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EXECUTIVE SUMMARY

The objective of the Phase III Hydrogeologic Characterization for the Mamm Creek Study Area
was to gather additional data to clarify the nature of the hydrologic flow system and water
quality in the study area, including evaluating the possible effects, if any, of oil and gas
development on the Wasatch Formation water quality. The Study Area was also evaluated as
part of the Phase I hydrogeologic study for the Mamm Creek Field Area (URS, 2006) and the
Phase II hydrogeologic study (S.S. Papadopulos, 2008). The Study Area is located south of the
Colorado River between the cities of Rifle and Silt, Colorado (Figure 1), and is approximately
110 square miles in size and comprises the majority of the Mamm Creek gas field in the
southeastern portion of the Piceance Basin. This study is an attempt to improve understanding of
the nature of groundwater chemistry in the vicinity of the installed monitoring wells, including
better understanding of groundwater chemistry in the hydrogeologic layers located about 200
feet deeper than those typically utilized for domestic purposes.

The Phase I1I Hydrogeologic Characterization activities included the drilling and installation of
three pairs of shallow (~400 feet) and deep (~600 feet) monitoring wells to enhance Garfield
County’s monitoring capabilities in the Mamm Creek area. The investigation also included
conducting four water quality sampling events for each installed well, as well as from a nearby
residential well. The monitoring wells were intended to allow data collection to evaluate the
vertical hydraulic gradients and water quality in the study area, including evaluating the effects,
if any, of oil and gas development on the Wasatch Formation at the locations of the nested
monitoring wells.

This report is comprised of eight sections which describe the efforts associated with the
hydrogeologic characterization in the context of past investigations, and includes:

Introduction

Study Area Description
Methodology and Well Installation
Phase III Data Summary

Data Interpretation

Discussion

Summary of Findings
Recommendations

© NNk

The area in the immediate vicinity of the investigation wells includes the Mamm Creek Special
Drilling Zone, an area characterized by its alignment with the axis of a plunging anticlinal
structure, and the related high-angle fracturing present as a result. Natural gas formed thousands
of feet deep below land surface and pressurized fluids may have been continuously escaping to
the surface over time through these fractures, causing localized impacts to groundwater. This
study has attempted to answer questions about the nature of the groundwater chemistry in the
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vicinity of the wells as well as contributing to the understanding of groundwater chemistry in the
hydrogeologic layers present 200 feet deeper than those typically pumped for domestic purposes.

Limited water production from the monitoring wells prevented the removal of the planned 5
casing volumes during well development. The lack of water production and inability to fully
develop the wells was a result of the low formation permeability and the fact that small screen
intervals were used to collect samples from discrete depth intervals. During the initial two
groundwater sampling events, several water quality parameters including pH, alkalinity, and
TDS were observed to vary from the anticipated range. It appeared that cement-grout used
during well construction may have been impacting the chemistry of the nested-well groundwater
quality as a result of grout or high-pH, high alkalinity water from grouting activities seeping into
fractures in the surrounding formation, and the inability to completely remove these materials
during initial well development due to the lack of water production. Two redevelopment events
were conducted, resulting in decreased pH values in MW-2A and decreased field-measured
conductivity values in all wells that suggest redevelopment activities were partially successfully
at removing some of the cement-grout in the surrounding fracture network. Although the
cement-grout used during well construction may be affecting groundwater chemistry in terms of
elevated pH, the impacts of the cement-grout are expected to dissipate with time. In addition, the
observed dissolved gas concentrations are believed to be representative, and the various chemical
parameters monitored as part of this investigation are believed to be representative of local
groundwater chemistry.

The Phase I1I Hydrogeologic Characterization found that the water quality of the samples
collected from the investigation wells was generally saline, alkaline and high TDS, and
contained dissolved methane concentrations ranging from less than 1 mg/L (MW-3B) to
140 mg/L (MW-2A).

