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Potential Contaminant Pathways from
Hydraulically Fractured Shale to Aquifers

by Tom Myers

Abstract

Hydraulic fracturing of deep shale beds to develop natural gas has caused concern regarding the potential for

various forms of water pollution. Two potential pathways—advective transport through bulk media and preferential
flow through fractures—could allow the transport of contaminants from the fractured shale to aquifers. There
is substantial geologic evidence that natural vertical flow drives contaminants, mostly brine, to near the surface
from deep evaporite sources. Interpretative modeling shows that advective transport could require up to tens of
thousands of years to move contaminants to the surface, but also that fracking the shale could reduce that transport
time to tens or hundreds of years. Conductive faults or fracture zones, as found throughout the Marcellus shale
region, could reduce the travel time further. Injection of up to 15,000,000 L of fluid into the shale generates
high pressure at the well, which decreases with distance from the well and with time after injection as the fluid
advects through the shale. The advection displaces native fluids, mostly brine, and fractures the bulk media
widening existing fractures. Simulated pressure returns to pre-injection levels in about 300 d. The overall system
requires from 3 to 6 years to reach a new equilibrium reflecting the significant changes caused by fracking the
shale, which could allow advective transport to aquifers in less than 10 years. The rapid expansion of hydraulic
fracturing requires that monitoring systems be employed to track the movement of contaminants and that gas

wells have a reasonable offset from faults.

Introduction

The use of natural gas (NG) in the United States has
been increasing, with 53% of new electricity generating
capacity between 2007 and 2030 projected to be with NG-
fired plants (EIA 2009). Unconventional sources account
for a significant proportion of the new NG available to
the plants. A specific unconventional source has been
deep shale-bed NG, including the Marcellus shale primar-
ily in New York, Pennsylvania, Ohio, and West Virginia
(Soeder 2010), which has seen over 4000 wells devel-
oped between 2009 and 2010 in Pennsylvania (Figure 1).
Unconventional shale-bed NG differs from conventional
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sources in that the host-formation permeability is so low
that gas does not naturally flow in timeframes suitable for
development. Hydraulic fracturing (fracking, the industry
term for the operation; Kramer 2011) loosens the forma-
tion to release the gas and provide pathways for it to move
to a well.

Fracking injects up to 17 million liters of fluid
consisting of water and additives, including benzene at
concentrations up to 560 ppm (Jehn 2011), at pressures
up to 69,000 kPa (PADEP 2011) into low permeability
shale to force open and connect the fractures. This is
often done using horizontal drilling through the middle
of the shale with wells more than a kilometer long. The
amount of injected fluid that returns to the ground surface
after fracking ranges from 9% to 34% of the injected fluid
(Alleman 2011; NYDEC 2009), although some would be
formation water.

Many agency reports and legal citations (DiGiulio
etal. 2011; PADEP 2009; ODNR 2008) and peer-
reviewed articles (Osborn et al. 2011; White and Mathes
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Figure 1. Location of Marcellus shale in the northeastern United States. Location of Marcellus wells (dots) drilled from July
2009 to June 2010 and total Marcellus shale wells in New York and West Virginia. There are 4064 wells shown in Pennsylvania,
48 wells in New York, and 1421 wells in West Virginia. Faulting in the area is documented by PBTGS (2001), Isachsen and

McKendree (1977), and WVGES (2011, 2010a, 2010b).

2006) have found more gas in water wells near areas
being developed for unconventional NG, documenting the
source can be difficult. One reason for the difficulty is
the different sources; thermogenic gas is formed by com-
pression and heat at depth and bacteriogenic gas is formed
by bacteria breaking down organic material (Schoell
1980). The source can be distinguished based on both
C and H isotopes and the ratio of methane to higher chain
gases (Osborn and MclIntosh 2010; Breen et al. 2007).
Thermogenic gas can reach aquifers only by leaking from
the well bore or by seeping vertically from the source.
In either case, the gas must flow through potentially very
thick sequences of sedimentary rock to reach the aquifers.
Many studies which have found thermogenic gas in water
wells found more gas near fracture zones (DiGiulio et al.
2011; Osborn et al. 2011; Breen et al. 2007), suggesting
that fractures are pathways for gas transport.

A pathway for gas would also be a pathway for flu-
ids and contaminants to advect from the fractured shale to
the surface, although the transport time would be longer.
Fracking fluid has been found in aquifers (DiGiulio et al.
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2011; EPA 1987), although the exact source and pathways
had not been determined. With the increasing development
of unconventional NG sources, the risk to aquifers could
be increasing. With so little data concerning the movement
of contaminants along pathways from depth, either from
wellbores or from deep formations, to aquifers, conceptual
analyses are an alternative means to consider the risks.
The intent of this study is to characterize the risk
factors associated with vertical contaminant transport
from the shale to near-surface aquifers through natural
pathways. I consider first the potential pathways for
contaminant transport through bedrock and the necessary
conditions for such transport to occur. Second, I estimate
contaminant travel times through the potential pathways,
with a bound on these estimates based on formation
hydrologic parameters, using interpretative MODFLOW-
2000 (Harbaugh et al. 2000) computations. The modeling
does not, and cannot, account for all of the complexities
of the geology, which could either increase or decrease
the travel times compared to those considered herein.
The article also does not include improperly abandoned
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boreholes which could cause rapid transport in addition
to natural pathways.

Method of Analysis

Using the Marcellus shale region of southern New
York (Figure 1), I consider several potential scenarios
of transport from shale, 1500 m below ground surface
(bgs) to the surface, beginning with pre-development
steady state conditions to establish a baseline and
then scenarios considering transport after fracking has
potentially caused contaminants to reach formations
above the shale. To develop the conceptual models and
MODFLOW-2000 simulations, it is necessary first to
consider the hydrogeology of the shale and the details
of hydraulic fracturing, including details of how fracking
changes the shale hydrogeologic properties.

Hydrogeology of Marcellus Shale

Shale is a mudstone, a sedimentary rock consisting
primarily of clay- and silt-sized particles. It forms
through the deposition of fine particles in a low energy
environment, such as a lake- or seabed. The Marcellus
shale formed in very deep offshore conditions during
Devonian time (Harper 1999) where only the finest
particles had remained suspended. The depth to the
Marcellus shale varies to as much as 3000 m in parts
of Pennsylvania, and averages about 1500 m in southern
New York (Soeder 2010). Between the shale and the
ground surface are layers of sedimentary rock, including
sandstone, siltstone, and shale (NYDEC 2009).

Marcellus shale has very low natural intrinsic perme-
ability, on the order of 1071° Darcies (Kwon et al. 2004a,
2004b; Neuzil 1986, 1994). Schulze-Makuch et al. (1999)
described Devonian shale of the Appalachian Basin, of
which the Marcellus is a major part, as containing “coaly
organic material and appear either gray or black” and
being “composed mainly of tiny quartz grains <0.005 mm
diameter with sheets of thin clay flakes.” Median particle
size is 0.0069 £ 0.00141 mm with a grain size distribu-
tion of <2% sand, 73% silt, and 25% clay. Primary pores
are typically 5 x 10> mm in diameter, matrix porosity
is typically 1% to 4.5% and fracture porosity is typically
7.8% to 9% (Schulze-Makuch et al. 1999 and references
therein).

Porous flow in unfractured shale is negligible due
to the low bulk media permeability, but at larger scales
fractures control and may allow significant flow. The Mar-
cellus shale is fractured by faulting and contains synclines
and anticlines that cause tension cracks (Engelder et al.
2009; Nickelsen 1986). It is sufficiently fractured in some
places to support water wells just 6 to 10 km from where
it is being developed for NG at 2000 m bgs (Loyd and
Carswell 1981). Conductivity scale dependency (Schulze-
Makuch et al. 1999) may be described as follows:

K =cCuv”
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K is hydraulic conductivity (m/s), C is the intercept of a
log-log plot of observed K to scale (the K at a sample
volume of 1 m3), v is sample volume (m?), and m is
a scaling exponent determined with log-log regression;
for Devonian shale, C equals 10~'#3, representing the
intercept, and m equals 1.08 (Schulze-Makuch et al.
1999). The very low intercept value is a statistical but
not geologic outlier because it corresponds with very
low permeability values and demonstrates the importance
of fracture flow in the system (Schulze-Makuch et al.
1999). Most of their 89 samples were small because the
deep shale is not easily tested at a field-scale and no
groundwater models have been calibrated for flow through
the Marcellus shale. Considering a 1-km square area with
30-m thickness, the Kh would equal 5.96 x 107 m/s
(0.0515 m/d). This effective K is low and the shale would
be an aquitard, but a leaky one.

Contaminant Pathways from Shale to the Surface

Thermogenic NG found in near-surface water wells
(Osborn et al. 2011; Breen et al. 2007) demonstrates the
potential for vertical transport of gas from depth. Osborn
et al. (2011) found systematic circumstantial evidence for
higher methane concentrations in wells within 1 km of
Marcellus shale gas wells. Potential pathways include
advective transport through sedimentary rock, fractures
and faults, and abandoned wells or open boreholes. Gas
movement through fractures depends on fracture width
(Etiope and Martinelli 2002) and is a primary concern for
many projects, including carbon sequestration (Annunzi-
atellis et al. 2008) and NG storage (Breen et al. 2007).
Open boreholes and improperly sealed water and gas
wells can be highly conductive pathways among aquifers
(Lacombe et al. 1995; Silliman and Higgins 1990).

Pathways for gas suggest pathways for fluids and
contaminants, if there is a gradient. Vertical hydraulic
gradients of a up to a few percent, or about 30 m over
1500 m, exist throughout the Marcellus shale region as
may be seen in various geothermal developments in
New York (TAL 1981). Brine more than a thousand
meters above their evaporite source (Dresel and Rose
2010) is evidence of upward movement from depth to
the surface. The Marcellus shale, with salinity as high
as 350,000 mg/L. (Soeder 2010; NYDEC 2009), may
be a primary brine source. Relatively uniform brine
concentrations over large areas (Williams et al. 1998)
suggest widespread advective transport. The transition
from brine to freshwater suggests a long-term equilibrium
between the upward movement of brine and downward
movement of freshwater. Faults, which occur throughout
the Marcellus shale region (Figure 1) (Gold 1999), could
provide pathways (Konikow 2011; Caine et al. 1996)
for more concentrated advective and dispersive transport.
Brine concentrating in faults or anticline zones reflects
potential preferential pathways (Wunsch 2011; Dresel and
Rose 2010; Williams 2010; Williams et al. 1998).

In addition to the natural gradient, buoyancy would
provide an additional initial upward push. At TDS equal
to 350,000 mg/L, the density at 25 °C is approximately
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1290 kg/m?, or more than 29% higher than freshwater.
The upward force would equal the difference in weight
between the injected fluid and displaced brine. As an
example, if 10,000,000 L does not return to the surface as
flowback (Jehn 2011), the difference in mass between the
volume of fracking fluid and displaced brine is approxi-
mately 3,000,000 kg, which would cause an initial upward
force. The density difference would dissipate as the salt
concentration in the fracking fluid increases due to diffu-
sion across the boundary between the fluid and the brine.

In just Pennsylvania, more than 180,000 wells had
been drilled prior to any requirement for documenting
their location (Davies 2011), therefore the location of
many wells is unknown and some have probably been
improperly abandoned. These pathways connect aquifers
through otherwise continuous aquitards; overpressuriza-
tion of lower aquifers due to injection near the well
pathway could cause rapid transport to higher aquifers
(Lacombe et al. 1995). In the short fracking period, the
region that is overpressurized remains relatively close to
the gas well (see modeling analysis below), therefore it
should be possible for the driller to locate nearby aban-
doned wells that could be affected by fracking. This article
does not consider the potential contamination although
unlocated abandoned wells of all types must be considered
a potential and possibly faster source for contamination
due to fracking.

Effect of Hydraulic Fracturing on Shale

Fracking increases the permeability of the targeted
shale to make extraction of NG economically efficient
(Engelder et al. 2009; Arthur et al. 2008). Fracking
creates fracture pathways with up to 9.2 million square
meters of surface area in the shale accessible to a
horizontal well (King 2010; King et al. 2008) and
connects natural fractures (Engelder et al. 2009; King
et al. 2008). No post-fracking studies that documented
hydrologic properties were found while researching this
article (there is a lack of information about pre- and post-
fracking properties; Schweitzer and Bilgesu 2009), but
it is reasonable to assume the K increases significantly
because of the newly created and widened fractures.

Fully developed shale typically has wells spaced at
about 300-m intervals (Edwards and Weisset 2011; Soeder
2010). Up to eight wells may be drilled from a single
well pad (NYDEC 2009; Arthur et al. 2008), although
not in a perfect spoke pattern. Reducing by half the
effective spacing did not enhance overall productivity
(Edwards and Weisset 2011) which indicates that 300-m
spacing creates sufficient overlap among fractured zones
to assure adequate gas drainage. The properties controlling
groundwater flow would therefore be affected over a large
area, not just at a single horizontal well or set of wells
emanating from a single well pad.

Fracking is not intended to affect surrounding forma-
tions, but shale properties vary over short ranges (King
2010; Boyer et al. 2006) and out-of-formation fracking is
not uncommon. In the Marcellus shale, out-of-formation
fracks have been documented 500 m above the top of the
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shale (Fisher and Warpinski 2011). These fractures could
contact higher conductivity sandstone, natural fractures, or
unplugged abandoned wells above the target shale. Also,
fluids could reach surrounding formations just because of
the volume injected into the shale, which must displace
natural fluid, such as the existing brine in the shale.

Analysis of Potential Transport along Pathways

Fracking could cause contaminants to reach overlying
formations either by fracking out of formation, connecting
fractures in the shale to overlying bedrock, or by
simple displacement of fluids from the shale into the
overburden. Advective transport, considered as simple
particle velocity, will manifest if there is a significant
vertical component to the regional hydraulic gradient.

Numerical modeling, completed with the MODF
LOW-2000 code (Harbaugh et al. 2000), provides flex-
ibility to consider potential conceptual flow scenarios, but
should be considered interpretative (Hill and Tiedeman
2007). The simulation considers the rate of vertical trans-
port of contaminants to near the surface for the different
conceptual models, based on an expected, simplified, real-
istic range of hydrogeologic aquifer parameters.

MODFLOW-2000 is a versatile numerical modeling
code, but there is insufficient data regarding the geology
and water chemistry between aquifers and the deep shale,
such as salinity profiles or data concerning mixing of the
brine with fracking fluid, to best use its capabilities. As
more data becomes available, it may be useful to consider
simulating the added upward force caused by the brine by
using the SEAWAT-2000 module (Langevin et al. 2003).

Vertical flow would be perpendicular to the general
tendency for sedimentary layers to have higher horizontal
than vertical conductivity. Fractures and improperly
abandoned wells would provide pathways for much
quicker vertical transport than general advective transport.
This article considers the fractures as vertical columns
with model cells having much higher conductivity than
the surrounding bedrock. The cell discretization is fine, so
the simulated width of the fracture zones is realistic. Dual
porosity modeling (Shoemaker et al. 2008) is not justified
because turbulent vertical flow through the fractures is
unlikely, except possibly during the actual fracking that
causes out-of-formation fractures, a scenario not simulated
here. MODFLOW-2000 has a module, MNW (Halford
and Hanson 2002), that could simulate rapid transport
through open bore holes. MNW should be used in
situations where open boreholes or improperly abandoned
wells are known or postulated to exist.

The thickness of the formations and fault would affect
the simulation, but much less than the several-order-of-
magnitude variation possible in the shale properties. The
overburden and shale thickness were set equal to 1500 and
30 m, respectively, similar to that observed in southern
New York. The estimated travel times are proportional
for thicker or thinner sections. The overburden could
be predominantly sandstone, with sections of shale,
mudstone, and limestone. The vertical fault is assumed
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to be 6-m thick. The fault is an attempt at considering
fracture flow, but the simulation treats the 6-m wide fault
zone as homogeneous, which could underestimate the real
transport rate in fracture-controlled systems which could
be highly affected by dispersion. The simulation also
ignores diffusion between the fracture and the adjacent
shale matrix (Konikow 2011).

There are five conceptual models of flow and trans-
port of natural and post-fracking transport from the level
of the Marcellus shale to the near-surface to consider
herein:

1. The natural upward advective flow due to a head
drop of 30 m from below the Marcellus shale to the
ground surface, considering the variability in both shale
and overburden K. This is a steady state solution for
upward advection through a 30-m thick shale zone
and 1500-m overburden. Table 1 shows the chosen K
values for shale and sandstone.

2. Same as number 1, but with a vertical fracture
connecting the shale with the surface, created using
a high-conductivity zone in a row of cells extending
through all from above the shale to the surface. This
emulates the conceptual model postulated for flow into
the alluvial aquifers near stream channels, the location
of which may be controlled by faults (Williams et al.
1998). The fault K varies from 10 to 1000 times the
surrounding bulk sandstone K (Kgy).

3. This scenario tests the effect of extensive fracturing
in the Marcellus shale by increasing the shale K
(Kgn) from 10 to 1000 times its native value over
an extensive area. This transient solution starts with
initial conditions being a steady state solution from
scenario 1. The K, increases from 10 to 1000 times
at the beginning of the simulation, to represent the
relatively instantaneous change on the regional shale
hydrogeology imposed by the fracking. The simulation
estimates both the changes in flux and the time for the
system to reach equilibrium.

4. As number 3, considering the effect of the same
changes in shale properties but with a fault as in
number 2.

5. This scenario simulates the actual injection of 13 to
17 million liters of fluid in 5 d into fractured shale
from a horizontal well with and without a fault.

Model Setup

The model domain was 150 rows and columns spaced
at 3 m to form a 450-m square (Figure 2) with 50 layers
bounded with no flow boundaries. The 30-m thick shale
was divided into 10 equal thickness layers from layer 40
to 49. The overburden layer thickness varied from 3 m
just above the shale to layer 34, 6 m from layer 33 to 29,
9 m from layer 28 to 26, 18 m in layer 25, 30 m from
layer 24 to 17, 60 m from layer 16 to 6, 90 m from layer
5 to 3, and 100 m in layers 2 and 1. A 6-m wide column
from layer 39 to the surface is added for some scenarios
in the center two rows to simulate a higher K fault.
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Table 1
Sandstone (ss) and Shale (sh) Conductivity (K)
(m/d) and the Steady State Flux (m3/d) for Model
1 Scenarios
Flux K K
1.7 0.1 0.00001
1.8 0.5 0.00001
1.9 1 0.00001
1.9 5 0.00001
2.0 10 0.00001
2.0 50 0.00001
2.0 100 0.00001
1.7 0.1 0.00001
9.5 0.1 0.00005
19.0 0.1 0.0001
81.2 0.1 0.0005
135.9 0.1 0.001
291.5 0.1 0.005
340.9 0.1 0.01
394.3 0.1 0.05
401.8 0.1 0.1
409.2 0.1 0.5
40.7 0.001 0.1
186.0 0.005 0.1
339.1 0.01 0.1
988.3 0.05 0.1
1297.3 0.1 0.1
1748.0 0.5 0.1
1826.1 1 0.1
1902.8 5 0.1
1915.4 10 0.1
338.3 0.1 0.01
984.1 0.5 0.01
1292.5 1 0.01
1731.5 5 0.01
1816.0 10 0.01
17.4 1 0.0001
86.3 1 0.0005
176.7 1 0.001
775.1 1 0.005
1292.5 1 0.01
2746.8 1 0.05
3183.2 1 0.1
3650.5 1 0.5
3719.9 1 1

The model simulated vertical flow between constant
head boundaries in layers 50 and 1, as a source and
sink, so that the overburden and shale properties control
the flow. The head in layers 50 and 1 was 1580 and
1550 m, respectively, to create a gradient of 0.019 over
the profile. Varying the gradient would have much less
effect on transport than changing K over several orders
of magnitude and was therefore not done.

Scenario 5 simulates injection using a WELL bound-
ary in layer 44, essentially the middle of the shale, from
columns 25 to 125 (Figure 2). It injects 15 million liters
over one 5-d stress period, or 3030 m3/d into 101 model
cells at the WELL. The modeled K, was changed to its
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Figure 2. Model grid through layer 44 showing the horizon-
tal injection WELL (red) and DRAIN cells (yellow) used to
simulate flowback. There is only one monitoring well because
the off-center well is not used in layer 44.

assumed fracked value at the beginning of the simula-
tion. Simulating high rate injection generates very high
heads in the model domain, similar to that found sim-
ulating oil discharging from the well in the Deepwater
Horizon crisis (Hsieh 2011) and water quality changes
caused by underground coal gasification (Contractor and
El-Didy 1989). DRAIN boundaries on both sides of the
WELL simulated return flow for 60 d after the completion
of (Figure 2), after which the DRAIN was deactivated.
The 60 d were broken into four stress periods, 1, 3, 6, and
50 d long, to simulate the changing heads and flow rates.
DRAIN conductance was calibrated so that 20% of the
injected volume returned within 60 d to emulate standard
industry practice (Alleman 2011; NYDEC 2009). Recov-
ery, continuing relaxation of the head at the well and the
adjustment of the head distribution around the domain,
occurred during the sixth period which lasted for 36,500 d.
There is no literature guidance to a preferred value
for fractured shale storage coefficient, so I estimated S
with a sensitivity analysis using scenario 3. With fractured
K¢, equal to 0.001 m/d, two orders of magnitude higher
than the in situ value, the time to equilibrium resulting
from simulation tests of three fractured shale storage
coefficients, 1073, 107, and 10~7/m, varied twofold
(Figure 3). The slowest time to equilibrium was for S =
10~3/m (Figure 3), which was chosen for the transient
simulations because more water would be stored in the
shale and flow above the shale would change the least.

Results

Scenario 1
Table 1 shows the conductivity and flux values
for various scenarios. The steady state travel time
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Figure 3. Sensitivity of the modeled head response to the
storage coefficient used in the fractured shale for model layer
39 just above the shale.

for a particle through 1500 m of sandstone and shale
equilibrates with one of the formations controlling the
advection (Figure 4). For example, when the K, equals
1 x 107> m/d, transport time does not vary with K. For
K at 0.1 m/d, transport time for varying K, ranges from
40,000 to 160 years. The lower travel time estimate is for
K¢ similar to that found by Schulze-Makuch et al. (1999).
The shortest simulated transport time of about 20 years
results from both the sandstone and shale K equaling
1 m/d. Other sensitivity scenarios emphasize the control
exhibited by one of the media (Figure 4). If K, is low,
travel time is very long and not sensitive to K.

Scenario 2

The addition of a fault with K one to two orders of
magnitude more conductive than the surrounding sand-
stone increased the particle travel rate by about 10 times
(compare Figure 5 with Figure 4). The fault K controlled
the transport rate for Kg, less than 0.01 m/d. A highly

100,000

10,000

1000

100

10

Years for Particle Transport over 1500 m

1
0.00001

T T d
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Figure 4. Sensitivity of particle transport time over
1500 m for varying shale and sandstone vertical K.
Effective porosity equals 0.1. (1)—varying Ky, Kg =
105 m/d; (2)—varying Ky, Kg, = 0.1 m/d; (3)—varying
Ky, Kgn = 0.1 m/d; (4)—varying K, K¢, = 0.01 m/d; and
(5)—varying K, Ky, = 1.0 m/d.
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Figure 5. Variability of transport through various scenarios
of changing the K for the fault or shale. Effective porosity
equals 0.1. (1)—varying K, Ksn = 0.01 m/d; (2)—varying
Ks, K¢y = 0.1 m/d; (3)—no fault; (4)—varying K fault,
Kgy, = 0.1 m/d, Kg, = 0.01 m/d. Unless specified, the vertical
fault has K = 1 m/d for variable K.

conductive fault could transport fluids to the surface in
as little as a year for Ky, equal to 0.01 m/d (Figure 5).
However, a fault did not significantly change the overall
model flux, so with fault values are not shown in Table 1.

Scenarios 3 and 4

Scenarios 3 and 4 estimate the time to establish a
new equilibrium once the K, changes, due to fracking,
between values specified in scenarios 1 and 2. Equilibrium
times vary by model layer as the changes propagate
through the domain, and flux rate for the simulated
changes imposed on natural background conditions. The
fracking-induced changes cause a significant decrease in
the head drop across the shale and the time for adjustment
of the potentiometric surface to a new steady state depends
on the new shale properties.

The time to equilibrium for one scenario 3 simulation,
K, changing from 1072 to 1072 m/d with K equal
to 0.1 m/d, varied from 5.5 to 6.5 years, depending
on model layer (Figure 6). Near the shale (layers 39
and 40), the potentiometric surface increased from 23
to 25 m reflecting the decreased head drop across the
shale. One hundred meters higher, in layer 20, the
potentiometric surface increased about 20 m. Simulation
of scenario 4, with a fault with K = 1 m/d, decreased
the time to equilibrium to from 3 to 6 years within the
fault zone, depending on model layer (Figure 6). Highly
fractured sandstone would allow more vertical transport,
but advective flow would also increase so that the base
K would control the overall rate.

The flux across the upper boundary changed within
100 years for scenario 3 from 1.7 to 345 m’/d, or
0.000008 to 0.0017 m/d, reflecting control by K. There
is little difference in the equilibrium fluxes between
scenario 3 and 4 indicating that the fault primarily affects
the time to equilibrium rather than the long-term flow rate.
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Figure 6. Monitoring well water levels for specified model
layers due to fracking of the shale; monitor well in the center
of the domain, including in the fault, K of the shale changes
from 0.00001 to 0.01 m/d at the beginning of the simulation.

Scenario 5: Simulation of Injection

The injection scenarios simulate 15 million liters
entering the domain at the horizontal well and the
subsequent potentiometric surface and flux changes
throughout. The highest potentiometric surface increases
(highest injection pressure) occurred at the end of injec-
tion (Figure 7), with a 2400 m increase at the horizontal
well. The simulated peak pressure both decreased and
occurred longer after the cessation of injection with dis-
tance from the well (Figures 7 and 8). The pressure at
the well returned to within 4 m of pre-injection levels in
about 300 d (Figure 7). After injection ceases, the peak
pressure simulated further from the well occurs longer
from the time of cessation, which indicates there is a pres-
sure divide beyond which fluid continues to flow away
from the well bore while within which the fluid flows
toward the well bore. The simulated head returned to
near pre-injection levels slower with distance from the
well (Figure 7), with levels at the edge of the shale (layer
40) and in the near-shale sandstone (layer 39) requir-
ing several hundred days to recover. After recovering
from injection, the potentiometric surface above the shale
increased in response to flux through the shale adjusting to
the change in shale properties (Figure 8), as simulated in
scenario 3. The scenario required about 6000 d (16 years)
for the potentiometric surface to stabilize at new, higher,
levels (Figure 8). Removing the fault from the simulation
had little effect on the time to stabilization, and is not
shown.

Prior to injection, the steady flux for in situ shale
(K¢ = 107 m/d) was generally less than 2 m’/d and
varied little with Ky (Figure 4). Once the shale was
fractured, the sandstone controlled the flux which ranges
from 38 to 135 m3/d as Ky ranges from 0.01 to 0.1 m/d
(Figure 9), resulting in particle travel times of 2390 and
616 years, respectively. More conductive shale would
allow faster transport (Figure 4). Adding a fault to the
scenario with K¢ equal to 0.01 m/d increased the flux to
approximately 63 m3/d and decreased the particle travel

T. Myers GROUND WATER 7



1L.E+04

—E- LE+D3
E —_
- o
A 1E+02 ——
o
g ) y -
1.E+01 - = ——
% +| yy == ——
L / T
£ 1E400 £ <
£ -
z it
3 y -
E 1LE-01 7
1.E-02 . : T -
o 1 10 100 1000 10,000
Days from Start of Injection
— 20 = 40 41 — 42 43 44

Figure 7. Simulated potentiometric surface changes by layer
for specified injection and media properties. The monitoring
point is in the center of the domain. Fault is included. K, =
0.01 m/d, Ksp = 0.001 m/d. S (fractured shale) = 0.001/m,
S (ss) = 0.0001/m.

0 =2
18 —
z [\ /=
E 16 ] -
s | \ "./
£ 1 f - i
@ | 1\ A
] A
E R anew [ | Vi i
E | y
g 10 1 \ -
] 39, CW | \ f
=) 8- | -
& 2,CW | - i
£ g5l | N
) 39, EW /
£ 4 [,
= 2,EW I/
2 -
0 = ——— s ” |
0 1 10 100 1000 10,000

Days from Start of Injection

Figure 8. Simulated potentiometric surface changes for lay-
ers within the shale and sandstone. CW is center moni-
toring well and EW is east monitoring well, about 120 m
from the centerline. Fault is included. The line for layer
2, CW plots beneath the line for layer 2, EW. K =
0.01 m/d, Ky = 0.001 m/d, S (fractured shale) = 0.001/m,
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time to 31 years. Approximately, 36 m>/d flowed through
the fault (Figure 9). The fault properties control the
particle travel time, especially if the fault K is two or
more orders of magnitude higher than the sandstone.

Simulated flowback varied little with K¢, because it
had been calibrated to be 20% of the injection volume.
A lower storage coefficient or higher K would allow the
injected fluid to move further from the well, which would
lead to less flowback.

Vertical flux through the overall section with a fault
varies significantly with time, due to the adjustments in
potentiometric surface. One day after injection, vertical
flux exceeds significantly the pre-injection flux about
200 m above the shale (Figure 10). After 600 d, the
vertical flux near the shale is about 68 m3/d and in

8 T. Myers GROUND WATER

50

0= —

P .-""‘:H—_H::—.__
— Flowback

/

| — Fault Flow {1)

1
o
L=

Flux {m#d)

| Advective
f Flow (1)
" f Advective
o ] Flow (2}
Advective
Flow (3)

=200
1 10 100 1000

Days from Beginning of Injection

10,000 100,000

Figure 9. Comparison of flux for three scenarios. Flowback
is the same for all scenarios. (1): Kss = 0.01 m/d, Ksh =
0.001 m/d, Fault K = 1 m/d; (2): Kss = 0.01 m/d, Ksh =
0.001 m/d, no fault; (3) Kss = 0.1 m/d, Ksh = 0.001 m/d, no
fault.

g

E B

=4
(=]

g
|
I

|

]

g
— —F—

g

l

\
\\_-—_

200 400 600 800 1000 1200 1400
Meters above Shale
—One Day after Injection  — -600 Days

ha
=

&

Flux through 450 m square section (m3/d)

(=]
[=]

=== 100 Years

Figure 10. Upward flux across the domain section as a
function of distance above the top of the shale layer. Cross
section is 202,500 m?.

layer 2 about 58 m?/d; it approaches steady state through
all sections after 100 years with flux equaling about
62.6 m>/d. The 100-year flux is 61.5 m’/d higher than
the pre-injection flux because of the changed shale
properties.

Discussion

The interpretative modeling completed herein has
revealed several facts about fracking. First, MODFLOW
can be coded to adequately simulate fracking. Simulated
pressures are high, but velocities even near the well do
not violate the assumptions for Darcian flow. Second,
injection for 5 d causes extremely high pressure within
the shale. The pressure decreases with distance from the
well. The time to maximum pressure away from the well
lags the time of maximum pressure at the well. The
pressure drops back to close to its pre-injection level
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at the well within 300 d, indicating the injection affects
the flow for significantly longer periods than just during
the fracking operation. Although the times may vary
based on media properties, the difference would be at
most a month or so, based on the various combinations
of properties simulated. The system transitions within
6 years due to changes in the shale properties. The
equilibrium transport rate would transition from a system
requiring thousands of years to one requiring less than
100 years within less than 10 years.

