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PREFACE

The Arizona Hydrological Society (AHS) is an organization that draws together, as
members, individuals and groups who are interested and/or involved in advancing the science
of hydrology and the development, management and use of water resources in the State of
Arizona and other areas in the Southwest. These members include consultants,
administrators, policy makers and lawyers in governmental agencies and the private sector,
and academicians engaged in the teaching and research of all aspects of water resources.
The AHS annual symposium is an important event for its members and other water resources
interest groups. It serves as an important forum for discussion on the status of hydrology,
its applications and other related issues in Arizona and the Southwest.

The theme of this year’s (1993) annual symposium was "Emerging Critical Issues in
Water Resources of Arizona and the Southwest." It was selected to address the many
critical water resources related issues facing Arizona and the U.S. Southwest. The issues
include the most obvious water quality and quantity problems, and the not so obvious but
equally important legal, policy, economic and administrative aspects of water resources
problems in the area.

Recently, many parts of the arid and semi-arid Southwest have been experiencing
critical water shortage problems with occasional dosage of excess water in some places at
times. Shortage of water occurs when the needed amount of quality water is not available
at the right time and place of need. This can be due to either a physical shortage of
available water in a particular place and time, or contamination of the available water in an
area or both. In some places, available water is getting degraded to the extent of becoming
unsafe for human consumption. Even the Central Arizona Project (CAP) water needs some
treatment before it is used for human consumption. The seriousness of such water quality
problems in the southwest can be summarized by Mr. William Wiley’s luncheon address,
"Water, water everywhere, but nothing to drink".

Arizona and the entire Southwest also occasionally experience excess amount of
water at least on temporarily basis. This occurs following unusually heavy precipitation
event or a series of events like the ones which occurred in Arizona during the winter or in
the midwest in the summer of this year. In those case, reservoirs were filled, farms flooded,
bridges and roads destroyed, and many citizens temporarily rendered homeless. The
completion of the CAP has also resulted in the availability of excess water in Arizona, at
least in the short term. These are problems that need to be taken seriously in the State of
Arizona and the Southwest.

All this means hydrologists, water resource managers and other water resources-
interest groups need to sharpen their technical skills to protect the existing clean water, and
improve the quality of any degraded water resource in the area. This
may require developing and adopting new ways of technically, legally and administratively
handling our water resources. The need for and importance of such an approach was
eloquently put forth by Ms. Rita Pearson in her luncheon address on "learning about the
changing face of our water policy."”



Most of the critical water resource issues facing Arizona and the southwest were
captured to a certain extent by the different topics discussed in the various sessions of the
Symposium. Altogether, there were 52 presenters addressing diverse issues such as
quantity, quality, legal, policy and management aspects of water resources, other specific
regional topics like the CAP, and Indian water rights, and some technical aspects of handling
water resources problems such as water resources modeling, flood hazard analysis anc
remediating water quality problems. Twenty of the papers presented were submitted foi
publication.

The submitted papers are sorted and then grouped into six categories on the basis ot
the type of hydrological or water resource-related issues addressed in each paper. The six
categories constitute the first six parts of the Proceedings while the last part consists of
abstracts submitted without complete papers and a list of the speakers who submittec
neither abstracts nor papers.

Parts | and Il of the Proceedings discuss on the problems, opportunities and possible
constraints with aquifer restoration and water quality sampling activities, respectively.
Topics on wastewater reclamation through subsurface recharge as an emerging watel
management technology are presented in Part Ill, while surface water analysis techniques
and utilization of hydrological models to solve water resources problems are presented in
Parts IV and V, respectively. The sixth part consists of papers that address critical legal anc
regulatory issues in water resources.

In general, all the papers in the Proceedings address mostly practical, real world watei
resource problems which attempt to provide practical and relevant solutions. The other
main contribution of the symposium lies in its service as a neutral forum for inter-disciplinary
discussions on critical regional water resource issues, problems and solutions. As such |
hope that all water resource related agencies and other concerned individuals and groups in
the area will realize this service of the AHS and take full advantage of it in the future.

Aregai Tecle, Editor

Chairman, 1993 AHS Annual Symposium
School of Forestry

Northern Arizona University

P. O. Box 15018

Flagstaff, Arizona 86011-5018
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EMERGING CRITICAL ISSUES IN
WATER RESOURCES OF ARIZONA
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by
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EMERGING CRITICAL ISSUES IN WATER
RESOURCES OF ARIZONA AND THE SOUTHWEST!

Lawrence D. Garrett?

ABSTRACT: Several critical water resource issues face scientists, policy makers and managers in the
Southwest. The past four decades have produced significant enhancements in reservoirs, transfer
systems and pumping technology. Although improvements will continue in these areas, they will be
less pronounced. Environmental issues will be extensive, including riparian management, ground water
degradation and wastewater reclamation. Financing the CAP project and appropriate groundwater use
levels will be significant economic issues. Legal issues will be prominent, including Indian water rights
and rights to waters originating in wilderness areas and public lands in general.

One of the most complex issues will relate to the management of public lands and how it impacts
water quality and quantity both on and off public lands. Ecosystem management will be the primary
guideline on these lands for several decades. In this regard, science, policy making and management
guidelines are needed now to address issues of forest overstory density and forest ecosystem health and
diversity.

INTRODUCTION

I appreciate the opportunity to visit with you today regarding "Emerging Critical Issues in Water
Resources of Arizona and the Southwest.” I am impressed with your list of speakers in the various
concurrent sessions. It is good to see broad coverage of important issues such as Colorado River water
utilization, Indian water rights, groundwater and surface water opportunities, water reclamation and
water quality. I am pleased that difficult issues like riparian management and protection and
groundwater contamination are being addressed in the program. Also, I note that your society has
chosen to involve representatives from Arizona’s Comparative Environmental Risk Project! I feel that
project, with its comprehensive approach, will cause all of us to think more globally in environmental
assessments, especially as regards what segments could be at risk and potentially causing others to be
at risk.

I am strongly involved in the comparative risk project or ACERP, as we call it. I am also
involved in G-SPED, directed at economic development and trade, the Governor’s oversight committee
on public forest land management, and a Southwest University Consortium Forest Study. I mention all
of these because I think each effort in its own way is trying to do something very important. I will pick

Keynote address, Arizona Hydrological Society Sixth Annual Symposium, Casa
Grande, Arizona, September 23-24, 1993.

] awrence D. Garrett is Dean of the School of Forestry, Northern Arizona
University, Flagstaff, Arizona.




a phrase you have heard a lot to explain it. "Think Globally, Act Locally." Most of our issues today
transcend our local communities, states and regions. In many cases even our countries. Water
resources are no exception. Yet, a great part of our solution must be attained at the local level.

As you well know, much of Arizona’s water supply, consumption, degradation, and recreation
problems are not simply a result of people living in Arizona. It is my full belief, and I think probably
yours as well, that more and more of Arizona’s future water issues and problems will be driven out of
a more regional and national environment.

I would like to take a few minutes this morning to expand on your topic of "Emerging Critical
Issues in Water Resources of Arizona" and hopefully give each of you some food for thought, as you
enter your two days of meetings.

I will preface my comments with a statement on the tenor of my talk. It will at times seem
almost Malthusian in tone. That relates simply to the need to put reality into the picture. Today’s
problems in water resources are both difficult and complex. To argue differently would be misleading.
On the other hand, I believe our society has the capacity for solving the most complex and difficult
problems, even water resource issues in the Southwest.

CRITICAL WATER RESOURCE ISSUES

There are several key critical water resource issues that I feel have emerged and are emerging.
I would like to mention several of them. Then I would like to relate by an example how difficult and
time consuming our solutions have become. Finally, I will mention one study NAU is involved in that
takes a more comprehensive approach to solution.

Before I start, lets revisit where we are in Arizona regarding water resources.

Arizona’s water situation, in some ways, is not unlike our neighboring state of California.
Measured on a decadal basis, demand, especially urban demand, will be an ever-increasing function
with shifts occurring from one sector to another. Significant changes in real physical supply, for all
practical purposes, is somewhat fixed. I say this knowing of opportunities in conservation and in
weather and vegetation management.

In the distant past, we did not have the level of water resource access that we have today. The
primary factors that have increased our access to water resources has been the development of large
reservoirs, transfer systems, and efficient pumping systems. In many ways, these man-made
infrastructures have allowed us to transfer water from its source locations to locations we have chosen
to live in and develop, namely, the central and southern desert regions of Arizona.

It is probably reasonable to assume that development of extensive reservoirs like Lake Powell,
transfer systems like CAP, and more efficient pumping systems have been fairly maximized at least for
the next two decades. For the period 1995-2015, we will likely not radically increase real water
supplies to the state.

In the last half century, agricultural and urban development in Arizona had to resort to
groundwater pumping to accommodate increased demand for water. As a consequence, extensive



overdrafts have occurred for many years. The very progressive groundwater legislation of 1980
established regulation and conservation practices as well as management direction for rectifying the
groundwater overdraft problem in the state. However, this particular problem continues to plague the
state’s water conservation practices.

Through the decade of the 1980’s, total water consumption in the state from deep well pumping
contributed almost half of our total consumption. The overdraft has been significant. Some water tables
have dropped hundreds of feet with associated land subsidence.

Surface water supplies to the state in the 1980’s contributed approximately the other half of the
state’s total consumption. A significant source of surface water supplies emanate from the Colorado
River system. The remaining surface water supplies are from Arizona river systems, primarily the Salt
and Verde Rivers, and managed by the Salt River Project.

Colorado River water availability was greatly enhanced by movement of Colorado River water
through the Central Arizona Project to the Phoenix metro area in 1985 and recently to the Tucson metro
area in. Access to the Colorado River through the CAP, with the tremendous storage catchments in
Lake Mead and Lake Powell, create both stable supplies and potential stable pricing. I say potential
because there are CAP payment issues yet to be resolved. Likewise, development of extensive
catchments on the Salt and the Verde River Systems by the Salt River Project have created fairly stable
supplies and stable prices.

Although Arizona’s fairly fixed future water supplies could seemingly be problematic, transfers
from agricultural uses to urban and industrial uses will likely continue to occur due to pricing
mechanisms, conservation practices, and declining agricultural uses. The current large uses in the
agricultural sector may therefore tend to mitigate somewhat, problems of increased urban use.

And as everyone in this room knows, potential declining agricultural use of water will likely be
taken up by increasing uses for urbanization. Although we might hope that predictions of doubling
Arizona’s population early in the 21st century is a fantasy, there are real expectations it is likely to
occur. ‘

This doubling of Arizona’s population and associated growth will occur not only in the urban
areas of Phoenix and Tucson, but in areas like Kingman, Bullhead City, Flagstaff, Williams, Yuma and
Pinetop as well as increasing distributed populations in many rural areas.

It is that increasing diverse population and its needs, demands and interests, that will both drive
future water issues and problems, and bring increased complexity and difficulty to any resolutions
sought. What are some of those issues likely to be?

Environmental Issues
Many of the issues that will be brought on by increasing and more diverse populations will be

environmental issues. In Arizona I think two primary issues will likely impact water resources
significantly in the next three decades.




One issue is riparian zone restoration. It will move from the current state focus of loss anc
degradation of riparian ecosystems over the last 50 years to a more focused emphasis on specific areas
of protection. This has begun with current proposed legislation for protected zones on many rivers anc
streams in the state. As population increases in both rural and urban areas there will be focusec
localized attention on protection of individual riparian ecosystems that will in turn translocate themselves
upstream and downstream to other riparian zones.

Groundwater degradation will become a major issue in urban communities, and growing rural
communities. These issues and problems will impact wastewater disposal, reclamation projects, wasts
management systems and land management practices.

Economic Issues

We will obviously have, in the next three decades, economic issues surrounding effective
financing of the CAP Project and appropriate pricing for maintaining agricultural industry. I think thes
will be particularly difficult times because price increases will be greater than have been experienceu
in the last three decades.

However, I think some of our greatest economic arguments may be in the public sector relating
to continued use of groundwater. Potential inability to meet the mandates of the groundwater law could
expose Arizona to penalty pricing mechanisms similar to those witnessed in private industry regardiny
air quality.

Wrapped into economic issues will be the continued economic/legal aspects of land purchase
for water rights. This will continue to be a critical western water problem.

Legal Issues

I think two legal issues regarding water resources have only begun to be debated. One i
obviously Indian rights and will definitely take the forefront in the next few years. That issue will mov«
quickly into a second quasi political/legal arena relating to water rights associated with public lands,
initially wilderness areas. This issue will be staged from public, state and private rights perspective-
and from environmental perspectives. I think the issue will eventually move politically to all publi
lands, and be extended into areas of effective public land management for not only protecting the
environment, but fostering continued quality water to states and municipalities.

Western congressional leaders have begun to debate this issue on specific case approaches. A
most recent case is in wilderness designations just north of us in Colorado.

Public Land Management

There is another critical emerging issue affecting water resources in the intermountain west anc
southwest, and that is forest watershed management. I have left it to last for two reasons. First, it by
itself affects most other water resource issues over the long term, and secondly, I wish to use it as ar
example of the complexity and difficulty we face in the area of water resource management.



All of us in the inner basin west and southwest realize that our long term solutions in water
supplies relate to how we manage and protect higher elevation forested watersheds. This relates to the
fact that that is where most of our surface water and water to recharge overdraft comes from. The Salt,
Verde and Colorado River systems emanate from high altitude coniferous forests in Arizona and
Colorado.

A critical issue facing resource managers and water resources is the present and future condition
of these watersheds. Their condition affects evapotranspiration and soil moisture, seeps and springs,
instream flows, erosion, riparian ecologies, reservoir siltation, decadal release levels and eventually
water pricing. :

The complex interrelated issue of forest watershed management involves policy, environment,
economics and integrated resource management concerns. The science needs are extensive.

Many natural resource professionals believe we may already have significant forest ecosystem
problems that could affect selected drainages and watersheds in the west. I would appreciate your
indulgence while I use the coniferous forest ecosystems of Arizona to highlight this issue.

EVOLVING FOREST ECOSYSTEM MANAGEMENT

All of the issues I have spoken to today will involve years and even decades to resolve. The
issue of forest watershed management or what we call today forest ecosystem management, can easily
involve 25 years and even reach toward 50 years for solution. This relates simply to the time interval
required to convince the general public through science that change is needed, planning for that change
and then implementing that change through policy and laws. Remember that the watershed for the
Colorado River approaches a quarter million square miles and change would have to occur over much
of the watershed to see a water resource quality change at the upper end of Lake Powell. The same
argument holds for the Salt and Verde systems.

In reality we have discovered that significant changes in the upper watersheds of the Salt and
Verde River systems have been occurring over the last 100 years. After intensive timber harvests and
grazing in the 1850-1910 period, we began to control wildfire in these ecosystems, fire that normally
passed through stands at 3-15 year intervals. The original pre-European settlement forest existed as
open clumps of 25-50 trees per acre. These open park-like older forests with extensive grasses, forbs
and shrubs and associated insects, birds and mammals have been replaced with younger forests of closed
crowns and fairly sparse understories, in some areas no understory at all.