Groundwater chemistry in samples collected from the Phase III wells generally reflects higher
sodium and chloride concentrations than would be expected in shallow water-table wells which
are primarily influenced by surface recharge. Elevated sodium, chloride, and TDS, particularly
in MW-1B, MW-2A, and MW-3A suggest the possibility of external sources of these solutes.
These may include localized dissolution of naturally occurring minerals, seasonal influences
related to snowmelt and stream chemistry, or vertical migration of groundwater from deeper
bedrock depth intervals. Benzene was found as a concentration above the EPA National Primary
Drinking Water Regulations Maximum Contaminant Level (MCL) standard (5 pg/L) in MW-1B
in the January 2011 water sample (5.3 pg/L). The remaining samples from MW-1B and the
other Phase III monitoring wells did not contain benzene above the MCL. The source of
benzene in MW-1B is unknown.

Dissolved methane concentrations of greater than 1 mg/L, were found in all of the Phase II1
wells. Of these wells, MW-3B and the Currie Well contained less than 10 mg/L and the
remaining wells had at least one sample with a result that was greater than 10 mg/L. The highest
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reported concentration in MW-3B and the Currie Well were 2.3 mg/L and 5.6 mg/L,
respectively. In Well Nest 1 (MW-1A, MW-1B), methane concentrations were higher in the
deeper well (MW-1B) during the January 2011 and May 2011 sampling events. However
concentrations in MW-1B declined after the May 2011 sampling event and concentrations were
higher in the shallow wells during the August 2012 and December 2012 sampling events. In
both Well Nest 2 and Well Nest 3, methane concentrations were higher in the shallow well than
the deeper well.

Carbon and hydrogen isotopic analysis of dissolved methane suggest a thermogenic source in
MW-1B, and MW-2B. Biogenic methane derived from reduction of carbon dioxide (CO,) is
more likely in MW-2A, MW-3A, and the Currie Well. The source(s) of methane in MW-1A and
MW-3B are unclear. The results from MW-1A may possibly represent either a biogenic source,
a mix of biogenic and thermogenic sources, or an intermediate step in isotopic fractionation
between the two zones on the isotopic diagrams. Isotopic analysis of the sample collected from
MW-3B during the January 2011 event appears to represent a thermogenic source; however, the
corresponding isotopic analysis from the May 2011, August 2012, and December 2012 events
may represent either a mix of biogenic and thermogenic sources, or an intermediate step in
isotopic fractionation between the two zones on the isotopic diagrams.

Wet-gas (C, — Cy4) analyses suggest that the methane present in MW-1B and MW-2B is
thermogenic. Chemical composition of water samples collected from MW-1A and MW-3B
contain wet-gas chemistry that implies possible mixing contributions of thermogenic gas. Low
concentrations of wet-gas components were detected in all samples collected from some of the
events. The concentration percentages were low (typically less than 0.1 percent). The source of
these components is unclear. Analysis of the samples collected from the Currie well suggests a
biogenic source, lacking significant concentrations of wet-gas constituents.

Generally speaking, the dissolved methane observed in shallow wells (<400 feet deep) in the
study area appears to have a biogenic source. This is consistent with observations from each of
the three sets of nested wells in which shallow nested wells MW-1A, MW-2A and MW-3A, as
well as the Currie well, all appear to be either biogenic carbonate-reduction in source, or mixed
biogenic-thermogenic in the case of MW-1A. The dissolved methane observed in the deeper of
wells in the nested pairs appears to be thermogenic in origin based on carbon and hydrocarbon
isotopic analysis. Thermogenic methane concentrations observed in deeper wells have generally
been constant or declining between 2011 and 2012. In samples collected in 2012, the highest
observed concentration of dissolved thermogenic methane was 8.7 mg/L in MW-1B and the
lowest concentration was 0.53 mg/L in MW-3B.