Third, most of the injected water in the simulation
flows vertically rather than horizontally through the shale.
This reflects the higher K¢ 20 m above the well and the no
flow boundary within 225 m laterally from the well, which
emulates in situ shale properties that would manifest at
some distance in the shale.

Fourth, the interpretative model accurately and real-
istically simulates long-term steady state flow conditions,
with an upward flow that would advect whatever conser-
vative constituents exist at depth. Using low, unfractured
K values, the transport simulation may correspond with
advective transport over geologic time although there are
conditions for which it would occur much more quickly
(Figure 4). If the K¢, is 0.01 m/d, transport could occur
on the order of a few hundreds of years. Faults through the
overburden could speed the transport time considerably.
Reasonable scenarios presented herein suggest the travel
time could be decreased further by an order of magnitude.

Fifth, fracking increases the Ky, by several orders
of magnitude. Out-of-formation fracking (Fisher and
Warpinski 2011) would increase the K in the overburden,
thereby changing the regional hydrogeology. Vertical flow
could change over broad areas if the expected density
of wells in the Marcellus shale region (NYDEC 2009)
actually occurs.

Sixth, if newly fractured shale or out-of-formation
fractures come close to contacting fault fracture zones,
contaminants could reach surface areas in tens of years,
or less. Faults can decrease the simulated particle travel
time several orders of magnitude.

Conclusion

Fracking can release fluids and contaminants from
the shale either by changing the shale and overburden
hydrogeology or simply by the injected fluid forcing other
fluids out of the shale. The complexities of contaminant
transport from hydraulically fractured shale to near-
surface aquifers render estimates uncertain, but a range
of interpretative simulations suggest that transport times
could be decreased from geologic time scales to as
few as tens of years. Preferential flow through natural
fractures fracking-induced fractures could further decrease
the travel times to as little as just a few years.

There is no data to verify either the pre- or
post-fracking properties of the shale. The evidence for
potential vertical contaminant flow is strong, but there
are also almost no monitoring systems that would
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detect contaminant transport as considered herein. Several
improvements could be made.

e Prior to hydraulic fracturing operations, the subsurface
should be mapped for the presence of faults and
measurement of their properties.

o A reasonable setback distance from the fracking to
the faults should be established. The setback distance
should be based on a reasonable risk analysis of fracking
increasing the pressures within the fault.

o The properties of the shale should be verified, post-
fracking, to assess how the hydrogeology will change.

o A system of deep and shallow monitoring wells and
piezometers should be established in areas expect-
ing significant development, before that development
begins (Williams 2010).
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Directional drilling and hydraulic-fracturing technologies are dra-
matically increasing natural-gas extraction. In aquifers overlying
the Marcellus and Utica shale formations of northeastern Pennsyl-
vania and upstate New York, we document systematic evidence for
methane contamination of drinking water associated with shale-
gas extraction. In active gas-extraction areas (one or more gas
wells within 1 km), average and maximum methane concentrations
in drinking-water wells increased with proximity to the nearest
gas well and were 19.2 and 64 mg CH, L-! (n = 26), a potential
explosion hazard; in contrast, dissolved methane samples in neigh-
boring nonextraction sites (no gas wells within 1 km) within similar
geologic formations and hydrogeologic regimes averaged only
1.1 mgL~" (P < 0.05; n = 34). Average 5'3C-CH, values of dissolved
methane in shallow groundwater were significantly less negative
for active than for nonactive sites (—37 + 7%, and —54 =+ 11%s.,
respectively; P < 0.0001). These §'3C-CH, data, coupled with the ra-
tios of methane-to-higher-chain hydrocarbons, and 62H-CH, values,
are consistent with deeper thermogenic methane sources such as
the Marcellus and Utica shales at the active sites and matched gas
geochemistry from gas wells nearby. In contrast, lower-concentra-
tion samples from shallow groundwater at nonactive sites had
isotopic signatures reflecting a more biogenic or mixed biogenic/
thermogenic methane source. We found no evidence for contam-
ination of drinking-water samples with deep saline brines or frac-
turing fluids. We conclude that greater stewardship, data, and—
possibly—regulation are needed to ensure the sustainable future
of shale-gas extraction and to improve public confidence in its use.

groundwater | organic-rich shale | isotopes | formation waters |
water chemistry

Increases in natural-gas extraction are being driven by rising
energy demands, mandates for cleaner burning fuels, and the
economics of energy use (1-5). Directional drilling and hydrau-
lic-fracturing technologies are allowing expanded natural-gas
extraction from organic-rich shales in the United States and else-
where (2, 3). Accompanying the benefits of such extraction (6, 7)
are public concerns about drinking-water contamination from
drilling and hydraulic fracturing that are ubiquitous but lack a
strong scientific foundation. In this paper, we evaluate the poten-
tial impacts associated with gas-well drilling and fracturing on
shallow groundwater systems of the Catskill and Lockhaven
formations that overlie the Marcellus Shale in Pennsylvania and
the Genesee Group that overlies the Utica Shale in New York
(Figs. 1 and 2 and Fig. S1). Our results show evidence for
methane contamination of shallow drinking-water systems in at
least three areas of the region and suggest important environmen-
tal risks accompanying shale-gas exploration worldwide.

The drilling of organic-rich shales, typically of Upper Devo-
nian to Ordovician age, in Pennsylvania, New York, and else-
where in the Appalachian Basin is spreading rapidly, raising
concerns for impacts on water resources (8, 9). In Susquehanna
County, Pennsylvania alone, approved gas-well permits in the
Marcellus formation increased 27-fold from 2007 to 2009 (10).
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Fig. 1. Map of drilling operations and well-water sampling locations in
Pennsylvania and New York. The star represents the location of Binghamton,
New York. (Inset) A close-up in Susquehanna County, Pennsylvania, showing
areas of active (closed circles) or nonactive (open triangles) extraction. A
drinking-water well is classified as being in an active extraction area if a
gas well is within 1 km (see Methods). Note that drilling has already spread
to the area around Brooklyn, Pennsylvania, primarily a nonactive location at
the time of our sampling (see inset). The stars in the inset represent the towns
of Dimock, Brooklyn, and Montrose, Pennsylvania.

Concerns for impacts to groundwater resources are based on
(i) fluid (water and gas) flow and discharge to shallow aquifers
due to the high pressure of the injected fracturing fluids in the
gas wells (10); (i) the toxicity and radioactivity of produced water
from a mixture of fracturing fluids and deep saline formation
waters that may discharge to the environment (11); (iii) the
potential explosion and asphyxiation hazard of natural gas; and
(iv) the large number of private wells in rural areas that rely on
shallow groundwater for household and agricultural use—up to
one million wells in Pennsylvania alone—that are typically unre-
gulated and untested (8, 9, 12). In this study, we analyzed ground-
water from 68 private water wells from 36- to 190-m deep in
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Fig. 2. Geologic cross-section of Bradford and western Susquehanna Coun-
ties created from gas-well log data provided by the Pennsylvania Department
of Conservation and Natural Resources. The approximate location of the Law-
renceville-Attica Lineament is taken from Alexander et al. (34). The Ordovician
Utica organic-rich shale (not depicted in the figure) underlies the Middle
Devonian Marcellus at approximately 3,500 m below the ground surface.

northeast Pennsylvania (Catskill and Lockhaven formations) and
upstate New York (Genesee formation) (see Figs. 1 and 2 and S/
Text), including measurements of dissolved salts, water isotopes
(*0 and %H), and isotopes of dissolved constituents (carbon,
boron, and radium). Of the 68 wells, 60 were also analyzed for
dissolved-gas concentrations of methane and higher-chain hydro-
carbons and for carbon and hydrogen isotope ratios of methane.
Although dissolved methane in drinking water is not currently
classified as a health hazard for ingestion, it is an asphyxiant in
enclosed spaces and an explosion and fire hazard (8). This study
seeks to evaluate the potential impact of gas drilling and hydrau-
lic fracturing on shallow groundwater quality by comparing areas
that are currently exploited for gas (defined as active—one or
more gas wells within 1 km) to those that are not currently asso-
ciated with gas drilling (nonactive; no gas wells within 1 km),
many of which are slated for drilling in the near future.

Results and Discussion
Methane concentrations were detected generally in 51 of 60
drinking-water wells (85%) across the region, regardless of gas
industry operations, but concentrations were substantially higher
closer to natural-gas wells (Fig. 3). Methane concentrations
were 17-times higher on average (19.2 mg CH,; L) in shallow
wells from active drilling and extraction areas than in wells from
nonactive areas (1.1 mgL~' on average; P < 0.05; Fig. 3 and
Table 1). The average methane concentration in shallow ground-
water in active drilling areas fell within the defined action level
(10-28 mgL™") for hazard mitigation recommended by the US
Office of the Interior (13), and our maximum observed value of
64 mgL~! is well above this hazard level (Fig. 3). Understanding
the origin of this methane, whether it is shallower biogenic or
deeper thermogenic gas, is therefore important for identifying
the source of contamination in shallow groundwater systems.
The 6'3C-CH, and 5°H-CH, values and the ratio of methane to
higher-chain hydrocarbons (ethane, propane, and butane) can ty-
pically be used to differentiate shallower, biologically derived
methane from deeper physically derived thermogenic methane
(14). Values of 5'*C-CH, less negative than approximately —50%o
are indicative of deeper thermogenic methane, whereas values
more negative than —64%o are strongly indicative of microbial
methane (14). Likewise, 5H-CH, values more negative than
about —175%eo, particularly when combined with low §'3C-CH,
values, often represent a purer biogenic methane origin (14).
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Fig. 3. Methane concentrations (milligrams of CH, L") as a function of dis-
tance to the nearest gas well from active (closed circles) and nonactive (open
triangles) drilling areas. Note that the distance estimate is an upper limit and
does not take into account the direction or extent of horizontal drilling un-
derground, which would decrease the estimated distances to some extraction
activities. The precise locations of natural-gas wells were obtained from the
Pennsylvania Department of Environmental Protection and Pennsylvania
Spatial Data Access databases (ref. 35; accessed Sept. 24, 2010).

The average 6'3C-CH, value in shallow groundwater in active
drilling areas was —37 + 7%o, consistent with a deeper thermo-
genic methane source. In contrast, groundwater from nonactive
areas in the same aquifers had much lower methane concentra-
tions and significantly lower §'*C-CH, values (average of —544
11%o; P < 0.0001; Fig. 4 and Table 1). Both our §'*C-CH, data
and §*H-CH, data (see Fig. S2) are consistent with a deeper ther-
mogenic methane source at the active sites and a more biogenic
or mixed methane source for the lower-concentration samples
from nonactive sites (based on the definition of Schoell, ref. 14).

Because ethane and propane are generally not coproduced
during microbial methanogenesis, the presence of higher-chain
hydrocarbons at relatively low methane-to-ethane ratios (less
than approximately 100) is often used as another indicator of
deeper thermogenic gas (14, 15). Ethane and other higher-chain
hydrocarbons were detected in only 3 of 34 drinking-water wells
from nonactive drilling sites. In contrast, ethane was detected in
21 of 26 drinking-water wells in active drilling sites. Additionally,
propane and butane were detected (>0.001 mol %) in eight and
two well samples, respectively, from active drilling areas but in no
wells from nonactive areas.

Further evidence for the difference between methane from
water wells near active drilling sites and neighboring nonactive
sites is the relationship of methane concentration to 6'*C-CH,
values (Fig. 44) and the ratios of methane to higher-chain hydro-

Table 1. Mean values + standard deviation of methane
concentrations (as milligrams of CH, L-") and carbon isotope
composition in methane in shallow groundwater §'3C-CH, sorted
by aquifers and proximity to gas wells (active vs. nonactive)

Water source, n milligrams CH, L™’ 513C-CH,, %o
Nonactive Catskill, 5 1.9 +6.3 —-525+7.5
Active Catskill, 13 26.8 + 30.3 -33.5%35
Nonactive Genesee, 8 1.5+ 3.0 -57.5+95
Active Genesee, 1 0.3 -34.1
Active Lockhaven, 7 50.4 + 36.1 -40.7 £ 6.7
Total active wells, 21 19.2 377
Total nonactive wells, 13 1.1 -54 + 11

The variable n refers to the number of samples.
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Fig. 4. (A) Methane concentrations in groundwater versus the carbon
isotope values of methane. The nonactive and active data depicted in Fig. 3
are subdivided based on the host aquifer to illustrate that the methane
concentrations and 5'3C values increase with proximity to natural-gas well
drilling regardless of aquifer formation. Gray areas represent the typical
range of thermogenic and biogenic methane taken from Osborn and Mcin-
tosh (18). VPDB, Vienna Pee Dee belemnite. (B) Bernard plot (15) of the ratio
of methane to higher-chain hydrocarbons versus the 6'3C of methane. The
smaller symbols in grayscale are from published gas-well samples from gas
production across the region (16-18). These data generally plot along a tra-
jectory related to reservoir age and thermal maturity (Upper Devonian
through Ordovician; see text for additional details). The gas-well data in
the orange ovals are from gas wells in our study area in Susquehanna County,
Pennsylvania (data from Pennsylvania Department of Environmental Protec-
tion). Gray areas represent typical ranges of thermogenic and biogenic
methane (data from Osborn and Mcintosh, ref. 18).

carbons versus §'3C-CH, (Fig. 4B). Methane concentrations not
only increased in proximity to gas wells (Fig. 3), the accompany-
ing §'3C-CH, values also reflected an increasingly thermogenic
methane source (Fig. 44).
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Using a Bernard plot (15) for analysis (Fig. 4B), the enriched
6'3C-CH, (approximately > —50%o) values accompanied by
low ratios of methane to higher-chain hydrocarbons (less than
approximately 100) in drinking-water wells also suggest that dis-
solved gas is more thermogenic at active than at nonactive sites
(Fig. 4B). For instance, 12 dissolved-gas samples at active drilling
sites fell along a regional gas trajectory that increases with reser-
voir age and thermal maturity of organic matter, with samples
from Susquehanna County, Pennsylvania specifically matching
natural-gas geochemistry from local gas wells (Fig. 4B, orange
oval). These 12 samples and local natural-gas samples are con-
sistent with gas sourced from thermally mature organic matter
of Middle Devonian and older depositional ages often found
in Marcellus Shale from approximately 2,000 m below the surface
in the northern Appalachian Basin (14-19) (Fig. 4B). In contrast,
none of the methane samples from nonactive drilling areas fell
upon this trajectory (Fig. 4B); eight dissolved-gas samples in
Fig. 4B from active drilling areas and all of the values from non-
active areas may instead be interpreted as mixed biogenic/
thermogenic gas (18) or, as Laughrey and Baldassare (17) pro-
posed for their Pennsylvanian gas data (Fig. 4B), the early migra-
tion of wet thermogenic gases with low-6'*C-CH, values and
high methane-to-higher-chain hydrocarbon ratios. One data
point from a nonactive area in New York fell squarely in the para-
meters of a strictly biogenic source as defined by Schoell (14)
(Fig. 4B, upper-left corner).

Carbon isotopes of dissolved inorganic carbon (§'*C-DIC >
+10%o0) and the positive correlation of §*H of water and §°H
of methane have been used as strong indicators of microbial
methane, further constraining the source of methane in shallow
groundwater (depth less than 550 m) (18, 20). Our §"*C-DIC
values were fairly negative and show no association with the
8'3C-CH, values (Fig. S3), which is not what would be expected
if methanogenesis were occurring locally in the shallow aquifers.
Instead, the §'3C-DIC values from the shallow aquifers plot
within a narrow range typical for shallow recharge waters, with
the dissolution of CO, produced by respiration as water passes
downward through the soil critical zone. Importantly, these
values do not indicate extensive microbial methanogenesis or
sulfate reduction. The data do suggest gas-phase transport of
methane upward to the shallow groundwater zones sampled for
this study (<190 m) and dissolution into shallow recharge waters
locally. Additionally, there was no positive correlation between
the 5°H values of methane and 6°H of water (Fig. S4), indicating
that microbial methane derived in this shallow zone is negligible.
Overall, the combined gas and formation-water results indicate
that thermogenic gas from thermally mature organic matter of
Middle Devonian and older depositional ages is the most likely
source of the high methane concentrations observed in the shal-
low water wells from active extraction sites.

A different potential source of shallow groundwater contam-
ination associated with gas drilling and hydraulic fracturing is
the introduction of hypersaline formation brines and/or fractur-
ing fluids. The average depth range of drinking-water wells in
northeastern Pennsylvania is from 60 to 90 m (12), making the
average vertical separation between drinking-water wells and
the Marcellus Shale in our study area between approximately
900 and 1,800 m (Fig. 2). The research area, however, is located
in tectonically active areas with mapped faults, earthquakes, and
lineament features (Fig. 2 and Fig. S1). The Marcellus formation
also contains two major sets of joints (21) that could be conduits
for directed pressurized fluid flow. Typical fracturing activities in
the Marcellus involve the injection of approximately 13-19 mil-
lion liters of water per well (22) at pressures of up to 69,000 kPa.
The majority of this fracturing water typically stays underground
and could in principle displace deep formation water upward into
shallow aquifers. Such deep formation waters often have high
concentrations of total dissolved solids >250,000 mgL~!, trace
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toxic elements, (18), and naturally occurring radioactive materi-
als, with activities as high as 16,000 picocuries per liter
(1 pCi L' = 0.037 becquerels per liter) for ?°Ra compared to
a drinking-water standard of 5 pCi L~! for combined **°Ra and
226Ra (23).

We evaluated the hydrochemistry of our 68 drinking-water
wells and compared these data to historical data of 124 wells
in the Catskill and Lockhaven aquifers (24, 25). We used three
types of indicators for potential mixing with brines and/or saline
fracturing fluids: (f) major inorganic chemicals; (if) stable isotope
signatures of water (§'80, 6°H); and (iii) isotopes of dissolved
constituents (§"*C-DIC, §''B, and ?**Ra). Based on our data
(Table 2), we found no evidence for contamination of the shallow
wells near active drilling sites from deep brines and/or fracturing
fluids. All of the Na*, Cl-, Ca?", and DIC concentrations in
wells from active drilling areas were consistent with the baseline
historical data, and none of the shallow wells from active drilling
areas had either chloride concentrations >60 mgL~! or Na-Ca-
Cl compositions that mirrored deeper formation waters (Table 2).
Furthermore, the mean isotopic values of 60, §’H, §'*C-DIC,
5''B, and ?*°Ra in active and nonactive areas were indistinguish-
able. The ??°Ra values were consistent with available historical
data (25), and the composition of §'80 and §*H in the well-water
appeared to be of modern meteoric origin for Pennsylvania
(26) (Table 2 and Fig. S5). In sum, the geochemical and isotopic
features for water we measured in the shallow wells from both
active and nonactive areas are consistent with historical data
and inconsistent with contamination from mixing Marcellus Shale
formation water or saline fracturing fluids (Table 2).

There are at least three possible mechanisms for fluid migra-
tion into the shallow drinking-water aquifers that could help
explain the increased methane concentrations we observed near
gas wells (Fig. 3). The first is physical displacement of gas-rich
deep solutions from the target formation. Given the lithostatic
and hydrostatic pressures for 1-2 km of overlying geological stra-
ta, and our results that appear to rule out the rapid movement of
deep brines to near the surface, we believe that this mechanism
is unlikely. A second mechanism is leaky gas-well casings (e.g.,
refs. 27 and 28). Such leaks could occur at hundreds of meters
underground, with methane passing laterally and vertically
through fracture systems. The third mechanism is that the process
of hydraulic fracturing generates new fractures or enlarges exist-
ing ones above the target shale formation, increasing the connec-

tivity of the fracture system. The reduced pressure following the
fracturing activities could release methane in solution, leading to
methane exsolving rapidly from solution (29), allowing methane
gas to potentially migrate upward through the fracture system.

Methane migration through the 1- to 2-km-thick geological
formations that overlie the Marcellus and Utica shales is less
likely as a mechanism for methane contamination than leaky well
casings, but might be possible due to both the extensive fracture
systems reported for these formations and the many older, un-
cased wells drilled and abandoned over the last century and a half
in Pennsylvania and New York. The hydraulic conductivity in the
overlying Catskill and Lockhaven aquifers is controlled by a sec-
ondary fracture system (30), with several major faults and linea-
ments in the research area (Fig. 2 and Fig. S1). Consequently, the
high methane concentrations with distinct positive §'*C-CH, and
&H-CH, values in the shallow groundwater from active areas
could in principle reflect the transport of a deep methane source
associated with gas drilling and hydraulic-fracturing activities. In
contrast, the low-level methane migration to the surface ground-
water aquifers, as observed in the nonactive areas, is likely a nat-
ural phenomenon (e.g., ref. 31). Previous studies have shown
that naturally occurring methane in shallow aquifers is typically
associated with a relatively strong biogenic signature indicated
by depleted §'3C-CH, and §*H-CH, compositions (32) coupled
with high ratios of methane to higher-chain hydrocarbons (33), as
we observed in Fig. 4B. Several models have been developed to
explain the relatively common phenomenon of rapid vertical
transport of gases (Rn, CH,, and CO,) from depth to the surface
(e.g., ref. 31), including pressure-driven continuous gas-phase
flow through dry or water-saturated fractures and density-driven
buoyancy of gas microbubbles in aquifers and water-filled frac-
tures (31). More research is needed across this and other regions
to determine the mechanism(s) controlling the higher methane
concentrations we observed.

Based on our groundwater results and the litigious nature of
shale-gas extraction, we believe that long-term, coordinated sam-
pling and monitoring of industry and private homeowners is
needed. Compared to other forms of fossil-fuel extraction, hy-
draulic fracturing is relatively poorly regulated at the federal level.
Fracturing wastes are not regulated as a hazardous waste under
the Resource Conservation and Recovery Act, fracturing wells
are not covered under the Safe Drinking Water Act, and only re-
cently has the Environmental Protection Agency asked fracturing

Table 2. Comparisons of selected major ions and isotopic results in drinking-water wells from this study to data available on the same
formations (Catskill and Lockhaven) in previous studies (24, 25) and to underlying brines throughout the Appalachian Basin (18)

Active Nonactive Previous studies (background)
Lockhaven Catskill Catskill Genesee Lockhaven Catskill formation Appalachian brines
formation formation formation group formation (25) (24) (18, 23)
N=8 N =25 N =22 N=12 N =45 N=79 N =21
Alkalinity as HCO3,
mg L’ 285 + 36 157 + 56 127 + 53 158 + 56 209 + 77 133 + 61 150 = 171
mM [4.7 £ 0.6] [2.6 £ 0.9] [2.1 £ 0.9] [2.6 £ 0.9] [3.4 £ 1.3] [2.2 £ 1.0] [2.5 + 2.8]
Sodium, mg L' 87 + 22 23 +30 17 £ 25 29 + 23 100 + 312 21 37 33,000 + 11,000
Chloride, mg L™ 25 + 17 11 +£12 17 £ 40 9+ 19 132 + 550 13+ 42 92,000 + 32,000
Calcium, mg L™’ 22 12 31+ 13 27 £ 9 26 5 49 = 39 29 = 11 16,000 + 7,000
Boron, ug L' 412 + 156 93 + 167 42 + 93 200 + 130 NA NA 3,700 = 3,500
5B %o 27 £ 4 22 +6 23+ 6 26 + 6 NA NA 39+6
226Ra, pCi L' 0.24 + 0.2 0.16 = 0.15 0.17 £ 0.14 0.2 +0.15 0.56 = 0.74 NA 6,600 + 5,600
52H, %o, VSMOW —-66 =5 —64 + 3 -68 + 6 -76 £ 5 NA NA -41+6
5'80, %o, VSMOW -10 = 1 -10 + 0.5 =11 =1 =12 +1 NA NA -5=+1

Some data for the active Genesee Group and nonactive Lockhaven Formation are not included because of insufficient sample sizes (NA). Values represent

means +1 standard deviation. NA, not available.

N values for 6''B %o analysis are 8, 10, 3, 6, and 5 for active Lockhaven, active Catskill, nonactive Genesee, nonactive Catskill, and brine, respectively. N
values for 2%Ra are 6, 7, 3, 10, 5, and 13 for active Lockhaven, active Catskill, nonactive Genesee, nonactive Catskill, background Lockhaven, and brine,
respectively. 6''B %o normalized to National Institute of Standards and Technology Standard Reference Material 951. 82H and 5'80 normalized to Vienna

Standard Mean Ocean Water (VSMOW).
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firms to voluntarily report a list of the constituents in the fractur-
ing fluids based on the Emergency Planning and Community
Right-to-Know Act. More research is also needed on the mechan-
ism of methane contamination, the potential health consequences
of methane, and establishment of baseline methane data in other
locations. We believe that systematic and independent data on
groundwater quality, including dissolved-gas concentrations and
isotopic compositions, should be collected before drilling opera-
tions begin in a region, as is already done in some states. Ideally,
these data should be made available for public analysis, recogniz-
ing the privacy concerns that accompany this issue. Such baseline
data would improve environmental safety, scientific knowledge,
and public confidence. Similarly, long-term monitoring of ground-
water and surface methane emissions during and after extraction
would clarify the extent of problems and help identify the mechan-
isms behind them. Greater stewardship, knowledge, and—possi-
bly—regulation are needed to ensure the sustainable future of
shale-gas extraction.
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Methods

A total of 68 drinking-water samples were collected in Pennsylvania and New
York from bedrock aquifers (Lockhaven, 8; Catskill, 47; and Genesee, 13) that
overlie the Marcellus or Utica shale formations (Fig. S1). Wells were purged
to remove stagnant water, then monitored for pH, electrical conductance,
and temperature until stable values were recorded. Samples were collected
"upstream” of any treatment systems, as close to the water well as possible,
and preserved in accordance with procedures detailed in S/ Methods.
Dissolved-gas samples were analyzed at Isotech Laboratories and water
chemical and isotope (O, H, B, C, Ra) compositions were measured at Duke
University (see SI Methods for analytical details).
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Foreword

The U.S. Environmental Protection Agency (EPA) is charged by Congress with protecting the Nation’s land, air,
and water resources. Under a mandate of national environmental laws, the Agency strives to formulate and
implement actions leading to a compatible balance between human activities and the ability of natural systems
to support and nurture life. The scientific arm of EPA, the Office of Research and Development (ORD), conducts
leading-edge research that helps provide the solid underpinning of science and technology for the Agency. The
work at ORD laboratories, research centers, and offices across the country helps improve the quality of air,
water, soil, and the way we use resources. The research described in this report was designed and conducted by
ORD's National Risk Management Research Laboratory in Ada, Oklahoma, working in close collaboration with
scientists from EPA Region 8 in Denver, Colorado.
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Extended Abstract

In response to complaints by domestic well owners regarding objectionable taste and odor problems in well
water, the U.S. Environmental Protection Agency initiated a ground water investigation near the town of
Pavillion, Wyoming under authority of the Comprehensive Environmental Response, Compensation, and Liability
Act. The Wind River Formation is the principal source of domestic, municipal, and stock (ranch, agricultural)
water in the area of Pavillion and meets the Agency's definition of an Underground Source of Drinking Water.
Domestic wells in the area of investigation overlie the Pavillion gas field which consists of 169 production wells
which extract gas from the lower Wind River Formation and underlying Fort Union Formation. Hydraulic
fracturing in gas production wells occurred as shallow as 372 meters below ground surface with associated
surface casing as shallow as 110 meters below ground surface. Domestic and stock wells in the area are
screened as deep as 244 meters below ground surface. With the exception of two production wells, surface
casing of gas production wells do not extend below the maximum depth of domestic wells in the area of
investigation. At least 33 surface pits previously used for the storage/disposal of drilling wastes and produced
and flowback waters are present in the area. The objective of the Agency's investigation was to determine the
presence, not extent, of ground water contamination in the formation and if possible to differentiate shallow
source terms (pits, septic systems, agricultural and domestic practices) from deeper source terms (gas
production wells).

The Agency conducted four sampling events (Phase | - IV) beginning in March 2009 and ending in April, 2011.
Ground water samples were collected from domestic wells and two municipal wells in the town of Pavillion in
Phase I. Detection of methane and dissolved hydrocarbons in several domestic wells prompted collection of a
second round of samples in January, 2010 (Phase Il). During this phase, EPA collected additional ground water
samples from domestic and stock wells and ground water samples from 3 shallow monitoring wells and soil
samples near the perimeter of three known pit locations. Detection of elevated levels of methane and diesel
range organics (DRO) in deep domestic wells prompted the Agency to install 2 deep monitoring wells screened
at 233 - 239 meters (MWO1) and 293 - 299 meters (MWO02) below ground surface, respectively, in June 2010 to
better evaluate to deeper sources of contamination. The expense of drilling deep wells while utilizing blowout
prevention was the primary limiting factor in the number of monitoring wells installed. In September 2010
(Phase Ill), EPA collected gas samples from well casing from MWO01 and MWO02. In October 2010, EPA collected
ground water samples from MWO01 and MWO02 in addition to a number of domestic wells. In April 2011 (Phase
IV), EPA resampled the 2 deep monitoring wells to compare previous findings and to expand the analyte list to
include glycols, alcohols, and low molecular weight acids.

Detection of high concentrations of benzene, xylenes, gasoline range organics, diesel range organics, and total
purgeable hydrocarbons in ground water samples from shallow monitoring wells near pits indicates that pits are
a source of shallow ground water contamination in the area of investigation. When considered separately, pits
represent potential source terms for localized ground water plumes of unknown extent. When considered as
whole they represent potential broader contamination of shallow ground water. A number of stock and
domestic wells in the area of investigation are fairly shallow (e.g., < 30 meters below ground surface)
representing potential receptor pathways.

Determination of the sources of inorganic and organic geochemical anomalies in deeper ground water was
considerably more complex than determination of sources in shallow media necessitating the use of mulitiple
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lines of reasoning approach common to complex scientific investigations. pH values in MW01 and MWOL1 are
highly alkaline (11.2-12.0) with up to 94% of the total alkalinity contributed by hydroxide suggesting addition of
a strong base as the causative factor. Reaction path modeling indicates that sodium-sulfate composition of
ground water typical of deeper portions of the Wind River Formation provides little resistance to elevation of pH
with small addition of potassium hydroxide. Potassium hydroxide was used in a crosslinker and in a solvent at
this site.

The inorganic geochemistry of ground water from the deep monitoring wells is distinctive from that in the
domestic wells and expected composition in the Wind River formation. Potassium concentration in MWO02 (43.6
milligrams per liter) and MWO1 (54.9 milligrams per liter) is between 14.5 and 18.3 times values in domestic
wells and expected values in the formation. Chloride concentration in monitoring well MWO02 (466 milligrams
per liter) is 18 times the mean chloride concentration (25.6 milligrams per liter) observed in ground water from
domestic wells and expected in the formation. Chloride enrichment in this well is significant because regional
anion trends show decreasing chloride concentration with depth. In addition, the monitoring wells show low
calcium, sodium, and sulfate concentrations compared to the general trend observed in domestic well waters.
The formulation of fracture fluid provided for carbon dioxide foam hydraulic fracturing jobs typically consisted of
6% potassium chloride. Potassium metaborate was used in crosslinkers. Potassium hydroxide was used in a
crosslinker and in a solvent. Ammonium chloride was used in crosslinker.