This change has significantly affected the biophysical resource base. Further, the fact that it
would happen and its consequences is not new science. Writers such as Leopold could project the
natural progression in the 1920’s and in fact predicted it, as did authors in the 1940’s and 1950’s. More
recently, many forest ecologists of the inner mountain west such as Drs. Covington and Moore at NAU,
have characterized the dramatic forest ecosystem changes that have occurred.

Are these changes in and of themselves bad? Perhaps not, it really depends upon-our objectives.




The comprehensive 275,000 acre Beaver Creek Research Project of treated and measured
watersheds were evaluated from 1958-1984. It was concluded from that project that the ponderosa pine
forest ecosystem created greater biophysical diversity, stability, and diversities of outputs at 50-70 sq.
ft. basal area than at densities of 120-150 sq. ft. basal areas. Much of our forest densities today exceed
100 sq. ft. basal area.

Many forest ecologists and entomologists in the west feel that these significantly altered forest
ecosystems are continuing to lose diversity, are both unnatural and unhealthy, and probably cannot be
sustained. And, some natural resource managers feel that even with reduced management constraints,
entire watersheds could not be restored in less than 30-50 years.

Questions are complex and extensive. With the high levels of evapotranspiration in the
southwest and tenfold increases in overstories, what has happened to soil and subsoil moisture; and how
has soil moisture influenced springs, seeps, instream flows and riparian ecologies. What are the
probabilities and risks of catastrophic events if we continue current trends of increased densities? Could
insect and disease, combined with wildfire eliminate most of the overstory in an entire watershed, suct
as Wet Beaver Creek? What would the short and long term environmental and social impacts of that
event be on the upper Verde River system?

SEEKING SOLUTIONS

I have addressed some water resource issues that I think will demand our attention over the nexi
several decades. All are critical. I have ended with a short example of protection and management
issues relating to Arizona’s forest watersheds. I ended there because for most of us in the west, that’s
where our water starts. '

If we are to sustain our human societies through time, part of our effort must be toward
sustaining these watersheds in good condition. To that end, Northern Arizona School of Forestry and
five other southwest schools are conducting cooperatively with the U.S. Forest Service a Southwest
Forest Study to evaluate alternative public forest land management directions. Involved are Utah State
University, Arizona State University, University of Arizona, Western New Mexico University and New
Mexico State University, the Southwest Regional Office and Rocky Mountain Forest Experiment Station
of the U.S. Forest Service.

Our approaches, although not global, are regional. Our focused solutions will be local, at a
forest district level.

The entire study is designed to look over space and through time at the intricate biophysical
relationships in the southwest ponderosa pine forest ecosystem. How does changing overstory density
affect soil moisture, instream flows and riparian ecologies?

We also are studying how changing management of forest ecosystems affects social and
economic systems, with a focus on rural western communities. The management of large ownerships
of western forest lands by public agencies directly impacts rural community social and economic
structures.



Physical areas of study will include the Dixie National Forest in Utah, the Kaibab and Coconino
National Forests in Arizona and Santa Fe National Forest in New Mexico.

We are also using these research findings to develop system design models for managers and
policy makers. The intent is to define, through computer algorithms, the relationships found.

THE IMPORTANCE OF PROFESSIONAL SOCIETIES
In closing my comments today, I would like to thank you for the invitation to your annual
society meeting. I, like many of you, am involved in several professional societies. They play a

critical role in focusing professional and public attention on critical issues, as you are doing here today.

I encourage you to continue your important work. Anyone who comes to the Southwest quickly
realizes water will always be a key resource to Arizona’s future.
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MAXIMIZING REMEDIATION EFFICIENCY AT THE HUGHES/AIR FORCE PLANT NO. 44
GROUNDWATER REMEDIATION PROJECT, TUCSON, ARIZONA'

Timothy J. Allen?
ABSTRACT

The groundwater remediation project at Hughes/Air Force Plant No. 44 (AFP 44) has
been in operation for over 6 years. Significant progress has been made in decreasing the
concentrations of TCE, DCE and chromium in the south half of the Tucson Airport Area
Superfund site plume. The project is a pump and treat system with reinjection, covering an
area of about 2 square miles. The well field is currently pumping 3,200 gallons per minute
from an average depth of 120 feet. There are currently 24 extraction wells, 19 recharge
wells and 74 regional aquifer monitor wells in the well field.

An active management strategy has been used to control the remediation, varying the
extraction and recharge rates as needed throughout the plume. Water levels and water
quality are monitored at least quarterly throughout the well field. The data is used to
continuously adjust the extraction and recharge flows to maintain maximum contaminant
mass removal and to assure that plume containment is being achieved. Well field
modifications are made, as necessary, to adapt the pumping and recharge patterns to
changing conditions in the aquifer.

INTRODUCTION

The AFP 44 remediation project was designed to contain and remediate the south half
of the Tucson International Airport Area superfund site contaminant plume (see figure 1). By
agreement with the Environmental Protection Agency (EPA), AFP 44 is responsible for
remediating the portion of the plume south of Los Reales Rd. The north half of the plume will
be remediated under the Tucson Airport Remediation Project (TARP), managed by Tucson
Water. Groundwater remediation carries a high priority in the Tucson area because, until the

lpaper presented at the Sixth Annual Symposium of the Arizona
Hydrological Society, Casa Grande, Arizona, September 23-24, 1993.

2Timothy J. Allen is Hydrogeologist for the Hughes Missile Systems
Company, Tucson, Arizona.
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recent introduction of Central Arizona Project
water, groundwater was the sole source of
drinking water for the city.

The AFP 44 groundwater remediation
project involves extracting, treating and
reinjecting water from what was originally 2
square miles of contaminant plume in the
regional aquifer. The plume contains chlorinated
solvents, predominantly trichloroethylene (TCE),
with lesser amounts of 1,1-dichloroethylene
(DCE) present. A smaller plume of chromium,
contained within the boundaries of the plant
site, has been almost completely removed.
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In the first six years of operation the | [panNe iy
project has pumped, treated and reinjected back ()
into the aquifer over 9.2 billion gallons of : #v‘”'a’:‘m’,f“"
groundwater. A 190 acre plume of ||——
groundwater contaminated with chromium in
excess of drinking water limits has been
reduced to less than 1% of its original area. The
TCE plume within the zone of capture of the
remediation wellfield has been reduced to about
60% of its original area. Concentrations within the plume have been lowered significantly.
The mass of TCE and DCE removed from the treated water is approximately 75% of the
amount of solvent estimated to be present as dissolved phase in the remediation area.
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Figure 1 Tucson
Superfund Site Plume

The relative success of the project is due to several factors. There are clear goals and
objectives. The primary goal of the remediation project is to restore the contaminated
groundwater to drinking water quality in the shortest possible time-frame. The main
objectives are to contain the plume and to continuously maintain contaminant removal at the
maximum possible rate. AFP 44 has an extensive database of hydrogeological and
stratigraphic information on the project area, which provides a clear picture of the subsurface
conditions. Regular monitoring is done and water table elevations and contaminant
concentrations are mapped. The remediation is actively managed. This means that the
pumping and recharge patterns and rates are continuously adapted to the current conditions
and requirements. Pumping or recharge is avoided in areas that don’t produce a beneficial
effect. Finally, remediation efforts are being focused on the source areas that represent
potential ongoing sources of contamination to the aquifer. Enhanced extraction and
remediation of contaminants in source areas is pivotal to achieving our goal in the shortest

possible time at the lowest cost.
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SITE DESCRIPTION AND HISTORY

AFP 44 is located on a 1380 acre site immediately south of the Tucson International
Airport. AFP 44 is owned by the U. S. Air Force and operated by Hughes Missile Systems
Company. The plant was constructed in 1951 for production of the Falcon air to air missile.
AFP 44 has been in continuous operation since that time, producing a variety of missiles and
weapons systems for all of the armed forces.

Contamination of the groundwater beneath AFP 44 was the result of historical on-site
treatment and land-disposal of industrial wastes from 1952 to 1977. Solvent bearing
wastes and plating waste waters were disposed at a variety of sites on AFP 44 property.
Three of the disposal sites were later identified as the major source areas for the on-site
groundwater contamination. The three sites were: the former Final Assembly and Check-out
(FACO) area dump site, the former solvent disposal pit and the former sludge drying beds
(see figure 2). The sludge drying beds were the major source of chromium contamination in
groundwater. The FACO dump and the solvent disposal pit were the major source areas for
the chlorinated solvent contamination.

Waste disposal operations conducted at various industrial sites on the Tucson Airport
property also contributed to groundwater contamination within the boundaries of the AFP
44 remediation project (Rampe, 1985).

Groundwater contamination was identified in the vicinity of the Tucson International
Airport Area in 1981 by an investigation conducted by the EPA and the Arizona Department
of Health Services (ADHS). The primary contaminants identified were chromium and
chlorinated solvents. This resulted in the closure of several Tucson Water drinking water
supply wells found to contain TCE in excess of the drinking water maximum contaminant
level (MCL), which is 5 parts per billion (ppb). One of the wells, SC-7, was located across
the road from the northwest corner of the AFP 44 property. During subsequent
investigations numerous monitor wells were drilled in the area and a plume of TCE
contamination was identified. AFP 44 was included as part of the Tucson Airport Area site
which was placed on the National Priority List (Superfund) in 1983. '

The Air Force reached an agreement with the EPA and the ADHS in 1984 to be
responsible for remediation of groundwater in the area south of Los Reales Rd. The
remediation would be conducted as part of the Air Force’s Installation Restoration Program.
This program is authorized to conduct remediation projects on Air Force installations. A pilot
scale pump and treat groundwater remediation system was constructed and activated in
1985. The pilot system included extraction and reinjection wells, air stripping to remove
volatile organic compounds (VOC'’s) and an anion exchange process for chromium removal.
The pilot system was operated from March 1985 to May 1986.
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Construction of the full scale groundwater treatment plant and well field was
completed in early 1987. Start-up of a portion of the full-scale groundwater remediation
began in April, 1987. The full-time operation of the entire system began in January, 1988.
The groundwater plant and well field have been in almost continuous operation since that
time. The remediation was on-line for 6 years and 3 months as of June, 1993.

SITE HYDROGEOLOGY

Groundwater occurs at depths of 90 to 140 feet below ground surface beneath the
remediation area, within alluvial sediments of the Tucson Basin. The unsaturated zone above
the regional aquifer is made up of discontinuous lenses of sand and gravel, interbedded with
layers of sandy clay, clayey sand and clay. The material is unconsolidated, except where
cemented with caliche. A continuous strata of sandy clay and clay is found under the
northwest part of the AFP 44 property, between 60 and 105 feet below ground surface.
Perched groundwater is present above and within this unit at several sites. Figure 3 shows
a geologic cross-section of the remediation area.

The regional aquifer locally consists of an upper and a lower zone, separated by a
thick, laterally extensive, clay aquitard. The upper zone, along with much of the overlying
unsaturated zone, is correlative with Ft. Lowell Formation sediments (Leake and Hanson,
1987). The clay aquitard separating the upper and lower zones is correlated with a lacustrine
facies of the Upper Tinaja beds. The lower zone appears to be correlative with either Lower
Tinaja or Pantano Formation.

The upper zone of the regional aquifer is the primary focus of the groundwater
remediation project. It is the most productive zone of the regional aquifer in the area and
represents the bulk of the TCE contamination. An elongated contaminant plume formed as
the result of continuing contributions of TCE from source areas below former disposal sites
and relatively high flow rates of groundwater in the upper zone. Regional groundwater flow
in the upper zone is in a northwest to northerly direction across the remediation area,
causing the plume to grow in that direction.

The upper zone extends from the regional water table surface downward to the
contact with the clay aquitard at depths of 180 to 225 feet below ground surface. The
average thickness throughout the remediation area is 70 feet. The upper zone consists of
unconsolidated, highly permeable sand and gravel layers interbedded with layers of clayey,
impermeable sediments. The stratigraphy is similar to that of the unsaturated zone. Water
within the individual sand and gravel beds occurs under unconfined to semi-confined
conditions. In some parts of the area the individual sand and gravel beds appear to be
hydraulically isolated from beds above and below at the same location.
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Transmissivity values for the upper zone of the regional aquifer, estimated from pump
test data, range from 400 to 200,000 gallons per day per foot (gpd/ft), making the upper
zone about one to two orders of magnitude more permeable than the lower zone. The wide
range of transmissivity values is closely related to varying net thickness of sand and gravel
beds within the upper zone sediments. Upper zone transmissivity values tend to be greatest
in the northwest, where the coarse-grained, permeable beds are predominant. The upper
zone in the southeast part of the remediation area consists almost entirely of fine grained
material, and has correspondingly low transmissivity values.

The aquitard is a thick sequence of clayey sediments extending from the base of the
upper zone, to a depth of about 300 to 350 feet below ground surface, isolating the upper
zone from the lower zone. The aquitard is made up primarily of clay and sandy clay, with
infrequent thin interbedded lenses of sand and gravel.

Isolated areas of contamination exist in the lower zone of the regional aquifer at the
vicinity of the historical wells that were screened in the upper and lower zones. Groundwater
remediation is performed at those areas.

The lower zone of the regional aquifer begins at about 300 to 350 feet below ground
surface at the base of the confining clay. The lower zone sediments consist of clayey sand
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and sandy clay, with occasional thin lenses of gravelly sand. The lower zone is known to
extend down to a depth of 620 feet in the remediation area, but the entire thickness of the
unit has not been penetrated. Hydraulic heads had historically been deeper in the lower zone
than in the upper. Water levels in monitor wells completed in the lower zone are typically
from 7 to 115 feet deeper than upper zone monitor wells at the same locations. Measured
transmissivity values in the lower zone range from 200 to 3000 gpd/ft. As stated above, the
lower zone transmissivities are about one to two orders of magnitude lower than the upper
zone. The lower zone is much less permeable because it contains more clay, is more poorly
sorted and is more heavily cemented than the upper zone sediments.

CHEMICAL CHARACTER OF THE GROUNDWATER

The chemistry of the groundwater in the upper and lower zones are well defined within the
remediation area. All monitor wells are sampled for common ions and trace metals annually.
In the upper zone, listed in order of abundance, calcium and sodium are the dominant cations
and bicarbonate and sulfate represent the dominant anions. In the lower zone groundwater,
also listed in order of abundance, sodium and calcium are dominant cations and bicarbonate
and sulfate are dominant anions. Upper zone water tends to be somewhat higher in TDS,
chloride and nitrate and lower in fluoride and pH than lower zone water. Table 1 shows the
range of typical common ion values for the upper and lower zone wells. Trace metals are
generally not present in detectable concentrations except for chromium, which occurs as
a contaminant. The organic contaminants are discussed in the next section of this paper.