Bacteria (acetogenic, fermenting, and methanogenic) necessary to perform the carbonate-
reduction reactions necessary to generate biogenic methane may be present in the upper 400 feet
of the low-permeability siltstones around the nested wells, but are either not present at greater
depth, or one of the other requirements of the reaction pathway (such as the availability of
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acetate) is not present. Groundwater present in the wells screened in the upper 400 feet generally
is characterized by reducing conditions (low dissolved oxygen, low redox measurements,
hydrogen sulfide odor). Since oxidation of thermogenic methane to CO, would lead to
additional fractionation and shift the isotopic composition of the remaining methane further into
the thermogenic zone, it seems unlikely that the thermogenic methane observed deeper is the
source material from which the shallow biogenic methane is derived.
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1.0 INTRODUCTION

1.1 Objectives

The objective of the Phase III Hydrogeologic Characterization for the Mamm Creek Study Area
was to gather additional data to clarify the nature of the hydrologic flow system and water
quality in the study area, including evaluating the possible effects, if any, of oil and gas
development on the Wasatch Formation water quality. Nested groundwater monitoring wells
were installed to facilitate collection of data for the evaluation of three-dimensional hydrologic
flow system and water quality in the Mamm Creek study area to assist in achieving these
objectives. Data obtained during this investigation was also used to further evaluate the results
of the Phase I and Phase II hydrogeologic studies performed in this area.

1.2 Project Approach

To achieve project objectives, previously generated data associated with the Phase I and Phase 11
hydrogeologic studies were evaluated to provide guidance on selecting appropriate drilling
locations. The locations were based on geologic structure, proximity to natural gas production
areas, accessibility, and the ability of Garfield County to negotiate access agreements for well
installation.

The well designs and installations were intended to maximize the cost-efficient collection of
relevant data by nesting two wells, each completed in vertically discreet geologic strata and at
different depths, in one boring. This design allowed evaluation of the vertical flow field within
the groundwater system and resulting variations in water quality.

Groundwater levels and water quality samples were collected from each of the six wells installed
in three well nests. In addition, a domestic well (Currie Well) was included for water-level
monitoring and water quality sampling. Based on the relative water levels and completion
intervals in each of the wells, three dimensional flow patterns were interpreted. Data from
groundwater sample analyses were evaluated with respect to water type and origin. Water
quality analyses were conducted for a list of organic and inorganic parameters, as well as for
various dissolved gases including the stable carbon and hydrogen isotopes of methane. A list of
the parameters is presented in section 3.8.



2.0 STUDY AREA DESCRIPTION

2.1 Study Area Location

The study area is located in northwest Colorado in southern Garfield County, south of I-70 and
the Colorado River, between and south of the cities of Rifle and Silt (Figure 1). The study area
extends approximately 9%z miles south of the Colorado River and covers an area of
approximately 110 square miles.

2.2 Study Area Description

The primary land use is rangeland and ranching (residential) with limited commercial use. Oil
and gas development is active in parts of the study area. Within the study area, the ground
surface ranges from an elevation of 9,400 feet above mean sea level (ft amsl) in the southwest
corner above West Mamm Creek, to a low of 5,280 ft amsl along the Colorado River in the
northwest corner near the town of Rifle.

The study area includes (listed from west to east) the eastern portion of Taughenbaugh Mesa and
all of Flatiron Mesa, Grass Mesa, and Hunter Mesa. Battlement Mesa and Grand Mesa are the
highest terrain in the area but are both located outside the study area to the southwest. Annual
precipitation generally increases toward the south of the study area and ranges from a low of
12.75 inches at low elevations (along the Colorado River valley) to almost 30 inches per year in
the higher elevations on the flanks of Battlement Mesa (URS, 2006). The area experiences
regular winter snowfall and snow accumulation on local roads. Most roads in the study area are
unpaved, although some are asphalt surfaced, to minimize erosion and provide better surfaces for
vehicular traffic during wet conditions and winter months.

The Mamm Creek Study Area includes more than 500 known and permitted domestic and
livestock water supply wells in the area. A detailed description of the geographic setting, overall
land use, and development of natural gas resources in the area is reported in the Phase I
Hydrogeologic Study (URS, 2006).