A number of synthetic organic compounds were detected in MWO01 and MWO02. Isopropanol was detected in
MWO01 and MWO02 at 212 and 581 micrograms per liter, respectively. Diethylene glycol was detected in MWO01
and MWO02 at 226 and 1570 micrograms per liter, respectively. Triethylene glycol was detected in MWO01 and
MWO02 at 46 and 310 micrograms per liter, respectively. Another synthetic compound, tert-butyl alcohol, was
detected in MWO0?2 at a concentration of 4470 micrograms per liter. Isopropanol was used in a biocide, in a
surfactant, in breakers, and in foaming agents. Diethylene glycol was used in a foaming agent and in a solvent.
Triethylene glycol was used in a solvent. Tert-butyl alcohol is a known breakdown product of methyl tert-butyl
ether (a fuel additive) and tert-butyl hydroperoxide (a gel breaker used in hydraulic fracturing). Material Safety
Data Sheets do not indicate that fuel or tert-butyl hydroperoxide were used in the Pavillion gas field. However,
Material Safety Data Sheets do not contain proprietary information and the chemical ingredients of many
additives. The source of tert-butyl alcohol remains unresolved. However, tert-butyl alcohol is not expected to
occur naturally in ground water.

Benzene, toluene, ethylbenzene, and xylenes (BTEX) were detected in MWO02 at concentrations of 246, 617, 67,
and 750 micrograms per liter, respectively. Trimethylbenzenes were detected in MWO02 at 105 micrograms per
liter. Gasoline range organics were detected in MWO01 and MWO02 at 592 and 3710 micrograms per liter. Diesel
range organics were detected in MWO01 and MWO02 at 924 and 4050 micrograms per liter, respectively.

Aromatic solvent (typically BTEX mixture) was used in a breaker. Diesel oil (mixture of saturated and aromatic
hydrocarbons including naphthalenes and alkylbenzenes) was used in a guar polymer slurry/liquid gel
concentrate and in a solvent. Petroleum raffinates (mixture of paraffinic, cycloparaffinic, olefinic, and aromatic
hydrocarbons) were used in a breaker. Heavy aromatic petroleum naphtha (mixture of paraffinic, cycloparaffinic
and aromatic hydrocarbons) was used in surfactants and in a solvent. Toluene and xylene were used in flow
enhancers and a breaker.

Detections of organic chemicals were more numerous and exhibited higher concentrations in the deeper of the
two monitoring wells. Natural breakdown products of organic contaminants like BTEX and glycols include
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acetate and benzoic acid. These breakdown products are more enriched in the shallower of the two monitoring
wells, suggesting upward/lateral migration with natural degradation and accumulation of daughter products.
Hydraulic gradients are currently undefined in the area of investigation. However, there are flowing conditions
in a number of deep stock wells suggesting that upward gradients exist in the area of investigation.

Alternative explanations were carefully considered to explain individual sets of data. However, when considered
together with other lines of evidence, the data indicates likely impact to ground water that can be explained by
hydraulic fracturing. A review of well completion reports and cement bond/variable density logs in the area
around MWO01 and MWO02 indicates instances of sporadic bonding outside production casing directly above
intervals of hydraulic fracturing. Also, there is little lateral and vertical continuity of hydraulically fractured tight
sandstones and no lithologic barrier (laterally continuous shale units) to stop upward vertical migration of
aqueous constituents of hydraulic fracturing in the event of excursion from fractures. In the event of excursion
from sandstone units, vertical migration of fluids could also occur via nearby wellbores. For instance, at one
production well, the cement bond/variable density log indicates no cement until 671 m below ground surface.
Hydraulic fracturing occurred above this depth at nearby production wells.

A similar lines of reasoning approach was utilized to evaluate the presence of gas in monitoring and domestic
wells. A comparison of gas composition and stable carbon isotope values indicate that gas in production and
monitoring wells is of similar thermogenic origin and has undergone little or no degradation. A similar
evaluation in domestic wells suggests the presence of gas of thermogenic origin undergoing biodegradation.
This observation is consistent with a pattern of dispersion and degradation with upward migration observed for
organic compounds.

Elevated levels of dissolved methane in domestic wells generally increase in those wells in proximity to gas
production wells. Near surface concentrations of methane appear highest in the area encompassing MWO01.
Ground water is saturated with methane at MWO1 which is screened at a depth (239 meters below ground
surface) typical of deeper domestic wells in the area. A blowout occurred during drilling of a domestic well at a
depth of only 159 meters below ground surface close to MWO01. A mud-gas log conducted in 1980 (prior to
intensive gas production well installation) located only 300 m from the location of the blowout does not indicate
a gas show (distinctive peaks on a gas chromatograph) within 300 meters of the surface. Again, with the
exception of two production wells, surface casing of gas production wells do not extend below the maximum
depth of domestic wells in the area of investigation. A number of production wells in the vicinity of MWO01 have
sporadic bonding or no cement over large vertical instances. Again, alternate explanations of data have been
considered. Although some natural migration of gas would be expected above a gas field such as Pavillion, data
suggest that enhanced migration of gas has occurred within ground water at depths used for domestic water
supply and to domestic wells. Further investigation would be needed to determine the extent of gas migration
and the fate and transport processes influencing migration to domestic wells.
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1.0
Site Background

In early 2008, the U.S. Environmental Protection
Agency (EPA) received complaints from several
domestic well owners near the town of Pavillion,
Wyoming regarding sustained objectionable taste and
odor problems in well water following hydraulic
fracturing at nearby gas production wells. In response
to these complaints, EPA initiated a comprehensive
ground water investigation in September 2008 under
authority of the Comprehensive Environmental
Response, Compensation, and Liability Act. The area
of investigation is a sparsely populated rural area in
west-central Wyoming directly east of the town of
Pavillion. Land use by residents consists primarily of
ranching (horse and cattle) and alfalfa hay production
for use by ranchers and commercial sale. Fields are
periodically flooded using water obtained from canals
and laterals.

Domestic wells in the area of investigation overlie the
Pavillion gas field which is one of several gas fields
within the Wind River Basin - a large, complex,
structural, asymmetric, deep sedimentary basin
covering much of central Wyoming (Figure 1). Oil and
gas exploration wells were drilled in the 1950s.
Commercial natural gas extraction in the field
commenced in 1960 (Single 1969) with gas production
well installation activity intensifying in the late 1990s
through 2006 (Figure 2). The field currently consists
of approximately 169 vertical production wells.
Ninety-seven production wells are designated as
"Tribal Pavillion" and are regulated by the U.S. Bureau
of Land Management (BLM). The remaining wells are
designated as "Pavillion Fee" and are regulated by
Wyoming Oil and Gas Conservation Commission
(WOGCC).

in the Wind River Basin. Figure from
Johnson et al. 2007.

Figure 1. (a) Location of Wind River Basin in
Wyoming. (b) Location of Pavillion gas field
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Figure 2. Chronology of production well completion
at the Pavillion gas field.

A review of production well records obtained on line
from WOGCC indicates that hydraulic fracturing in gas
production wells occurred as shallow as 372 m (1220
ft) below ground surface (bgs) with associated surface
casing in production wells as shallow as 110 m (361 ft)
bgs. Information obtained from the Wyoming State
Engineer's Office and homeowners indicates that
domestic wells (including stock wells) in the area of
investigation are screened as deep as 244 m (800 ft)
bgs. With the exception of two production wells,
surface casings of gas production wells do not extend
below the maximum depth of domestic wells in the
area of investigation (Figure 3).
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Figure 3. Histograms summarizing depths of top of
perforation interval of production wells, base of
surface casing of production wells, and base of
screened interval of domestic wells.

Gas extraction occurs from both the lower Eocene
Wind River Formation and underlying Paleocene Fort
Union Formation (Figure 4). The Wind River
Formation consists of interbedded layers of
sandstones and shale with coarse-grained meandering
stream channel deposits (Osiensky et al. 1984) and
extends from the surface to approximately 1036 m
(3400 ft) bgs. The Fort Union Formation ranges in
thickness from 762 to 914 m (2500 to 3000 ft) in the
area (Flores and Keighin 1993). The Waltman Shale
Member in the Fort Union Formation is absent below
the Pavillion Gas Field. The most productive zone of
gas extraction in the Wind River Formation occurs at
its base and is often targeted for gas extraction (Single
1969). Gas trapping in the lower Wind River and Fort
Union Formations occurs in localized stratigraphic
sandstone pinchouts on the crest and along flanks of a
broad dome (Mueller 1989, Keefer and Johnson 1993).

There is substantial vertical and lateral stratigraphic
variation over short distances in both formations
(Single 1969, Flores and Keighin 1993). Individual
productive sandstones in the two formations generally
vary in thickness from 1 to 21 m with permeability
varying from 0.1 to 300 millidarcies and porosity
ranging from 4 to 28 percent (Single 1969). Gas from
the Fort Union and lower Wind River Formations
varies little in 8"3C for methane, ethane, and propane
with depth from the lower Eocene Wind River
Formation to deeper mature and post-mature Upper
Cretaceous source rocks (Figure 4) suggesting upward
gas migration (Johnson and Rice 1993, Johnson and
Keighin 1998) from deep source rocks. 8™C is defined
as

(13C/12C)sample
e/ 12C)standard

5130(0/00) = |:(

- l} x1000

where the standard is the Pee Dee Belemnite (PDB)
reference standard. Stable isotope ratios are reported
as the relative difference in the ratio of the less
abundant heavier isotope to the more abundant
lighter isotope of the sample with respect to a
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Figure 4. Generalized stratigraphic columns and correlations of Mississippian through Eocene strata in the Wind River
Basin, Wyoming. The Pavillion Gas Field is located in the Western Wind River Basin. Figure from Johnson et al. 2007.
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reference standard. Ratios are expressed in parts per
thousand or permil (%o). A substantial amount of
additional compositional and isotopic data is available
on the Wind River and Fort Union Formations but is
classified as Confidential Business Information by the
gas field operator.

Ground water from the upper Wind River Formation is
the principal source of domestic, municipal, and stock
(ranching, agriculture) water in the Pavillion area (WY
State Water Plan 2003). The Wind River Formation
meets the definition of an Underground Source of
Drinking Water (USDW) under the United States Code
of Federal Regulations, Title 40, Section 144.3. Water
yields from wells in the upper Wind River Formation
range up to 11,300 L/min with total dissolved-solids
(TDS) concentrations ranging from 100 to 5,110 mg/L
(WY State Water Plan 2003, Daddow 1996). The town
of Pavillion has five municipal wells screened at
depths ranging from 122 to 158 m bgs with average
daily use estimated at 60,000 L/day (WY State Water
Plan 2003). Fluids used for hydraulic fracturing were
injected directly into the Wind River Formation.
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2.0
Methods

Sampling Chronology

Four sampling events (Phase | - IV) were conducted
commencing in March 2009 and ending in April 2011.
In March 2009 (Phase I), EPA collected aqueous
samples from 35 domestic wells (including two
samples from post reverse osmosis systems) in the
area of investigation and 2 municipal wells in the town
of Pavillion. Detection of methane and dissolved
hydrocarbons in several domestic wells prompted
collection of a second round of samples in January
2010 (Phase Il). During this phase, EPA collected: (1)
ground water samples from 17 domestic wells (10
previously sampled), 4 stock wells, and 2 municipal
wells; (2) a filter sample from a reverse osmosis
system; (3) surface-water and sediment samples from
5 locations along Five-Mile Creek (a creek traversing
the area of investigation); (4) gas and produced
water/condensate samples (organic compounds only)
from 5 production wells; and (5) ground water
samples from 3 shallow monitoring wells and soil
samples near the perimeter of three known pit
locations.

Detection of elevated levels of methane and diesel
range organics (DRO) in deep domestic wells
prompted EPA to install 2 deep monitoring wells in
June 2010 to differentiate potential deep (e.g., gas
production related) versus shallow (e.g., pits) sources
of ground water contamination. Monitoring wells
MWO01 and MWO02 were screened at 233 - 239 m (765
— 785 ft) and 293 - 299 m (960 — 980 ft) bgs,
respectively. The expense of drilling deep wells while
utilizing blowout prevention was the primary limiting
factor in the number of monitoring wells installed. In
September 2010 (Phase lll), EPA collected gas samples
from well casing from MWO01 and MWO02. In October
2010, EPA collected ground water samples from
MWO01 and MWO0?2 in addition to a previously
unsampled domestic well and two previously sampled

domestic wells. In April 2011 (Phase V), EPA
resampled the 2 deep monitoring wells to compare
previous findings and expand the analyte list to
include glycols, alcohols, and low molecular weight
acids. Eight previously sampled domestic wells and
three previously sampled stock/irrigation wells were
also sampled at this time. Sampling chronology and
analytical methods for all sampling events are
summarized in Table Al. The location of production
wells, monitoring wells, and sampled domestic wells is
illustrated in Figure 5.

Deep Monitoring Well Installation

EPA installed two deep monitoring wells (designated
as MWO01 and MW02) using air (0 - 6 m bgs) and mud
rotary (6 m bgs to target depth). Mud rotary was
selected for installation of deep monitoring wells
because it allowed the use of blowout prevention
(BOP). Use of mud rotary with BOP was necessary
given that a blowout occurred during installation of a
domestic well at only 159 m (522 ft) bgs in December
2005 in the vicinity of MWO01. Both deep monitoring
wells were located away from gas production wells,
known locations of pits, and areas of domestic waste
disposal (abandoned machinery). There were no
incidents of fuel spillage used to power pumps and
generators.

Mud rotary required the use of drilling mud to remove
cuttings and additives to avoid heaving of shale during
drilling and well placement. Jet Lube Well Guard
hydrocarbon free lubricant was used for outside
threads for drillstem and submersible pipe
connections. Mud composition consisted of formation
water, municipal drinking water from Riverton, WY
(transported on site by water truck), Quik-Gel high
yield bentonite and additives listed on Table 1.
Municipal water was mixed with bentonite to create
drilling mud. The pH of mud during drilling varied
between pH 8 - 9. Aqua-Clear (Halliburton) was used
during well development to facilitate removal of mud.
Drilling additives were extracted in water (1:20 to
1:100 dilution) and analyzed for pH, inorganics,
organics, glycols, and alcohols. Despite the highly
concentrated nature of these solutions (not
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Table 1. Drilling additives, properties and product use recommendations

Composition from Recommended
Ingredient Manufacturer Purpose MSDS Specific gravity mixture with pH Properties
water (wt/wt)
Aqua-Clear Halliburton Dispersant/ | anionic 1.2-14 1:2500 neat liquid
PFD mud polyacrylamide 6.5t07.5
removal (30-60%)
Penetrol Halliburton Non-ionic diethanolamine 0.98 1:400 to 1:100 1% liquid
wetting (1-5%) and coco solution
agent diethanolamide 9.5
(10-30%)
EZ-Mud Gold Halliburton Clay/shale "no hazardous 0.8-1 1:1400 to 1:350 1% solid
stabilizer substances” solution
7.75
Dense Soda OCI Chemical Improve Sodium carbonate 2.5 1:100 to 1:50 5% solid
Ash Corp bentonite (100%) solution
11.5
Quik-Gel Halliburton Viscosifier/ | bentonite (60%), 2.6 1:60 to 1:30 3% solid
bentonite crystalline silica solution
quartz (1-5%), 8.9
crystalline silica
cristobalite (0-1%),
crystalline silica
tridymite (0-1%).
Quik-Trol Halliburton Ease of cellulose derivative 0.6-0.9 1:3500 to 1:200 1% solid
Gold mixing and {polysaccharide) solution
improved (60-100%) 6-8
filtration (listed)

representative of significantly lower levels in drilling
mud, see recommended product use mixture listed in
Table 1), the pH of samples varied between 6.6 to
11.2, potassium varied between 0.1 to 1.2 mg/L,
chloride varied between not detected to 214 mg/L,
ethanol and isopropanol detections were less than 90
ug/L, and acetone, tert-butyl alcohol (TBA), benzene,
toluene, ethylbenzene, xylenes (BTEX),
trimethylbenzenes, and glycols were not detected
(Table 2). Organics were not analyzed in the dense
soda ash and Quik-Gel because dissolved organic
carbon concentrations were low and because of
difficulties in analyzing the viscous gel (Quik-Gel).
Since inorganic and organic concentration patterns
measured in the drilling additives do not match
patterns observed in the deep monitoring wells and
because large volumes of ground water were
extracted from the wells during development and
prior to sampling, it is unlikely that ground water
chemistry was impacted by drilling additives.

Composite samples of cuttings were collected and
sent to TestAmerica Laboratories in Denver, Colorado
for Toxic Characteristic Leaching Procedure (TCLP).
Samples were analyzed for TCLP volatile organic
compounds using gas chromatography-mass
spectrometry (GC-MS) in accordance with EPA SW-846
Methods 1311/8260B, and for TCLP semivolatile
organic compounds (GC-MS) in accordance with EPA
SW-846 Methods 1311/8270C, for TCLP metals in
accordance with EPA SW-846 Methods 1311/ 60108,
for TCLP mercury in accordance with EPA SW-846
Methods 1311/7470A. Acetone, toluene, and m & p-
xylene were detected in one sample at 6.9, 0.63, and
1.0 pg/L, respectively. Cuttings were disposed offsite
in a landfill.

A photographic log of drilling, mud circulation,
examination of cuttings, screen placement, and well
development is provided in Appendix C. Well
construction schematics are provided for MWO01 and
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MWO0?2 in Figures 6a and 6b, respectively. During
installation of MWO02, cuttings were allowed to settle
at the cessation of drilling and form a 5 m (17 ft) base
for placement of the screen. Cuttings were never
added to the borehole. Since a significant vertical
distance existed between the depth of drilling and
screen placement at MWO01, cement grout was utilized
to form the base for screen placement. No lubricants
were used to attach sections of casing or casing to
screens. Well screens, sections of casing and tremie
pipe were mounted above ground (never touched soil)

and power washed (no detergents used) prior to
(deployment. Locations of both MWO01 and MWO02
were in fields used for alfalfa hay production away
from production wells, pads, and pits.

Cuttings were continuously examined during drilling
by manually washing drilling mud from rock fragments
with observations recorded as a function of depth in
borehole logs. At the cessation of drilling, open-hole
geophysical logging (caliper, density, resistivity,
spontaneous potential, natural gamma) was
conducted by Colog Inc., prior to placement of well
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Figure 6a. Schematic illustrating construction of MWO1.
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Figure 6b. Schematic illustrating construction of MWO02.
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construction materials. Examination of resistivity and
cuttings indicated elevated resistivity at depths where
white coarse-grained sandstone was observed. This
relationship was utilized to place screens at both deep
monitoring wells at the deepest observed interval of
white coarse-grained sand (Figure 7). White coarse-
grained sandstones in the area of investigation
contain little or no shale and are targeted by local well
drillers for domestic well installation. During drilling,
mud and cuttings were monitored in an open
atmosphere with a TVA-1000B Thermo-Scientific
portable flame- and photo-ionization detector
(FID/PID) for health and safety monitoring.
Comparison of FID and PID readings (PID readings
remained at background and are not sensitive to
methane) indicates the presence of methane at
various intervals from ground surface in MWO01
(Figure 7).

Figure 7. Resistivity as a function of depth in MWO01
and MW02. MWO01 and MWO02 were screened at
233 -239 m and 293 - 299 m bgs, respectively,
corresponding to elevated resistivity and presence
of coarse-grained sandstone. FID readings in MWO01
denote detections of methane during open air
logging of mud. FID monitoring at MW02 was
sporadic and is not illustrated here.

Ground Water Sampling of Deep Monitoring
Wells in Phase Ill and IV

Ground water in deep monitoring wells was sampled
using dedicated explosion proof submersible pumps
(10-cm Franklin Electric 3HP). Wells were purged at a
flow rate of approximately 5 to 30 L/min. The rate of
pumping was measured using a Model TMO0050 in-line
turbine flow meter with associated Model FM0208
flow monitor manufactured by Turbines, Inc.
Drawdown during pumping was measured with a
sonic water level sensor obtained from Eno Scientific,
Inc. (Model WS2010 PRO). The flow was split, with
one portion going to waste and the other portion
going to a flow-cell equipped with a YSI 5600
multiparameter probe to track stabilization of pH
(<0.02 standard units per minute), oxidation-reduction
potential (<2 mV per minute), specific conductance
(<1% per minute), dissolved oxygen (DO), and
temperature. Purge volumes prior to sampling ranged
from about 200 to 450 L (Phase Ill) and 1100 to 1250 L
(Phase IV). Lower purge volumes in Phase Ill sampling
were due to initial gas invasion into the screened
intervals that caused cavitation and concern about
prolonged pump operation. By the time of Phase IV
sampling, disruptive gas invasion was no longer
observed and extended purging was possible.
Turbidity ranged from 1.7 to 29.7 Nephelometric
Turbidity Units (NTUs) in domestic wells (Phase Il and
IV). Turbidity in MWO01 was 7.5 NTUs in Phase Ill and
7.9 NTUs in Phase IV. Turbidity in MWO02 was 28.8
NTUs in Phase lll and 24.0 NTUs in Phase IV. Turbidity
measurements in MWO01 and MWO02 could be
impacted by gas exsolution. A photographic log of
deep monitoring and domestic well sampling is
provided in Appendix D.

In April 2011, the static water level in MWO1 prior to
purging was 61.2 m (200.8 ft) below the top of the
casing (BTOC) measured using the Well Sounder 2010.
The initial pumping rate was approximately 27.6
L/min. The pumping rate declined during purging to
approximately 24.2 L/min as a result of the increasing
depth to water. At approximately 30 min after the
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start of purging, the pumping rate was reduced using
an in-line valve to 7.6 L/min. This resulted in
approximately 18.2 m (60 ft) of rebound in the water

level within the well at the start of sampling (Figure 8).

Given that the screen length is only 6.1 m (20 ft) and
that the pump was set approximately 0.6 m (2 ft)
above the screen, this indicates that ground water
obtained during sampling was derived from the
formation with no component of casing storage. The
total volume of water purged at the start of sampling
was approximately 1117 L. The static water level in
MWO0?2 prior to purging was 80.5 m (264.2 ft) BTOC
measured using the Well Sounder 2010 (April 2011).
The initial pumping rate was approximately 18.9
L/min. The Eno Scientific well sounder was unable to
measure the depth to water during most of the
purging cycle perhaps due to a more rapid rate of
decline in the water level in the casing. Sampling was
initiated after approximately 1249 L of water were
removed. The pump cavitated after approximately
1287 L were purged. The pump was subsequently
stopped, allowed to cool, and restarted approximately
10 min later to complete the sampling.

Figure 8. Variation of water level as a function of time
in MWO1 during Phase IV well purging. The initial
pumping rate was 24.2 L/min. After approximately 30
minutes of purging, the flow rate was decreased to 7.6
L/min. This reduced flow rate caused partial recovery
of the water level and confirmation that formation
water was being accessed.

An example of flow-cell readings through the purging
of well MWO02 is shown in Figure 9. The electrode
readings show fairly rapid equilibration of pH and
dissolved oxygen. Oxidation-reduction potential
steadily decreased with the rate of change falling into
the desired range (<2 mV per minute) by the end of
purging. Specific conductance readings were typically
variable, likely due to continuous off-gassing and
bubble formation within the conductivity sensor.
After field measurements stabilized, ground water
was collected into sample bottles as summarized in
Table B1. Samples were collected for a wide range of
inorganic, organic, and stable isotope analyses. A 500
mL sample was collected for field determinations of
alkalinity, turbidity, ferrous iron, and dissolved sulfide.
Alkalinity was determined onsite by incremental
titration of ground water with sulfuric acid. Turbidity
measurements were made with a portable meter
(Hach 2100Q). Measurements were made for
dissolved sulfide and ferrous iron using the methylene
blue and 1,10-phenanthroline colorimetric methods,
respectively (APHA 1998a,b). Samples collected for
dissolved gases, volatile organic compounds, semi-
volatile organic compounds, diesel-range organics,
gasoline-range organics, glycols, low molecular weight
acids, and 6*C/8D of methane were not filtered. 8D is
defined as

8D (%o) = [((ZH/lH)Sample

———1{x1000
2H/ 1H) standard

where the standard is the Vienna Standard Mean
Ocean Water Standard (VSMOW). Samples collected
for metals, anions, nutrients, dissolved organic
carbon, dissolved inorganic carbon (DIC), §"C of
dissolved inorganic carbon, and 8'0/6D of water
were filtered onsite using 0.45-micron pore-size,
disposable-capsule filters. §'%0 is defined as

(18 O/lso)sample
(18 o/ 16O)standard

5'°0(%o0) = [ - 1] x1000

where the standard is the VSMOW.
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Sample preservation and holding time criteria are
listed in Table B1. Field quality control (QC) samples
are summarized in Table B2. These included several
types of blanks, duplicate samples, and field matrix-
spike samples. All of these QC sample types were
collected, preserved, and analyzed using identical
methodologies as used for the water samples
collected in the field (Table B1). Quality
assurance/quality control (QA/QC) requirements for
analysis of metals and major ions are summarized in
Table B3. QA/QC requirements for analysis of
dissolved gases, DIC/DOC, VOCs, low molecular weight
acids and stable isotopes of water are summarized in
Table B4. QA/QC requirements for analysis of
semivolatile organic compounds (SVOCs), GRO, and
DRO are summarized in Table B5. QA/QC
requirements for analysis of glycols are summarized in
Table B6. Results of Phase Il and Phase IV blank
samples are provided in Tables B7 to B12. Detections
observed in the blank samples were generally very
low-level and generally much lower than
concentrations measured in the deep monitoring
wells. Some blank samples showed detections of
acetone (1 pg/L), m,p-xylene (up to 0.7 pg/L), toluene
(up to 0.5 pg/L), benzoic acid (3 pg/L), and
tetraethylene glycol (3 pg/L). Concentrations of these
analytes in MWO01 and MWO0?2 in Phase Ill and Phase IV
sampling ranged from: 80 to 641 pg/L (acetone), non-
detect to 750 pg/L (total xylenes), 0.6 to 617 pg/L
(toluene), 209 to 457 pg/L (benzoic acid), and 7 to 27
ug/L (tetraethylene glycol). Detected concentrations
of toluene (Phase Ill), xylene (Phase IV), and
tetraethylene glycol (Phase IV) in MWO01 are within
about 2 times the detected levels of these chemicals
in some of the applicable blank samples.
Consequently, reported detections and concentrations
of these chemicals in MWO1 were used cautiously in
this study. In one of the six blank samples collected
for DRO, an elevated concentration of 135 pg/L or 6
times the reporting limit was observed (Table B12); all
other DRO blank samples were non-detects (<20
pg/L). Concentrations of DRO in the deep monitoring
wells ranged from 634 to 4050 pg/L.

Duplicate samples were collected in three locations
during Phase lll and Phase IV sampling activities.
Results for the duplicate analyses are presented
Tables B13 and B14. Relative percent differences
(RPDs) were generally less than 10% for most
inorganic constituents indicating very good precision.
RPD is defined as

Xx1-x2

RPD =| —————— [x1000
{(x1+x2)/2}

where x1 = sample and x2 = sample duplicate. RPDs
for methane, volatile organic compounds, and semi-
volatile organic compounds were generally less than
25% (Table B14). The lower reproducibility for these
compounds detetected in MWO02 is likely due to
difficulties in sampling and preserving water that is
oversaturated in gas.

Major ions were quality checked by calculating ion
balances. The AgQA (v.1.1.1) software package was
used to evaluate cation/anion balance, which ranged
from <0.1 to 17.2% with 90% of the calculated
balances better than 5%.

Geochemical equilibria in ground water were
evaluated with the Geochemist’s Workbench package
(version 8; Bethke 1996). Speciation and mineral
equilibria calculations were made by entering the
concentrations of major cations (Na*, K*, Ca**, Mg*"),
anions (CI, SO,%, HCO3), pH, and temperature. For
domestic well samples, bicarbonate concentrations
were determined from alkalinity measurements. For
the deep monitoring wells, because alkalinity included
a significant contribution from hydroxide,
concentrations of dissolved inorganic carbon were
used for bicarbonate/carbonate input. Activity
corrections were made using the Debye-Hiickel
equation. The LLNL (EQ3/6) thermodynamic database
was selected for use in the calculations (Delany and
Lundeen 1990). Model simulations were also
conducted by tracing alkaline-addition titration paths.
In order to do this, an additional entry was made to
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the thermodynamic database describing the solubility
of KOH (log K= 24.9; KOH s + H" = K’ (54 + H,0()).

Audits of Data Quality (ADQs) were conducted by a
contractor (independent of this investigation) or an
EPA QA Manager for all analyses conducted outside
EPA's Contract Laboratory Program (CLP) with the
exception of data collected during Phase I, which is till
in progress. This included data from EPA's Region VIII
laboratory in Golden, Colorado, EPA’s Region IlI
laboratory in Fort Mead, MD, EPA's Office of Research
and Development Laboratory in Ada, Oklahoma, and
Isotech Laboratories in Champaign, lllinois. A
technical systems audit of Isotech Laboratories
included an on-site visit by the independent
contractor and EPA QA Manager. Two on-site field
technical system audits were also conducted by the
independent contractor and the EPA QA Manager to
ensure compliance with the Category | (highest of four
levels in EPA) Quality Assurance Project Plan
established for this site for ground water and gas
sample collection.

Gas Sampling from Casing of Deep Monitoring
Wells in Phase Ill and IV

Gas samples were collected from casing of deep
monitoring wells by connecting a 12.7 mm NPT
stainless-steel Swagelok quick-connect body and a
Swagelok single-end shutoff stem to a 12.7 mm brass
ball valve. The stem was connected to 6.35 mm
internal diameter Tygon Masterflex tubing and a 0.5
liter Cali-5 Bond gas sampling bag equipped with a
Leur-Fit Valve™ and a Leur-taper Quick-Mate™
connector. A Masterflex E/S portable peristaltic pump
was used to extract gas at 1 L/min. Samples were
collected after stabilization (+ 1%) of O,, CO,, and CH,
readings on a GEM-2000 Plus CES-LANDTEC portable
gas analyzer.

Domestic Well Sampling for Methane Using a
Closed System in Phase IV

During the Phase IV sample event, water from
domestic wells was screened using a Thermo-Scientific

TVA-1000B portable FID/PID and a 10 L Plexiglas
sparge cell (Figure 10). Samples from domestic wells
were routed through a closed (no contact with the
atmosphere to avoid offgassing) sample train and
collected in 0.5 L Cali-5 Bond gas sample bags.
Ultrapure N, gas was introduced into the bags and
placed on a rotary shaker for one hour prior to
headspace analysis on site using a portable GC
equipped with a thermal conductivity detector.
Portable FID readings provided an immediate
indication of methane in well water prior to GC
analysis. Samples were also submitted to EPA's Office
of Research and Development (ORD) laboratory in
Ada, Oklahoma for analysis of dissolved gases.