TABLE 1. COMMON IONS IN GROUNDWATER

COMMON IONS UPPER ZONE WELLS LOWER ZONE WELLS
ANIONS:
Alkalinity 100-180 mg/l 25-160 mg/
Sulfate 40-225 mg/l 40-195 mg/l
Chloride 5-60 mg/l 6-25 mg/l
Nitrate .5-2 mg/l .1-2 mg/l
Fluoride .3-.6 mg/l .3-2.5 mg/l
CATIONS:
Calcium 30-110 mgn 8-60 mgA
Sodium 25-60 mg/l 40-75 mgh
Magnesium 7-25 mg/l .2-8 mg/l
Potassium 1-3 mgA 1-2.9 mg/l
TDS 230-500 mg/ 220-280 mgN




CONTAMINANT DISTRIBUTION

The development of the contaminant plume in the upper zone was controlied by the
location of the contaminant source areas (former disposal sites) and the groundwater flown
direction. TCE entered upper zone groundwater at all three of the former disposal sites
discussed earlier; the former FACO dump site, the former solvent disposal pit and the former
sludge drying beds. The TCE plume originating at the FACO site migrated northwesterly ir
the direction of groundwater flow and merged with the TCE plume emanating from the other
two sites. The plume continued to migrate north and west and merge with the TCE plume
originating on the west side of the airport property. Average migration rate is estimated tc
be 500 feet per year.

DCE is detected in association with TCE over most of the remediation area. In mos:
areas it occurs in concentrations equaling less than 20 % of the TCE concentrations. It is not
present in any significant quantities beneath or immediately downgradient of the FACO site
(figure 2). There are no records of DCE use or disposal on-site. We believe that the DCE is
a breakdown product of TCA rather than TCE since DCE is only present down-gradient of
the sites where TCA was disposed.

Two groups of "nested”, selectively screened upper zone monitor wells were installed
at the at the FACO dump site and solvent disposal pit locations to study the vertica’
distribution of VOC’s in the aquifer. At both locations the highest concentrations of VOC’s
were present in the shallowest wells. TCE was detected in these wells in the parts per
million range. VOC concentrations decreased by about one order of magnitude in eact
deeper sand. The data indicates that non-aqueous phase liquid TCE concentrations are
probably present at or near the top of the water table in the upper-most sand, acting as
continuing sources of contamination.

The bulk of the chromium contamination in the groundwater originated from disposal
of plating waste at the former sludge drying beds, in the vicinity of monitor well M-20. The
chromium plume developed in a northwesterly direction from this location, in response tc
regional groundwater flow. Other metals such as copper, nickel, cadmium, lead and zinc
were probably present in the same waste stream as the chromium but these are not presen’
in the groundwater beneath the site. We believe that concentrations of other metals were
attenuated in the vadose zone by cation exchange in clays and by precipitation as insoluble
hydroxides due to high soil pH’s. Chromium, travelling in the anionic chromate form, was
not as susceptible to these processes, and was mobile enough to reach the water table.

Contamination in the lower zone occurs in isolated pockets and is restricted to the
areas around previously existing wells which allowed contaminated water to migrate
downward. Contaminated water migrated from the upper zone, downward through the well
casings and out into the lower zone. Since groundwater movement in the lower zone is
relatively slow, the contaminants migrated very slowly and remained fairly close to the areas
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where they entered the lower zone.

TREATMENT PLANT

The Groundwater Treatment Plant was designed to treat up to 5,000 gallons per
minute (GPM) of groundwater contaminated with chromium and VOC’s. Contaminant
removal is accomplished as follows, according to the numbered treatment steps shown on
the plant flow diagram on figure 4. The chromium bearing water is pumped through pre-
filters (#1) to remove particulates. The water then enters ion exchange vessels (#2) where
the actual chromium removal takes place through an anionic exchange process.

After chromium removal, the water is air-stripped to remove VOC’s (TCE and 1,1-
DCE). The air-stripping takes place in three parallel banks of stripping towers. Each bank
consists of a primary (#3) and a secondary tower (#4), connected in series. The water
leaving the ion exchange system enters one bank of towers. Water not requiring chromium
removal enters the other two banks of stripping towers directly from the well field.

The primary air-towers remove approximately 85% to 90% of the VOC’s from the
water. The air emitted from the primary towers is ducted to activated carbon beds where the
VOC’s are removed from the air stream. The secondary air stripping towers are used as a
polishing step in the treatment. Water leaving the secondary towers typically contains no
detectable TCE or DCE. Air from the secondary towers contains very low levels of VOC's
and is vented directly to the atmosphere.
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Figure 4 Groundwater Treatment Plant Schematic
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Treated water leaving the stripping towers is neutralized using sulfuric acid, to offse
the increase in pH that occurs during the air-stripping process. The water is then filterea
through sand pressure filters (#5) and is then placed in a 655,000 gallon clearwell (#6). The
treated water is pumped from the clearwell to the recharge wells where it is returned to the
aquifer.

Virtually all phases of the groundwater treatment plant and well field operations ar(
managed by a computer control system. The computer can vary flow rates in the plant and
well field and can perform an orderly shutdown of the plant and well field if malfunctionr
occur in any critical part of the system. Computer control allows continuous operation of thi
remediation system without the need for 24 hour a day staffing.

THE REMEDIATION WELL FIELD

The remediation well field (figure 2) was completed in 1987 and originally consister
of 15 upper zone and 4 lower zone extraction wells, and 17 upper zone recharge wells. The
well field has been modified by the addition of new wells and by conversion of existing wellr
from recharge to extraction and from extraction to recharge. It currently consists of 20 uppe
zone and 4 lower zone extraction wells, and 19 upper zone recharge wells (figure 5). The
well field was designed to implement a very aggressive remediation strategy, emphasizing
both containment and rapid reduction of contaminant levels.

The extraction wells are distributed throughout the interior of the plume so tha
contaminated water can be removed along the plume centerline. Pumping the wells create.
a lowering of the water table in the interior of the plume, forcing clean water along the
plume margins to flow to the center, to replace the water that is pumped. Recharge well:
are located along the plume margins to return the treated water to the aquifer. The rechargc
creates pressure ridges of injected water along the plume margins. By lowering water levels
in the center of the plume and raising them along the margins, the net effect is the creatio!
of a steep flow gradient toward the center of the plume from both sides, which provide.
containment of the contaminant plume, accelerates the inward flow of contaminated
groundwater and facilitates its removal. The well field has been modified somewhat from th
original design but retains the basic pumping and recharge strategy.

All extraction and recharge wells drilled for the project are constructed with 8" or 12
steel casing, .060" to .125" slot steel screen (Johnson Hi-Cap) and are gravel packed. Mos.
of the well sites contain 2" diameter observation wells, used for water level measurements,
located about 10 feet from the main well. Pump sizes on extraction wells vary from 5 to 6(
HP and all but 6 have variable frequency drives. The variable frequency drives allow pump
discharge rates to be controlled remotely by the same computer which controls the
treatment plant. Extraction wells are also equipped with flow meters and pressure transduce
type water level sensors. Flow and water level information is monitored remotely by the
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computer.

Recharge wells have 4" diameter injection pipe extending below the water table an¢’
operate under pipeline pressure. Gravity feed, used in the original design, was discontinue!
after it was found that pressurized recharge produced superior performance. Injection rates
were increased up to 50% and well redevelopment, which had previously been don
annually, was virtually eliminated. Well head pressures are monitored and are kept we
below the calculated hydrofracture gradient.

GROUNDWATER MONITORING

A network of 74 monitor wells is used to define and map water level and water qualit;,
conditions within the remediation area. Of these, 64 are completed in the upper zone and
10 are completed in the lower zone. All extraction and monitor wells are monitored on
regular basis for TCE, DCE and chromium. Also collected are measurements of pH,
conductivity, temperature and water level. Extraction wells are sampled monthly and 62
monitor wells are sampled quarterly. The remaining 12 monitor wells are located off thi
plume margins, and have always contained less than detectable amounts of TCE and 1,1
DCE. These wells are sampled annually. Samples are collected from all monitor wells and are
analyzed for common ions and trace metals annually.

Data collected during the monitoring is used to generate quarterly project maps.
Concentrations of TCE, DCE and chromium are mapped and contoured for the upper zone
Water table elevation maps are contoured for the upper and lower zones. Having these maps
available on a regular basis has been a key factor in our ability to actively manage the
groundwater remediation.

REMEDIATION STRATEGY

The basic strategy for operating and managing the groundwater remediation at AFP
44 is centered on the goals of containing the plume and continuously maximizing the
contaminant removal rate. To do this, an active management strategy is used in operating
the well field. Monthly and quarterly water quality and water level monitoring provides the
basic information necessary. The contaminant concentration and water table elevation maps
produced from the monitoring data present the information in an easily understood format.
The newest maps are compared to maps from previous quarters to get a picture of how
plume and flow conditions have changed through time in response to earlier adjustments
made in the well field. As new data is collected it is used to continuously reassess the
effectiveness of the remediation and to adjust the pumping and recharge patterns to maintair
plume containment and high contaminant removal rates.
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If the data indicates that our present pumping and recharge strategy is no longer fully
effective, the simplest method of changing conditions in the wellfield is to modify pumping
and recharge rates in specific wells. By varying the rates, and by turning wells on and off,
we can control flow of groundwater and the movement of contaminants within the plume.
Changing pumping and recharge rates includes shutting down wells, when appropriate to the
pumping strategy.

Adjusting pumping and recharge rates are not always enough to achieve containment
and contaminant removal goals. In the past we have modified extraction and recharge
patterns through converting recharge wells into extraction wells and vice versa, to achieve
pumping or recharge in areas where it was needed. Thus far, three recharge wells have been
converted into extraction wells R-14 to E-11a, R-16 to E-16 and R-11 to E-17. These wells
are listed by their old numbers on figure 2 and the new numbers on figure 5. All were
located in areas where use for recharge was inappropriate but were suitable as extraction
points. One extraction well, E-11, which was drilled beyond the southeast edge of the
plume, was converted to recharge well R-14a. The three former recharge wells currently
account for 500 GPM of pumpage. Our future plans include converting E-6 and E-9 to
recharge wells to enhance easterly migration of contaminants in the northwest part of the
plume. These wells are now in an area which is remediated to below the MCL levels for TCE
concentration and are off-line as part of our pumping strategy.

New recharge and extraction wells are drilled as needed to enhance remediation
efficiency. Four new recharge wells (R-18 through R-21) were added in 1993. These wells
were added to prevent south-ward migration of the plume boundary in the central plant area
(figure 5). Previously existing monitor wells R-12, R-13 and R-17 could not be used
because they were located too far within the plume. Injection in these wells would have
pushed TCE contaminated water south-ward, out of the reach of the extraction wells.

Additional extraction wells E-18, E-19 and E-20 were added to replace inflow to the
treatment plant that was lost when clean extraction wells were shut down. Each of the new
wells was placed in locations where high concentrations of TCE were present and where
additional pumpage would help maintain high contaminant removal rates (figure 5). As the
contaminant plume continues to shrink in the future, our plan is to maintain high pumping
rates from progressively smaller contaminant zones until the remediation is complete. This
approach should lead to a more rapid decrease in plume area.

A key element of our future strategy is remediation of the soils and aquifer below
several of the former disposal sites. These sites represent potential continuing sources of
contamination to the regional aquifer. Based on well field experiments conducted in those
areas we have observed the phenomenon called "rebound” in several extraction wells.
Rebound is a rapid increase in contaminant concentration which occurs after an extraction
well is shut down for some period and then pumped. Rebound is often cited as "proof” by
critics of pump and treat technology that pump and treat "doesn’t work".
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Tests were conducted in 1992 with four of the extraction wells located in or adjacen
to the source areas for the VOC'’s in the groundwater. These wells are E-14 and E-15 in the
central plant area and E-10 and E-16 in the FACO area. The test involved sampling VOC
levels while the wells were in continuous operation, then shutting the wells down for
period of 40 hours, then restarting the wells. VOC samples were again collected at two hou.
intervals after start-up. Observed concentrations of TCE and DCE were two to five times
higher after the wells were restarted. After about 12 hours of continuous operation, tht
concentrations returned to the levels observed before the test. We believe rebound occurs
as a result of the presence of higher concentrations of sorbed solvent in the aquifer below
the water table, orin the dewatered portion of the aquifer adjacent to the wells. When thi
wells pump, the solvent below the water table desorbs at a constant rate. Solvent left above
the water table remains sorbed. When the wells are shut down, the water level rises, putting
the water in contact with more solvent. Since the water is not moving, the solvent desorb
into a limited amount of water causing much higher concentrations.

Rebound has not been observed in extraction wells that are not adjacent to forme
disposal sites. We shut down extraction wells E-5 and E-6 in November 1990 and May 1991
respectively, when TCE concentrations had stabilized at or below drinking water MCL's. This
was done as part of our pumping strategy, to enhance migration of contaminants t
extraction wells located to the north and south. Since this time, TCE levels have remainea
low and no rebound was observed. Wells E-9 and E-13 were shut down in August 1992 for
strategy reasons and TCE levels have continued to decline at those sites also. This shouls
dispel the notion the critics of pump and treat have propagated that rebound always occurs
when wells are shut down. We now know that rebound is only likely to occur in relativelv
small localized, portions of the remediation area.

To eliminate potential continuing sources of VOC contamination to groundwater, it i
necessary to separately remediate the disposal sites. This is essential to timely completiol
of the groundwater remediation. Since pump and treat methods are not effective for removal
of free-phase VOC’s from the aquifer or the adjacent soils, other remediation technique-
must be used. Vapor extraction appears to be the most promising technique for eliminatin:
large amounts of concentrated solvents. Pilot studies were conducted on site by an
independent contractor to the Air Force, using a technique called "dual extraction”. Thi-
method involves vapor extraction through the casings of pumping extraction wells, whic!
allows vapor extraction of solvents from the dewatered portion of the aquifer around the well
bore and from the soils above the aquifer. Although the final report is not yet available, wt
estimate (based on activated carbon consumption) that several hundred pounds of TCE an(
DCE were removed from the former solvent disposal pit site during approximately one month
of pilot operation. We currently have a portable vapor extraction unit on order which wt
plan to put into full time operation this year.
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PROGRESS OF THE REMEDIATION

As of June, 1993, the groundwater remediation project at AFP 44 has been on-line
for 6 years and 3 months. During this time 9,253,000,000 gallons of groundwater has been
pumped from the aquifer and remediated. As of June 1993, we have removed 11,961 Ibs.
of TCE, 1,488 Ibs of DCE and 312 Ibs of chromium from the groundwater. The quantities
were calculated based on influent concentrations and flow rates into the groundwater
treatment plant. The progress made in the remediation of the plume becomes apparent
when comparing maps of contaminant concentrations from early 1987, when the project
started, and June, 1993.