The Colorado Oil and Gas Conservation Commission (COGCC) Mamm Creek Field Special
Drilling Zone exists within the study area boundaries. This area was the subject of a Notice to
Operators as of July 23, 2004 (revised February 9, 2007) that established special drilling and
completion procedures due to repeated reports of problems drilling and completing wells
including lost circulation and pressure bumps during drilling, loss of cement during completion
activities, and persistently elevated bradenhead pressures (COGCC, 2004). The Mamm Creek
Field Special Drilling Zone coincides geographically with the structural axis of the Divide Creek
anticline, a local upwarping of the stratigraphy associated with deep fault-driven structural-block
uplift caused by a series of northwest-southeast oriented thrust faults. The location of the Mamm
Creek Field Special Drilling Zone is provided on Figure 2. The locations from which samples
were collected as part of this study are also displayed on Figure 2.



2.3 Previous Studies

Previous investigations into the hydrogeology and water quality in the study area include a
March 2006 Phase I Hydrogeologic Characterization of the area conducted by URS Corporation
(URS, 2006). The stated objective of this study was to conduct a comprehensive investigation of
the groundwater and surface water resources in the Mamm Creek area to provide an analysis of
their vulnerability to impact from natural gas exploration and other human activities. The Phase
I characterization involved the compilation and evaluation of existing groundwater data collected
from wells in the vicinity and north of the Mamm Creek area. The characterization study
described the geology and groundwater quality of the area using the results of approximately
3,000 individual samples. This characterization included inorganic compound analysis focusing
on concentrations of dissolved species such as chloride, sodium, and sulfate. It also began a
process documenting the locations in which dissolved methane was found in shallow
groundwater wells and to evaluate the source(s) of that methane from an isotopic perspective.
Methane was not detected in most of the water samples collected from the western portion of the
study area, but was detected at elevated concentrations in the eastern portion of the study area.

As a direct follow-up to the Phase I characterization, in September 2008, S.S. Papadopulos &
Associates, Inc. conducted a Phase II Hydrogeologic Characterization of the area (S.S.
Papadopulos, 2008). The emphasis of the study was on collection of additional water quality,
gas composition, stable carbon, and hydrogen isotopes of dissolved methane data from both
domestic water supply wells and natural gas wells. Samples were collected from 66 domestic
water supply wells and included analysis for a suite of inorganic parameters. In addition, water
samples from 13 wells were analyzed for dissolved methane, with gas composition and hydrogen
and carbon stable isotopes of methane analysis in 11 of these wells. In a separate sampling
event, produced water samples were collected from 16 active natural gas wells and production
gas samples were collected from four wells. The produced water samples were analyzed for
inorganic parameters and the gas samples were analyzed for gas composition and hydrogen and
carbon-stable isotopes of methane.

The Phase II Characterization study found that the distribution of water types indicated by the
inorganic chemistry suggested the possibility that water from depth may be mixing with the
Wasatch aquifer. Areas with elevated sodium-chloride concentrations may be experiencing
mixing with water sourced in the Williams Fork Formation, from which natural gas is currently
being produced. It also found that while most of the domestic wells had hydrocarbon gas
characteristics consistent with a biogenic source, two of the wells sampled indicated a possible
thermogenic source.

A review of Phase II hydrogeologic study was undertaken in 2008 by Dr. Geoffrey Thyne of
Science Based Solutions, LLC (Thyne, 2008). This study used previously generated data to
describe the nature of the geochemical conditions of the study area. Indications of the hydraulic
relationship between the Wasatch and the underlying Mesaverde Group, the orientation and



extent of fractures and structural features, any potential influences on water chemistry from
natural gas wells or gas development activities such as hydraulic formation fracturing and well
construction, and other anthropomorphic activities such as land cultivation, were considered in
this evaluation. Dr. Thyne’s summary of the Phase I and II hydrogeologic investigation data
included several conclusions. These include that the water quality data collected in the two
investigations was sufficient to establish a range for naturally occurring background chemistry,
and impacts from petroleum activity were not at levels above regulatory standards. He
concluded that there was a temporal trend of increasing methane concentrations in groundwater
samples during the seven-year period for which the data had been collected, and that other than
those samples collected in stream bottoms, the samples with elevated methane represented a
probable thermogenic origin. The report also identified increases in chloride concentrations in
groundwater which Dr. Thyne concluded were likely associated with produced water.