Review of Borehole Geophysical Logs

Borehole geophysical logs available on line from
WOGCC were utilized to map lithology in the area of
investigation. Depending upon the specific well,
various combinations of natural gamma, resistivity,
self-potential, density, and neutron porosity logs were
utilized. Log resolution was sufficient to discern
distinct layers of shale 1 m or greater in thickness but
not sufficient to differentiate coarse-, medium-, and
fine-grained sandstones nor sandstones containing
various proportions of shale. Descriptions of cuttings
logged during installation of deep monitoring wells
and domestic wells obtained from a local driller were
used for near surface description. Neither grain size
nor proportions of shale in sandstone were
differentiated in near surface sandstones to maintain
consistency with descriptions from geophysical logs.
Lithology in the area of investigation is highly variable
and difficult to correlate from borehole to borehole,
even for boreholes in close proximity to one another
consistent with other observations in the Wind River
Formation (Osiensky 1984). Sandstone and shale
layers appeared thin and of limited lateral extent,
again consistent with previous observations of
lithology in the Wind River Formation (Single 1969,
Flores and Keighin 1993).
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above sparge cell.

Figure 10. Schematic of closed (no contact to atmosphere) sampling train for domestic wells. Water
flow from domestic well and into sparge cell was approximately 5 and 1 L/min respectively. Excess

water bled through valve used for sampling prior to sample collection. Gas flow into sparge cell and
portable FID/PID sparge cell was approximately 20 and 1 L/min. Excess air was bled through splitter

Review of Cement Bond/Variable Density Logs

Cement bond/variable density (CBL/VDL) logs,
available for less than half of production wells, were
obtained online from WOGCC to evaluate well
integrity. Sporadic bonding is defined as an interval
having an amplitude (mV) greater than Ag, (EPA 1994)

where
ABO — 100.2Iog Ay+0.8log Ay

and Ag, Ao, and Ajgo = amplitude at 80%, 0%, and
100% bond respectively. Aq typically corresponds to
amplitude in free pipe whereas A, corresponds to
the best-bonded interval on the CBL. Examples of "no

cement", "sporadic bonding", and "good bonding" are

provided in Appendix E.

CBL/VDLs provide an average volumetric assessment
of the cement in the casing-to-formation annular
space and are considered low resolution tools
compared to ultrasonic imaging tool logs which
provide a high-resolution 360° scan of the condition of
the casing-to-cement bond (Bybee 2007). Acoustic
imaging tools do not directly measure cement seal.
Communication of fluids between intervals has been
observed to occur despite indication of "good to
excellent" cement bond on acoustic logs (Boyd et al.
2006). All CBL/VDLs available from WOGCC reflect
pre-hydraulic fracturing conditions.
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3.0
Results and Discussion

Ground Water and Soil Sample Results
Near Three Pits

There are at least 33 pits previously used for
storage/disposal of drilling wastes, produced water,
and flowback fluids in the area of investigation.
Discussions are ongoing with stakeholders to
determine the location, delineate the boundaries, and
extent (areal and vertical) of contamination associated
with these pits. The operator has initiated
remediation of selected pit areas. Concentrations of
DRO, gasoline range organics (GRO), and total
purgeable hydrocarbons (TPH) detected in soil
samples adjacent to three pits investigated in Phase
were as high as 5010, 1760, and 6600 mg/kg,
respectively (EPA 2010). Concentrations of GRO, DRO,
and TPH in ground water samples from shallow (4.6 m
bgs) monitoring wells were as high as 2.4, 39, and 3.8
mg/L, respectively (EPA 2010). A wide variety of

organic compounds including benzene and m, p-
xylene were detected at concentrations up to 390 and
150 pg/L, respectively (EPA 2010), indicating pits as a
source of shallow ground water contamination in the
area of investigation. EPA’s maximum concentration
level (MCL) for benzene is 5 pg/L.

Inorganic Geochemistry

Inorganic geochemical results for ground water (all
phases) are summarized in Table A2a and Figure 11.
Major ion chemistry of ground water in the Pavillion
area varies as a function of aquifer depth. Shallow
ground waters (< 31 m bgs) collected from drinking
water wells and stock wells are near-neutral (pH 7.7 £
0.4, n =19) (Figure 12) and display calcium-
bicarbonate composition. With increasing depth,
ground water becomes moderately alkaline (pH 9.0 +
1.0, n = 55) (Figure 12), and with only one exception
(MWO02), is dominated by sodium and sulfate as the
major cation/anion pair (Figures 11 and 12, Table
A2a). This gradient in pH and water chemistry likely
arises from the wide-scale surface application of
irrigation water from the Wind River to support

Figure 11. Durov
diagram showing ground
water chemistry trends
obtained in Phase | - IV
sampling events and the
composition of irrigation
water.
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crop growth since irrigation water appears to
represent an endmember composition (Figure 11).
The chemical alteration from bicarbonate-type
recharge water to sulfate-type ground water involves
multiple water-rock interactions, including salt
dissolution, carbonate mineralization, and exchange of
divalent cations for sodium (Morris et al. 1959). Total
dissolved solids concentrations are <6000 mg/L in all
ground water samples collected to depths up to 296 m
(Figure 11).

Saturation indices of gypsum (CaS0,4-2H,0) and calcite
(CaCO0:s), plotted against sulfate and calcium
concentrations, are shown in Figure 13. The trend for
gypsum saturation suggests that sulfate
concentrations in the aquifer are limited by the
solubility of gypsum. Ground water is also close to
equilibrium with calcite which likely is an important
control on pH and concentrations of calcium and

bicarbonate. Some residents have described the
development of particulates in ground water samples
collected and stored in glass jars. Precipitates that
formed from PGDWO5 ground water were analyzed by
powder X-ray diffraction and found to be dominantly
calcite. Because calcite has retrograde solubility,
precipitation of calcite is possibly triggered by
warming calcite-saturated ground water to ambient
conditions.

The geochemistry of ground water from the deep
monitoring wells is distinctive from that in the
domestic wells. Chloride enrichment in monitoring
well MWO02 is 18 times the mean chloride
concentration (25.6 mg/L) observed in ground water
from domestic wells. Chloride enrichment in this well
is significant because regional anion trends tend to
show decreasing Cl concentrations with depth. The
mean potassium concentration in domestic wells
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Figure 13. Saturation indices for (a) gypsum versus sulfate concentration and (b) calcite versus calcium concentration.
Saturation Index is equal to the logarithm of the ratio of the ion activity product to the mineral solubility product. A
Saturation Index of 0 corresponds to chemical equilibrium; values less than 0 and greater than 0 correspond to




DRAFT

screened to 244 m bgs is 3 mg/L, with 99% of values
<10 mg/L. Potassium enrichment in MWO01 and
MWO02 is between 8.2 and 18.3 times the mean value
of domestic wells (Table A2a). pH values in MWO01
and MWO02 are highly alkaline (11.2-12.0), above the
pH range observed in domestic wells (6.9-10), and
above the pH range previously reported for the Wind
River Formation (Plafcan et al. 1995, Daddow 1996).
In the deep monitoring wells, up to 94% of the total
alkalinity is contributed by hydroxide. In addition, the
monitoring wells show low calcium, sodium, and
sulfate concentrations compared to the general trend
observed in domestic well waters (Figure 14).

The high pH measured in the deep monitoring wells
was unusual and unexpected. Although ground water
pH in these wells was >11, total alkalinity was not
particularly high (<500 mg/kg), and as already noted
up to 94% of the total alkalinity was present as
hydroxide (see charge balance calculations, Table
A2b). Alkalinity contributed by carbonate/bicarbon-
ate was less than the hydroxide component. In fact,
inorganic carbon concentrations were so low in MW02
as to prevent the measurement of 8°C of dissolved
inorganic carbon. Presence of hydroxide alkalinity
suggests strong base addition as the causative factor
for elevated pH in the deep monitoring wells. The
possibility of cement/grout intrusion into the screened
intervals was considered as a possibility for both
monitoring wells, although precautions were taken to
prevent downward migration of cement during well
construction. Cement intrusion typically leads to pH
values between 10 and 11, lower than the pH values
measured in the deep monitoring wells (Gibb et al.
1987). Prolonged purging did not show decreasing pH
trends (e.g., Figure 9) and water chemistry results
indicate that ground water from the wells was highly
undersaturated with respect to cement phases (e.g.,
portlandite), suggesting that cement was not the
cause of elevated pH.

In order to gain additional insight, reaction path
modeling was conducted to evaluate pH response to
addition of strong base (potassium hydroxide, KOH).

Geochemical modeling was carried out by using
ground water compositions for PGDW49, PGDW?20,
and PGDW32 (initial pH 7.3, 8.9, and 9.9, respectively).
Modeled titration results are shown in Figure 15a; pH
is plotted versus the mass of KOH added per kg of
solution. Model titration results vary as a function of
ground water composition. Samples PGDW20 and
PGDW32 have Na-SO,-type compositions typical of
deeper portions of the aquifer. In both of these cases,
attainment of pH values between 11.2 and 12.0
requires small quantities of KOH addition (<250 mg
KOH per kg of solution). Sample PGDW49 is elevated
in Ca*" and Mg**, lower in pH, and typical of shallower
ground water compositions. In this case, significantly
more KOH addition is required to attain pH values
observed in the monitoring wells. The first derivative
of the titration curve, or buffer intensity, is shown in
Figure 15b. The buffer intensity indicates that ground
water compositions like PGDW20 and PGDW32
inherently have little resistance to pH change up to
about pH 12, at which point increased KOH additions
are necessary to further increase pH. PGDW49 shows
a broad peak on the buffer intensity diagram (pH 10 to
11) which reflects precipitation reactions to form
calcium carbonate and magnesium hydroxide,
reactions that consume hydroxide and therefore limit
pH increases, until divalent cations are completely
consumed. The model results clearly show that
ground water typical of the Pavillion aquifer below
100 m depth (Na-SO,4-type composition) is especially
vulnerable to the addition of strong base, with small
KOH additions driving significant upward pH changes.

Paired values of 80 and &°H in ground water samples
plot below the Global Meteoric Water Line (Figure 16;
-16.6 t0 -12.4%o 5'°0 and -129.2 to -97.4%o &°H).
Shallow ground water samples generally tend to be
depleted in ®0 and *H compared to deeper ground
water samples and may be more reflective of local
recharge. Ground water isotope data from the deep
monitoring wells (red circles, Figure 16) follow along
the same 80 versus &°H trajectory established by the
domestic well data, suggesting similar recharge and
evolutional paths (e.g., Bartos et al. 2008).
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Organic Geochemistry

Organic and inorganic geochemical impacts in deep
ground water monitoring wells (Phase Il and 1V) are
summarized in Table 3. The monitoring wells produce
ground water near-saturated in methane at ambient
pressure, with concentrations up to 19.0 mg/L. Gas
exsolution was observed while sampling at both
MWO01 and MWO02. A wide variety of organic
chemicals was detected in the monitoring wells
including: GRO, DRO, BTEX, trimethylbenzenes,
phenols, naphthalenes, acetone, isopropanol, TBA, 2-
butoxyethanol, 2-butanone, diethylene glycol,
triethylene glycol, and tetraethylene glycol (Figure 17,
Table 3). Concentrations of these chemicals range
from pg/L to mg/L levels. Concentrations of benzene
in MWO02 exceed EPA’s MCL in drinking by a factor of
49 times. Detections of organic chemicals are more
numerous and exhibit higher concentrations in the
deeper of the two monitoring wells (Figure 17, Table
3). This observation, along with trends in methane,
potassium, chloride, and pH, suggest a deep source
(>299 m bgs) of contamination. Natural breakdown
products of organic contaminants like BTEX and
glycols include acetate and benzoic acid; these
breakdown products are more enriched in the
shallower of the two monitoring wells, suggesting
upward/lateral migration with natural degradation
and accumulation of daughter products (Corseuil et al.
2011, Caldwell and Suflita 2000, Dwyer and Tiedje
1983). Other trace-level detections of semi-volatile
organic compounds included: bis(2-ethylhexyl)
phthalate (MWO01 and MWO02, Phase Ill and 1V), bis(2-
chloroethyl) ether, bis(2-ethylhexyl) adipate (MWO01,
Phase 1V), butyl benzyl phthalate, and 4-methyl-2-
pentanone (MWO02, Phase IV).

Well completion reports obtained online from WOGCC
and Material Safety and Data Sheets (MSDSs)
obtained from the operator were reviewed to
examine inorganic and organic compounds in
additives used for hydraulic fracturing and similarity
with detected elements and compounds in ground
water. Well completion reports were limited to a
subset of production wells and included dates of
injection, injection depths, pressure, flow, and volume

for slickwater and carbon dioxide foam fracture jobs.
Some MSDSs list chemical formulation as proprietary
(e.g., proprietary alcohols) or list a chemical family
(e.g., blend of organic surfactants) rendering
identification of constituents impossible. This review
is summarized in Table 4. Inorganic additives are
potential sources of elevated K, Cl, and OH in deep
monitoring wells.

Detection of compounds associated with petroleum-
based additives in ground water samples using
analytical methods employed in this investigation
would be manifested as GRO, DRO, BTEX,
naphthalenes, and trimethylbenzenes observed in
deep monitoring wells.

TBA was detected in MWO02 during Phase 4 sampling
at a concentration of 4470 ug/L. Two possible
formation pathways for TBA are: 1) biodegradation of
methyl tert-butyl ether (MTBE, synthetic chemical
used as a fuel additive) under methanogenic
conditions (e.g., Mormile et al. 1994, Bradley et al.
2001); and 2) breakdown of tert-butyl hydroperoxide
(a gel breaker used in hydraulic fracturing; e.g., Hiatt
et al. 1964). TBA biodegradation is generally slow
compared to the degradation of MTBE; this suggests
that TBA could be present and persist even after
complete MTBE removal from ground water impacted
by fuel releases (Wilson et al. 2005). MTBE was not
detected in either of the deep monitoring wells. A
second pathway of TBA production is from the
decomposition of the gel breaker tert-butyl
hydroperoxide. Hiatt et al. (1964) found that
decomposition of tert-butyl hydroperoxide yielded a
10-fold molar quantity of TBA, oxygen, di-tert-butyl
peroxide, and acetone. Acetone was detected in
MWO02 during Phase 4 sampling at a concentration of
641 pg/L. This breaker is used in hydraulic fracturing
formulations; however, the MSDSs made available to
EPA do not indicate whether tert-butyl hydroperoxide
was used in the Pavillion gas field for well stimulation.
Elevated concentrations of TBA are not expected in
unimpacted aquifers and its presence in MW02
remains unresolved. Additional insight about the
occurrence of TBA (and other organic compounds)
might be obtained by conducting compound-specific
isotope analyses.
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Table 3. Geochemical impacts in deep ground-water monitoring wells

Compound MwWo1 MWwW02 Mwo1 MWO02
Phase 3 Phase 3 Phase 4 Phase 4
10/6/2010 | 10/6/2010 | 4/20/2011 | 4/19/2011
pH 11.9 12.0 11.2 11.8
K, mg/L 54.9 395 24.7 43.6
Cl, mg/L 233 166 23.1 457
CH,, mg/L 16.0 19.0 17.9 18.8
Benzene T nd 246 nd 139
Toluene 0.75 ¢ 617 0.56 336
Ethylbenzene nd 67 nd 215
Xylenes (total) nd 750 0.89 ¢ 362
1,2,4 Trimethylbenzene nd 69.2 nd 18.5
1,3,5 Trimethylbenzene nd 355 nd nd
Diesel Range Organics 634 1440 924 4050
Gasoline Range Organics 389 3710 592 2800
Phenol ® 11.1 56.1 20.9 64.9
Naphthalene b nd 6.06 nd 6.10
Isopropanol |- | 212 581
Tert-Butyl Alcohol | -——-- | - nd 4470
2-Butanone @ |- | - nd 120
Diethylene Glycol | -——-- | - 226 1570
Triethylene Glycol | - | - 46 310
Tetraethylene Glycol | -——-- | —-- 7.3%¢ 27.2
2-Butoxyethanol* | -—— | - nd nd
2-Butoxyethanol ** nd nd 12.7 nd
Acetone | | e 79.5 641
Benzoic Acid 212 244 457 209
Acetate | | - 8050 4310
Formate |- | - 112 558
Lactate @ 00 | - | - 69 213
Propionate @ |- | - 309 803

T All values in pg/L unless otherwise noted.

----- not analyzed.
nd - not detected.

? Includes phenol, 2 4-dimethylphenol, 2-methylphenol, 3&4 methylphenol.

® Includes naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene.

¢ Value below quantitation limit of 10 ug/L.

¢ Chemical detected in a blank sample at a similar level

* 2-Butoxyethanol determined by HPLC-MS-MS.
** 2-Butoxyethanol determined by GC-MS.
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Figure 17. Organic compounds detected in deep monitoring wells MW01 and MWO02 during Phase Ill and IV sampling
events. Horizontal bars show method reporting limits for the individual analytes.
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Table 4. Association of inorganic and organic anomalies with compounds used for hydraulic fracturing

(o)) Information from MSDSs and Well Completion Reports

Compound Class

pH KOH was used in a crosslinker (<5%) and in a solvent (85-100%).

K, Cl The formulation of fracture fluid provided for foam jobs typically consisted of CO,, 6%
KCl, 10% methanol, and "clean" fluid and "additives." Potassium metaborate was used
in crosslinkers (5-10%, 30-60%). KOH was used in a crosslinker (<5%) and in a solvent
(85-100%).

cCl Ammonium chloride was used in crosslinker (1-27%).

BTEX Aromatic solvent (typically BTEX mixture) was used in a breaker (<75%). Diesel oil

Trimethylbenzenes

DRO and GRO

Naphthalene

Isopropanol
Tert-Butyl Alcohol
Glycols
2-Butoxyethanol
Acetone

Benzoic Acid,
Acetate, Formate,

Lactate, Propionate,
2-Butanone, Phenols

(mixture of saturated and aromatic hydrocarbons including naphthalenes and
alkylbenzenes) was used in a guar polymer slurry/liquid gel concentrate (30-60%) and in
a solvent (60-100%). Petroleum raffinates (mixture of paraffinic, cycloparaffinic,
olefinic, and aromatic hydrocarbons) was used in a breaker (<30-60%). Heavy aromatic
petroleum naptha (mixture of paraffinic, cycloparaffinic and aromatic hydrocarbons)
was used in surfactants (5-10%, 10-30%, 30-60%) and in a solvent (10-50%). Toluene
was used in a flow enhancer {3-7%). Xylenes were used in a flow enhancer (40-70%) and
a breaker (confidential percentage).

1,2,4-trimethylbenzene was used in surfactants (0-1%). Diesel oil (mixture of saturated
and aromatic hydrocarbons including naphthalenes and alkylbenzenes) was used in a
guar polymer slurry/liquid gel concentrate (30-60%) and in a solvent (60-100%).
Petroleum raffinates (mixture of paraffinic, cycloparaffinic, olefinic, and aromatic
hydrocarbons) was used in a breaker (<30-60%). Heavy aromatic petroleum naptha
(mixture of paraffinic, cycloparaffinic and aromatic hydrocarbons) was used in
surfactants (5-10%, 10-30%, 30-60%) and in a solvent {10-50%).

Diesel oil (mixture of saturated and aromatic hydrocarbons including naphthalenes and
alkylbenzenes) was used in a guar polymer slurry/liquid gel concentrate (30-60%) and in
a solvent (60-100%). Petroleum raffinates {mixture of paraffinic, cycloparaffinic,
olefinic, and aromatic hydrocarbons) was used in a breaker (<30-60%). Heavy aromatic
petroleum naptha (mixture of paraffinic, cycloparaffinic and aromatic hydrocarbons)
was used in surfactants (5-10%, 10-30%, 30-60%) and in a solvent (10-50%).
Naphthalene was used in surfactants (0-1, 5-10%) and a breaker (confidential
percentage). Hydrotreated light petroleum distillates (mixture of C10-C14 naphthenes,
iso- and n-paraffins) were used in a guar polymer slurry/liquid gel concentrate (40-60%).
Diesel oil (mixture of saturated and aromatic hydrocarbons including naphthalenes and
alkylbenzenes) was used in a guar polymer slurry/liquid gel concentrate (30-60%) and in
a solvent (60-100%).

Isopropanol was used in a biocide (20-40%), in a surfactant (30-60%), in breakers (<1%,
10-30%), and in foaming agents (<3%, 1-5%, 10-30%).

No MSDS listing. Breakdown product of methyl tert-butyl ether and tert-butyl
hydroperoxide - found in gel breakers. See discussion.

Diethylene glycol was used in a foaming agent (5-10%) and in a solvent {0.1-5%).
Triethylene glycol was used in a solvent (95-100%).

2-butoxyethanol was used in a surfactant {10-30%), in foaming agents (<10%, <11%,
<12%, 1-10%, 10-30%) and in solvents (15-40%, 60-100%).

Breakdown product of tert-butyl hydroperoxide - found in gel breakers. See discussion.
Natural breakdown products of organic contaminants (e.g., BTEX, glycols, etc.).
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Natural gas condensates are composed primarily of
aliphatic hydrocarbons; however, condensates may
contain low quantities of aromatic compounds, such
as BTEX. Gas from the Fort Union and lower Wind
River Formations is generally dry (C,/C;-Cs = 0.95 -
0.96 where methane = C,, ethane = C,, propane = C;,
butane = C,, pentane = C;) (Johnson and Rice 1993)
and unlikely to yield liquid condensates at ground
water pressure and temperature conditions. In
addition, a condensate origin for BTEX compounds in
ground water is doubtful because dissolved gas
compositions and concentrations are similar between
the two deep monitoring wells and therefore would
yield similar liquid condensates, yet the compositions
and concentrations of organic compounds detected in
these wells are quite different (Figure 17) further
suggesting a deep source of BTEX in MWO02. The
presence of synthetic compounds such as glycol
ethers, along with enrichments in K, Cl, pH, and the
assortment of other organic components is explained
as the result of direct mixing of hydraulic fracturing
fluids with ground water in the Pavillion gas field.

As noted previously, this investigation was prompted
by homeowner complaints over perceived changes in
water quality. Domestic well results showed: the
presence of DRO and GRO (in 23 of 28 samples), and
trace levels of exotic organic compounds in some
domestic wells including adamantanes, 2-
butoxyethanol phosphate, phenols, naphthalene, and
toluene (EPA 2009, EPA 2010). Methane was detected
in 10 of 28 samples at concentration levels below 0.8
mg/L. Foul odors associated with some domestic wells
correlate with detections of GRO and DRO.
Anomalous trends in inorganic constituents observed
in the deep monitoring wells (e.g., K, Cl, pH) were not
revealed in domestic well waters. In several instances,
glycols were detected in domestic wells using gas
chromatography with flame ionization detection (GC-
FID; EPA Standard Method 8015). However, glycol
analysis using liquid chromatography with tandem
mass spectroscopy (GC/MS/MS) failed to replicate
these glycol detections, even though the method

reporting limit was over an order of magnitude lower,
suggesting that Method 8015 is prone to false positive
results (possibly due to interactions between the
chromatographic column and organic compounds in
sample water). This result points to the need for
continued and future improvements of analytical
methods to detect and quantitate low levels of
organic chemicals that may be associated with
hydraulic fracturing fluids. Although contamination
was detected in some domestic wells proximal to the
deep monitoring wells, underscoring potential future
risk, the existing data at this time do not establish a
definitive link between deep and shallow
contamination of the aquifer. An increased number of
sampling points (monitoring wells) with vertical
profiling in targeted locations are necessary to better
define transport and fate characteristics of organic
and inorganic contaminants in the ground water
system and impact on domestic wells.

Natural Gas Migration

A review of open-hole geophysical logs obtained from
the WOGCC internet site indicates the presence of
gas-filled porosity at three locations at 198, 208, and
252 m bgs between the years 1965 - 1973 suggesting
the presence of natural gas in ground water at depths
used for domestic water supply prior to extensive
commercial development. However, a review of 10
mud-gas logs recorded in the mid-1970s and early
1980s obtained on line from WOGCC, do not indicate
gas shows within 300 m of the surface at any location.

Aqueous analysis of light hydrocarbons, gas and
headspace analysis of light hydrocarbons, and isotopic
data for dissolved, gas phase, and headspace analysis
are summarized in Tables A3a, A3b, and A3c
respectively (all investigative phases). Elevated levels
of dissolved methane in domestic wells generally
increase in those wells in proximity to gas production
wells (Figure 18c). Methane was not detected in
shallow domestic wells (e.g., < 50 m) regardless of
proximity to production wells (Figure 18c). With the
exception of two domestic wells where methane was
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detected at less than 22 pg/L, methane was not
detected in domestic wells with 2 or less production
wells within 600 m (Figure 18c). All domestic wells
with the exception of PGDW25 with 2 or less
production wells within 600 m are located on the
periphery of the gas field (Figure 5). PGDW?25 is
located within 1600 m of 15 gas production wells.

Of particular interest is the area encompassing MWO01,
PGDW30, and PGDWO5 (Figure 19). Ground water is
saturated with methane at MWO01 which is screened
at a depth (239 m bgs) typical of deeper domestic
wells in the area. Methane was detected in PGDW30
at 808 pg/L at a depth of only 80 m, the highest level
in any domestic well. A blowout occurred during
drilling at a depth of only 159 m bgs in December 2005
adjacent to PGDWO5. Natural gas exited the borehole
for three days until the gas field operator was ordered
to plug the borehole with a dense mud. The owner of
PGDWO05 was attempting at the time to replace this
well due to taste, odor, and yield reduction he stated
occurred after hydraulic fracturing at nearby
production wells. A mud-gas log conducted on
11/16/1980 at Tribal Pavillion 14-2 (illustrated on
Figure 19 as 14-2) located only 300 m from the
location of the uncontrolled release does not indicate
a gas show (distinctive peaks on a gas chromatograph)
within 300 m of the surface. The owner of PGDWO05
complained that well yield decreased after hydraulic
fracturing at nearby production wells. Records
obtained from the Wyoming State Engineer's office
dated January 1973 indicate a yield of 30 to 38 L/min
with 1.2 meters of drawdown after 10 hours of
pumping. During a sampling event in April 2005,
PGDWO5 became dry after pumping at a rate of 21.6
L/min for 14 minutes. The cause of reduced well yield
requires further investigation.

Similarity of 8C values for methane, ethane,
propane, isobutane, and butane between gas
production and monitoring wells and plots of §"*C-CH,
versus 6D -CH, (Figure 18b) and 8C-CH, versus C,/(C,
+ C3) (Figure 18a) indicate that light hydrocarbons in
casing and dissolved gas in deep monitoring wells are

similar to produced gas and have undergone little
oxidation or biodegradation. These observations
combined with radiocarbon analysis of CH, (< 0.2%
percent modern carbon) obtained from gas in casing
of both MW01 and MWO02 indicate that methane in
deep monitoring wells is of thermogenic origin. Gas
from the Fort Union and lower Wind River Formations
is isotopically heavy (6"*C-CH, from to -40.24 to -
38.04%0) and as previously stated, dry (Johnson and
Rice 1993, Johnson and Keighin 1998). Values of §C-
CH,4 and 8D -CH, more negative than -64%. and -
175%o, respectively, are indicative of microbial origin
(Schoell 1980). The absence of ethane and propane in
three of four domestic wells having sufficient methane
to allow isotopic analysis and a shift of §"*C-CH, and
6D-CH, values in a positive direction relative to
produced gas suggests the presence of gas of
thermogenic origin in domestic wells undergoing
biodegradation and subsequent enrichment of §*C
and 6D. This observation is consistent with a pattern
of dispersion and degradation with upward migration
observed for organic compounds. Values of §*C-CH,
more positive than -64%. and C,/(C,+C;) ratios above
1000 are often interpreted to indicate gas of mixed
biogenic-thermogenic origin or gas of biogenic origin
undergoing biodegradation (Whiticar 1999, Whiticar
and Faber 1986) since neither ethane nor propane are
biogenically generated in significant amounts.
However, preferential loss of ethane and propane
relative to methane in thermogenic gas produces a
similar response (Valentine 2010, Kinnaman et al.
2007).

Evaluation of Cement Bond/Variable Density
Logs Along Transect

CBL/VDLs and lithology were examined along a
transect (Figure 19) which included the deep
monitoring wells and three domestic wells where
elevated levels of methane were detected. At
Pavillion Fee 34-03B, a CBL/VDL conducted on
10/22/2004 indicates no cement below surface casing
until 802 m msl (Figure 20) and sporadic bonding to
604 m msl (not illustrated). The well completion
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Figure 19. Map illustrating transect used to develop lithologic cross section and evaluation of CBL/VDLs.

report for this production well indicates that hydraulic
fracturing was performed at 601 m msl on 11/9/2004.
A cement squeeze was subsequently performed at
802 m msl on 4/1/2005 (no CBL/VDL after cement
squeeze) with hydraulic fracturing at 689 m msl on
4/19/2005. At Pavillion Fee 34-03R, the CBL/VDL
indicates no cement below surface casing until 968 m
msl (Figure 20). At Tribal Pavillion 41-10 and 41-108B,
CBL/VDLs indicate sporadic bonding over extensive
intervals. A CBL/VDL conducted on 4/20/2005 at
Tribal Pavillion 24-02 after a squeeze perforation at
the base of the surface casing indicates poor bonding
outside production casing below surface casing to the
first perforation interval (Figure 20). At Tribal Pavillion
11-11B, a CBL/VDL indicates poor or sporadic bonding
to 991 m bgs and no cement or cement bridging from
675 - 857 m msl. Thus, a review of well completion

reports and CBL/VDLs indicates instances of sporadic
bonding directly above intervals of hydraulic
fracturing. This review also indicates instances where
cement outside production casing is lacking over an
extensive interval providing a potential conduit for
fluid migration to within 300 m of the surface. As
graphically illustrated in Figure 20, production wells
having no or sporadic cement outside production
casing are located in proximity to deep monitoring
wells where aqueous constituents consistent with
hydraulic fracturing were detected and methane
exsolved from solution during sampling and locations
of domestic wells where elevated levels of methane
were detected and where an uncontrolled release of
natural gas occurred.
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Potential Migration Pathways

Further investigation is necessary to determine
mechanisms of aqueous and gas phase transport in
the area of investigation. However, at least three
mechanisms can be postulated at this time. The first
mechanism is aqueous and/or gas transport via
boreholes due to insufficient or inadequate cement
outside production casing. Both aqueous (brine) and
gas phase migration vertically up compromised
wellbores have been simulated (Nordbotten et al.
2004, 2005a, 2005b) and indicate decreasing mass flux
toward the surface with increasing number of
permeable formations encountered along the way.
Thus, the severity of ground water contamination
increases with depth. Migration of gas via wellbores is
well documented in the literature (e.g., Harrison 1983,
Harrison 1985, Van Stempvoort et al. 2005, Taylor et
al. 2000). In Bainbridge, Ohio, an operator initiated
hydraulic fracturing despite knowing that only 24 m of
cement was present above the perforation interval
(Bair et al. 2010, ODNR 2008). Hydraulic fracturing
fluid flowed to the surface via surface-production
casing annulus which pressurized upon shut-in. Gas
subsequently migrated through natural fractures to
domestic wells eventually causing an explosion at one
home. In northeastern Pennsylvania, two operators
were fined for enhanced gas migration into domestic
wells attributed to incomplete or inadequate cement
outside production casing in wells used for hydraulic
fracturing (PADEP 2009a, 2009b, 2010).