The biggest success was the remediation of the chromium plume. At the time the
remediation began, the drinking water MCL for chromium was .05 mg/| and this number was
used as the cleanup standard. In 1987 the area of the chromium plume where concentrations
were greater than .05 mg/l was 190 acres (figure 6). By September, 1990, the mappable
chromium plume had all but disappeared. As of June, 1993 the only area where the
chromium concentration was consistently elevated, was near extraction well E-12, which
is located about 100 feet downgradient of the former sludge drying bed site, which is the
source of the chromium. The high solubility and mobility of the chromate ion are probable
contributing factors in the rapid disappearance of the chromium plume after a relatively short
period of pumping. '

Significant progress has also been made in reducing both the area of contamination
and the concentration levels of VOC’s in the aquifer. Since the concentrations of DCE are
far lower than those of TCE in any given well and since the drinking water MCL's are similar
(5 ppb for TCE and 7 ppb for DCE), the TCE plume concentrations become the deciding
factor in determining when the remediation is complete. A comparison of the TCE
concentration maps from the start of the project in early 1987 (figure 2) and the most
current map from June, 1993, (figure 3) shows the progress made in decreasing plume area
and reducing TCE concentration levels. The areas were measured for the portion of the TCE
plume within the zone of capture of the AFP 44 wells. We estimate this zone to extend 1/4
mile north of Los Reales Rd. Table 2 shows how plume areas exceeding various
concentrations have changed:

TABLE 2. CHANGES IN TCE PLUME AREA
MARCH 1987 TO JUNE 1993

CONCENTRATIONS % CHANGE i

> 5 ppb -41%
> 100 ppb -81 %
>500 ppb -97%
> 1000 ppb -99.4%

27




I\
; MARC et s p i
5 PRIOR TO START-UP

i

R

-----

,/

H

'S

o
[ vl
Cad

3 \,AREA OF CHROMIUM CONTAMINATION
£ —~

\\ EXCEEDING .05 mg/l’ '\\\\\
\
l

111
el

—
W
3
~

=~
(FORMER DRINKING WATER MCL) P —

-
o

Lsource Consult3nts 1993a

AN
| Adapted from Groundwater R

ANOMALOUS ONE-TIME HIGH CONCE
i‘
~0

~

vvvvv

Plaied

e

N oA
. JUNE 1993 CHROMlUMs

.....

NTRATION

s

US AIR POACE PLANT We oo
TUCHON, ARITONA

TOTAL CHROMIUM
CONCENTRATION
REGIONAL AQUIFER
UPPER ZONE
JUNE 1993

GROUNOWATER RESOURCES CONSULTANTS. INC.

ane

AREA OF CHROMIUM CONTAMINATION o222

.u"[
e Lt JING .05 mg/}
e peme s My
o L“d
| Fom ot \\\ -// &
\ N
\‘
| AN
=u-:: u‘.a..n::‘-v \\ \\ o
N\

\ Adapted from Groundwater—_
| Resource Consultants 1993b
P O

SV \ i I




e cls € a v 4 v 4+ e'mw

ot mant - oe
— g

TRATIONS OF
CHROMIUM

JIFER-UPPER ZONE
LLFIELD START-UP

TN L e N e
| MARCH 1987 CHROMIUM%

-
ﬁka\*

\\‘4 T
t \\_.:::.." a8

t|| AREA OF CHROMIUM CONTAMINATION

Q

-
-
Ryt s

!

.—-‘
-

g ; ° N
rt® I

= ?:éu;’-; = “ " |
==

———
et c—

>

[l

£ -
EXCEEDING .05 mg/l’ \\\ =TT a3
\\::\\_
(FORMER DRINKING WATER MCL) i ——
~~

1993a

Adapted from Groundwater Résource Consulfants

] | —

~ NN A

fod | J153] - JUNE 1993 CHROMlUs
B ....;J AL s
tg\%,....

CENTRATION /

Mt S

. |
cra-za !

ﬁ

e
: L::':_ X 7

. amy

TOTAL CHROMIUM
CONCENTRATION
REGIONAL AQUIFER
UPPER ZONE
JUNE 1293

GROUNDWATER RESOUR

CES CONSULTANTS, INC.

AREA OF CHROMIUM CONTAMINATION &,

e~ EXCEEDING .05 mg/l Uj
\ / -
\ )
“-Z2A “-s e

e e o \
\ Adapted from Groundwgéer
\ Resource Consultants 1993b

28




e gis € @ ¢ & v o e'w

o romts man? = oo
o ot o

CONCENTRATIONS OF

TOTAL CHROMIUM
REGIONAL AOUIFER-UPPER ZONE
PRIOR TO WELLFIELD START-UP

S 4 T(® T SOACED GEAT SN TS, S
S o s = w—— o
o oaitess  ermew  samy -

A\

N T N NA
4] MARCH 1987 GHROMIUM
0/PRIOR TO START-UP

B A A e o ar— —— "0

4

2 || AREA OF CHROMIUM CONTAMINATION

E: —

AN
AN

\-\\ =

Mo
-~

R

EXCEEDING .05 mg/l’

(FORMER DRINKING WATER MCL)

Adapted from Groundwater

~ ool LN N SO
% 2 VST - JUNE 1993 CHROMIUM

ANOMALOUS ONE-TIME
'l" .

-----------

HIGH CONCENTRATION'

K
\'

S~

=40
Smocry

(B

AREA OF CHROMIUM CONTAMINATION

| o5
T ‘ Lo #*®  EXCEEDING .05 mg/l ttj
<
JH e ot \\\ /

WS AR POACE PMLANT we aa \ k\/_{_ -2

PO, AR N /‘ e
TOTAL CHROMIUM ‘ ~
CONCENTRATION o M-224 wsev eLam N ~ i

REGIONAL AQUIFER
UPPER ZONE
JUNE 1293

'\'nn- e o

Adapted from Groundwa\t'er\

GROUNDWATER RESOURCES CONSULTANTS. INC.

| Resource Consultants 1993b
N~ e

L

28




Mass balance calculations based on volumetric estimates indicate that the mass of
TCE and DCE in the aquifer has been reduced by about 75% (figure 7). The change only
represent the amount of VOC’s dissolved in the water and doesn’t include amounts that may
be present as free-phase liquid in the vadose zone or as DNAPL’s in the aquifer. The
calculated amount of TCE and DCE removed, based on the map estimates, agrees within
about 8% with estimated removal based on the flow volumes and influent concentrations
entering the treatment plant. Data from the first 5 years of operation shows that the VOC
removal rate becomes progressively less each year. Projections of future contaminant
removal rates show the treatment system will have to be operated for @ minimum of 10
more years to remove the remaining VOC’s, if additional remedial measures are not
implemented.

GROUNDWATER REMEDIATION
CHANGES IN PLUME CONTAMINATION

100

80 \\/\
F‘z" 60
Z
c
= 40

20

o 1986 1987 1988 1989 1990 1991 1992

- VOC'S PRESENT IN PLUME__.__ PLUME AREA
Figure 7

CONCLUSIONS

Pump and treat groundwater remediation can be a very efficient method of reducing
contaminant concentrations and containing plumes in groundwater if certain principles are -
followed. Clear project goals and objectives are needed. These must be kept in mind when
designing and operating remediation systems. Sufficient hydrogeological data should be
collected to accurately characterize the subsurface conditions at the site. Groundwater
monitoring should be conducted on a regular basis, and often enough to detect significant
changes in aquifer conditions as they occur. Contaminant concentration and water table
elevation data should be routinely mapped to get a clear picture of aquifer conditions. The
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most important principle is to actively manage the project and adapt the pumping pattern:
to changing aquifer conditions. Finally, any potentially continuing sources of contamination
to the groundwater need to be removed if the project is to be completed in a timely manner.
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PERFORMANCE EVALUATION OF THE MOTOROLA 52ND ST.
OPERABLE UNIT EXTRACTION WELL SYSTEM!

R. Douglas Bartlett, P.G.%, Gregory Fisher’, James R. Hussey, P.E.2,
L. Todd Cruse?, and Morley J. Weitzman®

ABSTRACT: An Operable Unit (OU) extraction well system consisting of nine extraction wells
pumping at a total average rate of 600 gpm was installed in 1991 and 1992 to contain a portion of a
dissolved solvent plume originating from the Motorola 52nd St. CERCLA site. The OU extraction
system began limited operation in May 1992 and full operation in July 1992. Two- and three-
dimensional finite-difference ground-water models were used to design the system. The performance
of the extraction system has been assessed using monthly water level measurements in conventional and
multi-port Westbay wells. This paper presents an assessment of the first six months of operation and
a comparison between modeled and observed performance of the OU extraction system.

The OU system creates a capture zone in the alluvium spanning the width of the plume and is
more effective than predicted in bedrock where capture is observed to a depth of 300 feet. Model
predictions of flow rate and drawdown agree closely with observations except in deep bedrock ports
where drawdowns are observed to exceed model predictions.

1.0 INTRODUCTION

Since 1983, Dames & Moore has conducted extensive investigations of ground-water
contamination in the area of the Motorola 52nd St. Facility. These investigations were conducted under
oversight of the Arizona Department of Environmental Quality (ADEQ) as part of the WQARF (Water
Quality Assurance Revolving Fund) and the U.S. Environmental Protection Agency (EPA) under
CERCLA (Comprehensive Environmental Response, Compensation, and Liability Act). The site was
nominated for the National Priority List (NPL) in 1983 and placed on the list in 1989.

The investigations have revealed a plume of volatile organic compounds (VOCs) originating from
the 52nd St. facility and migrating toward the southwest.

Paper presented at the Sixth Annual Symposium of the Arizona Hydrological Society, Casa Grande, Arizona,
September 23-24, 1993.
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As part of the WQARF/CERCLA process, Motorola entered an agreement (the 1989 Motoro .
52nd St. Consent Order) to contain and control contaminant migration. This resulted in the construction
of an Operable Unit to pump-and-treat contaminated ground water. A 13-well ground-water extraction -
system designed to contain the ground-water plume has been installed both onsite in the Courtyard a1
offsite at the Old Crosscut Canal (OCC). Partial operation of the system began in 1986 and fuu
operation started in 1992. The system is intended to contain contaminated ground water migrating from
the 52nd St. facility at the OCC in the alluvial aquifer. This paper provides an evaluation of t
Motorola 52nd St. OU system and compares the results of the first six months of operation to predicted
performance. The primary focus of the paper is hydraulic containment. The effect of the OU on water
quality is addressed elsewhere.

2.0 BACKGROUND
2.1 History of the Motorola 52nd St. Ground-Water Investigation

The Motorola 52nd St. Facility is located in the eastern part of the City of Phoenix and is shov
relative to the surrounding area on the Vicinity Map, Figure 1. Motorola commenced manufacturing
operations in this facility in 1956.

In November 1982, Motorola discovered a leaking underground TCA (1,1,1-trichloroethane) tank.
The Arizona Department of Health Services (ADHS) was notified and Motorola voluntarily initiated ¢
investigation of soil and ground-water contamination. As a result of the preliminary investigation, oth
volatile organic compounds (VOCs) including TCE were also discovered in the ground water.

A Remedial Investigation/Feasibility Study (RUFS) was initiated by Motorola in 1983, and w:
conducted under regulatory oversight of ADHS (prior to October 1986), ADEQ (after October 1986),
the Arizona Department of Water Resources and the U.S. Environmental Protection Agency. While tt
RIFS was being prepared, Motorola voluntarily designed and constructed an on-site ground-wat
treatment plant. This plant, referred to as the Pilot Treatment Plant (PTP), has been in operation since
1986, treating ground water at approximately 20 gpm from two wells.

In June 1987, Draft RI and FS reports (Dames & Moore, 1987) were prepared for regulatory
review and public comment. These documents represented an extensive investigation of potential source
of contamination at the Motorola 52nd St. Facility, characterization of the hydrogeological environmer
prediction of the extent of contaminant migration in ground water and a review of remedial action
alternatives.

Dames & Moore prepared a Draft Remedial Action Plan (RAP), dated June 24, 1988, (Dames
& Moore, 1988). Motorola submitted the RAP to the ADEQ and the EPA for review. A remedi:
action was proposed as an interim remedy in accordance with CERCLA criteria for an Operable Uni.,
and WQAREF criteria for a remedial action. Remedial action alternatives were reviewed in a public
meeting in Phoenix on July 11, 1988, and an alternative was chosen by ADEQ and EPA.
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Responsiveness Summary was prepared by ADEQ/EPA to address comments on the RIFS and the Draft
RAP, and EPA issued a Record of Decision (ROD).

In 1989, the State of Arizona and Motorola executed an agreement to implement the
recommendations of the RAP. This agreement, executed on July 26, 1989, is referred to as the Motorola
52nd St. Consent Order (AG, 1989). The Consent Order defines the scope of the Operable Unit (OU),
the schedule for work and administrative provisions for conducting the work.

Construction of the OU system, consisting of onsite and offsite components, began in 1991 after
a delay caused by canal realignment associated with the Papago Freeway construction. The offsite
system was completed in Spring 1992. Startup of the system began in May 1992. Full operation
commenced in July 1992.

2.2 Regional and Local Hydrogeologic Setting

The Motorola 52nd St. Facility is located near the western edge of the Papago Buttes, a
prominent physiographic feature that represents part of the eastern boundary of the West Salt River
Valley alluvial basin. Five distinct rock units crop out at the Papago Buttes: (1) Precambrian granite,
(2) Precambrian metarhyolite, (3) Tertiary Camels Head Formation, (4) Tertiary Tempe Beds, and
(5) Tertiary volcanics. These rock units, which collectively comprise the bedrock unit, are covered by
Quatemary alluvium in the vicinity of the facility.

Ground water flows toward the southwest at the Motorola 52nd St. site with an average gradient
of 0.011 fvft. Local anomalies in ground-water flow and hydraulic gradient near the facility reflect the
influence of shallow bedrock. West of the Old Crosscut Canal, the hydraulic gradient decreases to about
0.005 fuft.

Two distinct geologic units have been identified as the pnmary water-bearing formations - the
alluvium and the bedrock (Dames & Moore 1992). The alluvium is more transmissive and permeable
than the bedrock. The less permeable bedrock occurs at shallow depths at some locations, reducing the
saturated thickness of the alluvium.

The bedrock geometry is illustrated in Figure 2. Shallow bedrock occurs just west of the 52nd
St. Facility along a northwest-southeast oriented fault block of Precambrian granite. Bedrock in this area
may be as shallow as 20 feet. Shallow granite at a depth of about 90 feet is also present south of the
Papago Freeway between 40th and 46th Streets.

2.3 Alluvial Aquifer
The upper stratigraphic unit onsite and offsite is comprised of unconsolidated alluvium. It
consists of sediments that range in size from clay-sized particles to boulders, and varies in thickness

from less than 20 feet at 52nd Street to greater than 300 feet west of 24th Street. These sediments form
the alluvial aquifer, the upper surface of which is the water table.
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Ground water is unconfined in the alluvium. The bottom of the alluvial aquifer is underlain | -
the less permeable bedrock strata. Where leakage occurs across this lower boundary, the alluvial aquit.s
is termed leaky phreatic. The hydraulic conductivity of the alluvial aquifer varies between 40 and about
200 feet/day (Dames & Moore, 1992).