In 2009, the United States Geological Survey (USGS) published a report evaluating sources and
sinks of nitrate and methane in groundwater from the Wasatch Formation in Garfield County
(McMahon, et al, 2009). Data were evaluated by the use of concentrations of major ions,
nutrients, oxidation-reduction (redox) constituents, noble gases, hydrocarbon molecular and
isotopic compositions, water isotopic compositions, and tracers of groundwater age. Samples
were collected from 26 domestic wells, 16 of which were located to the south of the Colorado
River in the Mamm Creek Study area. The USGS study concluded that the sources of elevated-
concentration methane (> 1 mg/L) in the Wasatch Formation were biogenic in origin in some
places, even when sourced at significant depth, and thermogenic in others, when associated with
the Mesaverde group. The primary sink of methane in the Wasatch Formation was shallow
oxidation on the basis of dissolved oxygen and methane isotope data.



3.0 METHODOLOGY AND WELL INSTALLATION

3.1 Well Locations

Within practical constraints (including physical access and property rights), the well nest
locations were selected to optimize data collection to meet the stated project objectives. Three
well nest locations are shown on Figure 2 through 4. Figure 2 illustrates the location of the
selected well nest locations relative to the Mamm Creek Field Special Drilling Zone. Figure 3a
shows the well locations relative to those of other wells in the vicinity observed in past studies to
contain dissolved methane. Figure 3b shows the well nest locations relative to gas wells in the
vicinity based on information available from the COGCC. Figure 4 depicts the mapped
structures and associated lineations present in the Mamm Creek area relative to the selected
locations for the wells.

Final locations were selected based on the ability of Garfield County to obtain landowner
permission. Each of the well nests was designed to include a shallow well, designated the “A”
well, and a deep well, designated the “B” well (e.g. MW-1A and MW-1B). The shallow well
was intended to be screened in the interval associated with the deeper of the residential wells in
the vicinity, and the deeper well was intended to be screened slightly deeper than the domestic
wells in the area. The Phase I report identifies that the deepest domestic well in the study area is
600 feet deep.

To identify these locations, Tetra Tech researched publicly available maps and databases for
topography, gas wells, water wells, hydrogeology, and geology in the study area, including data
from the URS Phase I and the S.S. Papadopulos Phase II reports. This information was extracted
and digitized and the resulting data were formatted for use in ArcGIS, a geographic information
system (GIS) program. Data from each of these sources was processed and filtered to match
drilling objective criteria such as filling data gaps in areas with elevated thermogenic methane,
elevated joint-set density, and geologic structures such as anticlines. Each of these data sources
was layered using the GIS to identify the best location to site the well nest.

Based on this information, the proposed well location information was provided to Garfield
County who worked with individual landowners to obtain access agreements at or near the
recommended well locations.

Wells were installed at locations intended to be representative of groundwater conditions across
the study area; however, since the study area encompasses a diverse mixture of geologic and
geomorphic terrain with wide ranges in elevation, investigative results from wells installed as
part of this study may not be representative of conditions that may be observed at all locations
across the study area.

The borehole and nested wells for Well Nest #1 (MW-1A and MW-1B), were drilled and
installed in the SE Y4, SW % of Section 1 in Township 7 South, Range 92 West at a land surface
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elevation of 6,070.4 ft amsl. The borehole and nested wells for Well Nest #2 (MW-2A and
MW-2B), were drilled and installed in the NW Y4, NE % of Section 35 in Township 6 South,
Range 92 West at a land surface elevation of 6,000.3 ft amsl. The borehole and nested wells for
Well Nest #3 (MW-3A and MW-3B), were drilled and installed in the NW Y4, SE V4 of Section
12 in Township 7 South, Range 92 West at a land surface elevation of 6,166.8 ft amsl.