The second mechanism is fracture fluid excursion from
thin discontinuous tight sandstone units into
sandstone units of greater permeability. This would
be accompanied by physical displacement of gas-rich
solutions in both tight and more permeable sandstone
formations. As illustrated in Figure 20, there is little
lateral and vertical continuity to hydraulically
fractured tight sandstones and no lithologic barrier
(laterally continuous shale units) to upward vertical
migration of aqueous constituents of hydraulic
fracturing in the event of excursion from fractures. A
third mechanism is that the process of hydraulic

fracturing generates new fractures or enlarges existing
ones above the target formation, increasing the
connectivity of the fracture system.

In all three transport pathways, a general correlation
(spatial relationships ultimately determined by fault
and fracture systems in addition to lithology) would
exist between proximity to gas production wells and
concentration of aqueous and gas phase constituents
in ground water. For instance, Osborn et al. (2011)
observed a correlation between methane
concentration and proximity to hydraulically fractured
gas production wells at locations above the Marcellus
and Utica formations in Pennsylvania and New York.
Isotopic data and other measurements for methane in
the drinking water were consistent with gas found in
deep reservoirs such as the Marcellus and Utica shales
at the active sites and matched gas geochemistry from
shale-gas wells sampled nearby. Also, in all three
transport pathways, advective/dispersive transport
would be accompanied by degradation causing a
vertical chemical gradient as observed during
sampling of MW01 and MWO02. Reduced mass flux to
the near surface environment and subsequent
degradation along vertical and lateral transport
pathways would explain lack of detection in domestic
wells of compounds observed in MW02.
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4.0
Conclusions

The objective of this investigation was to determine
the presence of ground water contamination in the
Wind River Formation above the Pavillion gas field and
to the extent possible, identify the source of
contamination. The combined use of shallow and
deep monitoring wells allowed differentiation
between shallow sources of contamination (pits) and
deep sources of contamination (production wells).
Additional investigation is necessary to determine the
areal and vertical extent of shallow and deep ground
water contamination.

Detection of high concentrations of benzene, xylenes,
gasoline range organics, diesel range organics, and
total purgeable hydrocarbons in ground water
samples from shallow monitoring wells near pits
indicates that pits are a source of shallow ground
water contamination in the area of investigation. Pits
were used for disposal of drilling cuttings, flowback,
and produced water. There are at least 33 pits in the
area of investigation. When considered separately,
pits represent potential source terms for localized
ground water plumes of unknown extent. When
considered as whole they represent potential broader
contamination of shallow ground water. A number of
stock and domestic wells in the area of investigation
are fairly shallow (e.g., < 30 m) representing potential
receptor pathways. EPA is a member of a stakeholder
group working with the operator to determine the
areal and vertical extent of shallow ground water
contamination caused by these pits. The operator of
the site is currently engaged in investigating and
remediating several pit areas.

Detection of contaminants in ground water from deep
sources of contamination (production wells, hydraulic
fracturing) was considerably more complex than
detection of contaminants from pits necessitating a
multiple lines of reasoning approach common to

complex scientific investigations. In this approach,
individual data sets and observations are integrated to
formulate an explanation consistent with each data
set and observation. While each individual data set or
observation represents an important line of reasoning,
taken as a whole, consistent data sets and
observations provide compelling evidence to support
an explanation of data. Using this approach, the
explanation best fitting the data for the deep
monitoring wells is that constituents associated with
hydraulic fracturing have been released into the Wind
River drinking water aquifer at depths above the
current production zone.

Lines of reasoning to support this explanation consist
of the following.

1. High pH values

pH values in MWO01 and MWO02 are highly
alkaline (11.2-12.0), above the pH range
observed in domestic wells (6.9-10), and
above the pH range previously reported for
the Wind River Formation with up to 94% of
the total alkalinity contributed by hydroxide.
The presence of hydroxide alkalinity suggests
addition of base as the causative factor for
elevated pH in the deep monitoring wells.
Reaction path modeling indicates that sodium-
sulfate composition ground water typical of
deeper portions of the Wind River Formation
provides little resistance to elevation of pH
with small addition of potassium hydroxide.

With the exception of soda ash, the pH of
drilling additives in concentrated aqueous
solution was well below that observed in the
deep monitoring wells. Dense soda ash was
added to the drilling mud which varied
between pH 8 - 9.

The possibility of cement/grout intrusion into
the screened intervals was considered as a
possibility for elevated pH in both monitoring
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wells. However, cement intrusion typically
leads to pH values between 10 and 11 — below
that observed in deep monitoring wells.
Prolonged purging did not show decreasing
pH trends. Water chemistry results indicate
that ground water from the wells was highly
undersaturated with respect to cement
phases (e.g., portlandite).

Material Safety Data Sheets indicate that
potassium hydroxide was used in a crosslinker

(<5%) and in a solvent.

Elevated potassium and chloride

The inorganic geochemistry of ground water
from the deep monitoring wells is distinctive
from that in the domestic wells and expected
composition in the Wind River formation.
Potassium concentration in MWO02 (43.6
mg/L) and MWO01 (54.9 mg/L) is between 14.5
and 18.3 times the mean value of levels
observed in domestic wells (3 mg/L, 99% of
values < 10 mg/L). Chloride enrichment in
monitoring well MWO02 (466 mg/L) is 18 times
the mean chloride concentration (25.6 mg/L)
observed in ground water from domestic
wells. Chloride concentration in this well is
significant because regional anion trends
show decreasing chloride concentrations with
depth. In addition, the monitoring wells show
low calcium, sodium, and sulfate
concentrations compared to the general trend
observed in domestic well waters.

Potassium levels in concentrated solutions of
drilling additives were all less than 2 mg/L.
One additive (Aqua Clear used during well
development) contained 230 mg/L chloride in
a concentrated solution. Information from
well completion reports and Material Safety
Data Sheets indicate that the formulation of
fracture fluid provided for foam jobs typically
consisted of 6% potassium chloride.

Potassium metaborate was used in
crosslinkers (5-10%, 30-60%). Potassium
hydroxide was used in a crosslinker (<5%) and
in a solvent. Ammonium chloride was used in
crosslinker (1-27%).

Alternative explanations for inorganic
geochemical anomalies observed in deep
monitoring wells have been provided and
considered. These alternate explanations
include contamination from drilling fluids and
additives, well completion materials, and
surface soil, with contamination from all these
sources exacerbated by poor well
development. Contamination by drilling fluids
and additives is inconsistent with analysis of
concentrated solutions of bentonite and
additives. Well construction materials (screen
and sections of casing) consisted of stainless
steel and were power-washed on site with
detergent-free water prior to use. Sections of
tremie pipe used to inject cement above
screened intervals were also power washed
with detergent-free water prior to use.
Stainless-steel screens and sections of casing
and tremie pipe remained above ground level
(did not touch soil) prior to use. Both deep
monitoring wells were purposefully located
away from the immediate vicinity of gas
production wells, known locations of pits, and
areas of domestic waste disposal (abandoned
machinery) to minimize the potential of
surface soil contamination. Conductor pipe
installed over the first 30.5 m (100 ft) of
drilling at both deep monitoring wells
eliminated the possibility of surface soil entry
into the borehole. Turbidity measurements in
MWO01 during sampling ranged from 7.5 and
7.9 Nephelometric Turbidity Units (NTUs).
Turbidity measurements in MWO02 during
sampling ranged from 24.0 to 28.0 NTUs,
slightly above the stated goal of 10.0 NTUs but
nevertheless was clear water typical of
domestic wells during sampling. A low
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recharge rate in MWO02 necessitated a
prolonged period of well development which
was likely due in part to gas flow (reduced
relative permeability to water) into the well
during development.

Detection of synthetic organic compounds

Isopropanol was detected in MWO01 and
MWO02 at 212 and 581 pg/L, respectively.
Diethylene glycol was detected in MWO01 and
MWO2 at 226 and 1570 pg/L, respectively.
Triethylene glycol was detected in MWO01 and
MWO02 at 46 and 310 pg/L, respectively.
Another synthetic compound, tert-butyl
alcohol, was detected in MWO0?2 at a
concentration of 4470 pg/L. Tert-butyl alcohol
is a known breakdown product of methyl tert-
butyl ether (a fuel additive) and tert-butyl
hydroperoxide (a gel breaker used in hydraulic
fracturing). EPA methods were utilized for
analysis when applicable for compounds or
classes of compounds. Detection of synthetic
organic compounds in MWO01 and MWO02 was
made in part through the use of non-
commercially available modified EPA
analytical methods. For instance, high
performance liquid chromatography/mass
spectrometry/mass spectrometry was utilized
for analysis of diethylene, triethylene and
tetraethylene glycols. Ethylene glycol, which
was widely used for well stimulation, required
additional method modification and was not
analyzed during this investigation.

Isopropanol was detected in concentrated
solutions of drilling additives at a maximum
concentration of 87 pg/L, well below that
detected in deep monitoring wells. Glycols
were not detected in concentrated solutions
of drilling additives.

Material Safety Data Sheets indicate that
isopropanol was used in a biocide (20-40%), in

a surfactant (30-60%), in breakers (<1%, 10-
30%), and in foaming agents (<3%, 1-5%, 10-
30%). Diethylene glycol was used in a foaming
agent (5-10%) and in a solvent (0.1-5%).
Triethylene glycol was used in a solvent (95-
100%). Material Safety Data Sheets do not
indicate that tert-butyl hydroperoxide was
used in the Pavillion gas field. The source of
this compound remains unresolved. However,
tert-butyl alcohol is not expected to occur
naturally in ground water. Material Safety
Data Sheets do not contain proprietary
information and the chemical ingredients of
many additives.

Alternative explanations provided to date and
considered by EPA for detection of synthetic
organic compounds in deep monitoring wells
include arguments previously listed and
addressed.

Detection of petroleum hydrocarbons

Benzene, toluene, ethylbenzene, and xylenes
(BTEX) were detected in MWO0?2 at
concentrations of 246, 617, 67, and 750 pg/L
respectively. Trimethylbenzenes were
detected in MWO2 at 105 pg/L. Gasoline
range organics were detected in MWO01 and
MWO02 at 592 and 3710 pg/L, respectively.
Diesel range organics were detected in MWO01
and MWO02 at 924 and 4050 pg/L respectively.
Naphthalene was detected in MWO02 at 6
pg/L. EPA methods were utilized for analysis.

BTEX and trimethylbenzenes were not
detected in concentrated solutions of drilling
additives.

Material Safety Data Sheets indicate that
aromatic solvent (typically BTEX mixture) was
used in a breaker (<75%). Diesel oil (mixture
of saturated and aromatic hydrocarbons
including naphthalenes and alkylbenzenes)
was used in a guar polymer slurry/liquid gel
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concentrate (30-60%) and in a solvent (60-
100%). Petroleum raffinates (a mixture of
paraffinic, cycloparaffinic, olefinic, and
aromatic hydrocarbons) were used in a
breaker (<30-60%). Heavy aromatic
petroleum naphtha (mixture of paraffinic,
cycloparaffinic and aromatic hydrocarbons)
was used in surfactants (5-10%, 10-30%, 30-
60%) and in a solvent (10-50%). Toluene was
used in a flow enhancer (3-7%). Xylenes were
used in a flow enhancer (40-70%) and a
breaker (confidential percentage). Gasoline
range organics correspond to a hydrocarbon
range of C6 — C10. It includes a variety of
organic compounds ketones, ethers, mineral
spirits, stoddard solvents, and naphthas.
Detection of gasoline range organics does not
infer the use of gasoline for hydraulic
fracturing.

Alternative explanations provided to date and
considered by EPA for detection of petroleum
compounds in deep monitoring wells include
arguments previously listed and addressed. An
additional alternate explanation for detection
of petroleum compounds includes use of
lubricants on the drillstem and well casing, use
of electrical tape on submersible pumps, and
components of submersible pumps. Jet Lube
Well Guard hydrocarbon free lubricant
specifically designed for monitoring well
installation was used for drillstem
connections. No lubricants were used to
attach sections of casing or sections of tremie
pipe during cementation. Clamps, not
electrical tape, were used to bind electrical
wires for submersible pumps. Water collected
for samples during recharge at MWO01 and
MWO02 would have a short contact time with
components of submersible pumps. For
components of submersible pumps to be a
causative factor of high concentrations of
petroleum hydrocarbons observed in MWO01
and MWO02, components of submersible

pumps would have to contain high levels of
water extractable petroleum compounds and
consist of a matrix allowing rapid mass
transfer, neither of which is plausible.

Another alternate explanation is that
detection of petroleum hydrocarbons in
ground water is expected above a natural gas
field. Gas from Fort Union and Wind River
Formations is dry and unlikely to yield liquid
condensates at ground water pressure and
temperature conditions. In addition, a
condensate origin for petroleum
hydrocarbons in ground water is doubtful
because dissolved hydrocarbon gas
compositions and concentrations are similar
between the two deep monitoring wells and
therefore would yield similar liquid
condensates, yet the compositions and
concentrations of organic compounds
detected in these wells are quite different.

Breakdown products of organic compounds

Detections of organic chemicals were more
numerous and exhibited higher
concentrations in the deeper of the two
monitoring wells. Natural breakdown products
of organic contaminants like BTEX and glycols
include acetate and benzoic acid. These
breakdown products are more enriched in the
shallower of the two monitoring wells,
suggesting upward/lateral migration with
natural degradation and accumulation of
daughter products.

Hydraulic gradients are currently undefined in
the area of investigation. However, there are
flowing stock wells (e.g., PGDW44 - one of the
deepest domestic wells in the area of
investigation at 229 m below ground surface)
suggesting that upward gradients exist in the
area of investigation. In the Agency's report
on evaluation of impacts to USDWs by
hydraulic fracturing of coalbed methane
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reservoirs (EPA, 2004), hypothetical
conceptual models were presented on
contaminant migration in a USDW during
injection of fracturing fluids into a USDW. In
these conceptual models, highly concentrated
contaminant plumes exist within the zone of
injection with dispersed lower concentration
areas vertically and laterally distant from
injection points. Data from deep monitoring
wells suggests that this conceptual model may
be appropriate at this site.

Sporadic bonding outside production casing

directly above intervals of hydraulic fracturing

It is possible that wellbore design and integrity
issues were one causative factor in deep
ground water contamination at this site
(surface casing of production wells not
extending below deepest domestic wells, little
vertical separation between fractured zones
and domestic wells, no cement or sporadic
bonding outside production casing).

A review of well completion reports and
cement bond/variable density logs in the area
around MWO01 and MWO0?2 indicates instances
of sporadic bonding outside production casing
directly above intervals of hydraulic fracturing.
For instance, at Pavillion Fee 34-03B, a cement
bond/variable density log conducted on
10/22/2004 indicated no cement until 838 m
(2750 ft) and sporadic bonding to 1036 m
(3400 ft) below ground surface. The well

on Tribal Pavillion 24-02 after a squeeze job at
the base of the surface casing indicates
sporadic bonding outside production casing
below surface casing to the interval of
hydraulic fracturing at 469 m (1538 ft) below
ground surface. At Tribal Pavillion 11-11B, a
cement bond/variable density log indicates
sporadic bonding between 305 to 503 m
(1000 to 1650 ft) below ground surface with
hydraulic fracturing occurring at 463 m (1516
ft) below ground surface.

Hydraulic fracturing into thin discontinuous

sandstone units

There is little lateral and vertical continuity to
hydraulically fractured tight sandstones and
no lithologic barrier (laterally continuous shale
units) to stop upward vertical migration of
aqueous constituents of hydraulic fracturing in
the event of excursion from fractures.
Sandstone units are of variable grain size and
permeability indicating a potentially tortuous
path for upward migration.

In the event of excursion from sandstone
units, vertical migration of fluids could also
occur via nearby wellbores. For instance, at
Pavillion Fee 34-03R, the cement
bond/variable density log indicates no cement
until 671 m (2200 ft) below ground surface.
Hydraulic fracturing occurred above this depth
at nearby production wells.

completion report for this production well Although some natural migration of gas would be
indicates that hydraulic fracturing was

performed at 1039 m (3409 ft) below ground
surface on 11/9/2004 prior to cement squeeze  to ground water at depths used for domestic water
jobs at 823 m (2700 ft) and 256 m (840 ft)

below ground surface in April 2005. At Tribal

expected above a gas field such as Pavillion, data
suggest that enhanced migration of gas has occurred

supply and to domestic wells. Lines of reasoning to
support this explanation consist of following.

Pavillion 41-10 a cement bond/variable
1. Hydrocarbon and isotopic composition of gas

density log indicates sporadic bonding directly
above the interval of hydraulic fracturing at
493 m (1618 ft) below ground surface. A
cement bond/variable density log conducted

The similarity of 8"C values for methane,
ethane, propane, isobutane, and butane
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between gas production and monitoring wells
and plots of 8"C-CH, versus 8D -CH, and 8-
CH, versus methane/(ethane + propane)
indicate that light hydrocarbons in casing and
dissolved gas in deep monitoring wells are
similar to produced gas and have undergone
little oxidation or biodegradation indicative of
advective transport. The absence of ethane
and propane in three of four domestic wells
having sufficient methane to allow isotopic
analysis and a shift of 8"C-CH, and 6D-CH,
values in a positive direction relative to
produced gas suggests the presence of gas of
thermogenic origin in domestic wells
undergoing biodegradation. This observation
is consistent with a pattern of dispersion and
degradation with upward migration observed
for organic compounds.

Elevation of dissolved methane

concentrations in proximity to production

wells

Levels of dissolved methane in domestic wells
generally increase in those wells in proximity
to gas production wells. With the exception of
2 domestic wells where methane was
detected at less than 22 pg/L, methane was
not detected in domestic wells with 2 or less
production wells within 600 m.

Spatial anomaly near PGDWOQ05

Methane concentrations in ground water
appear highest in the area encompassing
MWO01, PGDW30, and PGDWO05. Ground
water is saturated with methane at MWO01
which is screened at a depth (239 m bgs)
typical of deeper domestic wells in the area.
Methane was detected in PGDW30 at 808
pg/L at a depth of only 80 m, the highest level
in any domestic well. A blowout occurred
during drilling at a depth of only 159 m bgs in
December 2005 adjacent to PGDWO5.

An alternative explanation of high methane
concentrations in this area is that it is close to
the top of the dome comprising the Pavillion
gas field which may facilitate natural gas
migration toward the surface. However, this
geologic feature would also facilitate
enhanced gas migration. Also, a mud-gas log
conducted on 11/16/1980 (prior to intensive
gas production well installation) at Tribal
Pavillion 14-2 located only 300 m from the
location of the uncontrolled release does not
indicate a gas show (distinctive peaks on a gas
chromatograph) within 300 m of the surface.

Shallow surface casing and lack of cement or

sporadic bonding outside production casing

With the exception of two production wells,
surface casing of gas production wells do not
extend below the maximum depth of
domestic wells in the area of investigation.
Shallow surface casing combined with lack of
cement or sporadic bonding of cement
outside production casing would facilitate
migration of gas toward domestic wells.

The discussion on migration of fluids
associated with hydraulic fracturing is relevant
for gas migration and is not repeated here for
brevity. Of particular concern are wellbores
having no or little cement over large vertical
instances. For instance, at Pavillion Fee 34-
03R, the cement bond/variable density log
indicates no cement until 671 m (2200 ft)
below ground surface. At Pavillion Fee 34-03B,
a cement bond/variable density log conducted
on 10/22/2004 indicated no cement until 838
m (2750 ft) below ground surface. Migration
of gas via wellbores having no cement or poor
cement bonding outside production casing is
well documented in the literature.

An alternative explanation of wellbore gas
migration provided to EPA and considered is
that domestic wells are poorly sealed and thus
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constitute a potential gas migration pathway.
However, lack of cement and sporadic
bonding outside casing in production
constitutes a major potential gas migration
pathway to the depth of deep monitoring and
domestic wells. It is possible that domestic
wells could subsequently facilitate gas
migration toward the surface.

5. Citizens' complaints

Finally, citizens' complaints of taste and odor
problems concurrent or after hydraulic
fracturing are internally consistent. Citizens'
complaints often serve as the first indication
of subsurface contamination and cannot be
dismissed without further detailed evaluation,
particularly in the absence of routine ground
water monitoring prior to and during gas
production.

An alternate explanation provided and
considered by EPA is that other residents in
the Pavillion area have always had gas in their
wells. Unfortunately, no baseline data exists
to verify past levels of gas flux to the surface
or domestic wells.

A lines of reasoning approach utilized at this site best
supports an explanation that inorganic and organic
constituents associated with hydraulic fracturing have
contaminated ground water at and below the depth
used for domestic water supply. However, further
investigation would be needed to determine if organic
compounds associated with hydraulic fracturing have
migrated to domestic wells in the area of
investigation. A lines of evidence approach also
indicates that gas production activities have likely
enhanced gas migration at and below depths used for
domestic water supply and to domestic wells in the
area of investigation.

Hydraulic fracturing in the Pavillion gas field occurred
into zones of producible gas located within an
Underground Source of Drinking Water (USDW).

Hydraulic fracturing for coal-bed methane recovery is
often shallow and occurs directly into USDWs (EPA
2004). TDS less than 10,000 mg/L in produced water
is common throughout the Rocky Mountain portion of
the United States (USGS 2011; Dahm et al. 2011).
Ground water contamination with constituents such
as those found at Pavillion is typically infeasible or too
expensive to remediate or restore (GAO 1989).
Collection of baseline data prior to hydraulic fracturing
is necessary to reduce investigative costs and to verify
or refute impacts to ground water.

Finally, this investigation supports recommendations
made by the U.S. Department of Energy Panel (DOE
20114, b) on the need for collection of baseline data,
greater transparency on chemical composition of
hydraulic fracturing fluids, and greater emphasis on
well construction and integrity requirements and
testing. As stated by the panel, implementation of
these recommendations would decrease the
likelihood of impact to ground water and increase
public confidence in the technology.
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Summary of Analytical Results
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Laboratories, Analytes, and Methods

A - ALS Laboratory Group, Salt Lake City, UT. VOCs, SVOCs, pesticides, TCBs, TICs determined using methods specified under the CLP.

A4 - A4 Scientific, The Woodlands, TX. TAL metals determined using methods specified under the CLP.

E' - Energy Laboratories Inc., Billings, MT. Heterotrophic plate counts, iron reducing bacteria, sulfur reducing bacteria.

E*- Energy Laboratories Inc., Billings, MT. GRO, DRO, THE, and TPH.

I' - Isotech Laboratories, Champaign, IL under contract by EnCana. Fixed gases and light hydrocarbons determined using ASTM D1945-03 in gas samples
and headspace of aqueous samples. §"C and 8D for C; determined using gas stripping and IRMS in aqueous samples. §'°C and 8D for C;-C, determined

using IRMS for gas samples.

I” - Isotech Laboratories, Champaign, IL. Fixed gases and light hydrocarbons determined using ASTM D1945-03 in headspace of aqueous samples. §C and
8D for C; and 6°C for C; and C; determined using gas stripping and IRMS in aqueous samples. §'3C DIC using gas stripping and IRMS.

I* - Isotech Laboratories, Champaign, IL. Fixed gases and light hydrocarbons determined using ASTM D1945-03 in headspace of aqueous samples. §C and
8D for C;, 6™C for C, - Cs, and 6™C for DIC gas stripping and IRMS in aqueous samples.

I - Isotech Laboratories, Champaign, IL. Fixed gases and light hydrocarbons determined using ASTM D1945-03 in gas samples. §"C and 8D for C; - C; using
IRMS in gas samples.

I’ - Isotech Laboratories, Champaign, IL. Fixed gases and light hydrocarbons determined using ASTM D1945-03 in gas samples. §"C and 8D for C; - C; using
IRMS in gas samples. C using AMS in gas samples.

K - KAP Laboratories, Vancouver, WA. TAL metals determined under the CLP.
L - Liberty Analytical, Salt Lake City, UT. VOCs, SVOCs, PCBs, and TICs determined under the CLP.

0 - EPA, ORD, Ada, OK. SO4, Cl, F, and Br determined using RSKSOP 276v3 and EPA Method 6500. NOs + NO, and NH, determined using RSKSOP 214v5
and EPA Method 350.1 and 353.2

0*- EPA, ORD, Ada, OK. DIC and DOC determined using RSKSOP-330v0 and EPA Method 9060A.

O’ - EPA, ORD, Ada, OK. C; determined using RSKSOP 175v5 and Cali-5 gas sampling bags.

R3 - U.S. EPA Region 3 Laboratory, Fort Mead, MD. Diethylene glycol, triethylene glycol, tetraethylene glycol, and 2-butoxyethanol analysis by LC/MS/MS.
This method is under development with no finalized SOP. EPA Methods 8000C and 8321 were followed for method development and QA/QC limits where

applicable.

R8"- U.S. EPA Region 8 Laboratory, Golden, CO (fluoride, chloride, nitrite-N, nitrate-N, orthophosphate-P, and sulfate determined using EPA Method 300.0
and EPA Region SOP 310. Alkalinity determined using EPA Method 310.0).

R8> - U.S. EPA Region 8 Laboratory, Golden, CO. VOCs determined using EPA Method 8260B.
R8? - U.S. EPA Region 8 Laboratory, Golden, CO. SVOCs determined using ORGM-515 r1.1 and EPA Method 8270D.

R8* - U.S. EPA Region 8 Laboratory, Golden, CO. GRO determined using ORGM-506 r1.0 and EPA Method 8015D. DRO determined using ORGM-508 r1.0
and EPA Method 8015D.

R8’- U.S. EPA Region 8 Laboratory, Golden, CO. Dissolved C; in Phase | and dissolved C;-C; in Phase Il using EPA Method 524.2.

S' - Shaw Inc, Ada, OK in Phases IIl and IV. Metals and metals speciation determined using RSKSOP 213v4 and 257v2, or 332V0 and EPA Methods 200.7 and
6020.

S”- Shaw Inc, Ada, OK in Phases Ill and IV. Aromatics and chlorinated hydrocarbons determined using method RSKSOP-259v1 and EPA Method 5021A plus
8260C.

S®- Shaw Inc, Ada, OK . Alcohols, aromatics, and chlorinated hydrocarbons determined using method RSKSOP-259v1.
s*- Shaw Inc, Ada, OK. Low molecular weight acids determined using RSKSOP-112v6.
S° - Shaw Inc, Ada, OK. Dissolved gases C;-C, determined using RSKSOP 194v4 and 175v5.

S°- Shaw Inc, Ada, OK. Hydrogen and oxygen isotope ratios of water determined using RSKSOP-296v0.
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Abbreviations

I () - Phase I(laboratory/method). Samples collected March, 2009
() - Phase ll(laboratory/method). Samples collected January, 2010
111() - Phase lll(laboratory/method). Samples collected September and October 2010
IV() - Phase IV(laboratory/method). Samples collected April 2011.
PG - gas production well

MW - deep monitoring wells

PGM - shallow monitoring wells near pits

PGS - soil samples near pits

DW - domestic wells

PGP - municipal wells in the Town of Pavillion

IRMS - isotope-ratio mass spectrometry

AMS - accelerated mass spectrometry

VOCs - volatile organic compounds
SVOCs - semivolatile organic compounds
PCBs - polychlorinated biphenyls

TICs - tentatively identified compounds
DRO - diesel range organics

GRO - gasoline range organics

TEH - total extractable hydrocarbons
TPH - total purgeable hydrocarbons

DIC - dissolved inorganic carbon

TAL - target analyte list

CLP - U.S. EPA Contract Laboratory Program

C; (methane), C, (ethane), C; (propane), iC4 (isobutane), nC4 (normal butane), iCs (isopentane), nCs (normal pentane), Cs* (hexanes + other light

hydrocarbons)

Analytical Methods

ORGM-506 r1.0 - Region 8 Standard Operating Procedure.
ORGM-508 r1.0 - Region 8 Standard Operating Procedure.

ORGM-515 rl.1 - Region 8 Standard Operating Procedure.

RSKSOP-112v6 — Standard Operating Procedure for Quantitative Analysis of Low Molecular Weight Acids in Aqueous Samples by HPLC, 22 p.

RSKSOP-175v5 - Sample Preparation and Calculations for Dissolved Gas Analysis in Water Samples Using a GC Headspace Equilibration Technique, 16 p.

RSKSOP-194v4 - Gas Analysis by Micro Gas Chromatographs (Agilent Micro 3000), 13 p.

RSKSOP-213v4 - Standard operating procedure for operation of Perkin Elmer Optima 3300 DV ICP-OES, 21 p.

RSKSOP-214v5 - Quality control procedures for general parameters analysis using Lachat Flow Injection analysis (FIA), 10 p.

RSKSOP-259v1 - Determination of volatile organic compounds (fuel oxygenates, aromatic and chlorinated hydrocarbons) in water using automated
headspace gas chromatography/mass spectrometry TEKMAR 7000 HS-Varian 2100T GC/MS system-ION trap detector, 28 p.

RSKSOP-257v2 - Standard operating procedure for elemental analysis by ICP-MS, 16 p.

RSKSOP-299v1 — Determination of Volatile Organic Compounds (Fuel Oxygenates, Aromatic and Chlorinated Hydrocarbons) in Water Using Automated
Headspace Gas Chromatography/Mass Spectrometry (Agilent 6890/5973 Quadruple GC/MS System), 25 p.

RSKSOP-276v3 - Determination of major anions in aqueous samples using capillary ion electrophoresis with indirect UV detection and Empower 2

software, 11 p.

RSKSOP-296v0 - Determination of hydrogen and oxygen isotope ratios in water samples using high temperature conversion elemental analyzer (TC/EA), a

continuous flow unit, and an isotope ratio mass spectrometer (IRMS), 8 p.

RSKSOP-297v1 — Metals Speciation Determination by LC/ICP-MS, 21 p.

RSKSOP-298v1 - Arsenic Speciation Determination by LC/ICP-MS with Anion Suppression and NaOH Mobile Phase, 21 p.

RSKSOP-313v1 - Determination of R-123 using the H25-IR Infrared Refrigerant Gas Leak Detector, 12 p.

RSKSOP-314v1 - Determination of Fixed Gases using the GEM2000 and GEM2000 Plus Gas Analyzers & Extraction Monitors, 13 p.

RSKSOP-320v1 - Determination of Organic and Inorganic Vapors Using the TVA-1000B Toxic Vapor Analyzer, 18 p.

RSKSOP-330v0 — Determination of Various Fractions of Carbon in Aqueous Samples Using the Shimadzu TOC-VCPH Analyzer, 16 p.

U.S. EPA Method 200.7 - Determination of Metals and Trace Elements in Water and Wastes by Inductively Coupled Plasma-Atomic Spectrometry, Rev. 5,

Jan 2001.

U.S. EPA Method 300.0 - Determination of Inorganic Anions by lon Chromatography, Rev. 2.1, Aug. 1993.

U.S. EPA method 310.1 - Alkalinity (Titrimetric, pH 4.5), Rev. 1978.