2.4 Bedrock System

The bedrock is comprised of Precambrian metarhyolite and granite, and Tertiary volcanics awd
indurated sediments. These rocks have undergone ten or more separate deformational events, including
faulting, rotation, and vertical and horizontal displacement.

At least two periods of faulting produced the fault and fracture patterns observed in rock core
collected during drilling at the site: mid-Tertiary extensional block faulting and late Tertiary Basin ar |
Range Faulting (Dames & Moore 1992). Based on these observations, at least two dominant fracturc,
fault, and lineament trends were noted: a northwest - southeast trend, and a northeast - southwest trend.

Correlation of packer tests for the analysis of hydraulic conductivity with fracture frequency
support the concept of a double-porosity model for the bedrock system. Under these conditions, ground
water in the fractured bedrock moves predominantly through the secondary porosity system that
controlled by the distribution of fractures and faults, and the degree to which the fracture zones
communicate hydraulically with each other. Hydraulic conductivity in the bedrock increases with the
fracture frequency and with the degree of hydraulic communication between adjacent fracture sets.

The storage capacity of the secondary porosity system is small relative to the primary porositv
system of the intact rock mass. Ground water moves from storage within the primary porosity syste .
into the more permeable fractures as each fracture system drains. Consequently, the storage capacity
of the primary porosity can significantly influence the rate of movement of the ground water.

3.0 OPERABLE UNIT
3.1 Purpose and Objectives of OU System

The selected remedial action specified in the Remedial Action Plan (Dames & Moore, 1988) "
a partial remedy ("Operable Unit" or "OU") as defined by the EPA. The OU consists of ground-wat
extraction onsite and offsite, and treatment. Additional onsite Soil Vapor Extraction (SVE) is included
as part of the Remedial Action requirements of the Consent Order. The SVE system is not discuss
in this paper.

The primary objective of the OU as stated in the 1989 Consent Order is that the OU syste
contain and control migration of contaminated ground water. Specifically the OU should "hydraulical _
contain groundwater contamination by volatile organic compounds from the facility to the east bank of
the OCC. A zone of capture will be established by pumping from wells at the OCC." Further, the O
system shall be designed to "have a beneficial impact on the quality of groundwater within the bedrock
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3.2 Construction and Operation

The OU extraction system is comprised of two components; an onsite system of four extraction
wells in the vicinity of the Courtyard, and an offsite system of nine extraction wells at the OCC. The
water withdrawn from the wells is piped onsite and treated onsite in an Integrated Ground-Water
Treatment Plant IGWTP), and put to beneficial use in the high purity water system at the Motorola 52nd
St. facility. The configuration of the OU system is shown on Figure 1.

The four extraction wells (DM 301 through DM 304) installed onsite in the Courtyard area are
intended to reduce ground-water contaminant migration in the alluvium and bedrock near the area of
suspected sources of contamination. Two of the onsite wells (DM 301 and DM 302) were installed in
1986 as part of the Pilot Treatment Plant. Both have been operated nearly continuously since 1986. The
combined total pumpage from all four wells was designed to be 60 gpm, and averaged about 45 gpm
between April and December 1992.

The nine offsite extraction wells, DM 305 through DM 313, were installed between September
and November 1991. They range in depth from 105 to 167 feet and were completed in the base of the
alluvial aquifer and into the upper 20 to 30 feet of bedrock. The extraction wells are constructed using
6-inch diameter stainless steel casing and wire-wrap screen. The nine offsite pumping wells were
originally designed to pump at rates of about 85 gpm with a total extraction rate of 755 gpm. After step-
drawdown testing, the design flow rates were modified. The revised extraction rates for individual wells
range from 10 to 130 gpm and total about 600 gpm. The reduction in flow rate resulted from shallower-
than-expected bedrock in the southern portion of the line of wells.

The offsite and onsite extraction wells are monitored and controlled remotely. Each well head
in the offsite system includes a magnetic flow meter and submersible pressure transducer. Data from
the meters is transmitted via phone line to a control building located onsite near the treatment plant.
Each extraction well is continuously monitored for flow rate and depth to water. These data are
displayed in the control building and stored electronically for later evaluation.

A ground-water monitoring system of 14 wells supports this operation. Water level data are
obtained monthly and water quality data quarterly from a combination of conventional wells installed
in the alluvium and multiport, Westbay wells installed in the alluvium and bedrock.

Ground-water extraction from the offsite extraction wells began on an 8-hour-per-day basis during
May 1992, and was extended to a 24-hour-per-day basis in July 1992. The total pumping rate from the
OCC increased during May and June to approximately 650 gpm and then decreased to between 400 and
500 gpm for the remainder of 1992.

4.0 EVALUATION OF OU OPERATION

Ground-water level elevations and ground-water quality data collected during the first 6 months
of operation were used to: 1) demonstrate the zone of capture; 2) assess the potential impacts of
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drawdown; 3) demonstrate the effectiveness of the OU extraction well system on reducing VO
concentrations in ground water; and 4), provide recommendations for continued water level and wa r
quality monitoring. Due to space limitations this paper will focus on the hydraulic containment objective
only.

The period between March and May 1992 was used as a baseline because the extraction system
was not in operation and monitor wells had been installed. To assess the OU performance, d a
collected during 6 months of continuous pumping, were compared to baseline data collected in the Mas 1
to May 1992 interval. A total of 13 extraction wells and 14 monitor wells with a total of 33 monitor
intervals were used to evaluate the system. Ground-water model predictions were compared to act 1
observations. Predictions of hydraulic head were compared to actual water-level measurements tak o
during the period of March to December 1992.

4.1 Capture Zone

Flow nets were constructed in plan and cross section to assess hydraulic capture. The baseli :
flow nets (Figures 3 and 4) illustrate that prior to pumping, ground water flowed horizontally toward t =
southwest with the exception of two cones-of-depression at the Motorola 52nd St. facility. Two onsite
extraction well systems were operated to produce local remediation at the Motorola 52nd St. site duri 2
the baseline period: a two-well onsite extraction system in the Courtyard, and an 11-well extracti 1
system in the Southwest Parking Lot. The performance of these systems does not directly impact this

analysis and, is not discussed here.

Plan (Figure 5) and cross-section (Figure 6) flow nets for the end of the 6-month pumping period,
October to December 1992, were used to assess the impact of the offsite extraction system. A hea 7/
dashed line in each figure indicates the location of the capture zone. The solid line shown on Figu.e
5 represents the model-predicted capture zone.

The observed capture zone for the OU extraction system extends approximately 900 feet west
of DM 309, 1,500 feet north of DM 301 and 1,300 feet south of DM 313. Figure 6 illustrates that
during full-scale operations, the combined OU extraction system was withdrawing ground water witt 1|
the zone of capture to a depth of approximately 300 feet below land surface.

Upward hydraulic gradients were observed in multi-port wells along the OCC. At monitor wi |
DM 603, the upward gradient increased from 0.0005 fvft in April-May 1992 to 0.005 fv/ft in October-
December 1992. Pumping along the OCC had a measurable influence on vertical hydraulic gradients
in monitor well DM 502 located about 3,000 feet southwest of the OCC. Prior to full scale operatic |
ground water at DM 502 was moving downward with a vertical gradient of 0.0008 ft/ft in the alluvium,
while deeper in the bedrock, the vertical gradient was upward at 0.003 f/ft. During full-scale operations
on October 24, 1992, the extraction system produced a gradient reversal at DM 502 resulting in . |
upward vertical gradient of 0.064 ft/ft in the alluvium, and a downward gradient in the bedrock of 0.004
fvft.
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4.2 Drawdown

Apparent drawdowns observed in wells over the period March to December 1992 are shown on
Figures 7 and 8, in plan and section, respectively. Declines in water levels are interpreted as apparent
drawdown because regional water-level trends were not incorporated in the analysis. The following
discussion summarizes observations of "apparent" drawdowns, uncorrected for regional water-level
trends. Regional trends were judged not to affect the conclusions reached in this analysis.

Water-level declines were calculated as positive drawdowns and are represented by solid contours
on Figures 7 and 8. Water-level increases were calculated as negative drawdowns and are represented
as dashed contours. The point of zero drawdown marks the apparent effective influence of the OU
extraction system and lies outside the zones of capture shown on Figures 5 and 6.

Drawdown in extraction wells was observed to be as high as 50 feet but included linear and non-
linear head loss caused by well and aquifer inefficiencies. Monitor wells exhibited less drawdown,
ranging from over 12 feet in well DM 603, 300 feet west of the OCC, to less than 5 feet in well DM
115, 1000 feet east of the OCC. More than one foot of drawdown was observed at well DM 504 about
one mile west of the OCC.

Figure 7 illustrates that the offsite OU system has a radius-of-influence extending as much as one
mile from the extraction wells. The pattern of drawdown reflects the overall orientation of shallow
bedrock in the area. Note the northwest-southeast and northeast-southwest patterns. The bedrock high
east of the OCC is oriented northwest-southeast and is as shallow as 20 feet. A bedrock ridge located
in the vicinity of DM 503 and DM 122 is oriented northeast-southwest and is within about 90 feet of
the surface. Alluvium thickens to greater than 150 feet west and north of DM 503. Drawdown
decreases rapidly east of the OCC as shown on the cross section (Figure 8). At well DM 606, 1200 feet
east of the OCC, about 2 feet of drawdown was observed. Approximately 3,000 feet west of the OCC,
however, drawdown exceeded 5 feet in well DM 502. Drawdowns observed in bedrock (Figure 7)
confirmed that the extraction system has a significant influence to depths in excess of 300 feet.

5.0 GROUND-WATER MODEL DEVELOPMENT

Ground-water flow and contaminant transport modeling was first used in 1983 to evaluate ground-
water flow conditions at the Motorola 52nd St. site. Since then, modeling has been used to evaluate
contaminant migration and to design the OU system.

Dames & Moore developed two ground-water models to design the OU system; a two-
dimensional finite-difference model of the alluvial aquifer at the plant site, and a three-dimensional
finite-difference model of the alluvial-bedrock aquifer system. Only the results of the three-dimensional
model will be discussed in this paper. Both models were developed using a proprietary computer code
known as "TARGET" developed by Dames & Moore. TARGET is a family of five vertically-integrated
2- and 3-dimensional finite difference models capable of simulating saturated and unsaturated flow and
transport of a dissolved, reactive chemical compound in a porous media.
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A three-dimensional model originally developed for the RUFS (Dames & Moore, 1987) w:
modified to allow simulation of the 9 offsite extraction wells. The model covers an area of about 6
square miles. Modifications included reduction in the size of model cells located in the vicinity of th-
OCC and incorporation of updated depths to bedrock. The resulting model included about 35,000 cel
ranging in size from 100 by 100 by 15 feet to 1000 by 1000 by 50 feet.

Material property distributions input to the model were developed through evaluation of field dar
including cuttings and rock core from monitor wells, aquifer tests, packer tests in bedrock borings and
wells, and rising-head tests conducted in Westbay monitor wells. Calibration of the model was don-
through comparison of predicted and observed hydraulic heads in a system of ground-water monitc
wells shown in Figure 1.

A steady state flow model was used to simulate the ground-water flow field. The steady stat
assumption (as opposed to transient flow) was considered valid for this site because historical data from
wells in the area indicated that the ground-water flow gradient and direction have not significantl
changed since the early 1960’s. Water-level measurements obtained in June 1991 were used to calibrat
the flow model.

The ground-water model was used to simulate the operation of the OU extraction system for
period of 20 years (1992 to 2012). The predicted capture zone developed by interpretation of velocity
vector plots is illustrated on Figure 5. The modeling results for the OU system can be summarized a
follows:

The maximum drawdown at the offsite extraction wells was predicted to range from 10 to 3
feet.

The average drawdown in the bedrock was predicted to exceed 10 feet.

The capture zone created by the offsite extraction wells may extend as far as 1,500 feet
downgradient of the OCC.

6.0 COMPARISON OF PREDICTED AND OBSERVED OU PERFORMANCE

In general, actual drawdowns agree closely with the predicted drawdowns and support the usc
of the model in predicting the response of the alluvial aquifer to pumping. Figure 5 shows the predicted
and observed capture zones. The predicted capture zone was developed by interpretation of velocit
vector plots.

Observed drawdowns alluvium agreed closely to predicted drawdowns. Figure 9 illustrates th
drawdown observed in DM 603 at the 68-foot deep port in alluvium. Predicted and observed drawdowns
coincide. Contrast the 68-foot port with the port at 245 feet in the same well (Figure 9). Observed
drawdown greatly exceeds the predicted drawdown in bedrock. Similar observations can be made fo
a number of the multi-port wells near the OCC.
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One explanation for the difference between predicted and observed drawdown in bedrock could
be that the value of storage used in the ground-water model was too large. Measurement of storage in
bedrock is difficult due to the low permeability of bedrock. Values of storage for bedrock input to the
model were inferred from the bedrock permeability measured using packer and rising head tests.

The overestimation of storage by inference from permeability measurements resulted in an
underestimation of bedrock drawdown in the ground-water model. Thus, model predictions
conservatively underestimated the influence of the OU system on drawdown in bedrock.

7.0 CONCLUSIONS

The OU extraction well system installed along the OCC has been shown to create a capture zone
in the alluvial aquifer that spans the known width of the solvent contaminant plume associated with the
Motorola 52nd St. site. Effective capture is achieved to a distance of about 900 feet west of the OCC
and 1,300 to 1,500 feet north and south of the extraction well system. In addition, the OU system
creates a capture zone extending about 300 feet below the OCC, into the bedrock.

Full-scale operation of the OU extraction system has a radius of influence that extends about one
mile downgradient from the OCC. The drawdown pattern developed from the extraction system reflects
the pattern of shallow bedrock in the area. Drawdown is greatest in areas where the alluvium is
relatively thick.

Actual drawdowns observed in monitor wells agree with model-predicted drawdowns within the
alluvium. Actual drawdowns observed in bedrock tend to exceed model-predicted drawdowns. OU
pumping has a greater effect on drawdown in bedrock than predicted by the ground-water model. The
difference between the model predicted and observed drawdown may be due to an overestimate of
bedrock storage.

The ground-water model developed for the Motorola 52nd St. site is an effective tool for
evaluating the OU extraction system in the alluvium. Prediction of the effectiveness of an extraction
system in a bedrock setting using a porous media model should be made cautiously. In this instance,
the model predictions conservatively underestimate the effectiveness of the extraction system in bedrock.

The OU extraction system is functioning as planned. Hydraulic containment was achieved as
predicted. Pumping rates of 500 gpm are sufficient to achieve contaminant capture.
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WHAT'S NEW IN BIOREMEDIATION??

Jeremiah D. Jackson, PhD, PE2

ABSTRACT: This paper explores recent technology trends in the bioremediation of
contaminated soils and groundwater. Technologies discussed include: the use of non-
aqueous nitrogen as a macronutrient; the dewatering of a contaminated aquifer to create
an artificial vadose zone; and air sparging to aerobically enhance bioremediation. Basic
theory is covered, along with design basics, leading to a conceptual remedial design. For
each application, the governing design constraints are identified, and then resolved using
the new technology.