3.2 Drilling and Lithologies Encountered

Prior to drilling, the Utility Notification Center of Colorado was contacted to have public utilities
marked, as required by law. Notices of Intent to Construct Monitoring Holes and Monitoring
Well Permit Applications were prepared and submitted to the Colorado State Engineer’s Office.
A project-specific Health and Safety Plan was prepared to address potential safety concerns
associated with the work. Tetra Tech was present to oversee, direct and document all drilling
and monitoring well installation activities. A hydrogeologist was present to collect and log
geologic samples of drill cuttings.

The three borings were advanced through surficial (artificial, alluvial, and colluvial) deposits
using a combination of techniques to prevent borehole collapse or to serve as surface conductor
casing. Well Nests 1 and 3 were initially drilled using an 8-inch ODEX system that drove a
temporary casing to depths of 58 and 37 feet in Well Nests 1 and 3, respectively. Well Nest 2
was initiated using air-rotary technology and a 7 7/8-inch bit to install 6 2 -inch conductor
casing to a depth of 16 feet below ground surface (ft bgs). The temporary casing was removed
during final well construction. Drilling continued below the temporary casing to total depth using
air-rotary technology. The borehole diameter to total depth in Well Nests 1 and 3 was 8 inches.
The borehole to total depth in Well Nest 2 was 5 7/8-inches in diameter. Samples of subsurface
materials were collected during drilling; however, the samples were in the form of disturbed drill
cuttings.

Well Nest 1 (MW-1A and MW-1B)

Drilling and installation activities for Well Nest 1 were initiated on November 4, 2010 and
completed on November 9, 2010. The borehole was advanced to a total depth of 605 ft bgs.
Lithologies encountered during drilling of the Well Nest 1 borehole consisted of colluvial silty,
sandy gravels to a depth of approximately 40 ft bgs. Below this, the borehole encountered
predominantly siltstone with interlayered, fine-grained sandstone, consistent with the recognized
lithologies of the Shire sub-member of the Atwell Gulch member of the Wasatch Formation.
During drilling/well installation of the nested wells at MW-1, a natural gas drilling rig was
observed in operation approximately 700 feet northeast of the location.

Well Nest 2 (MW-2A and MW-2B)

Drilling and installation activities for Well Nest 2 were initiated on January 19, 2010 and
completed on January 27, 2010. The borehole was advanced to a total depth of 605 ft bgs.
Lithologies encountered during drilling of the Well Nest 2 borehole consisted of predominantly
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siltstone, consistent with the recognized lithologies of the Shire sub-member of the Atwell Gulch
member of the Wasatch Formation. Evidence for the presence of the coarser Molina-like
member described by Donnell (Donnell, 1969) and recognized in the URS Phase I report for the
area was not noted in the lithologic log.

Well Nest 3 (MW-3A and MW-3B)

Drilling and installation activities for Well Nest 3 were initiated on October 18, 2010 and
completed on October 23, 2010. The borehole was advanced to a total depth of 590 ft bgs.
Lithologies encountered during drilling of the borehole for Well Nest 3 consisted of
predominantly siltstone with interlayered, fine-grained sandstone, consistent with the recognized
lithologies of the Shire sub-member of the Atwell Gulch member of the Wasatch Formation.

3.3 Geophysical Logging

Drilling using air to circulate the cuttings makes stratigraphic identification increasingly difficult
with depth because of potential increased mixing of cuttings during air-entrainment between the
formation and surface. To improve identification of stratigraphic markers, geologic
characteristics and to facilitate stratigraphic correlations, geophysical logging was performed in
each of the completed borings. These techniques allow identification and differentiation of
downhole stratigraphy and correlation with the lithologic log.