U.S. EPA Method 350.1 - Determination of Ammonia Nitrogen by Semi-Automated Colorimetry, Rev. 2, Aug. 1993.
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EPA Method 5021A - Volatile Organic Compounds in Various Sample Matrices Using Equilibrium Headspace Analysis, Rev. 1, June 2003.

EPA Method 6020 - Inductively Coupled Plasma-Mass Spectrometry, Rev. 1, Feb. 2007.

EPA Method 6500 - Dissolved Inorganic Anions in Aqueous Matrices by Capillary Electrophoresis, Rev. 0, Feb. 2007.

EPA Method 8260C - Volatile Organic Compounds by Gas Chromatography/Mass Spectrometry (GC/MS), Rev. 3, Aug. 2006.

EPA Method 8015B - Determination of Nonhalogenated Organics Using GC/FID, Rev. 2, Dec. 1996.

EPA Method 8015D - Nonhalogenated Organics Using GC/FID, Rev. 4, May 2003.

EPA Method 8270D - Determination of Semivolatile Organic Compounds by Gas Chromatography/Mass Spectrometry (GC/MS), Rev. 4, Feb. 2007.
EPA Method 8000C - Determinative Chromatographic Separations, Rev. 3, Mar. 2003.

EPA Method 8260C - Volatile Organic Compounds by Gas Chromatography/Mass Spectrometry (GC/MS), Rev. 3, Aug. 2006.

EPA Method 8270D - Semivolatile Organic Compounds by Gas Chromatography/Mass Spectrometry (GC/MS), Rev. 4, Feb. 2007.

EPA Method 9060A - Total Organic Carbon, Rev. 1, Nov. 2004.
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Table A2a. Geochemical results for Pavillion ground water

PGDWO1 il B e 234 808 6.2 398 93.6 343 1860 0.4 6.2
PGDWO02 134 8.11 551 108 86 1.8 34.8 53 2.6 175 0.7 <0.5
PGDWO03 11.1 9.37 1333 40 272 0.4 16.3 0.3 25.1 549 0.9 <0.5
PGDWO04 11.8 9.17 1370 29 270 0.4 18.0 0.1 21.6 551 0.9 <0.5
PGDWO5 12.0 9.02 956 93 192 0.3 3.6 0.1 17 295 0.9 <0.5
PGDWO06 13.8 10.20 | 1262 35 249 0.3 7.1 <0.1 31 485 1.3 <0.5
PGDWO7 12.4 8.85 1016 61 213 0.3 8.9 0.1 15.7 390 1.2 <0.5
PGDWO0S8 124 8.57 1883 83 390 0.6 36.7 0.2 18.9 857 0.5 <0.5
PGDWO09 124 8.35 1128 254 233 2.1 16.6 4.1 10.5 279 2.4 3.2
PGDW10 12.2 8.95 948 147 204 0.4 6.1 0.1 8.0 293 0.9 <0.5
PGDW11 13.1 7.17 3400 312 423 5.5 363 80.9 15.3 1780 0.2 1.3
PGDW12 124 10.04 | 1344 37 256 0.6 7.8 0.4 30.8 497 1.5 <0.5
PGDW13 10.9 6.89 1155 303 196 1.9 61.0 19.9 6.2 343 0.7 1.0
PGDW14 10.8 7.85 2990 159 690 4.5 154 18.1 26.1 1820 0.4 0.7
PGDW15 11.4 7.48 1728 277 269 1.2 72.2 10.2 9.9 520 0.6 1.8
PGDW16 13.2 9.30 1011 145 188 0.3 6.4 0.1 13.4 258 0.8 <0.5
PGDW17 12.7 9.61 1490 21 278 0.4 21.2 0.5 49.5 583 2.0 <0.5
PGDW18 10.3 8.87 2002 21 509 0.8 84.5 0.3 27 1380 1.8 0.5
PGDW19 11.8 7.75 707 291 194 1.4 29.0 3.2 6.9 196 0.9 2.6
PGDW20 9.3 8.76 2005 70 520 1.0 79.3 9.3 345 1370 0.8 <0.5
PGDW22 8.3 6.93 6180 332 837 9.0 416 126 79.9 2720 <0.2 43.6
PGDW23 11.5 9.43 816 61 208 03 6.5 0.1 19.8 365 1.2 <0.5
PGDW24 9.7 7.65 4700 165 938 7.0 327 131 55.7 3200 0.6 <0.5
PGDW25 13.3 8.68 972 205 249 1.1 1.1 1.1 8.4 355 4.1 <0.5
PGDW26 9.2 7.13 2390 337 220 6.8 364 57.7 14.6 1240 0.7 1.5
PGDW28 10.7 8.30 1170 258 239 2.2 40.6 12.9 16.7 298 0.5 3.7
PGDW29 11.5 9.72 1442 52 298 0.4 19.7 0.5 52.3 596 0.9 <0.5
PGDW30 10.4 9.60 902 96 210 03 0.9 0.1 16.3 331 0.9 <0.5
PGDW31 9.0 8.60 2006 83 435 0.9 31.2 0.8 13.3 1030 0.4 0.5
PGDW32 9.5 10.47 | 908 34 199 0.3 7.2 <0.1 341 373 2.3 <0.5
PGDW33 3.7 7.77 1662 276 178 5.0 228 40.9 28 670 0.2 2.1
PGDW34 8.3 7.87 4480 373 786 74 325 113 23 2690 0.5 3.5
PGDW35 10.6 8.63 2810 84 587 1.1 118 1.1 24.1 1610 0.3 0.5
PGDW36 9.8 7.62 649 232 42 2.6 89.5 28.9 3.2 1385 1.0 1.2
PGDW37 10.5 8.14 819 342 187 0.9 12.1 1.3 8.7 89.9 0.9 1.2
PGDW38 9.5 8.68 2030 47 373 2.3 70.0 2.3 46.9 908 1.3 5.9
PGDW39 6.7 7.79 6410 127 1110 5.3 389 147 52.9 3640 0.4 0.6
PGDWA40 11.5 9.06 1229 86 244 5.0 6.6 5.0 13.1 426 | ---- <0.3
PGDWA41 7.2 7.63 4470 108 1030 2.7 270 57.5 314 2670 0.5 <0.3
PGDWA42 12.1 9.18 888 89 181 5.0 5.1 5.0 13.2 311 1.0 <0.3
PGDWA43 0.2 8.19 4410 113 911 5.0 208 13.7 38.4 2470 0.4 <0.3
PGDW44 9.4 8.13 4080 100 994 5.0 259 28.3 39.5 2880 0.3 <0.3
PGDW45 9.3 7.63 1103 379 59 2.6 138 31.2 14.5 213 1.9 0.3
PGDWA46 7.9 7.79 855 329 91 1.8 90.3 9.9 8.4 126 0.5 2.3
PGDWA47 8.2 9.52 970 44 183 5.0 6.9 5.0 21.6 330 1.5 <0.3
PGDWA48 8.7 8.21 3550 90 725 5.0 147 4.4 24.1 1840 0.3 <0.3
PGDWA49 7.8 7.66 5470 243 1210 11.4 486 153 64.3 3160 0.4 7.7
PGDW03-0110 8.3 8.71 1390 28 251 5.0 16.3 5.0 20.7 570 0.8 <0.3
PGDW04-0110 8.3 9.07 1388 38 265 5.0 15.5 5.0 23.3 532 0.9 e
PGDW05-0110 9.4 8.22 900 88 188 5.0 33 5.0 16.5 287 0.9 <0.3
PGDW10-0110 10.4 8.62 985 147 195 5.0 5.8 5.0 7.5 293 0.9 <0.3
PGDW20-0110 9.3 8.89 2690 68 550 5.0 71.7 8.1 32.6 1270 0.8 <0.3
PGDW22-0110 8.2 7.06 4230 337 908 5.8 397 130 74.6 2780 | - 40.7
PGDW23-0110 8.2 9.72 780 54 194 5.0 5.8 5.0 19.7 368 1.5 <0.3
PGDW25-0110 7.2 7.94 1511 295 269 5.0 70.1 9.6 9.5 441 | ---- 1.7
PGDW30-0110 9.2 9.39 967 94 195 5.0 4.1 5.0 15.5 333 0.9 <0.3
PGDW32-0110 8.3 9.87 1018 32 193 5.0 6.9 5.0 21.4 368 2.4 <0.3
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Sample T oH SC Alkalinity Na K Ca Mg cl SO, F :\:\33
ID (°c) (uS/cm) | mg/kg (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) I
MWO01 11.8 11.91 3265 430 334 54.9 15.6 0.05 233 398 1.6 0.15
MWO02 12.3 12.01 3812 456 420 39.5 73.3 0.03 466 12.1 1.0 0.38
RDO1 11.5 9.24 1068 78 208 0.2 4.3 0.10 15.2 357 1.0 0.23
LDO1 10.9 8.85 2940 54 562 1.1 719 8.1 33.0 1320 0.9 0.35
PGDWO05-0411 10.5 9.06 820 80 190 0.24 3.35 0.08 16.8 276 1.2 ND
PGDW14-0411 8.5 7.73 3473 156 753 3.52 154 18.6 23.7 1760 <0.05 0.36
PGDW20-0411 8.3 8.59 2430 102 520 0.78 63 6.86 22.9 1150 1.3 <0.03
PGDW23-0411 11.0 9.07 959 72 208 0.31 6.7 0.17 19.9 365 1.6 <0.03
PGDW26-0411 8.3 6.95 2390 196 232 5.15 334 56 13.2 1180 1.0 1.37
PGDW30-0411 10.4 8.92 938 82 210 0.29 4.5 0.09 16.1 327 1.1 <0.03
PGDW32-0411 11.1 9.30 885 46 198 0.09 7.2 0.03 18.8 361 2.0 <0.03
PGDW41-0411 8.2 7.05 4866 112 896 3.18 452 46.9 97.6 2640 <0.05 17.5
PGDW44-0411 10.0 8.17 4730 94 1060 2.09 259 19.2 32.1 2900 <0.05 <0.03
PGDW45-0411 9.1 6.85 1085 364 61.6 2.81 159 34.5 18.4 251 1.7 0.64
PGDW49-0411 10.4 7.34 5333 296 982 9.66 417 127 54.3 3200 <0.05 8.75
MWO01-0411 11.2 11.24 2352 388 304 24.7 13.6 0.12 23.1 339 1.9 <0.03
MWO02-0411 12.0 11.78 3099 482 448 43.6 60.5 0.03 457 63 1.5 <0.03
------ not measured. SC — specific conductance. Alkalinity — mg/kg CaCOs. Other cations detected include Al (0.05 to 0.74 ppm), Ba (0.01 to 0.21
ppm), Fe (<0.02 to 2.4 ppm), Mn (<0.01 to 0.23 ppm), NH," (0.4 to 4.6 ppm), and Sr (0.06 to 8.4 ppm). Sulfide was detected in LDO1 (0.16 ppm,
Phase ll, same location as PGDW20), PGDW20 (0.12 ppm, Phase IV), and MWO1 (1.1 ppm Phase Ill, 1.8 ppm Phase IV). Turbidity ranged from
1.7 to 29.7 in domestic wells (Phase Ill and IV). Turbidity in MWO1 was 7.5 (Phase ) and 7.9 (Phase IV). Turbidity in MWO02 was 28.8 (Phase Ill)
and 24.0 (Phase IV). All turbidity values are in Nephelometric Turbidity Units (NTUs). Turbidity measurements in MWO01 and MWO2 could be
impacted by gas exsolution.
Table A2b. Charge balance calculations for deep monitoring wells
well Phase Ca, | Mg, | Na, K, SO, | CO;, | CI, F, OH, | Zcat, | Zan, | Balance,
meq | meq | meq | meq | meq | meq | meq | meq | meq | meq meq %
cations anions
MWO01 1l 0.78 0.00 14.53 @ 1.40 8.29 4.48 0.66 0.08 9.56 16.71 | 23.08 16.0
MWO02 1l 3.66 0.00 18.27 @ 1.01 0.25 3.40 13.14 | 0.05 12.04 | 22.94 | 28.89 11.5
MWO01 v 0.68 0.01 13.22 @ 0.63 7.06 2.12 0.65 0.10 1.97 14.54 | 11.90 10.0
MwWO02 v 3.02 0.00 19.49 1.12 1.30 0.23 12.89 | 0.08 7.01 23.62 | 21.52 4.7

Balance (%) = |(2cat-2an)/(2cat+2an)*100|. meg OH is calculated as 1000*[aou-/Yor-], Where gou- = 10" and Yor- = 0.85 t0 0.88. meq CO; is
estimated from measurements of Dissolved Inorganic Carbon (DIC) as 2*[DIC/12], where DIC is in mg/L.
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Table A3b. Summary of gas and headspace analysis of light hydrocarbons

Tribal Pavillion Johnson
14-6(g) (WR) - and Rice 95.28 283 | - 0.3 0.11 0.18 0.05 0.02 —--
& (1993)
Govt 21-5(g) Johnson
(WR) 8 - and Rice 93.24 375 | - 0.73 0.33 0.22 0.16 0.09 -eees
(1993)
Tribal Pavilli Johnson
;;_:g(a;’EF'l‘J’)" andRice | 8817 | 335 | - 0.36 0.14 0.09 nd nd
8 (1993)
Tribal Pavillion Johnson
- and Rice 66.00 19% | - 0.06 0.054 0.006 0.006 0.002 —eee-
14-11(g) (FU)
(1993)
Blankenshi Johnson
4-(, )(FU)p -ee- and Rice 93.38 400 | - 041 0.05 0.06 0.07 0.01 e
8 (1993)
Tribal Pavillion
14-10(g) 1l 01/21/10 92.47 4.04 0.001 1.21 0.415 0.372 0.183 0.114 0.486
(WR)(PGPPO1)
Tribal Pavillion
43-10(g) I} 01/21/10 94.86 3.48 0.0001 0.356 0.143 0.0618 0.0501 0.0194 0.18
(FU)(PGPPO02)
Tribal Pavillion
24-2(g) 1l 01/21/10 90.16 4.64 0.0017 1.46 0.581 0.512 0.335 0.211 1.39
(WR)(PGPP04)
Tribal Pavillion
33-10(g) 1l 01/21/10 94.68 3.64 nd 0.373 0.131 0.055 0.0427 0.014 0.107
(FU){PGPPO5)
Tribal Pavillion
14-2(g) I} 01/21/10 93.23 3.93 0.0012 0.903 0.321 0.25 0.151 0.0805 0.506
(FU)(PGPPO6)
MwWO01(g) 1] 9/23/2010 84.22 3.43 0.0007 0.791 0.327 0.191 0.143 0.0632 0.111
MWO1(w) 1] 10/6/2010 35.11 2.02 0.0008 0.414 0.114 0.0871 0.0499 0.0241 0.0539
MWO01(g) v 4/18/2011 89.43 3.92 0.0013 0.907 0.298 0.211 0.109 0.0574 0.0972
MWO01(g)-dup v 4/18/2011 89.49 391 0.0013 0.902 0.295 0.206 0.103 0.0533 0.0804
MWO1(w) [\ 4/20/2011 38.33 2.46 0.0016 0.504 0.113 0.101 0.0422 0.0229 0.0566
MWO02(g) ] 9/24/2010 1.05 0.048 nd 0.022 0.0089 0.0053 0.0020 0.0008 0.0012
MWO02(g)-dup ] 9/24/2010 1.04 0.048 nd 0.022 0.0089 0.0053 0.0020 0.0008 0.0009
MWO02(w) 1 10/6/2010 28.03 2.16 nd 0.693 0.128 0.101 0.0185 0.0067 0.0174
MWO02(g) v 4/18/2011 6.74 0.383 nd 0.142 0.0401 0.026 0.0070 0.0025 0.0034
MWO02(g)-dup v 4/18/2011 7.41 0.422 nd 0.156 0.0439 0.0284 0.0077 0.0027 0.0035
MWO02(w) v 4/19/2011 26.17 1.80 nd 0.765 0.259 0.147 0.0416 0.0141 0.0237
MWO02(w)-dup v 4/19/2011 21.32 1.49 nd 0.623 0.204 0.118 0.0324 0.011 0.018
PGMWO1(w) 1l 01/21/10 2.47 nd nd nd 0.0054 0.005 0.0287 0.0092 0.537
PGMWO02(w) 1l 01/21/10 3.57 1.13 nd 0.103 0.402 0.0134 0.13 0.0003 0.398
PGDWO3(w) 1] 01/20/10 0.0122 nd nd nd nd nd nd nd nd
PGDWO04(w) 1] 01/21/10 0.0036 nd nd nd nd nd nd nd nd
PGDWO05(w) \Y) 04/19/11 0.0966 nd nd nd nd nd nd nd nd
PGDW10(w) 1] 01/18/10 0.0266 nd nd nd nd nd nd nd nd
PGDW14(w) \Y 04/20/11 0.0005 nd nd nd nd nd nd nd nd
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PGDW20 (w) 1] 10/06/10 0.191 0.007 nd 0.0006 nd nd nd nd nd
PGD‘QLZ:(‘"’" W | 10/06/10 | 0134 | 0005 | nd nd nd nd nd nd nd
PGDW20(w) v 04/18/11 0.221 0.007 nd 0.0007 nd nd nd nd nd
PGDW22(w) 1] 01/18/10 nd nd nd nd nd nd nd nd nd
PGDW23(w) I\ 04/21/11 0.248 nd nd nd nd 0.0015 nd nd 0.0008
PGDW25(w) Il 01/19/10 nd nd nd nd nd nd nd nd nd
PGDW26(w) \Y 04/18/11 nd nd nd nd nd nd nd nd nd
PGDW30(w) 1] 01/19/10 5.99 nd nd nd nd nd nd nd nd
PGDW30(g) I} 09/23/10 0.0123 nd nd nd nd nd nd nd nd
PGDW30(w) I} 10/05/10 1.19 nd nd nd nd nd nd nd nd
PGDW30(w) \Y 04/18/11 1.46 nd nd nd nd nd nd nd nd
PGDW32(w) 1] 01/20/10 0.197 nd nd nd nd nd nd nd 0.0085
PGDW32(w) 1\ 04/18/11 0.0752 nd nd nd nd nd nd nd 0.0019
PGD::?:(W)- v 04/18/11 0.0522 nd nd nd nd nd nd nd 0.0013
PGDW39(w) Il 01/19/10 nd nd nd nd nd nd nd nd nd
PGDW40(w) 1] 01/22/10 0.418 nd nd nd nd nd nd nd nd
PGDW41(w) Il 01/21/10 0.0091 nd nd nd nd nd nd nd nd
PGDW41(w) 1\ 04/20/11 0.0005 nd nd nd nd nd nd nd nd
PGDW42(w) Il 01/19/10 0.291 nd nd nd nd nd nd nd nd
PGDW43(w) 1] 01/21/10 0.0016 nd nd nd nd nd nd nd nd
PGDW44(w) I\ 4/21/11 0.0022 nd nd nd nd nd nd nd nd
PGDWA45(w) Il 01/18/10 nd nd nd nd nd nd nd nd nd
PGDWA45(w) \% 04/19/11 nd nd nd nd nd nd nd nd nd
PGDW46(w) 1] 01/20/10 0.0016 nd nd nd nd nd nd nd nd
PGDW47(w) Il 01/19/10 0.0428 nd nd nd nd nd nd nd nd
PGD\Q::‘:(W)- 1] 01/19/10 0.0365 nd nd nd nd nd nd nd nd
PGDW49(w) \Y 4/20/11 nd nd nd nd nd nd nd nd nd
LDO2(w) 1] 10/20/10 0.12 0.007 nd 0.001 0.0008 | 0.0007 nd 0.0005 nd
PGPWO1(w) Il 01/20/10 0.0253 nd nd nd nd nd nd nd nd
PGPWO02(w) Il 01/20/10 0.0389 nd nd nd nd nd nd nd nd
field blank(w) Il 01/21/10 0.0068 nd nd nd nd nd nd nd 0.0021
field blank(w) Il 01/22/10 nd nd nd nd nd nd nd nd nd
travel blank(g) 1] 9/23/10 nd nd nd nd nd nd nd nd nd
eﬂ:‘;:';;z;“ m 9/23/10 | 00029 | nd nd nd nd nd nd nd nd
travel blank(g) I} 9/24/10 nd nd nd nd nd nd nd nd nd
egr;z:;:;‘t 1l 9/24/10 nd nd nd nd nd nd nd nd nd
travel blank(g) \Y 4/18/11 nd nd nd nd nd nd nd nd nd
eg:::rl:;;;]t v 4/18/11 nd nd nd nd nd nd nd nd nd
egr;::;git v 4/18/11 nd nd nd nd nd nd nd nd nd
WR - Wind River Formation FU - Fort Union Formation - not analyzed nd () not detected

Al3
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Appendix B

Quality Assurance and Quality Control
(QA/QC) for Analysis
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Table B1. Sample collection containers, preservation, and holding times for ground-water samples for Phase Ill and IV

Analysis Method % Preservation/ )
Sample Type (EPA Method) Sample Bottles/# of bottles Storage Holding Time(s)
No Headspace
RSKSOP-194v4 &-175v5 + i .
Dissolved gases (No EPA Method) 60 mL serum bottles/2 '4I'§(I;; pH>10; refrigerate 14 days
RSKSOP-213v4 &-257v3
Metals (filtered) | (EPA Methods 200.7 and 125 mL plastic bottle/1 HNOs, pH<2; room 6 months
6020) temperature {Hg 28 days)
SOy, CI, F, Br RMS;ShOOZ_Egg\S (EPA 30 mL plastic/1 Refrigerate <4°C 28 days
RSKSOP-214v5 -
NO; +NOs, NHs | (EPA Method 350.1 and 30 mL plastic/1 f;fg“' pH<2; refrigerate 28 days
353.2} =
DIC ?s;(:?npétlr?jgzgggz)ovo 40 mL clear glass VOA vial/2 refrigerate <4°C 14 days
RSKSOP-102v5 or 330v0 . H3PQ4, pH<2; refrigerate
DOC (EPA Method 9060A) 40 mL clear glass VOA vial/2 <aC 28 days
RSKSOP-299v1 or 259v1 No Headspace
VOCs {EPA Method 5021A plus 40 mL amber glass VOA vial/2 TSP, pH>10; refrigerate 14 days
8260C) <4°C
Low Molecular RSKSOP-112V6 . TSP, pH>10; refrigerate <
Weight Acids (No EPA Method) 40 mL glass VOA vial/2 4°C 30 days
0, H stable
isotopes of ?l\?ESE%PA_f\/IgthVr?od) 20 mL glass VOA vial/1 Refrigerate at < 4°C Stable
water
Isotech: gas stripping and
s¥cpIc IRMS 60 mL plastic bottle/1 Refrigerate <4°C No information
{No EPA Method)
13 Isotech: gas stripping and .
&7Cand 5D of IRMS 1 L plastic bottle/1 Caplgt of ben-zalkonlumo No information
methane (No EPA Method) chloride; refrigerate <4°C
1L amber glass bottle/2 and for
every 10 samples of ground
water need 2 more bottles for 7 days until extraction,
SVOCs &Tim:;g;g;' EPA one selected sample, or if <10 Refrigerate <4°C 30 days after extraction
samples collected, collect 2
more bottles for one select
sample
1L amber glass bottle/2 and for
every 10 samples of ground
ORGM-508 r1.0, EPA water need 2 more bottlies for HCI, pH<2; 7 days until extractl(?n,
DRO Method 8015D one selected sample, or if <10 refrigerate <4°C 40 days after extraction
samples collected, collect 2 e =
more bottles for one select
sample
40 mL amber glass VOA vial/2
and for every 10 samples of
ground water need 2 more . .
GRO ORGM-506 r1.0, EPA bottles for one selected sample, No headspaceﬂ, HCl, pH<2; 14 days
Method 8015D ) refrigerate <4°C
or if <10 samples collected,
collect 2 more bottles for one
select sample
i * %
Glycols Region Il method 40 mL amber glass VOA vial/2 Refrigerate <42C 14 days

{No EPA Method}

" Trisodium phosphate

" Above freezing point of water
*Spare bottles made available for laboratory QC samples and for replacement of compromised samples (broken bottle, QC failures, etc.).
**EPA Methods 8000C and 8321 were followed for method development and QA/AC limits were applicable.




DRAFT




DRAFT

Table B4. QA/QC requirements for analysis of dissolved gases, DIC/DOC, VOCs, low molecular weight acids and

stable isotopes of water

Analysis Blanks ealibgion Second Source Duplicates Matrix Spikes
Measurement Method (Frequency) SIS (Frequency) (Frequency) (Frequency)
(Frequency)
<MDL 85-115% of 85-115% of RPD<20 NA
Dissolved gases RSKSOP-194v4 (He/Ar blank, known value known value (Every 15
&-175v5 (No first and last in (After helium/Ar | (After first samples)
EPA Method) sample queus; blank at first of calibration
water blank analysis queue, check)

DIC/DOC

Volatile organic
compounds
(VvoC)**

Low Molecular
Weight Acids

O, H stable
isotopes of
water***

RSKSOP-102v5
(Phase Ill) or
330v0 (Phase IV)
(EPA Method
9060A)

RSKSOP-299v1
and -259v1
(EPA Method
5021A plus
8260C)

RSKSOP-112v6
(No EPA
Method)

RSKSOP-296v1
(No EPA
Method)

before samples)

- 102v5: <%QL
(after initial
calib., every 10-
15 samples, and
at end)

-330v0: < MDL
(Beginning and
end of sample
set)

<MDL
(Beginning and
end of each
sample set)

<MDL
(Beginning of a
sample queue;
every 10
samples; and
end of sample
gueue)

NA

before
helium/Ar blank
at end of sample
set, and every
15 samples)
-102v5: 80-120%
of known value
(after initial
calib., every 10-
15 samples, and
at end-330v0:
90-100% of
known value
(Beginning and
end of sample
set and every 10
samples)
80-120% Rec.
(Beginning, end,
and every 20
samples)

85-115% of the
recovery
(Prior to sample
analysis; every
10 samples; end
of sample
gueue)
Difference of
calibrated/true <
1% for 5°H &

< 0.2% for °0
(Beginning, end
and every tenth
sample)

"This table only provides a summary; SOPs should be consulted for greater detail.
**Surrogate compounds spiked at 100 ug/L: p-bromofluorobenzene and 1,2-dichlorobenzene-d4,

85-115% recovery.

-102v5: 80-120%
of known value
(Immediately
after calibration)
-330v0: PE
sample reported
acceptance
limits. Others:
90-100%
recovery (one
per sample set)

80-120% of
known value
Once at
beginning

{and at end for -
259v1)

85-115% of
recovery

(Prior to sample
analysis)

Working stds
calibrated
against
IAEASstds.t
(Beginning, end,
and every tenth
sample)

-102v5: RPD<10
(every 15
samples)
-330v0: RPD<10
(every 10
samples)

-299v1
RPD<20
-259v1
RPD<25
(every 20
samples)

<15 RPD
(Every 20
samples through
a sample queue)

Standard
deviation < 1%
for 8°H and <
0.2%o for %0
(every sample)

#*xAdditional checks: internal reproducibility prior to each sample set, std devs 1%o for & *H and < 1% for §'°0

tinternational Atomic Energy Agency (VSMOW, GISP, and SLAP)
Corrective actions are outlined in the SOPs.

MDL = Method Detection Limit

QL = Quantitation Limit

PE = Performance Evaluation

-102v5:80-120%
Rec.

{one per 20 or
every set)
-330v0:80-120%
Rec.

70-130% Rec.
(every 20
samples)

80-120 %
recovery
(Every 20
samples through
a sample queue)

NA
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Table B5. QA/QC requirements for analysis of semi-volatiles, GRO, and DRO

QcC Type Semivolatiles DRO GRO Frequency

<RL <RL <RL At least one per
Method Blanks Preparation or Method Blank, Preparation or Preparation or Method sample set

one with each set of extraction | Method Blank Blank and IBL

Surrogate Spikes

Internal Standards Verification

Initial multilevel calibration

Initial and Continuing
Calibration Checks

Second Source Standards

Laboratory Control Samples
(LCS)

Laboratory Control Samples
(LCS)

Matrix Spikes (MS)

MS/MSD

Reporting Limits*

groups. Calibration Blanks are
also analyzed

Limits based upon DoD
statistical study (rounded to 0
or 5) for the target compound
analyses.

Every sample,

EICP area within -50% to
+100% of last ICV or first CCV.
ICAL: minimum of 6 levels
(0.25-12.5ug/L), oneis at the
MRL (0.50 ug/L), prior to
sample analysis (not daily)
RSD<20%, r*>0.990

80-120% of expected value

Icv1
70-130% of expected value

Statistical Limits from DoD LCS
Study (rounded to 0 or 5) or if
SRM is used based on those
certified limits

Statistical Limits from DoD LCS
Study (rounded to 0 or 5) or if
SRM is used based on those
certified limits

Same as LCS

% Recovery same as MS
RPD <30

0.1 pg/L (generally)'for target
compounds HF special
compounds are higher

'Based on 1000 mL sample to 1 mL extract

*Based on a 5 mL purge

60-140% of
expected value

NA

ICAL: 10-500 ug/L
RSD<=20% or
r’>=0.990

80-120% of
expected value

ICV1

80-120% of
expected value
Use an SRM:
Values of all
analytes in the
LCS should be
within the limits
determined by
the supplier.

Otherwise 70-
130% of expected
value

Use an SRM:
Values of all
analytes in the
LCS should be
within the limits
determined by
the supplier.

Otherwise 70-
130% of expected
value

Same as LCS

% Recovery same
as MS
RPD <25

20 pg/L’

70-130% of expected
value

NA

ICAL: .25-12.5 ug/L for
gasoline

(different range for other
compounds)

RSD<=20% or r2>=0.990

80-120% of expected
value

ICVs

80-120% of expected
value

Use and SRM: Values of
all analytes in the LCS
should be within the
limits determined by the
supplier.

Otherwise 70-130% of
expected value

Use and SRM: Values of
all analytes in the LCS
should be within the
limits determined by the
supplier.