INTRODUCTION

This paper is the fourth in a series of papers on bioremediation presented at the annual
Symposia of the Arizona Hydrological Society. Previous papers have discussed ex-situ
soil bioremediation basics (Jackson 1990), bioremediation kinetics (Jackson 1991), and
in-situ soil bioremediation. (Jackson 1992). The purpose of this paper is to introduce
emerging developments in bioremediation technology, with the intention being to report
in more detail their design and performances at upcoming symposia.

OVERVIEW BIOREMEDIATION STRATEGY

Previous work by this author (Jackson 1990 and 1992) and others has shown that
successful bioremediation of soils and groundwater contaminated with fuel hydrocarbons
requires satisfying three basic biological needs:

1) air
2) water
3) food.

Fuel hydrocarbons, especially those that are semi- or non-volatile such as diesel, are
readily biodegraded under aerobic conditions. Consequently, it is important to aerate and
thus maintain aerobic conditions within contaminated subsurface soils and groundwater.

TPaper presented at the Sixth Annual Symposium of the Arizona Hydrological Society,

Casa Grande, Arizona, September 23-24, 1993. ‘
2 Jeremiah D. Jackson is a Principal and Senior Vice President, Kleinfelder, Inc., San

Diego, CA.
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Since bioremediation relies on living microorganisms to accomplish the degradation of
fuel hydrocarbons, the contaminated media need to have sufficient moisture.
Contaminated groundwater does not, of course, suffer from water deficiency; however,
contaminated soils need a moisture content of approximately 20 percent for successful
bioremediation.

Microbial food requirements are satisfied by the fuel hydrocarbon contamination itself (as
organic carbon), and primarily two other macronutrients: nitrogen and phosphorus.
These other macronutrients must be "biologically available", typically in an aqueous
solution of ammonia and phosphate. This author as well as others have found that
successful biodegradation occurs with a carbon-to-nitrogen-to-phosphorus (C:N:P) ratio
of 100:5:1 by weight.

UNSATURATED SOILS

A common contamination scenario in the arid Southwest involves the release and
movement of fuel hydrocarbons through permeable unsaturated soils. Generally, since
the depth-to-water is often great, the hydrocarbon contamination does not reach, but
ultimately threatens, underlying groundwater.

The remediation strategy for the above scenario would follow the overview strategy of
satisfying the three basic biological needs, by:

" replenishing consumed interstitial oxygen by moving exhaust gases (viz.,
carbon dioxide) out and fresh air in, via a soil ventilation system

= adding water to increase soil moisture

. adding an ammonium phosphate solution to satisfy C:N:P requirements.

A common regulatory obstacle to the above remediation strategy is the concern that
aqueous ammonium will migrate downward, reach the underlying groundwater as a
nitrate, and ultimately pollute the aquifer with the threat of methemoglobinemia.
Consequently, it is often difficult, if not impossible, to obtain regulatory approval for in-
situ bioremediation of contaminated soils when aqueous ammonia is proposed as a
source of added nitrogen.

An interesting alternative to the above which may be more acceptable, is the use of
anhydrous ammonia instead of the aqueous ammonium solution. Work by Dineen et al.
(1990) has shown the successful application of such an approach for bioremediating
petroleum hydrocarbon contaminated soils. Their application involved the injection of
low concentrations (e.g., 100 ppm) of ammonia gas into a pressurized air stream being
blown into and through the subsurface contaminated soils (see Figure 1). Dineen et al.
found that bacterial densities responded favorably to such an approach, and concluded
that it was an effective mechanism for providing the necessary nitrogen.

SATURATED FINE SOILS

Fuel hydrocarbons which do eventually reach the water table will generally back up and
float on the water's surface. (Some will be dissolved in the underlying water, but due to
the low dissolution of fuel hydrocarbons in water, the resulting concentration is small.) [f
the water table should rise -- which it significantly has this year in many parts of Arizona
due to the record rainfalls and river flows -- the floating contaminant "plume" will largely
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Figure 1: Conceptual Remedial
Design for Unsaturated Soils
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be trapped resulting in a difficult remediation problem: highly contaminated saturated
soils. Depending on whether these soils are "fine" and exhibit low permeability (e.g.,
silts), or whether they are "coarse" with high permeability (e.g., sands or gravels) leads
to two different remediation approaches. Both remediation approaches, however, are
based on the same strategy:

. remediation requires creating and maintaining aerobic conditions by adding
air

= saturated conditions eliminate the need for increasing soil moisture

. existing residual macronutrient concentrations in the groundwater typically

exceed requirements of the relatively low concentrations of trapped and
dissolved hydrocarbons.

Both approaches also suffer from the same major problem:
. saturated soil conditions make it difficult to maintain aerobic conditions.

An emerging technology for accomplishing the above strategy while overcoming the
inherent difficulty of aerating saturated soils, is to dewater the contaminated saturated
zone to result in an "artificial" vadose zone. The dewatered contaminated soils are then
bioremediated using standard in-situ technologies, such as those discussed by Jackson
(1992). This approach works best for fine soils, since for a given pumping rate,
drawdown is greater in less permeable aquifers. A conceptualization of this remedial
design is given as Figure 2.

SATURATED COARSE SOILS

As noted above, saturated coarse soils have the same strategy and dominant problem as
saturated fine soils. Both scenarios require aeration, yet -- due to water saturation of the
contaminated soils -- aeration and the goals of creating and maintaining an aerobic
environment are difficult to accomplish.

Dewatering coarse soils is not as cost-effective as dewatering fine soils, since a much
greater volume of water must be pumped to obtain a similar drawdown of water level.
For soils such as coarse sands or gravels, pumping may even be cost-prohibitive. Thus,
an alternative approach is needed to aerate contaminated saturated coarse soils.

A successful approach recently used by Kleinfelder to aerate contaminated saturated
coarse soils is to "sparge" air through the contaminated zone via pressurized wells. This
"air sparging" supersaturates the water-saturated contamination, and provides abundant
oxygen to satisfy the aerobic respiration demand of the microorganisms. A conventional
soil ventilation system installed in the overlying vadose zone is then used to remove
exhausted biogases (e.g., carbon dioxide) and any volatile compounds (e.g., benzene)
contained in the fuel and air stripped by the air sparging wells. These gases can be
monitored at the soil ventilation system wellhead to estimate biodegradation
effectiveness. Figure 3 is a conceptual remedial design of this use of air sparging and
vapor extraction for bioremediation of contaminated saturated coarse soils.
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Figure 2: Conceptual Remedial
Design for Saturated Fine Soils
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Figure 3: Conceptual Remedial
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AQUIFER CONTAMINATION AND THE CITY OF PHOENIX
WELL SYSTEM: PROBLEMS AND SOLUTIONS

Keith R. Larson

ABSTRACT: Over the last decade, City of Phoenix well system production capacity has decreased by over
60 percent due to groundwater contamination. In response, Phoenix has developed a Well Drilling and
Remediation Action Plan aimed at increasing well system capacity by 60-70 million gallons per day by the year
2000. This paper summarizes the nature of aquifer contamination problems in Phoenix and strategies the city
is implementing in new well development and existing well remediation. Strategies include drilling new wells in
undeveloped areas not yet impacted by pollution, downhole well modification, and well blending. The latter two
are relatively low-cost techniques being used to mitigate water quality problems at inactive wells that do not meet
drinking water standards. High-cost wellhead treatment systems are considered only as a last resort for high
priority production wells.

Over the last decade, aquifer contamination has resulted in a severe reduction in the
production capacity of the City of Phoenix well system. In 1980, Phoenix had 115 active wells
capable of producing about 125 million gallons per day (MGD) of potable water. Since then,
80 wells have been deactivated, capped, or abandoned, leaving the City with only 43 wells with
a capacity of 438 MGD. Aquifer contamination by various pollutants coupled with more
stringent drinking water quality standards was the cause of inactivation of the majority of wells.

Fortunately for Phoenix, the acquisition of Central Arizona Project (CAP) water in 1985 provided
a major new surface water supply to compensate for the loss of well capacity. However, the
loss of groundwater wells has left the city with insufficient backup supply to meet unrestricted
water demands in the event of a major cutback in the city’'s CAP or Salt and Verde River water
supplies due to severe drought or temporary canal outages. -

' Paper presented at the Sixth Annual Symposium of the Arizona Hydrological Society, Casa
Grande, Arizona, September 23-24, 1993.

2 Keith R. Larson is a Water Resources Planner with the Phoenix Water Services Department,
Phoenix, Arizona. '
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Reduced well capacity has also made it more difficult to solve short-term water syster
operation problems such as maintaining chlorine residuals and reservoir levels, and supplying
water during main breaks or water treatment plant shutdowns. This paper describe-
groundwater quality problems facing Phoenix and the steps being taken to increase we
system capacity in the face of spreading groundwater contamination and more stringent
drinking water quality standards.

THE PROBLEM

The City of Phoenix’ water quality policy is that wells are placed on inactive status whei
contaminant concentrations reach 90 percent of an EPA maximum contaminant level (MCL,
or state action level. In addition, if wells produce water that has any measurable amount of
organic compounds, they are inactivated. Table 1 shows the number of wells that have beel
taken off-line due contaminants as a result of these policies.

Table 1
Wells Taken Out of Service
Reason Number of Wells
Nitrate 40
DBCP/EDB 8
TCE 4
Chromium 7
Other 21
TOTAL 80

Nitrates are by far the most prevalent contaminant affecting the city’s wells. Many Phoenix
wells are located in areas that were farmed prior to being developed for urban use. Pas’
overuse of nitrogen fertilizers is thought to be the primary cause of nitrate contamination i
these areas. Past use and disposal of the pesticides DBCP and EDB has impacted eight wells.
To date, four wells have been shut down due to contamination by the industrial solver
trichloroethylene (TCE), and seven wells have been impacted by chromium of nature
occurrence in the aquifer materials underlying portions of northeast Phoenix. Finally, a total
of twenty-one wells have been inactivated due to factors such as lead, fluoride, high tote
dissolved solids, sand in pumped water, collapsed casings, or inefficient productioi.
characteristics.

52



SOLUTIONS

In response to the likelihood of continued impacts to the City’s well system, the Phoenix Water
Services Department commissioned several studies aimed at defining the nature and extent
of contamination and alternatives for increasing well system capacity to provide adequate
backup water supplies. Following completion of the studies, staff developed a Well Drilling and
Well Remediation Action Plan covering the 1993 to 2000 period. The program’s objective is
to add an additional 60-70 MGD of well capacity by the year 2000. To accomplish this goal,
two or three new wells will be drilled and equipped each year, and an attempt will be made
to solve water quality problems at three wells each year. The total cost of the eight-year
program is estimated at $41 million. The following sections describe the strategies that will be
used to accomplish these goals.

New Wells

The aquifer underlying much of the Phoenix service area south of the Arizona Canal and in the
Deer Valley area has either known areas of contamination or is at high risk for future well
impacts by pollutants. Hydrogeologic investigations indicate that the best area to construct
new well fields from a water quality and quantity standpoint is north of the CAP canal and east
of Cave Creek Road. This area is largely undeveloped desert where urbanization is expected
to accelerate during the next decade. Figure 1 indicates the general location of planned well
field areas and specific sections of land that is recommended for wells. Well sites will be
acquired from master developers as early in the development process as possible to minimize
impacts to landowners as land is subdivided. The location of new wells will ultimately depend
on the pattern of development of state-owned lands in the area. Water from the new wells will
be pumped primarily during periods of surface water shortages or water system outages.
Groundwater supplies that exceed the local area demands will be conveyed to the rest of the
service area through the distribution system leading south from the Union Hills Water
Treatment Plant.

Bringing Inactive Wells Back into Service

Phoenix has studied the cost and feasibility of three strategies for bringing back into service
wells that are now inactive due to aquifer contamination. These strategies are: 1) Well
Blending, 2) Downhole Well Modifications, and 3) Wellhead Treatment Systems. Each strategy,
and its potential role in returning Phoenix wells to service is discussed below.
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Figure 1

Areas of New Well Construction
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Well Blending

Blending water to meet water quality objectives has been a common practice in the water
industry for many years. Until 1992, water providers in Arizona, including Phoenix, would
blend well water exceeding MCLs with surface water in the distribution system to dilute
concentrations to below MCLs. Mass balance calculations were done to ensure that
contaminants would be diluted to acceptable levels by the time the water reached the tap of
the first downstream customer. In 1992, the Environmental Protection Agency (EPA) and the
Arizona Department of Environmental Quality (ADEQ) adopted new regulations requiring that
any water entering the distribution system meet all MCLs. Blending must now occur outside
of the distribution system. In addition, contaminant levels in approved blending operations
must be monitored on a continual basis using real-time water quality test equipment.

In response to the new ruling, Phoenix developed and submitted to ADEQ a blending plan for
four nitrate-contaminated wells located near the Deer Valley Water Treatment Plant. The plan
was approved by ADEQ and the wells, which are blended with treated surface water in a 20
million gallon finished water reservoir, have been placed back into service. Additional wells
are being investigated for blending feasibility. Most wells, however, are not conveniently
located near large reservoirs with a large water quality buffering capacity. Thus blending plans
for additional Phoenix wells will likely require construction of a small reservoir (50,000 to
100,000 gallons) on the well site where well water can be blended with treated surface water
withdrawn from the water distribution system. This strategy holds promise only for wellsites
that are large enough to contain a reservoir and that are located near water mains providing
sufficient blending water.

Downhole Well Modification

Several water utilities in Arizona have successfully modified wells to improve the quality of
pumped water. The major concepts of well modification are: 1) seal off aquifer zones of known
poor quality water, and 2) eliminate cascading of poor quality water from the upper aquifer to
the lower aquifer. Typically, a steel casing liner is installed and cemented into place using
pressure grouting techniques. Other techniques that may work in some situations include: 1)
installation of a cement plug in the filter pack to prevent downward movement of contaminated
water through the well bore, 2) patching breaks in the well casing through which water is
cascading, 3) deepening wells, 4) resetting pump bowl depths, and 5) redeveloping wells.
Well modification can be used to lower the concentration of any contaminant, but has been
used most extensively in Arizona to remediate nitrate problems.

