velocity measured by the flow
Sensors are consistent between pumping events, suggesting that the pumping rate was similar during the
period. In genera, the horizontal velocities at the same deep sensors were lower than were recorded
during the long-term GCW circulation test, suggesting that the pumping rate for the pump-and-treat test
was lower.

Southeast flow sensor C02, closer to the GCW, recorded higher velocities (0.5 ft/day) during the pumping
events than were recorded at southeast flow sensor C04 (0.3 ft/day), farther from the GCW. Southwest
flow sensors D02 and D03 recorded similar velocities during the pumping events, on the order of 0.6
ft/day.

Figure 29 shows flow sensor inversion error versustime. A higher inversion error is associated with flow
sensors CO2 and DO2. Thelarge inversion error is probably caused by abrupt changesin flow velocity
associated with the beginning and end of pumping. However, the inversion error is within the acceptable
limit of 0.6 °C.

Figure 30 shows thermistor temperature versus time for each of the flow sensorsin the deep aquifer zone.
The data show that the largest variation in temperatures among different thermistors was associated with

flow sensor CO4.

Hydrographs of horizontal Darcy groundwater velocities versus time in the shallow aquifer zone during
August 2000 are shown in Figures 31 and 32. Figure 31 shows the actua data, and Figure 32 shows the
data with background removed. Comparison of the hydrographs shown in Figure 31 and Figure 32
indicates that the background flow measured by flow sensorsin the shallow aquifer zone is much higher

than in the deep aquifer zone.

The background velocity of flow indicated by the shallow flow sensorsis likely artificial because the
shallow flow sensors were installed too near to the water table, and the measurements were atered by the
ambient temperature in the vadose zone. The hydrographs displayed in Figure 32 show that the sensorsin

the shallow zone were recording events associated with the final pump-and-treat test. These events are
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the same as those recorded by the flow sensorsin the deep aquifer zone. Therefore, the data for the
shallow sensors can be used qualitatively to evaluate changes in flow pattern caused by pump-and-treat
operations, even though the absol ute velocity values recorded by the shallow flow sensorsremain
questionable.

Inversion errors associated with the shallow flow sensors are shown in Figure 33. In generd, inversion
errorsin the shallow flow sensors were on the order of 0.2 to 0.3 °C in August 2000, which iswithin the
acceptable range.

Thermistor temperature (in °C) versus time for the flow sensors in the shallow aquifer zone is shownin
Figure 34. Thermistor temperatures in all three of the shallow flow sensors show that the temperature
digtribution of the thermistorsis stalle.

Vertical Darcy Velocities. Figures 35 and 36 show hydrographs of vertical Darcy groundwater velocities
versus time in the deep aquifer zone; Figure 35 shows the actual data, and Figure 36 shows the data with
background removed. The differences between the two sets of hydrographs are dight because the
background flow velocities in the deep aquifer zone are low. The vertical velocities in the deep aquifer
zone (Figure 36) indicate that vertical flow caused by pump-and-treat operation is clearly shownin
southeast sensor C02. However, the response to pumping is limited at other flow sensors, particularly

D02 and C04. These velocity data indicate that significant vertica recharge may occur near the GCW in
the southeast direction when the deep aguifer zone is pumped. The vertical recharge was not measured in
other directions.

Figure 37 shows measured vel ocity data, and Figure 38 shows data with background vel ocity removed.
The apparent background velocities are an artifact of the temperature gradient imparted from the warmer
unsaturated zone sediments dightly above the top of the shallow sensors.  Subtracting out the background
vector essentialy negates the unsaturated zone temperature differential that appears like an enhanced
vertical flow velocity. Nevertheless, data for the shallow flow sensors did respond to the events of the
pump-and-treat testing. The most significant response was recorded in southwest flow sensor DO1. Of
the two southeast flow sensors, the more pronounced response was recorded at flow sensor C03, which is
farther from the pumping well. This phenomenon may reflect aquifer heterogeneity and anisotropy.
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5.2.2 Horizontal Directions of Groundwater Flow

Horizonta directions of groundwater flow recorded in the deep aquifer zone near the end of the pump-
and-treat test are shown in Figure 39. The data shown were collected at 6 p.m. on August 25, 2000, near
the end of a pumping period that began on the morning of August 21, 2000. It was one of several distinct
pumping events associated with the final pump-and-treat test.

This time was selected to represent a steady-state flow condition under the pump-and-treat operation.
Velocity of groundwater flow recorded by three of the four sensorsis on the order of 0.5 to 1 foot per day.
Assuming natural velocities of flow in the deep aguifer flow zone on the order of 0.01 ft/day, the arrows
that show velocity and direction in Figure 39 indicate that al of the flow sensors in the deep aquifer zone
are affected by pumping of the GCW. In genera, the flow directions measured by the sensors are toward
the GCW. Deviationsin the southwest direction may reflect aquifer anistotropy and preferential
groundwater flow paths.

Figure 40 shows the horizonta direction of flow in the shallow aquifer zone measured by the sensors.
The velocities at the three flow sensors are similar to the estimated natural rate of flow in the shallow
aquifer zone of about 0.3 ft/day, suggesting that pumping in the deep aquifer zone had limited impact on
the flow pettern in the shallow groundwater.

5.2.3 Resultant Groundwater Flow Velocities Projected in Cross-Section

Groundwater flow velocities and directions recorded on August 25, 2000, were projected onto cross-
section AOB, as shown in Figure 41. (The location of cross-section AOB is shown in Figure 6.) A vector
calculation and vector component projection approach was used to generate Figure 41.

Under conditions represented at the end of the fina pump-and-treat test, velocities and directions of flow
measured by the sensors in the deep and shallow aguifer zones show aradia flow pattern toward the
pumping interval in both the deep and shalow aquifer zones. The flow regime as defined by al of the
sensors is consistent with the pattern expected by pumping the lower screened interval of the GCW.
Figure 41 shows that the flow sensors are capable of measuring and defining patterns of flow in
groundwater around the GCW or a pumping well.
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