Otherwise 70-130% of
expected value

70-130% of expected
value

% Recovery same as MS
RPD < 25

20 ug/L’

Every field and QC
sample

Every field and QC
sample

As required (not daily
if pass ICV)

At beginning of
sample set, every
tenth sample, and
end of sample set
Each time calibration
performed

One per analytical
batch or every 20
samples, whichever is
greater

One per analytical
batch or every 20
samples, whichever is
greater

One per sample set or
every 20 samples,
whichever is more
frequent

One per sample set or
every 20 samples,
whichever is more
frequent

NA
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Table B6. QA/QC requirements for LC/MS/MS analysis of glycols

QcC Type Performance Criteria Frequency
Method Blanks <RL One per every 20 samples
Solvent Blanks <RL One per every 10 samples

Initial and Continuing Calibration
Checks

At beginning of sample set, after every tenth sample,

- 0,
80-120% of expected value and end of sample set

Second Source Standards 80-120% of expected value Each time calibration performed

One per analytical batch or every 20 samples,

- 0,
Laboratory Control Samples (LCS) 80-120% of expected value whichever is greater

One per sample set or every 20 samples, whichever is

Matrix Spikes (MS) 70-130% of expected value
more frequent

MS/MSD RPD < 25 One per sample set or every 20 samples, whichever is
more frequent

RL = Reporting Limit

Corrective Actions: If re-analysis was not possible (such as lack of sample volume), the data was qualified with a determination about the

impact on the sample data.
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Table B9. Blank results for Volatile Organic Compounds (ug/L) in Phase Il and Phase IV sampling (Region 8

laboratory, Golden, CO)

10/6/2010 10/7/2010 10/5/2010 4/14/2011 4/18/2011 4/21/2011
1,1,1,2-Tetrachloroethane nd nd nd nd nd nd 0.25
1,1,1-Trichloroethane nd nd nd nd nd nd 0.25
1,1,2,2-Tetrachloroethane nd nd nd nd nd nd 0.25
1,1,2-Trichloroethane nd nd nd nd nd nd 0.25
1,1-Dichloroethane nd nd nd nd nd nd 0.25
1,1-Dichloroethene nd nd nd nd nd nd 0.25
1,1-Dichloropropene nd nd nd nd nd nd 0.25
1,2,3-Trichlorobenzene nd nd nd nd nd nd 0.25
1,2,3-Trichloropropane nd nd nd nd nd nd 0.25
1,2,4-Trichlorobenzene nd nd nd nd nd nd 0.25
1,2,4-Trimethylbenzene nd nd nd nd nd nd 0.25
1,2-Dibromo-3-chloropropane nd nd nd nd nd nd 0.25
1,2-Dibromoethane (EDB) nd nd nd nd nd nd 0.25
1,2-Dichlorobenzene nd nd nd nd nd nd 0.25
1,2-Dichloroethane nd nd nd nd nd nd 0.25
1,2-Dichloropropane nd nd nd nd nd nd 0.25
1,3,5-Trimethylbenzene nd nd nd nd nd nd 0.25
1,3-Dichlorobenzene nd nd nd nd nd nd 0.25
1,3-Dichloropropane nd nd nd nd nd nd 0.25
1,3-Dimethyl adamantane nd nd nd nd nd nd 0.25
1,4-Dichlorobenzene nd nd nd nd nd nd 0.25
2,2-Dichloropropane nd nd nd nd nd nd 0.25
2-Butanone | - —men - nd 0.64 0.82 0.50
2-Chlorotoluene nd nd nd nd nd nd 0.25
4-Chlorotoluene nd nd nd nd nd nd 0.25
4-Methyl-2-pentanone | - —meen e nd nd nd 0.25
2-Hexanone | e —maen e nd 0.29 0.41 0.25
Acetone | e —meen e nd 1.03 1.38 1.00
Acrylonitrile nd nd nd nd nd nd 0.25
Adamantane nd nd nd nd nd nd 0.25
Allyl chloride nd nd nd nd nd nd 0.25
Benzene nd nd nd nd nd nd 0.03
Bromobenzene nd nd nd nd nd nd 0.25
Bromochloromethane nd nd nd nd nd nd 0.25
Bromodichloromethane nd nd nd nd nd nd 0.25
Bromoform nd nd nd nd nd nd 0.25
Bromomethane nd nd nd nd nd nd 0.25
Carbon disulfide nd nd nd nd nd nd 0.25
Carbon tetrachloride nd nd nd nd nd nd 0.25
Chlorobenzene nd nd nd nd nd nd 0.25
Chlorodibromomethane nd nd nd nd nd nd 0.25
Chloroethane nd 0.25 nd nd nd nd 0.25
Chloroform nd nd nd nd nd nd 0.25
Chloromethane nd nd nd 1.04 nd nd 0.25
cis-1,2-Dichloroethene nd nd nd nd nd nd 0.25
cis-1,3-Dichloropropene nd nd nd nd nd nd 0.25
Dibromomethane nd nd nd nd nd nd 0.25
Dichlorodifluoromethane nd nd nd nd nd nd 0.25
Ethyl Ether nd nd nd nd nd nd 0.25
Ethylbenzene nd nd nd nd nd nd 0.25
Hexachlorobutadiene nd nd nd nd nd nd 0.25
Hexachloroethane nd nd nd nd nd nd 0.25
lodomethane nd nd nd nd nd nd 0.25
Isopropylbenzene nd nd nd nd nd nd 0.25
m,p-Xylene nd nd nd nd 0.69 0.70 0.50
Methacrylonitrile nd nd nd nd 0.27 nd 0.25
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10/6/2010 10/7/2010 10/5/2010 4/14/2011 4/18/2011 4/21/2011
Methyl Acrylate nd nd nd nd nd nd 0.25
Methyl tert-Butyl Ether nd nd nd nd nd nd 0.25
Methylene chloride nd nd nd nd nd nd 0.25
Naphthalene nd nd nd nd nd nd 0.25
n-Butyl Benzene nd nd nd nd nd nd 0.25
n-Propyl Benzene nd nd nd nd nd nd 0.25
o-Xylene nd nd nd nd nd nd 0.25
p-Isopropyltoluene nd nd nd nd nd nd 0.25
sec-Butylbenzene nd nd nd nd nd nd 0.25
Styrene nd nd nd nd nd nd 0.25
tert-Butylbenzene nd nd nd nd nd nd 0.25
Tetrachloroethene nd nd nd nd nd nd 0.25
Toluene 0.54 0.16 0.16 nd nd nd 0.25
trans-1,2-Dichloroethene nd nd nd nd nd nd 0.25
trans-1,3-Dichloropropene nd nd nd nd nd nd 0.25
Trichloroethene nd nd nd nd nd nd 0.25
Trichlorofluoromethane nd nd nd nd nd nd 0.25
Vinyl chloride nd nd nd nd nd nd 0.25
Xylenes (total) nd nd nd nd nd nd 0.75

RL — Reporting Limit (ug/L). nd —not detected. ----- not measured.
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Table B10. Blank results for Volatile Organic Compounds (ug/L) in Phase IV sampling (ORD laboratory, Ada, OK)

[ TripBlank | FieldBlank |  FieldBlank | MDL [ at
4/14/2011 4/18/2011 4/21/2011

Vinyl chloride nd nd nd 0.14 1.0
1,1-Dichloroethene nd nd nd 0.07 0.5
Methylene Chloride nd nd nd 0.19 0.5
trans-1,2-Dichloroethene nd nd nd 0.05 0.5
cis-1,2-Dichloroethene nd nd nd 0.15 0.5
Chloroform nd nd nd 0.07 0.5
1,1,1-Trichloroethane nd nd nd 0.03 0.5
Carbon Tetrachloride nd nd nd 0.04 0.5
1,2-Dichloroethane nd nd nd 0.03 0.5
Trichloroethene nd nd nd 0.07 0.5
1,1,2-Trichloroethane nd nd nd 0.03 0.5
Tetrachloroethene nd nd nd 0.09 0.5
Chlorobenzene nd nd nd 0.04 0.5
1,3-Dichlorobenzene nd nd nd 0.06 0.5
1,4-Dichlorobenzene nd nd nd 0.04 0.5
1,2-Dichlorobenzene nd nd nd 0.03 0.5
Ethanol nd nd nd 0.11 1.0
Isopropanol nd nd nd 24.7 100
n-Propanol nd nd nd 11.4 100
Isobutanol nd nd nd 13.5 100
n-Butanol nd nd nd 15.6 100
tert-Butyl Alcohol nd nd nd 15.5 100
Methyl tert-Butyl Ether nd nd nd 1.72 5.0
di-Isopropyl Ether nd nd nd 0.11 0.5
Ethyl tert-Butyl Ether nd nd nd 0.11 0.5
Benzene nd nd nd 0.03 0.5
tert-Amyl Methyl Ether nd nd nd 0.06 0.5
2,5-Dimethylfuran nd nd nd 0.06 0.5
Toluene BQL 0.228 nd BQL0.227 0.03 0.5
1,2-Dibromoethane nd nd nd 0.03 0.5
Ethyl Benzene nd nd nd 0.09 1.0
m+p Xylene BQL 0.229 nd BQLO0.133 0.03 0.5
o-Xylene nd nd nd 0.08 0.5
1,3,5-Trimethylbenzene nd nd nd 0.03 0.5
1,2,4-Trimethylbenzene nd nd nd 0.04 1.0
1,2,3-Trimethylbenzene nd nd nd 0.02 1.0
Naphthalene nd nd nd 0.04 1.0

All results in pug/L. MDL — method detection level. QL— quantitation level. nd — not detected.
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Table B11. Blank results for Semi-Volatile Organic Compounds (ug/L) in Phase Ill and Phase IV sampling

(Region 8 laboratory, Golden, CO)

10/6/2010 10/7/2010 10/5/2010 4/14/2011 4/18/2011 4/21/2011

1,2,4-Trichlorobenzene nd nd nd nd nd nd 0.100
1,2-Dichlorobenzene nd nd nd nd nd nd 0.100
1,2-Dinitrobenzene nd nd nd nd nd nd 0.100
1,3-Dichlorobenzene nd nd nd nd nd nd 0.100
1,3-Dinitrobenzene nd nd nd nd nd nd 0.100
1,4-Dichlorobenzene nd nd nd nd nd nd 0.100
1,4-Dinitrobenzene nd nd nd nd nd nd 0.100
1-Methylnaphthalene nd nd nd nd nd nd 0.100
2,3,4,6-Tetrachlorophenol nd nd nd nd nd nd 0.250
2,3,5,6-Tetrachlorophenol nd nd nd nd nd nd 0.250
2,4,5-Trichlorophenol nd nd nd nd nd nd 0.100
2,4,6-Trichlorophenol nd nd nd nd nd nd 0.100
2,4-Dichlorophenol nd nd nd nd nd nd 0.100
2,4-Dimethylphenol nd nd nd nd nd nd 0.100
2,4-Dichlorophenol nd nd nd nd nd nd 0.100
2,4-Dimethylphenol nd nd nd nd nd nd 0.100
2,4-Dinitrophenol nd nd nd nd nd nd 1.00

2,4-Dinitrotoluene nd nd nd nd nd nd 1.00

2,6-Dinitrotoluene nd nd nd nd nd nd 0.100
2-Chloronaphthalene nd nd nd nd nd nd 0.100
2-Chlorophenol nd nd nd nd nd nd 0.100
2-Methylnaphthalene nd nd nd nd nd nd 0.100
2-Methylphenol nd nd nd nd nd nd 0.100
2-Nitroaniline nd nd nd nd nd nd 0.100
2-Nitrophenol nd nd nd nd nd nd 0.100
3 & 4-Methylphenol nd nd nd nd nd nd 0.200
3,3"-Dichlorobenzidine nd nd nd nd nd nd 0.500
3-Nitroaniline nd nd nd nd nd nd 0.100
4,6-Dinitro-2-methylphenol nd nd nd nd nd nd 0.500
4-Bromophenyl phenyl ether nd nd nd nd nd nd 0.100
4-Chloro-3-methylphenol nd nd nd nd nd nd 0.100
4-Chloroaniline nd nd nd nd nd nd 0.100
4-Chlorophenyl phenyl ether nd nd nd nd nd nd 0.100
4-Nitroaniline nd nd nd nd nd nd 0.500
4-Nitrophenol nd nd nd nd nd nd 1.00

Acenaphthene nd nd nd nd nd nd 0.100
Acenaphthylene nd nd nd nd nd nd 0.100
Aniline nd nd nd nd nd nd 0.100
Anthracene nd nd nd nd nd nd 0.100
Azobenzene nd nd nd nd nd nd 0.100
Benzo (a) anthracene nd nd nd nd nd nd 0.100
Benzo (a) pyrene nd nd nd nd nd nd 0.100
Benzo (g,h,i) perylene nd nd nd nd nd nd 0.100
Benzo (k) fluoranthene nd nd nd nd nd nd 0.100
Benzo(b)fluoranthene nd nd nd nd nd nd 0.100
Benzoic acid 0.83 0.78 nd 3.00 nd nd 0.500
Benzyl alcohol nd 0.40 0.63 nd nd nd 0.500
Bis(2-chloroethoxy)methane nd nd nd nd nd nd 0.100
Bis(2-chloroethyl)ether nd nd nd nd nd nd 0.100
Bis(2-chloroisopropyl)ether nd nd nd nd nd nd 0.100
Bis-(2-Ethylhexyl) Adipate nd nd nd nd nd nd 0.100
Bis(2-ethylhexyl)phthalate nd nd nd 5.44 nd nd 0.500
Butyl benzyl phthalate nd nd nd nd nd nd 0.100
Carbazole nd nd nd nd nd nd 0.100
Chrysene nd nd nd nd nd nd 0.100
Dibenz (a,h) anthracene nd nd nd nd nd nd 0.100
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TripBlank | EQBlank | FieldBlank | TripBlank | FieldBlank | FieldBlank | RL |
10/6/2010 10/7/2010 10/5/2010 4/14/2011 4/18/2011 4/21/2011

Dibenzofuran nd nd nd nd nd nd 0.100
Diethyl phthalate nd nd nd nd nd nd 0.100
Dimethyl phthalate nd nd nd nd nd nd 0.100
Di-n-butyl phthalate nd nd nd nd nd nd 0.100
Di-n-octyl phthalate nd nd nd nd nd nd 0.100
Diphenylamine nd nd nd nd nd nd 0.100
Fluoranthene nd nd nd nd nd nd 0.100
Fluorene nd nd nd nd nd nd 0.100
Hexachlorobenzene nd nd nd nd nd nd 0.100
Hexachlorobutadiene nd nd nd nd nd nd 0.100
Hexachlorocyclopentadiene nd nd nd nd nd nd 0.100
Hexachloroethane nd nd nd nd nd nd 0.100
Indeno (1,2,3-cd) pyrene nd nd nd nd nd nd 0.100
Isophorone nd nd nd nd nd nd 0.100
Naphthalene nd nd nd nd nd nd 0.100
Nitrobenzene nd nd nd nd nd nd 0.100
N-Nitrosodi-n-propylamine nd nd nd nd nd nd 0.100
Pentachlorophenol nd nd nd nd nd nd 0.500
Phenanthrene nd nd nd nd nd nd 0.100
Phenol nd nd nd nd nd nd 0.100
Pyrene nd nd nd nd nd nd 0.100
Limonene nd nd nd nd nd nd 0.100
1,3-Dimethyl adamantane nd nd nd nd nd nd 0.100
2-Butoxyethanol nd nd nd nd nd nd 0.100
Adamantane nd 0.32 nd nd nd nd 0.100
Squalene 0.36 0.49 0.23 nd nd nd 1.00

Terpiniol nd nd nd nd nd nd 0.100
Tri(2-butoxyethyl) Phosphate nd 2.53 nd nd nd nd 0.500

RL— Reporting Limit (ug/L). nd —not detected. ----- not measured.

Table B12. Blank results for GRO and DRO analyses for Phase Ill and Phase IV sampling (Region 8 laboratory,
Golden, CO) and blank results for glycol ethers in Phase IV sampling (Region 3 laboratory, Fort Meade, MD)

TripBlank | EQBlank | FieldBlank | TripBlank | FieldBlank | FieldBlank [ &L

10/6/2010 10/7/2010 10/5/2010 4/14/2011 4/18/2011 4/21/2011

Gasoline Range Organics nd nd nd nd 213 nd 20
Diesel Range Organics nd nd nd nd nd 135 22
2-Butoxyethanol | e | e e nd nd nd 10
DiethyleneGlycol | - | e e nd nd nd 50
TriethyleneGlycol | - | e e nd nd nd 10
TetraethyleneGlycol @ | - | e e 3.6 3.1 34 10

RL — Reporting Limit (ug/L). nd — not detected. ----- not measured.
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Table B17. QA/QC requirements for analysis of fixed gases and light hydrocarbons for aqueous and gas samples

Ar, He, Hy, Oy, Ny, None Detected 85-115% o o
€O, CHy CHs, | Modification 85-115% RPD <15%

C,Hg, CsHe, C3Hsg, of ASTM (beginning every NA
iC4H1g, NC4H1o, D1945-03 10 samples, end (beginning every 10 ézlfitsrrai?ocnh) (Szvmery]lelsc))

iCsHqa, NCsH1y, Cet of run) samples, end of run) P
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Table B18. Summary of quality control samples, purpose, method, and frequency to support gas analysis

QC Sample

Purpose

Method

Frequency

Acceptance Criteria

Equipment Blanks

Travel Blanks

Duplicates

Ensure that construction
materials in gas sample bags and
the sample train are nota
source of vapors or gases of
concern

Ensure that cross-contamination
does not occur during sampling
or transport to the laboratory

Check precision of sampling
method and analysis

Fill sample bags with
ultrapure N; gas via the
sample train.

Fill sample bags with
ultrapure N3 gas and place
in shipping container with
other samples.

Use a tee to collect two
samples simultaneously.

One sample per day

One sample per shipment

One sample every 10
samples

< Detection limit

< Detection limit

RPD < 20%

Table B19. Summary of analytes, instruments, calibration, and check standards for portable gas analyzers

Analyte :gs:::::::;t Method Range Calibration Check Standard Accuracy

0, GEM-2000 Plus RSKSOP- 0-21% 4%, 10%, or 4% 10%, 20.9% +1.0% (0-5%)
CES-LANDTEC 314v1 20.9% +1.0% (5-21%)
(EC Cell)

CH, GEM-2000 Plus RSKSOP- 0-100% 2.5% or 50% 2.5%, 50% +0.3% (0-5%)
CES-LANDTEC 314v1 +1% (5-15%)
(IRGA) +3% (15-100%)

Cco, GEM-2000 Plus RSKSOP- 0-100% 5%, 20%, or 5%, 20%, 35% +0.3% (0-5%)
CES-LANDTEC 314v1 35% +1.0% (5-15%)
(IRGA) 43.0% (15-50%)

VOCs Thermo Scientific | RSKSOP- 1.0- 0.0, 10, 100, 10, 100, 1000, 125% or £2.5 ppmvy,
TVA-1000B (FID) 320v1 10,000 1000, 9000 9000 ppmv CH, whichever is greater, from

ppmv ppmv CH, 1.0 to 10,000 ppmv.

VOCs Thermo Scientific | RSKSOP- 0.5-500 0.0, 250, 475 250, 125% or £2.5 ppmvy,

TVA-1000B (PID) 320v1 ppmv ppmv 475 ppmv whichever is greater, from
Isobutylene 0.5 to 500 ppmv.
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Appendix C

Photographic Log of Deep Monitoring Well
Construction
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Figure C1. Photograph of drilling rig on platform with shakers for mud recirculation at MWO02.

Figure C2. Photograph
of blowout prevention
(BOP) for annular space
at base of drilling rig
platform at MWO02.

Figure C3. Photograph
of blowout preventer
for drillstem.




DRAFT

Figure C4. Photograph of bit and drillstem with bit for mud rotary drilling at MWO02.




DRAFT

Figure C5. Photograph of water truck used to transport water to mix mud.

Figure C7. Photograph of
mud additives EZ Mud
Gold (Halliburton) and
Dense Soda Ash.

Figure C6. Photograph of Quik-Gel
bentonite (Halliburton) used to create
mud for drilling.

Figure C8. Photograph of
mud additive Penetrol
(Halliburton).
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Figure C9. Photograph of flow of mud and cuttings
from borehole at MWO02.

Figure C10. Photograph of monitoring of mud and cuttings using a Thermo Scientific
TVA-1000B FID/PID at MWO02.
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Figure C11. Photograph of pump used to transport mud and cuttings to shakers at MWO02.

Figure C12.
Photograph of flow of
mud and cuttings to
shakers at MWO02.
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Figure C13. Photograph of shakers separating mud from cuttings at MWO02.
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Figure C14. Photograph of cuttings transported to disposal bins at MWO02.
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Figure C15. Photograph of pumping of mud back to borehole at MWO02.
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Figure C16. Photograph
of injection of mud to
borehole at MWO02.

Cc10




DRAFT

Figure C17. Photograph of collection of cuttings for lithologic characterization at MWO02.

Figure C18. Photograph of removal of mud from
cuttings at MWO02.

Figure C19. Photograph of white coarse-grained sand
targeted by local well drillers and media in which
screens are set in for both deep monitoring wells.
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Figure C20. Photograph
of setting of stainless-
steel pre-packed
screen and sand basket
into borehole at
MWO02.
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Figure C21. Photograph
of securing sand basket
and casing above
screen.

Figure C22. Photograph
of placement of sand in
sandbasket.
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Figure C23. Photograph of well development at MWO02.
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Appendix D
Photographic Log of Ground Water Sampling
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Figure D1. Photograph of flow from submersible pump through flowmeter at MWO02.

Figure D2. Photograph of flow
of water to purge water
disposal tank at MWO02.
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Figure D3. Photograph (close-up) of flow of water into purge water disposal tank at MWO02.

Figure D4.
Photograph of
water (foaming)
flowing into YSI
flow cell at MWO02.
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Figure D5. Photograph of sampling at MWO02. The sample train was split prior to entry into
purge water disposal container.

Figure D6. Photograph of field filtering samples for metals analysis at MWO0?2.
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Figure D7. Photograph
of sample collection at
PGDW14.

Figure D8. Photograph of cooler packed with samples for shipment.
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Appendix E
Examples of Cement Bond/Variable
Density Log Interpretation
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Figure E1. Example of CBL/VDL indicating "no cement" at Pavillion Fee 34-03B. The CBL/VDL indicates no
cement 2750 feet below ground surface at the time of logging.
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Figure E2. Example of "sporadic bonding" at Pavillion Fee 41-10 from 1000 to 1640 ft bgs.
occurred at 1618 feet below ground surface. Arrow denotes interval of hydraulic fracturing

Hydraulic fracturing
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Figure E3a. Example of "sporadic bonding" at Pavillion Fee 11-11B. Hydraulic fracturing occurred at 1516 feet
below ground surface. Arrow denotes interval of hydraulic fracturing. Depths on CBL/VDL difficult to read
and inserted on left margin.
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Figure E3b. Example of "sporadic bonding" Pavillion Fee 11-11B between 2350-3200 feet below ground

suface. Hydraulic fracturing occurred at 3165 feet below ground surface. Arrow denotes interval of hydraulic

fracturing. Depths on CBL/VDL difficult to read and inserted on left margin.
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Figure E4. Example of "Sporadic Bonding" at Tribal Pavillion 24-02. Hydraulic fracturing occurred at 1538 feet
bgs. Arrow denotes interval of hydraulic fracturing.
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Figure E5. Example of "Good Bonding" (from surface casing at 645 ft bgs to 820 ft bgs) followed by "Sporadic
Bonding" (from 820 ft bgs 1310 ft bgs) to "Good Bonding" at 1310 to target depth at Pavillion Fee 41-10B.
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Conversion Factors

Inch/Pound to SI
Multiply By To obtain
Length
foot (ft) 0.3048 meter (m)
Volume
gallon (gal) 3.785 liter (L)
Flow rate
gallon per minute (gal/min) 0.06309 liter per second (L/s)
gallon per hour (gal/h) 3.785 liter per hour (L/h)
Concentration
part per million (ppm) 1.0 milligram per liter (mg/L)
part per billion 1.0 microgram per liter (png/L)

Temperature can be converted to degrees Fahrenheit (°F) or degrees Celsius (°C) as follows:
°F=(1.8x°C)+32
°C=(°F-32)/1.8

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius (uS/cm at
25 °C).

Concentrations of most chemical constituents in water are given either in milligrams per liter
(mg/L) or micrograms per liter (ug/L).
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Abbreviations

> greater than

< less than

< less than or equal to

I+

ASR
bls
33C

CFC
coc
DRO
GRO
H

&H

*He

*He
‘He
HCI
NWIS
NwaL
PAHs
ac
RPD
SAP
SC

SF
Svoc
TICs
USEPA
USGS
vocC
WDEQ

plus or minus
Analytical Services Request (U.S. Geological Survey)
below land surface

ratio of carbon-13 to carbon-12 isotopes in the sample relative to the ratio in a
reference standard

chlorofluorocarbon
chain-of-custody
diesel-range organics
gasoline-range organics
tritium (hydrogen-3)

ratio of hydrogen-2 to hydrogen-1 isotopes in the sample relative to the ratio in a
reference standard

ratio of helium-3 to helium-4 isotopes in the sample relative to the ratio in a reference
standard

helium-3

helium-4

hydrochloric acid

National Water Information System (U.S. Geological Survey)
National Water Quality Laboratory (U.S. Geological Survey)
polycyclic aromatic hydrocarbons

quality control

relative percent difference

sampling and analysis plan (U.S. Geological Survey)
specific conductance

sulfur hexafluoride

semivolatile organic compound

tentatively identified compounds

U.S. Environmental Protection Agency

U.S. Geological Survey

volatile organic compound

Wyoming Department of Environmental Quality



Groundwater-Quality and Quality-Control Data for
Two Monitoring Wells near Pavillion, Wyoming,

April and May 2012

By Peter R. Wright, Peter B. McMahon, David K. Mueller, and Melanie L. Clark

Abstract

In June 2010, the U.S. Environmental Protection Agency
installed two deep monitoring wells (MWO01 and MW02) near
Pavillion, Wyoming, to study groundwater quality. During
April and May 2012, the U.S Geological Survey, in coopera-
tion with the Wyoming Department of Environmental Quality,
collected groundwater-quality data and quality-control data
from monitoring well MWO1 and, following well redevel-
opment, quality-control data for monitoring well MWO02.

Two groundwater-quality samples were collected from well
MWO01—one sample was collected after purging about

1.5 borehole volumes, and a second sample was collected after
purging 3 borehole volumes. Both samples were collected and
processed using methods designed to minimize atmospheric
contamination or changes to water chemistry. Groundwater-
quality samples were analyzed for field water-quality proper-
ties (water temperature, pH, specific conductance, dissolved
oxygen, oxidation potential); inorganic constituents including
naturally occurring radioactive compounds (radon, radium-226
and radium-228); organic constituents; dissolved gasses; stable
isotopes of methane, water, and dissolved inorganic carbon;
and environmental tracers (carbon-14, chlorofluorocarbons,
sulfur hexafluoride, tritium, helium, neon, argon, krypton,
xenon, and the ratio of helium-3 to helium-4). Quality-control
sample results associated with well MWO1 were evaluated to
determine the extent to which environmental sample analyti-
cal results were affected by bias and to evaluate the variability
inherent to sample collection and laboratory analyses. Field
documentation, environmental data, and quality-control data
for activities that occurred at the two monitoring wells during
April and May 2012 are presented.

Introduction

Groundwater is the primary source of domestic water
supply for the town of Pavillion, Wyoming, and its rural
residential neighbors. On December 8, 2011, the U.S. Envi-
ronmental Protection Agency (USEPA) released the draft

report Investigation of Ground Water Contamination near
Pavillion, Wyoming (U.S. Environmental Protection Agency,
2011) for public review. The report described and interpreted
data collected for two USEPA monitoring wells from 2010
to 2011, and indicated that groundwater may contain chemi-
cals associated with gas production practices. The Wyoming
Department of Environmental Quality (WDEQ) wanted
additional groundwater-quality samples collected from these
USEPA monitoring wells and discussed this need with the
U.S. Geological Survey (USGS) Wyoming Water Science
Center. The monitoring wells are identified as wells MWO1
and MWO02. During April and May 2012, the USGS, in
cooperation with the WDEQ, collected groundwater-quality
and associated quality-control (QC) data from monitoring
well MWO1, and redeveloped and collected QC data from
monitoring well MWO02.

Both USEPA monitoring wells were installed during
the summer of 2010 as part of a multi-phase investigation of
groundwater quality in the Pavillion area (U.S. Environmental
Protection Agency, 2011). Well MWO01 was completed to a
depth of 785 feet (ft) below land surface (bls) and well MW02
was completed to a depth of 980 ft bls. Both wells have a
20-ft screened interval. A dedicated submersible 3-horsepower
pump was installed in each well. Detailed construction infor-
mation for both wells is presented in the USEPA report (U.S.
Environmental Protection Agency, 2011).

Well MWO1 was purged and sampled by the USGS
and USEPA on April 24, 2012. Only data collected by the
USGS are presented in this report. The USGS collected two
groundwater-quality (environmental) samples from well
MWO0I1—one sample was collected after purging about 1.5
borehole volumes of water from the well, and a second sample
was collected after purging 3 borehole volumes. QC samples
were collected in conjunction with both environmental
samples from well MWO1.

Using well hydraulic data collected in 2011, the USEPA
estimated a yield of about 1 gallon per hour, or about
0.017 gallon per minute from well MWO02 (U.S. Environ-
mental Protection Agency, oral commun., 2012). Because of
low yield, resulting in long recovery or purge times relative
to the standard procedures and recommendations given in the
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USGS National Field Manual (U.S. Geological Survey, vari-
ously dated), well MWO02 was redeveloped by the USGS in
an attempt to increase well yield. A description of the USGS
efforts to redevelop well MWO02 during the week of April 30,
2012, is provided in the Sampling and Analysis Plan for the
Characterization of Groundwater Quality in Two Monitoring
Wells near Pavillion, Wyoming (SAP) (Wright and McMa-
hon, 2012). After well MWO02 was redeveloped, well yield
data were collected by the USEPA with assistance from the
USGS. These data are described in the USGS SAP (Wright
and McMahon, 2012). Well yield was not increased as a result
of the redevelopment effort; consequently, well MWO02 was
not sampled for this study. Nevertheless, QC samples were
collected to characterize water added to well MWO02 during
redevelopment, and to ensure that a downhole camera used to
examine the well screen was clean. Analytical results for the
QC samples associated with redevelopment of well MW02
are presented in this report.

Description of Study Area

The study area is in Fremont County near the town of
Pavillion, Wyoming (fig. 1). This small, sparsely populated
agricultural community of 231 people (U.S. Census Bureau,
2010) is composed primarily of large-acreage irrigated farms.
Natural-gas development began in the area northeast of Pavil-
lion in the early 1960s, increased in the 1980s, and in recent
years has increased again, under a succession of different
owner-operators (James Gores and Associates, 2011). The town
of Pavillion and rural households in the area obtain their water
supply from wells installed in the areally extensive, Tertiary-
age (Eocene) Wind River Formation (James Gores and Associ-
ates, 2011) that underlies the town and adjacent areas.

Purpose and Scope

The purposes of this report are to present (1) the analyti-
cal results for groundwater-quality samples collected from
USEPA well MWOI during April 2012; (2) analytical results
for QC samples collected in association with sampling of
well MWO1 during April 2012; and (3) analytical results for
QC samples collected in association with USGS redevelop-
ment of USEPA well MWO02 during May 2012. Methods
used to collect and analyze the groundwater-quality and QC
samples are described in the Methods section. Groundwater-
quality samples were analyzed for field water-quality proper-
ties (water temperature, pH, specific conductance, dissolved
oxygen, oxidation potential); inorganic constituents including
naturally occurring radioactive compounds (radon, radium-226
and radium-228); organic constituents; dissolved gasses; stable
isotopes of methane, water, and dissolved inorganic carbon;
and environmental tracers [carbon-14, chlorofluorocarbons
(CFCs), sulfur hexafluoride (SF,), tritium (*H), helium, neon,
argon, krypton, and xenon , and the ratio of helium-3 to
helium-4 isotopes in the sample relative to the ratio in a refer-
ence standard (8°He)].