Phoenix recently completed a pilot well modification program in which three wells that
exceeded the nitrate MCL were modified. Test pumping is now underway to determine the
effectiveness of the modifications in lowering nitrate concentrations to within the drinking water
standard. If the program proves successful and cost-effective, more Phoenix wells will be
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considered for modification, provided well and aquifer characteristics are favorabie. It shoul
be noted that well modification may only be a temporary fix to a water quality problem.
Continued vertical migration of poor quality groundwater that is related to a regional sourc»
of contamination or regional groundwater flow patterns may, over time, overcome the wate
quality improvements gained through modification. However, well modification is relatively
inexpensive compared to other remediation options, and can be an appropriate alternative fc-
older wells with a limited useful life that are pumped infrequently as a backup supply sourc

Wellhead Treatment

Various physical and chemical wellhead treatment processes are effective in dealing with th
range of organic and inorganic contaminants limiting groundwater use. Phoenix investigate
ion-exchange treatment as a potential strategy for treating wells high in nitrate. A treatment
plant was designed to treat water from the four wells located near the Deer Valley Wate
Treatment Plant. A decision was made not to construct the system due to the estimated cos
of $4 million, and to implement the lower-cost well blending plans. Phoenix currently has no
active production wells with operating wellhead treatment units. However, wellhead treatmer
remains a viable strategy that may be used for high priority Phoenix wells whose operatio .
must be maintained, and where cost is a secondary consideration.

Well Drilling and Remediation Action Plan Summary

Phoenix’ overall approach to increasing groundwater production capacity over the next eigt.
years is to: 1) drill new wells in areas with no known land use history that could result in
contamination of the aquifer, and 2) attempt first the lowest-cost alternatives for solving wate

quality problems at inactive wells. Initially, efforts will focus on wells affected by nitrates anu
chromium, using a combination of well modification and well blending techniques. This
decision was based largely on the following per well cost estimates for the remediatio

alternatives:

Well Modification - $75,000 to $150,000
Well Blending - $150,000 to $250,000
lon-exchange Treatment - $1,000,000
New Wells - $600,000 to $1,000,000

Wells impacted by organic pollutants will be addressed at a later date if additional well capacit-
is needed, and if remediation can be accomplished in a cost-effective manner. Because of it
high cost, wellhead treatment for organic chemical, nitrates, or chromium will be considered
as a last resort after other remediation alternatives have been investigated.
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As a first step in the well program, inactive wells have been prioritized for remediation efforts
based on production capacity, value to the water system operation, condition, construction
details, age, water quality characteristics, and wellsite characteristics. High priority wells will
be evaluated in more detail and decisions made on which alternative to pursue. About six
inactive wells have been targeted for abandonment to date. Decisions to abandon others may
be made following more study. As part of the prioritization, wells were evaluated regarding the
potential for non-potable uses and trades or exchanges with non-potable water users.

Dealing With Contamination: Decision Factors

The strategies a municipal water provider will choose to mitigate groundwater contamination
problems will depend on its unique situation. Factors that will affect the decision include:

e The Extent of Aquifer Contamination: Is only small portion of the provider’s service area
underlain by contaminated groundwater or is the area of impact extensive?

e Water System Hydraulics - Will the water system accommodate wells in new locations?
Are there other sources of water (i.e., surface water) available to the provider?

e Capital Improvement Program (CIP) budget priorities - How much money is available to
solve the problem? Are there more pressing needs for available funds?

e \Wellsite Constraints - Is there enough space at wellsites to accommodate reservoirs,
treatment systems, or drilling rigs? Will the neighbors object to noise or visual impacts?

e Regulatory Concerns - What water quality, air quality, and noise standards and policies
constrain alternatives?

e Public Concerns - What are the public’s attitudes and expectations regarding water quality
and exposure to chemicals?

e Media Attitudes - Does the media have a bias for or against certain alternatives?

e Politics - What are the local politics surrounding water quality decisions? Remember: City
Councils ultimately determine the course of action!
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GROUNDWATER QUALITY TRENDS AND FUTURE IMPACTS

In the coming years, many municipal water suppliers in Arizona and elsewhere will be forcec
to, at least temporarily, remove wells from service because drinking water standards are not
met. Two trends are at work here. First, new and more stringent water quality standards ar«
being enacted all the time, with little relief on the horizon. The upcoming Radon and Arsenic
MCLs are good examples of new standards that will result in the inactivation of many public
supply wells across the U.S. Second, contamination within the aquifer is widespread, anc
contaminants are moving in response to groundwater flow gradients that are often dominatec.
by municipal groundwater pumping. These trends suggest that virtually all existing and new
public supply wells will, at some point in the future, require some form of remedial action t
meet drinking water standards and maintain service levels.

With these trends in mind, is aquifer restoration (i.e., clean-up of known contaminant plume:
to prevent future impacts to public water supplies) a meaningful concept for those now
involved in municipal water supply planning? The answer may be a moot point. Expensive
wellhead treatment systems will probably be required for most wells in the future regardles:
of whether EPA Superfund and state WQARF projects are effective in "cleaning up" the aquifer.
Many groundwater scientists believe that some major contaminant plumes may require fifty to
one-hundred years or more to clean up, or the chemical release may never be fully recovered
Thus many existing and new municipal wells may be affected by pollutants long before clean-
up is achieved. Well system planners should attempt to minimize and delay the financia!
impacts of future remedial actions on production wells through the following strategies:

1) Locate new wells as far away from known contaminant sources as possible.
2) Design new wells with present and future water quality conditions in mind.

3) Plan wellsites to accommodate future wellhead treatment units, well modificatior
equipment, or well blending facilities.

4) Consider a stepped approach toward well improvements, starting with the least-cos
alternative, particularly when working with older wells.

5) Implement a "wellhead protection" program to minimize the potential for additiona
contamination of critical aquifer areas.

6) Manage groundwater withdrawals to contain known contaminant plumes.
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Part 1l

WATER QUALITY SAMPLING:
SOME CRITICAL PROBLEMS AND POSSIBLE SOLUTIONS
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Under Developed Monitoring Wells?
How Representative Are Your Samples?

by Gary L. Hix, R.G., CWD/PI 2

ABSTRACT: The author presents a working hypothesis that many of our existing
monitoring wells do not yield values that are representative of the aquifers they
penetrate. Yet our interpretations of depths to water, natural water quality, and
the extent of contamination present in these wells are routinely used to determine
the fate of large tracts of real property, who is and who is not a potentially
responsible party, and the health of our future generations. Most monitoring well
development methods are an extension of techniques developed for the water
well industry. These same methods are being applied to monitoring wells, often
without realizing their ineffectiveness in this vastly different environment.

Physical limitations of the available equipment, plus constraints put on the
environmental consults by the property owners and regulatory agencies, limit our
ability to do a thorough job of well development. New equipment is being
developed and marketed that will make developing small diameter monitoring
wells easier. The latest in monitor well development equipment is reviewed, and
a plan for scientifically testing the author's hypothesis is proposed.

One of the emerging critical issues regarding ground water in Arizona and
the Southwest is water quality. In areas where we suspect the natural water
quality has been compromised, we've installed monitoring wells to sample and
testit. It's the author's contention, however, that maybe half of the monitoring
wells being drilled, constructed, and sampled today do not yield values that are
truly representative of the aquifers they penetrate. Yet our interpretation of
depths to water, natural water quality, and extent of contamination present in
these wells is used routinely to determine the fate of real properties, responsible
parties, and the health of our future generations.

' Paper presented at the Sixth Annual Symposium of the Arizona Hydrological
Society, Casa Grande, Arizona, September 23-24, 1993.

2 Gary L. Hix is a Registered Geologist in Arizona and California and a NGWA

Certified Well Driller and Pump Installer. He is owner and operator of
Saguaro Environmental Services Co.
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A monitoring well should be a transparent, omni directional window into
an aquifer that allows a ground water scientist to see and sense the subsurface
environment without physically entering it. It would be great if we could get our
eyes down to the bottom of brand new monitoring well and look out through the
screens while we take our first water quality samples. If we could, we might be
surprised to see only the inside of a long cylinder, several inches in diameter
filled with fine grained sand pack mixed with mud and silt, and backed by a shell
of clay. This cylinder referred to is the borehole filled with filter pack, and the
clay shell is the mud cake and/or borehole damage we created while drilling it.

Because we don't have
wall cake generated 2
while drilling borshole eyes down in the well when we
sample it, we can't see where the
recharge is coming from, If we
could, we might observe that
recharge into the well during
purging and sampling is entering
the borehole radialy, and
vertically, through preferentially
developed zones in the clay shell.
Once inside the shell, recharge
R -must fight it's way through a fine
grained sand pack partially
blocked with silts and clays in
order to enter the well casing
through some very narrow slots.
Native formation snswsew | Yet it's sometimes assumed that
one or two rounds of hand bailed

Figure 1. Monitoring well constructed slightly off center -samples from these wells gives a
in the borehole to illustrate how one side of a

well could be more thoroughly developed than representative value of the
the other. aquifer's water quality for tens of

feet from the well in all directions.

Artificial gravel

.....
"""""""
04 .

EQLD. ofauqer

The author has participated in the drilling'and development of many of
these shallow depth monitoring wells. He has noted the unusually low well yields,
and has heard from consultants the results of water quality values they have
obtained over time. Surprisingly, a rather large number of small diameter
monitoring wells constructed in shallow fine grained perched aquifers test
contaminate free at first, but increase in levels over time. One obvious
conclusion from the data is that the monitoring well was installed just in front of
an advancing plume, and now the plume surrounds the well. But is this
interpretation correct? Other explanations frequently given are laboratory error,
cross contamination from another well carried with the sampling equipment, - or
outside influences from an unknown source.

62



Varying degrees of effort are spent on monitoring well development,
depending upon the geologic formation, contaminates, project budgets and the
drilling method used. It's the author's belief that fine grained materials are
often left behind on the borehole walls and in the gravel pack that prevent or
inhibit the free entry of water from all quadrants over the entire screened
interval. These restrictions produce lower well yields and muddy water samples
that are not representative of the aquifer. Subsequent sampling rounds with
gradually increasing contaminate levels from these monitoring wells could be
attributed to the fact that this new monitoring well is at last coming to equilibrium
with it's environment, months, or even years after it was first installed.

It's the fine grained clayey shell generated while drilling the borehole
which is not totally removed during the initial development that causes the
greatest problem. It reduces well productivity, limits recharge, and skews water
quality analyses. Eventually the clay shell breaks down, and the remaining silt
in the sand pack is flushed out during subsequent purging and samplings.
Admittedly this theory is not based upon defensible scientific data generated
under controlled conditions. It's a hypothesis. One drawn, however, from
several years of drilling, constructing and developing monitoring wells. If the
author's hypothesis is correct, it may mean that many of our existing monitoring
wells did not yield data that was truly representative, at least not initially. There
may be other explanations for the apparent changes in values as well. Each
project and each well is unique to that particular situation and all possibilities
must be considered.

Never-the-less, if there's validity in the theory, the issue may become one
of ever increasing importance in future years. Many past conclusions were
drawn, and important decisions were made, based upon a few quick samples
collected from monitoring wells of this type. As the evidence accumulates
substantiating changes in water quality from monitor wells like these, a greater
respect for the importance of through initial monitor well development will
emerge. After a brief discussion of current well development practices, some
previous investigations on the subject, and some personal perceptions about
the effectiveness of various well development methods, the author proposes a
means of testing his hypothesis.

Our Perspective May Be "Out of Scale"

The hydrology and well drilling text books we all studied and learned our
trade from illustrated typical well development tools with exaggerated scale
drawings. These drawings illustrated powerful movement of ground water
around sand and gravel particles just outside the casing during development.
We carried this perception over into monitor well development practices. The
limited forces that we can generate inside a small diameter monitoring well,
however, may not be as effective as they were in the much larger water wells.
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Consider how difficult the task of properly developing a small diameter
monitoring well is. We must physically reach perhaps a hundred feet or more
down to the bottom of a two or four inch diameter well, out through 6% to 10%
open area, through several inches of fine sand or gravel pack, reach the farthest
edges of the borehole and physically remove a quarter to half an inch of mud
cake to repair formation damage caused by the drilling. Let's further assume
that there's only 15 to 17 feet of water in the bottom 20 feet of this one hundred
foot deep monitoring well (assuming that the screened section straddles the
water table). :

Try to imaging the physical forces a contractor might be able to exert on
the edge of the borehole while he's either pushing or pulling small quantities of
ground water through the slots of the casing, plus through two to three inches of
fine grained gravel pack. Remember too that the gravel pack was placed by
gravity below the water table inside a slurry of mud and water generated during
the drilling. If fresh water was not used to pump the sand pack into place, the
sand pack is thoroughly mixed with a thick clay slurry left in the bottom of the
borehole.

More Difficult to Develop by Design

As explained and illustrated above, monitoring wells are by design more
difficult to develop than water wells. They are smaller in diameter than water
wells, plus they typically will have very little saturated depth (a few tens of feet
of water) compared to their total depth. They are often made of fragile PVC or
Teflon ®. If this fifteen feet of saturated interval is a hundred feet down in a tight
formation, it's not hard to see why it's a difficult task to develop these wells
without damaging them. If the formation produces very little water to begin with,
through development of wells like these can be a very slow and tedious process.

Many of the traditional well development methods gave little consideration
to a monitoring well's basic design (small slot sizes, fine grained gravel packs,
low submergence ratios, fragile materials, etc.) and not producing any more by-
products than absolutely necessary. Added to these physical problems is the
financial constraint of not wanting to spend too much time or budget working with
a given monitor well. Whereas extra development time spent on a production
water well can be justified in lower operating costs.

Most Water Well Development Methods are Ineffective
Bailers are frequently used as monitoring well development tools.

Bailers and surge blocks are typically run on a cable, falling by gravity and
pulled upwards with a winch. Physical agitation is supposedly provided by
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movement of the surge blocks, while fluid and suspended sediments are
removed with the bailer.

Surge blocks of various designs have been described and illustrated in
well development literature. Schalla and Landick presented two unique
prototype surging tools designed especially for monitoring wells (Schalla, 1986).
Apparently, neither of these tools went past the development stage. The most
common tools in use today are not much more than single swabs with insufficient
mass to fall rapidly down through the water, getting only a moderately quick
upward pull. How much force is generated on the borehole wall by this method
is limited to how quickly the equipment and well design allows the tool to fall,
and how quickly a contractor is willing to raise it.

A contractor must be very careful when working inside a plastic monitor
well with a heavy steel bailer. Sand pump bailers can easily be stuck inside the
narrow confines of a monitoring well by burrowing their way into sediments on
the bottom. Dart valve bailers can knock the bottom out of a plastic well.
Sticking a surge block inside a crooked well, plus the fear of breaking the
screen if something gets dropped on top of the surge block, are two reasons
contractors must be gentle when using these tools. Contractors work a lot by
feel and past experience. When a contractor "feels" that a given section has
been properly worked, the surge block is removed and the bailer sent in to
remove the dirty water. In order to save time swiiching tools, some contractors
will use a snug fitting bailer for both surging and bailing. The effectiveness of
this method in breaking down wall cake is questionable.

A technical discussion of the forces that can be generated by bailers and
one and two ring surge blocks can be found in the Roscoe Moss Handbook of
Ground Water Development (Moss, 1991). This discussion, however, is
primarily the results of laboratory and computer modeling studies. To the
author's knowledge, these forces have never been physically measured inside
either water wells or monitoring wells. How powerful, and therefore how
effective, this surging action actually is at the edges of the borehole wall is the
real question.