Well Nest 1

Downbhole geophysics were conducted following the drilling of the borehole for Well Nest 1 on
November 4, 2010. The geophysical suite included 3-arm caliper and borehole deviation, short-
and long-normal electrical resistivity, spontaneous potential (E-Logs), natural gamma, and
neutron. The geophysical logs recorded for Well Nest 1 are provided in Appendix A.

Well Nest 2

Downhole geophysics were conducted following the drilling of the borehole for Well Nest 2 on
January24, 2010. The geophysical suite included 3-arm caliper and borehole deviation, E-Logs,
natural gamma, neutron and water temperature (Nest 2 only). The geophysical logs recorded for
Well Nest 2 are provided in Appendix A.

The borehole for Well Nest 2 only contained fluid to a depth of 530 ft bgs at the time of
geophysical logging. Geophysical signals associated with electrical conductance, including SP,
and the electrical resistivity tools were inconsistent at depths less than 530 ft bgs as the
electrodes were suspended in air, rather than in fluid in the borehole. Gamma and neutron tools
recorded effective data, although their results are more complicated to interpret without the
corresponding E-Logs.



Well Nest 3

Downhole geophysics were conducted following the drilling of the borehole for Well Nest 3 on
October 20, 2010. The geophysical suite included 3-arm caliper and borehole deviation, E-Logs,
natural gamma, and neutron. The geophysical logs recorded for Well Nest 3 are provided in
Appendix A.

At the time of geophysical logging, the borehole for Well Nest 3 contained fluid at a depth of
approximately 223 ft bgs. The geophysical signals associated with the E-Logs are intermittent
and/or attenuated at shallower depths than 223 ft as a result.

3.4 Well Installation and Completion Details

As-built well construction diagrams are provided with the well logs in Appendix B. Each well
nest consisted of two monitoring wells. In each of the nests, the shallow and deep wells were
completed at approximate depths of 400 and 600 ft bgs, respectively. Well centralizers were
placed at regular intervals, including immediately below and above the screened intervals to
ensure that the well column was located in the center of the borehole and to permit annular
materials to completely surround the well casing. A filter pack consisting of 10/20 silica sand
was placed using tremie pipe adjacent to the well screen and extended approximately 2-10 feet
above and 2 feet below the screen.

The deeper well was constructed first by lowering the well screen and blank casing to the design
depth. The filter pack sand was then placed at the design depth and measured using a weighted
tape. A bentonite seal was placed by slowly pouring slow-release pellets through the borehole
annulus until the seal extended approximately 3 feet above the top of the filter pack, as
confirmed by measurement with a weighted tape. Cement-bentonite grout was tremied above the
seal to a depth of approximately 5 feet below the shallow well screen. The grout was allowed to
cure for a minimum of 12 hours.

A 3-foot bentonite seal was placed on top of the cured grout by slowly pouring slow-release
bentonite pellets through the borehole annulus. The bentonite seal placement depth was
confirmed using a weighted tape. The bentonite was allowed to hydrate for a minimum of one
hour before the upper well screen and casing were placed at their design depth (2 feet above the
bentonite). After the well screen and casing were placed, the second filter pack was placed as
described above. A bentonite seal, approximately two feet thick was placed above the filter pack
for the upper screen, and the remainder of the borehole was tremie grouted to ground surface
using a cement-bentonite mixture. The temporary surface casing was removed as the upper 40
feet of the borehole was grouted.

After well construction had been completed, dedicated bladder pumps were installed in each of
the new monitoring wells. The pumps were set in the wells so the pump intakes are centered in
the screened interval.



Well Nest 1

Well MW-1A was constructed using 2-inch, Schedule 80, flush-threaded PVC with 20 feet of
10-slot well screen from 378.5 to 398.5 ft bgs and a five-foot sediment sump constructed of
unslotted casing. Well MW-1B was constructed using 2-inch, Schedule 80, flush-threaded PVC
with 10 feet of 10-slot well screen from 584.2 to 594.2 ft bgs and a five-foot sediment sump
constructed of unslott