Another very real world limitation of using mechanical tools alone for
developing monitoring wells is the length of time required to do a thorough job.
The volume of water that can be removed with a dart valve bailer in a given time
period is relatively small compared to most pumping methods. It's also difficult
to remove all the suspended fines with the strictly mechanical method. Wells
developed in this manner are re-muddied while purging and sampling with hand
bailers because of the fine grained materials that have settled to the bottom of
the well. Surging and bailing alone is not sufficient to develop some monitoring
wells, yet a few hours of this action is all some wells receive. This could explain
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why so many of them that have been developed this way yield muddy samples
and changing analytical values for several months.
Pumping and Over Pumping

Over pumping has been used to develop water wells for decades. It's a
different situation when developing monitoring wells. Two inch diameter
monitoring wells don't allow much room for pumps with sufficient capacities to
develop them by over pumping. One manufacturer, Grundfos, makes the
variable speed Redi-flo2 ® submersible electric pump with good capacities that
will fit in a 2-inch well. However, it wasn't meant to be used for well development.
There are a couple of 3 inch diameter submersible pumps on the market also,
but using them for well development is not a factory recommended practice
either, and it will certainly void the warranty. Goulds has recently introduced a
variable speed 4-inch diameter submersible pump, but the author knows of no
one who is using it for well development. The "real world" situation is that a
constant speed 4-inch submersible pump is carefully placed inside a 4 inch
monitor well and held back by a manually operated ball or gate valve. This
equipment works as long as the well casing is Schedule 40 PVC. Wells made of
Schedule 80 PVC, whose ID measures 3.82 inches, are too small for 4 inch
submersible pumps. This makes use of a bailer, or 3-inch pump mandatory.

Mc livride and Weiss documented what dramatic effects drilling
methods can have on well performance, and how difficult it can be to remove
wall cake or clay smear from a borehole (Mc llvride, 1988). James Gibb
presented one of the earliest discussions on what affects sampling methods
have onwater quality samples and the debate continues (Gibb, 1987). A
National Symposium on the topic of ground water sampling held in Washington
D.C. in November, 1992 presented the results of several new studies on the
subject of sampling, but nothing new on well development methods (Grundfos,
1992). Meredith and Brice warned of the negative effects high entrance
velocities can have on water quality samples when pumping small diameter
monitoring wells (Meredith, 1992). They recommend low pumping rates for
purging and sampling where entrance velocities do not exceed 0.3 ft/s.

Over pumping can be a very effective way to develop a monitoring well if
your not limited to pumping 55 gallons of water. The cost of testing and
disposing of well development water can easily exceed the cost of producing it.
Limited submergence and fine grained formations that yield very little water often
mean that the development pump must be held back to prevent it from breaking
suction. Operated in this manner, a submersible electric motor doesn't get
proper cooling from water flowing past it, and can easily be burned up. In the
"real world" manufacturer's equipment warranties don't apply to pumps used for
monitoring well development because of the way they're operated. Contractors
who use them for monitor well development simply expect to sacrifice a pump
and motor now and then.
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Surging, Air Lift Pumping

Monitoring wells often have a portion of their screen section exposed
above the water table, a design which allows for changing static water levels and
floating contaminates to enter the well. Air pressure at the bottom of the pipe in
a well is proportional to the depth of submergence. When compressed air is
vented at the bottom of a well, some ¢f it has to enter the gravel pack before the
expanding bubble exits the well. Any attempt to introduce air into the well casing
to "blow", "unload" or otherwise air lift develop the well will introduce unwanted
air into the gravel pack and surrounding formation. Small micro-bubbles of air
can be trapped inside the gravel pack and may never escape. What level of
confidence can be attached to water quality samples taken from a monitoring
well that has a cylinder of tiny air bubbles trapped in the gravel pack surrounding
the well screen?

Some contractors have had limited success using a dual pipe, or eductor,
method of air lift development. The eductor pipe is lowered to near the bottom of
awell. Using an airline, either suspended inside or attached outside, large
volumes of air are released at the bottom of a pipe whose diameter is smaller
than the ID of the well casing. Air rising inside the eductor pipe lifts water and
sediments from the well without getting air into the screens or gravel pack.
Eductor pipes capability to lift water are greatly diminished with high
submergence to lift ratios. Considering the depth to water and limited saturated
intervals in most monitoring wells, this practical water well development method

is not ideal either.
Washing and Jetting Methods

Early water well construction and development handbooks illustrated how
the jetting technique can be used to flush fine grained material from the gravel
pack. Various jetting tool designs can still be found in recently published
reference books. The method can be very effective at removing mud cake and
formation damage, especially at the top of the screens, as long as large volumes
of water can be injected into the well. Many regulators, however, express grave
concerns about introducing any water, materials or other products into a
monitoring well. Stating that if a given quantity of water is introduced during
development, two to three times this amount should be extracted before a valid

water quality sample is taken.

Finding a source of clean water, plus the cost of testing and disposing of
the additional volumes of purge water, severely limits the application of this
method. Jetting with water from an outside source may never become an EPA
approved method.of developing monitoring wells because of these.concerns;

% ——

even though it may be the most effective method of removing wall cake.
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In water well manuals jetting tools are shown being rotated, plus raised
and lowered throughout the screened interval. These references also gave us
tables showing the discharge pressures necessary to obtain jetting action at a
given submergence. These pressure requirements can be as high as a couple
of hundred pounds per square inch. Water injection rates can be a few tens of
gallons per minute. Jetting with water and air is also performed in water wells,
put for obvious reasons it's never used in monitoring wells. Despite the
exaggerated scale drawings showing how well this method works, real world
limitations on working room inside a typical monitoring well, plus disposal of
large quantities of purge water, a practical application of this technique for
monitor well development has not come forward.

Dougherty and Paczkowski presented a way to minimize fluids produced
while jetting a monitor well (Dougherty, et.al., 1988). They showed how both a
submersible pump and a jetting tool could be put into the screened section of a
well, one on top of the other. With both of these tools in the well at the same
time, water was primarily recirculated, with only minor amounts pumped to
waste. No new water was introduced. The concept of jetting a monitoring well
with it's own water sounds like a good one, if it can be made to work. This design
appears to be a practical one for jetting small diameter monitoring wells,
however, no one is currently manufacturing a tool of this design.

Flatwater Fleet has introduced a line of jetting nozzles for developing the
screens of environmental and water wells. They're available in sizes from 2-
inches in diameter on up, and are customized sized for jetting at varying
velocities. Having off the shelf ready made tools for this development method
could help bring this most efficient of well development methods to some form of
practical application for monitoring wells.

Vacuum Purging and Pumping

One method of pumping environmental wells that has not been applied to
water wells is vacuum pumping, a purging technique for monitoring wells used
described by William Schaal (Schaal, 1992). Schaal claims that in California
small diameter monitoring wells are regularly being vacuum purged prior to
sampling. According to Schaal, vacuum purging continues to produce a cost
savings over more conventional methods. Very low yielding wells can be
vacuum purged and pumped without burning up submersible pumps, or
spending a great deal of time with bailers. Schall has stated that the same
technique can also be used to develop or rehabilitate monitor wells.

In this method the vacuum is supplied by a large vacuum truck, or

specially designed high volume portable units. A "“stinger" is dedicated to each
well and stored within it when not in use. Stingers are most often made from 1
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inch diameter PVC pipe. The stinger is connected to the vacuum hose and
slowly lowered to within an inch or so of the water surface. Water is not lifted as
a solid stream, but as a mist of water and air. According to Schaal, both air and
water are pulled from the well as long as the stinger chatters with a
characteristic "twitch." As the water level decreases, the stinger is lowered into
the well to maintain optimum pumping. If the stinger is lowered to quickly, the
twitching ceases, and the vacuum pumps begins to over rev. According to
Schaal, removing 15 feet of standing water from a 25-foot deep 4-inch diameter
well requires 5 to 8 minutes. Cost and availability of large vacuum trucks, plus
the requirement to get the purge water out of the vacuum truck rather quickly,
could limit use of this technique locally.

Reverse Circulation Air Lift Pumping

One tool that was designed specifically for developing monitoring wells is
the Aqua Developer ® by the Aardvark Corporation. It was invented and
introduced by Thomas Nuckols, and further described by Mike Craig (Nuckols,
1990, Craig, 1991). The Aqua Developer is a combined reverse circulation air
lit pump, and surge block tool designed specifically for developing or
rehabilitating 2, and 4-inch diameter monitoring wells. It works in reverse of most
air lift pumping methods, which nets a tremendous savings in the volume of air
required to operate it. This air lift pumping device removes drilling muds, foam,
and fine grained material that may have settled to the bottom of the well, almost
like a vacuum sweeper. Because this tool has no moving parts, it can lift and
remove even coarse sand from the well without fear of locking up. Once the well
has been cleaned to bottom, the open
bottom tool is removed and replaced with
the surge block development tool, which [ I
has a perforated intake section straddled e coumesszoun | |
by two rubbers rings. Figure 2 illustrates Fi N
how the surge blocks and perforated
intake section works inside a 4-inch
monitor well.

The surge block tool is typically
raised and lowered using a pump hoist
while it's operating. In and out
movement of ground water through the
gravel pack ( to what ever extent this is
possible) is generated by the up and
down motion of the surge blocks. Air lift
pumping from between the surge rings
removes fines while they're still in .
suspension. Because the surge blocks 2 _ et IDI

isolate small sections of screen, it's

Figure 2. The Aardveark Aqua Develooper
inside a 4-inch diameter monitor wel.




possible to differentiate more productive zones from less productive zones.
Discharge from the reverse circulation dual wall pipe is diverted through a mud
cyclone. The cyclone vents the compressed air upwards while water and
sediments fall into a bucket or drum. Flow rates can be measured, as can
development progress. When used inside 4-inch wells, pumping water levels
can be measured while air lift developing. This tool is readily available through
the Aardvark Corporation, but it's mostly all stainless steel construction makes it
one of the most expensive.

Testing the Hypothesis

The author proposes testing his hypothesis by constructing several test
wells within a large diameter pit that has been lined and backfilled with specified
geologic materials, and saturated with known concentrations of a tracer
representing contaminates. The test pit would be lined with an impervious
material similar to that used to line landfills, plus a layer of bentonite clay on the
bottom to be used as a marker bed indicating the bottom lining was nearby.
Opposite sides of the pit would be fitted with large diameter wells used to inject
water and maintain proper levels during the pumping tests. Several monitoring
wells, to be used as baseline and control checks, would be constructed as the
pit was backfilled and compacted. Figure 3 illustrates a possible layout and
design of such a test pit.

Locations where monitor
Test pit boundary wells will be drilled Control wells built with

__— the pit

Compacted
|_—  backfill
material

Clay layer
over aquifer

Aquifer
material

Bentonite layer
over plastic liner

Figure 3 Drawing of proposed test pit with control wells and possible locations for

drilling new monitor wells. )
B S T S e s
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When baseline paramaters have been established in the control wells,
various drilling methods would be used to drill monitoring wells within the test pit
boundaries. Productivity and water quality results obtained from the newly
drilled and constructed wells would be compared to the base line values.

By constructing wells within the confines of a lined test pit, control of
many otherwise unknown field parameters can be maintained. Results obtained
from the newly drilled, constructed and developed wells would be compared to
results obtained from control wells. Tracers of known concentrations could be
introduced into the aquifer surrounding the test wells at various levels and from
different quadrants.

The extent of formation damage caused while drilling with various
methods inside the pit could be directly observed and measured. Boreholes
could be drilled through dense clays, and wells could be made in formations of,
known hydrologic characteristics during the proposed investigation. Wells could
receive different levels of development. Efficiencies of wells that are not fully
developed should be lower than the efficiencies of control wells. Wells that were
not fully developed might yield lower values of tracer contaminates. Analytical
values obtained from the test wells that are different than the concentrations of
tracers introduced into the pit (and recorded by the control wells) would reflect
losses caused by either the drilling method or inadequate well development.

SUMMARY

If test results confirm the author's hypothesis, then decisions based upon
interpretations of some earlier analytical results may have to be re-evaluated. A
valuable insight into the validity of our present practices could be obtained from
such a study. Resolution of this issue may become one of the more critical
issues in Water Resources of Arizona. The author invites comments, discussion,
criticism and suggestions regarding implementation of the proposed field
investigation.
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PRIORITY POLLUTANT SAMPLING IN THE PIMA COUNTY
NPDES STORM WATER PROGRAM1

Byron McMillan and David Barraza?

ABSTRACT: Pima County submitted Part Il of its National Pollution Discharge
Elimination System (NPDES) Storm Water Permit Application on May 17, 1993.
This paper describes the storm water sampling and monitoring programs developed
to meet the application requirements.

Sampling stations identified in Part | of the permit application, representing five
different land use types, were sampled during the 1992-93 winter storm season.
A total of nine samples were collected representing two different storms more
than thirty days apart. An identical sampling and measurement regime was
implemented at each site that included runoff measurement, field parameter
analysis, grab and flow-weighted composite sampling, and sample preparation for
total and dissolved pollutant analysis. Samples were analyzed for organic and
inorganic species, nitrogen forms, total chlorine, coliform, oxygen demand, and
phenolics. The presence of priority pollutants within the Pima County Municipal
Separate Storm Sewer System (MS4) permit area was confirmed by sampling
results and pollutant loads were calculated. Results indicated significantly higher
total suspended loads than dissolved loads for several pollutants.

Sampling will continue during the next year at representative land use outfalls
including a non urban site which will represent an uncontaminated background
sample. Two samples each from two different storms (at least thirty days apart)
will be obtained at each of the sites during the summer (monsoon) and winter
storm seasons. Two quality control (field blank or field duplicate) samples will also
be collected for a total of thirty samples. In addition to wet weather sampling, dry
weather sediment sampling will be implemented down-gradient of each of the
sampling stations to investigate residual and insoluble pollutant levels in the soil.
The sampling program will be carried out for at least five years, the term of the
permit.

TPaper presented at the Sixth Annual Symposium of the Arizona Hydrological
Society, Casa Grande, Arizona, September 23-24, 1993.

2Byron W. McMillan and David A. Barraza are Senior Hydrologists, Pima County
Department of Environmental Quality, Tucson, AZ.
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INTRODUCTION

Pima County has collected characterization data and proposes a monitoring
program to accomplish three ends: (1) to provide the information necessary to
meet Part 2 permit application requirements; (2) to develop data compatible with
water quality data collected in the southern Arizona region by other agencies,
including the City of Tucson, the Arizona Department of Water Quality, and the
U.S. Geological Survey; and (3) to contribute to the continuing national effort to
assess the potential impacts of storm water runoff to the nation's waters.

Estimates Of Event-Mean And Annual Pollutant Loads
Description Of Sampling Stations

Pima County sampled storm events at five locations or sampling stations. These
stations are described in detail in the Characterization Plan submitted for the Part 1
permit application, along with the criteria used in their selection. Each drainage is
dominated by a single type of land<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>