Methods

Samples collected during this study included two ground-
water-quality samples from well MWO01, several QC samples
associated with well MWO1, and two QC samples related to
the redevelopment of well MWO02. A brief description of the
sampling design and sample collection at well MWO1, the col-
lection of QC samples related to well MWO02 redevelopment,
and methods used for laboratory and quality-control analyses
are presented in this section.

Sampling Design

Groundwater-quality and QC samples were collected
and processed using procedures described in the Sampling
and Analysis Plan for the Characterization of Groundwater
Quality in Two Monitoring Wells near Pavillion, Wyoming
(SAP) (Wright and McMahon, 2012). A brief summary of
the field sampling design described in the SAP is provided in
this section.

Collection of two sets of groundwater-quality samples
was planned for well MWO1. The first sample set (envi-
ronmental sample 1) was to be collected after one borehole
volume of water was purged from the well. For this study,

a borehole volume is defined as the wetted volume of
unscreened casing plus the borehole volume throughout the
screened interval, but excluding the volume of prepacked
sand adjacent to the screened interval. An example of how
the borehole volume was calculated is included in Wright
and McMahon (2012). Sample collection also was contingent
on stabilization of water temperature, specific conductance
(SC), and pH of the water in successive field measurements.
Stabilization of these properties was evaluated on the basis of
the variability of five consecutive measurements made dur-
ing a period of about 20 minutes at regularly timed intervals
(Wilde, variously dated) (table 1). Water-quality properties
are listed in table 1 (water temperature, SC, pH, dissolved
oxygen, turbidity, and oxidation-reduction potential) that
regularly are collected during groundwater sampling. Based
on data USEPA had collected from well MWO1, including
low dissolved oxygen concentrations and excessive degassing
in the sampling line, measurements of three of the proper-
ties (dissolved oxygen, turbidity, and oxidation-reduction
potential) were thought to be less reliable than measurements
of temperature, SC, and pH; therefore, the properties of dis-
solved oxygen, turbidity, and oxidation-reduction potential
were not used as stabilization criteria. The second sample set
(environmental sample 2) was to be collected after removal
of three borehole volumes of water; sample collection was
contingent on meeting the stabilization criteria for the same
three field water-quality properties. In addition to the envi-
ronmental samples, many different types of QC samples were
proposed for the study. Three blank samples were scheduled
to be collected before the well purge began (a source-solution
blank, ambient blank, and a field blank), three replicate QC
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Figure 1. Location of monitoring wells MW01 and MW02 near the town of Pavillion, Wyoming.
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samples were scheduled to be collected with each environ-
mental sample (a replicate, matrix spike, and matrix-spike
duplicate), and a trip blank traveled with sample bottles at all
times. These QC sample types are defined in the SAP (Wright
and McMahon, 2012).

Sample Collection at Monitoring Well MWO01

On April 23 and 24, 2012, the USGS collected several
blank samples, two groundwater-quality (environmental)
samples, and several QC samples from monitoring well
MWOTI (table 2.) The USGS 15-digit site number and the date
and time each sample was collected are shown in table 2.
Sample collection generally followed the sampling design
described in the SAP (Wright and McMahon, 2012), with a
few modifications as described in this section. Documentation
of field activities at monitoring well MWO01 including field
instrument calibration notes, general project notes, groundwa-
ter-quality notes for samples 1 and 2, purge logs, and alkalin-
ity/acid-neutralizing capacity titration field notes are included
in appendix 1 (figs. 1.1-1.4). As planned, three QC samples
(source-solution blank, ambient blank, and field blank) were
collected before beginning the well purge.

USEPA personnel measured the water level in well MWO01
before and during the well purge using a sonic water-level

Table 1.

meter. USEPA personnel also measured the pumping rate dur-
ing the well purge. The pumping rate was measured using a
flow meter and was verified using a bucket and a stopwatch.
Collection of environmental sample 1 and the associated
QC samples was intended to begin after one borehole volume
of water was purged from the well. Once a sufficient volume
had been purged, sample collection started as soon as values
for both SC and pH met stabilization criteria (table 1). The
stabilization criterion for temperature was not used because
the water line was exposed to solar heating and air tempera-
ture, so by the time water temperature was measured it was
not a good indication of conditions in the well. Turbidity was
not a stabilization criterion, and a turbidity sensor was not
included on the multiparameter water-quality instrument.
Only two turbidity measurements were made (sample aliquots
collected from the sample discharge line and turbidity mea-
sured with a HACH 2100P meter; Hach Chemical Company,
2008) and noted on the purge log; both were very low, and
were similar to each other. Values of SC met the criterion
only briefly, but by then sampling had begun. Because it
took longer for field water-quality properties of SC and pH
to reach stability (based on criteria in table 1), collection of
environmental sample 1 and associated QC samples actually
began after about 1.5 borehole volumes had been purged from
well MWOL1.

Stabilization criteria and calibration guidelines for water-quality properties (modified from Wilde, variously dated).

[+, plus or minus value shown; °C, degrees Celsius; <, less than or equal to value shown; puS/cm, microsiemens per centimeter at 25°C; >, greater than value
shown; NA, not applicable; NTRU, nephelometric turbidity ratio units; <, less than value shown; mg/L, milligrams per liter]

Stabilization
. criteria’ I I
Water-quality property (variability should be Calibration guidelines
within value shown)

Temperature: Calibrate annually, check calibration quarterly.
Thermistor +0.2°C

Specific conductance (SC): Calibrate each morning and at end of each day. Check calibration at each
for <100 uS/cm at 25°C +5 percent additional site; recalibrate if not within 3 to 5 percent of standard value.
for >100 pS/cm at 25°C +3 percent

pH: +0.1 standard pH units. Calibrate each morning and at end of each day. Check calibration at each
(displays to 0.01 standard units) ~ Allow 0.3 pH units  additional site; recalibrate if not within 0.05 pH units of standard .

if drifting persists.

Dissolved oxygen: NA? Calibrate each morning and at end of each day. If electrode uses a Teflon®
Amperometric or optical/ membrane, inspect electrode for bubbles under membrane at each sample site;
luminescent-method sensors replace if necessary.

Turbidity: NA? Calibrate with a primary standard on a quarterly basis. Check calibration against
secondary standards (HACH GELEX) each morning and at end of each day;
recalibrate if not within 5 percent.

Oxidation-reduction potential  NA? Check against Zobell’s solution each morning and at end of each day.

Recalibrate if not within £5 millivolts.

'Allowable variation between five or more sequential field measurements.

*These field-measured properties were not used in this study as stabiliization criteria. However, the following criteria were still considered while evaluat-
ing other properties: for dissolved oxygen, £0.2 to 0.3 mg/L; for turbidity, £0.5 NTRU or 5 percent of the measured value, whichever is greater when <100
NTRU; oxidation-reduction potential was not used as a stabilzation criterion; however, this property can provide useful information for groundwater studies.



Table 2.
April and May 2012.

Methods 5

Environmental and quality-control samples collected for monitoring wells MW01 and MWO02 near Pavillion, Wyoming,

[USGS, U.S. Geological Survey; NWQL, National Water Quality Laboratory; IBW, inorganic free blank water; OWB, organic free blank water]

Sample Assigned
Sample collecti:n date Type of water sampl?a time

Well MWO01 (431525108371901)
Source-solution blank 4/23/2012 USGS NWQL certified IBW and OBW 2000
Ambient blank 4/24/2012 USGS NWQL certified IBW and OBW 0800
Field blank 4/24/2012 USGS NWQL certified IBW and OBW 0830
Primary environmental sample 1 4/24/2012 Environmental water 1330
Sample 1 replicate 4/24/2012 Environmental water 1331
Matrix spike 4/24/2012 Environmental water 1332
Matrix-spike duplicate 4/24/2012 Environmental water 1333
Trip blank 4/24/2012 Laboratory-prepared blank water 1334
Primary environmental sample 2 4/24/2012 Environmental water 1830
Sample 2 replicate 4/24/2012 Environmental water 1831

Well MW02 (431511108354101)
Riverton development water 5/1/2012 City of Riverton public-supply system water 1000
Trip blank 5/1/2012 Laboratory-prepared blank water 1004
Camera blank 5/1/2012 USGS NWQL certified IBW and OBW 1700

In addition to collection of environmental sample 1, all
the planned QC samples (replicate, matrix spike, and matrix-
spike duplicate samples) were collected. Laboratory analyses
for each sample are listed in table 3. Sample collection was
sequential; collecting a full set of containers for each analyti-
cal method—first, the environmental sample was collected;
then, the replicate sample was collected; finally, the matrix
spike and matrix-spike duplicate were collected. All water
samples sent to the TestAmerica, Eberline, Woods Hole
Oceanographic Institute, and USGS Tritium laboratories were
collected inside a sampling chamber (a polyvinyl chloride
frame with a clear plastic bag mounted inside, reducing
sample exposure to airborne contamination sources) located
within a mobile water-quality laboratory. The sample for
analysis of the ratio of carbon-13 to carbon-12 isotopes (3"*C)
of dissolved inorganic carbon, sent to the USGS Reston Stable
Isotopes laboratory, also was collected inside the sampling
chamber. After these samples were collected, dissolved gas,
radon, remaining isotopes, and environmental tracer samples
were collected outside of the mobile laboratory next to the
well head. For each of these analyses, different sampling
equipment was required such that the sampling chamber in
the mobile laboratory could not be used; however, airborne
contamination sources were not a concern. The SAP provides
additional information on collection of these types of samples
(Wright and McMahon, 2012).

All matrix spike and matrix-spike duplicate samples were
spiked at the laboratory. Analytical Services Request (ASR)
forms and chain-of-custody (COC) records are presented in
appendix 2 (figs. 2.1-2.9). Photographs of groundwater-sam-
pling activities are presented in appendix 3 (figs. 3.1-3.16).

Samples for analysis of some organic constituents were
collected in duplicate with one set of bottles preserved with
hydrochloric acid (HCI) and a second bottle set unpreserved.
Field data collected by the USEPA during previous inves-
tigations of well MWO1 indicated the pH of the groundwa-
ter would be greater than 11. Samples for volatile organic
compounds (VOCs), gasoline-range organics (GRO), and
some of the hydrocarbon gasses [ethane, ethylene, methane,
and propane analyzed by USEPA method RSKSOP-175
(U.S. Environmental Protection Agency, 1994)] commonly
are preserved by adding HCI to each sample container at
the time of sample collection to lower the pH to less than
2, thus extending the sample holding time (time before a
sample must be analyzed by a laboratory). Because HCI
reactions within these samples potentially could cause gas
loss resulting in a decrease in constituent recoveries, two
bottle sets were sequentially collected for VOCs, GRO, and
hydrocarbon gasses. One set of bottles was preserved with
HCI at the time of collection and the second bottle set was
left unpreserved.

Collection of environmental sample 2 began after
three borehole volumes of water were purged from well
MWO1. Because collection of sample 2 began late in the
day (time 1830) and it would not be safe to complete
field activities after dark, the matrix spike and matrix-
spike duplicate samples were not collected. In the end, a
full suite of samples was collected for the environmental
sample and a partial suite of samples was collected in
replicate (table 3).

Field water-quality properties measured during the purge
of well MWO1 are presented in table 4.



Table 3. Analyses done for environmental and quality-control samples collected for monitoring wells MW01 and MWO02 near Pavillion, Wyoming, April and May 2012.

[--, sample not collected; X, sample collected; USEPA, U.S. Environmental Protection Agency; mod, modified; SIM, selective ion monitoring; DAI, direct aqueous injection; BTEX, the compounds benzene,
toluene, ethyl benzene, and xylene; MTBE, methyl tert-butyl ether; N, nitrogen; Ar, argon; CH,, methane; CO,, carbon dioxide; O,, oxygen; 8'%0, ratio of oxygen-18 to oxygen-16 isotopes in the sample
relative to the ratio in a reference standard; 6°H, ratio of hydrogen-2 to hydrogen-1 isotopes in the sample relative to the ratio in a reference standard; 8"3C, ratio of carbon-13 to carbon-12 isotopes in the
sample relative to the ratio in a reference standard; 5°He, ratio of helium-3 to helium-4 isotopes in the sample relative to the ratio in a reference standard]

9

MWOo1 MWo02
Laboratory Analysis Source Matrix Riverton
analytical Analysis .~ Ambient Field Environmental Sample1 Matrix . Trip Environmental Sample 2 Trip Camera
. group solution k . spike . development
method blank blank sample 1 replicate spike . blank  sample2 replicate blank blank
blank duplicate water
U.S. Geological Survey field analyses
Ferrous iron, field Inorganic constituents - - - X - - - - X - - - -
Dissolved oxygen, low  Inorganic constituents -- -- -- X -- -- -- -- X -- -- -- --
range, field
Alkalinity and associated Inorganic constituents -- - -- X -- -- -- - X - -- -- -
constituents, field
Acid neutralizing capac- Inorganic constituents - -- - X - - - -- X -- - - --
ity and associated
constituents, field
TestAmerica Laboratories
USEPA method Major cations and silica  Inorganic constituents - X X X X X X -- X -- X X X
6010B
USEPA method Major anions Inorganic constituents -- X X X X X X -- X -- X X X
9056
USEPA method Nitrogen, ammonia Inorganic constituents - X X X X X X -- X -- X X X
350.1
USEPA method Nitrate + nitrite Inorganic constituents - X X X X X X -- X -- X X X
353.2
USEPA method Phosphorus, dissolved ~ Inorganic constituents -- X X X X X X - X - X X X
365.1
USEPA method Trace elements Inorganic constituents - X X X X X X -- X -- X X X
6010B and
6020
USEPA method Mercury Inorganic constituents - X X X X X X -- X -- X X X
7470
USEPA method Volatile organic com- Organic constituents X X X X X X X X X X X X X
8260B pounds (VOCs)
USEPA method Volatile organic com- Organic constituents X X X X X X X X X X - - --
8260B pounds (VOCs),
unpreserved
USEPA method Semivolatile organic Organic constituents - X X X X X X -- X X X X X
8270C and compounds (SVOCs)
8270/SIM and polycylic aro-
matic hydrocarbons
(PAHs)
EPA 8015B Diesel range organics Organic constituents X - X X X X X - X X X X X
DAL in (DRO)
Water
(8015B)
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Table 3. Analyses done for environmental and quality-control samples collected for monitoring wells MWO01 and MWO02 near Pavillion, Wyoming, April and May 2012.—Continued

[--, sample not collected; X, sample collected; USEPA, U.S. Environmental Protection Agency; mod, modified; SIM, selective ion monitoring; DAI, direct aqueous injection; BTEX, the compounds benzene,
toluene, ethyl benzene, and xylene; MTBE, methyl tert-butyl ether; N, nitrogen; Ar, argon; CH,, methane; CO,, carbon dioxide; O,, oxygen; §'%0, ratio of oxygen-18 to oxygen-16 isotopes in the sample
relative to the ratio in a reference standard; 6°H, ratio of hydrogen-2 to hydrogen-1 isotopes in the sample relative to the ratio in a reference standard; 8"*C, ratio of carbon-13 to carbon-12 isotopes in the
sample relative to the ratio in a reference standard; 8°He, ratio of helium-3 to helium-4 isotopes in the sample relative to the ratio in a reference standard]

MWOo1 MWo02
Laboratory Analysis Source Matrix Riverton
analytical Analysis .~ Ambient Field Environmental Sample1 Matrix . Trip Environmental Sample 2 Trip Camera
method’ group solution blank blank sample 1 replicate spike sp!ke blank  sample2 replicate development blank blank
blank duplicate water
USEPA 8015B  Glycols, ethanol, Organic constituents X -- X X X X X X X X X X X
DAl in isobutanol, isopropyl
Water alcohol, n-butanol
(8015B)
USEPA Gasoline range organics  Organic constituents X X X X X X X X X X X X X
8015B/8021  (GRO)+ BTEX +
mod MTBE
USEPA Gasoline range organics  Organic constituents X X X X X X X X X X -- -- --
8015B/8021  (GRO)+ BTEX +
mod MTBE, unpreserved
RSK-SOP 175 Methane, ethane, ethyl-  Dissolved gases X X X X X X X X X X X X X
ene, and propane
RSK-SOP 175 Methane, ethane, Dissolved gases X X X X X X X X X X - - -
ethylene, and propane
(unpreserved)
USEPA method Methylene blue active Organic constituents -- X X X X X X -- X -- X X X
425.1 substances
Eberline Laboratory
Ra;i;zﬁ;jié 2;nd Inorganic constituents -- - -- X -- -- -- - X -- -- -- --
U.S. Geological Survey National Water Quality Laboratory
Radon-222 Inorganic constituents - -- - X - - - -- - -- - - --
Isotech Laboratories, Inc.
Compositional analysis ~ Dissolved gases -- - -- X2 -- -- -- - X - -- -- -
of hydrocarbon gasses
83C and &°H of methane Stable isotopes -- -- -- X2 -- -- -- X -- -- -- --
Lamont-Doherty Laboratory
Helium, neon, argon, Environmental tracers - -- - X3 - - - -- - -- - - --
krypton, xenon, and
3°He
U.S. Geological Survey Reston Chlorofluorocarbon Laboratory
Dissolved gasses (N, Ar, Dissolved gases -- -- -- X X -- -- -- X -- -- -- -
CH,, CO,,0,)
Helium Environmental tracers - -- - X - - - -- X -- - - --
Chlorofluorocarbons Environmental tracers - -- - X X - - -- - -- - - --
(CFCs)
Sulfur hexafluoride (SF,) Environmental tracers -- -- -- X X -- -- -- X -- -- -- --
U.S. Geological Survey Reston Stable Isotope Laboratory
LC 1142 8"0 and &°H of water Stable isotopes -- -- -- X -- -- -- -- -- -- -- -- --
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Table 3. Analyses done for environmental and quality-control samples collected for monitoring wells MW01 and MWO02 near Pavillion, Wyoming, April and May 2012.—Continued

[--, sample not collected; X, sample collected; USEPA, U.S. Environmental Protection Agency; mod, modified; SIM, selective ion monitoring; DAI, direct aqueous injection; BTEX, the compounds benzene,
toluene, ethyl benzene, and xylene; MTBE, methyl tert-butyl ether; N, nitrogen; Ar, argon; CH,, methane; CO,, carbon dioxide; O,, oxygen; 3"0, ratio of oxygen-18 to oxygen-16 isotopes in the sample
relative to the ratio in a reference standard; §°H, ratio of hydrogen-2 to hydrogen-1 isotopes in the sample relative to the ratio in a reference standard; 8"3C, ratio of carbon-13 to carbon-12 isotopes in the

sample relative to the ratio in a reference standard; §°He, ratio of helium-3 to helium-4 isotopes in the sample relative to the ratio in a reference standard]

MWO01 MWo02
Laboratory Analysis Source : Matrix Riverton i
analytical Analysis v .~ Ambient Field Environmental Sample1 Matrix . Trip Environmental Sample 2 Trip Camera
. group solution k . spike k development
method blank blank blank sample 1 replicate spike duplicate blank  sample2 replicate water blank blank
U.S. Geological Survey Menlo Park Tritium Laboratory
LC 1565 Tritium Environmental tracers - -- - X3 -- -- -- -- - -- - - --
Woods Hole Oceanographic Institute
LC 3212 83C and carbon-14 of ~ Stable isotopes and - -- - X - - - -- X -- - - --
dissolved inorganic environmental
carbon tracers

'Laboratory analytical methods, approaches and method references are provided in table 3 of Wright and McMahon (2012).
2Sample was collected but could not be analyzed because of broken bottle.
*Sample was collected but has not yet been analyzed as of August 20, 2012.

Table 4. Field water-quality properties measured during purge of monitoring well MWO1 near Pavillion, Wyoming, April 2012.

[Highlighted value indicates property met purge criteria' for last five measurements. ft, feet; BMP, below measuring point; gal/min, gallons per minute; °C, degrees Celsius; SC, specific conductance at 25
degrees Celsius; pS/cm, microsiemens per centimeter; DO, dissolved oxygen; mg/L, milligrams per liter; ORP, oxidation reduction potential; mV, millivolts; NTRU, nephelometric turbidity ratio units; --, no

data; <, less than]

Water Variability? Variability®
Water  Draw  Pumping Volume Borehole Temper- of last 5 S of last 5 SC pH Vari- DO ORP  Turbidity
Time level down rate (gallons) volumes ature temperature  (pS/ measure-  (standard abili (mgl)  (mV) (NTRU) Comments
(ft BMP) (ft) (gal/min) g °c) measure- cm) ments units) ty
ments (percent)
11:10  201.35 0.00 - 0 0.00 - - - - -- - -- - Pump started.
11:20 287.94 86.59 6.05 61 0.14 19.02 -- -- -- 11.5 -- 0.5 -170.50 --
11:30  315.58  114.23 6.05 121 0.28 14.45 -- 3,396 -- 12.1 -- <0.2 -236.30 --
11:40  329.73 128.38 6.11 182 0.42 14.96 -- 3,101 -- 12.1 -- <0.2 -24820 --
11:50  334.04 132.69 6.10 243 0.57 15.74 -- 2,839 -- 12.0 - <0.2 -262.80 -
12:00 33442 133.07 6.04 304 0.71 15.73 4.57 2,549 -- 11.9 064 <02 -272.80 -
12:09  325.58 124.23 6.00 358 0.83 17.45 3.00 2,306 38.40 11.8 033 <0.2 -283.00 -- Pumping rate decreased to 2.61.
12:15 30147 100.12 2.63 373 0.87 12.83 4.62 2,087 39.36 11.8 030 <0.2 -288.60 --
12:20 294.34 92.99 2.50 386 0.90 14.60 4.62 2,181 3143 11.8 023 <0.2 -294.00 --
12:25  287.15 85.80 2.58 399 0.93 14.52 4.62 1,930 28.00 11.7 021 <0.2 -296.10 --
12:30  281.73 80.38 2.58 412 0.96 14.55 4.62 1,831 22.98 11.6 0.17 <0.2 -299.40 195
12:35 27847 77.12 2.60 425 0.99 14.45 1.77 1,812 18.75 11.6 021 <0.2 -302.20 --
12:40  278.48 77.13 2.68 438 1.02 14.31 0.29 1,735 23.50 11.6 021 <0.2 -303.90 --
12:45  273.66 72.31 2.52 451 1.05 15.11 0.80 1,763 10.75 11.5 0.16 <0.2 -307.50 -

12:50  271.89 70.54 2.56 463 1.08 14.54 0.80 1,751 5.40 11.5 0.10 <0.2 -310.30 -
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Table 4. Field water-quality properties measured during purge of monitoring well MWO1 near Pavillion, Wyoming, April 2012.—Continued

[Highlighted value indicates property met purge criteria' for last five measurements. ft, feet; BMP, below measuring point; gal/min, gallons per minute; °C, degrees Celsius; SC, specific conductance at 25
degrees Celsius; pS/cm, microsiemens per centimeter; DO, dissolved oxygen; mg/L, milligrams per liter; ORP, oxidation reduction potential; mV, millivolts; NTRU, nephelometric turbidity ratio units; --, no
data; <, less than]

Water Variability? Variability®
Water  Draw  Pumping Volume Borehole Temper- of last 5 sc of last 5 SC pH Vari- DO ORP  Turbidity
Time level down rate (gallons) volumes ature temperature  (pS/ measure-  (standard ability (mgll)  (mV) (NTRU) Comments
(ft BMP) (ft) (gal/min) g °0) measure- cm) ments units)
ments (percent)
12:55 270.84 69.49 2.59 476 1.11 14.53 0.80 1,757 4.37 11.5 0.06 <02 -312.70 -
13:00  269.96 68.61 2.65 490 1.14 15.09 0.80 1,701 3.56 11.5 0.05 <02 -316.30 -
13:05 269.24 67.89 2.55 502 1.17 14.86 0.58 1,704 3.57 11.5 0.03 <02 -31840 -
13:12 268.41 67.06 2.57 520 1.21 14.18 0.91 1,700 331 11.5 0.04 <02 -31990 1.22
13:15 268.24 66.89 2.59 528 1.23 14.19 0.91 1,737 331 11.5 0.03 <02 -320.70 -
13:31 267.92 66.57 2.58 569 1.33 14.57 0.91 1,665 4.23 11.5 0.05 <02 -328.10 -
13:40  266.64 65.29 2.62 593 1.38 15.04 0.86 1,657 4.73 11.5 0.06 <0.2 -335.50 -
13:48  266.42 65.07 2.52 613 1.43 14.89 0.86 1,635 6.08 11.4 0.08 <0.2 -336.70 -
13:56  265.21 63.86 2.63 634 1.48 15.54 1.35 1,642 6.12 11.4 0.10 <0.2 -340.20 -
14:10  266.21 64.86 2.46 669 1.56 14.99 0.97 1,621 2.68 11.4 0.10 <0.2 -343.70 -- Collection of environmental sample 1 began.
14:20  266.37 65.02 2.32 692 1.61 15.77 0.88 1,602 3.37 11.3 0.12 <0.2 -347.60 -
14:30 26141 60.06 2.18 714 1.66 15.45 0.88 1,566 4.71 11.3 0.12 <0.2 -349.80 -
14:45 268.03 66.68 2.63 753 1.76 15.47 0.78 1,519 7.74 11.3 0.16 <0.2 -355.50 -
15:15 268.56 67.21 2.63 832 1.94 14.92 0.85 1,459 10.43 11.2 0.15 <0.2 -360.80 -
15:30  268.50 67.15 2.67 872 2.03 14.81 0.96 1,442 10.54 11.2 0.15 <02 -364.40 -
15:45 268.60 67.25 2.59 911 2.12 14.88 0.66 1,455 8.33 11.1 0.18 <0.2 -368.40 -
16:00  269.94 68.59 2.70 951 2.22 15.10 0.66 1,458 5.25 11.1 0.18 <02 -371.40 -
16:15 269.00 67.65 2.67 991 2.31 15.34 0.53 1,401 4.02 11.0 0.18 <02 -374.90 -
16:30  269.22 67.87 2.30 1,026 2.39 15.39 0.58 1,426 3.97 11.0 0.20 <02 -377.80 -
16:45 269.33 67.98 2.67 1,066 2.48 15.14 0.51 1,401 3.99 11.0 0.17 <0.2 -380.30 -
17:00  269.55 68.20 2.59 1,105 2.58 15.05 0.34 1,403 4.02 10.9 0.16 <0.2 -382.20 -
17:15 269.83 68.48 2.23 1,138 2.65 15.31 0.34 1,416 1.77 10.9 0.17 <02 -384.20 -
17:30  269.93 68.58 2.58 1,177 2.74 15.10 0.34 1,396 2.13 10.8 0.15 <0.2 -385.80 -
17:35 269.88 68.53 2.52 1,190 2.77 15.04 0.27 1,380 2.57 10.8 0.15 <0.2 -385.50 -
17:40  269.82 68.47 2.61 1,203 2.80 15.08 0.27 1,392 2.58 10.8 0.11 <02 -386.20 -
17:45 269.99 68.64 2.57 1,215 2.83 15.02 0.29 1,393 2.58 10.8 0.07 <02 -387.40 -
17:50  269.98 68.63 2.57 1,228 2.86 14.96 0.14 1,398 1.29 10.8 0.03 <02 -389.10 -
17:55 270.04 68.69 2.62 1,241 2.89 15.01 0.12 1,378 1.44 10.8 0.03 <02 -388.40 -
18:00  270.04 68.69 2.44 1,254 2.92 15.09 0.13 1,373 1.80 10.7 0.06 <0.2 -388.60 -
18:05 270.09 68.74 2.59 1,267 2.95 14.86 0.23 1,380 1.81 10.7 0.06 <0.2 -388.90 -
18:10  270.15 68.80 2.47 1,279 2.98 14.93 0.23 1,379 1.81 10.7 0.06 <0.2 -390.00 -
18:15 270.15 68.80 2.61 1,292 3.01 14.86 0.23 1,373 0.51 10.7 0.07 <02 -389.80 - Collection of environmental sample 2 began.
18:25 270.31 68.96 2.42 1,316 3.07 14.58 0.51 1,379 0.51 10.7 0.05 <02 -389.90 -
18:35 270.42 69.07 2.09 1,337 3.12 14.71 0.35 1,383 0.73 10.7 0.07 <02 -391.50 -
18:45 270.31 68.96 2.49 1,362 3.17 14.71 0.35 1,382 0.73 10.7 0.08 <0.2 -393.00 -
19:00  270.15 68.80 2.10 1,393 3.25 15.07 0.49 1,375 0.73 10.6 0.12 <02 -392.90 -
19:15 270.09 68.74 2.39 1,429 3.33 14.74 0.49 1,385 0.72 10.6 0.11 <02 -394.20 -
19:27  270.19 68.84 2.73 1,462 3.41 14.58 0.49 1,373 0.87 10.6 0.10  <0.2 -395.90 - Pump shut off.

"Purge criteria for this sampling program are listed in table 1.
2Variability for this property was calculated by subtracting the minimum of the last five measurements from the maximum of the last five measurements.

3Variability for this property was calculated by subtracting the minimum of the last five measurements from the maximum of the last five measurements and dividing this result by the average of the last
five measurements. The result is then multiplied by 100.
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Redevelopment of Monitoring Well MW02
and Collection of Associated Quality-Control
Samples

In an attempt to increase well yield, monitoring well
MWO02 was redeveloped by the USGS during the week of April
30, 2012. Redevelopment included surging the well and bailing
from the top and the bottom of the water column. As part of the
redevelopment effort, potable water obtained from the public
water supply of the city of Riverton was added to well MWO02
before pump removal in order to decrease methane concentra-
tions in the well and reduce the explosion hazard. A sample of
the Riverton water added to the well was collected to charac-
terize its chemical quality. The sample was collected from a
sampling port in the pumping line while water was recircu-
lated through the pump, hose, and tank used by the driller to
add water to well MWO02. This water, identified as Riverton
development water, was analyzed for the chemical constituents
listed in table 3. Documentation of field activities, including
instrumentation and sampling logs; ASR forms COC records;
and photographs of field activities are in appendixes 4 (figs.
4.1-4.7), 5 (figs. 5.1-5.2), and 6 (figs. 6.1-6.6), respectively.

During redevelopment of well MWO02, a downhole camera
was used to view and evaluate the condition of the well casing
and screen. Before deploying the downhole camera, an equip-
ment blank was collected for the camera. This camera blank
was collected by pouring blank water over the camera and col-
lecting it in sample containers. The camera blank samples were
analyzed for the chemical constituents listed in table 3.

Analytical Methods

Nine laboratories analyzed samples for this study:
TestAmerica Laboratories in Arvada, Colorado, Woods Hole
Oceanographic Institute-National Ocean Sciences Accelerator
Mass Spectrometry Facility in Woods Hole, Massachusetts,
and Eberline Laboratories in Richmond, Calif., under contract
with the USGS National Water Quality Laboratory (NWQL) in
Lakewood, Colorado; four USGS laboratories (NWQL, Reston
Chlorofluorocarbon Laboratory, Reston Stable Isotope Labora-
tory, and Menlo Park Tritium Laboratory); Lamont-Doherty
Earth Observatory Noble Gas Laboratory in Palisades, New
York (contracted by the Reston Chlorofluorocarbon Labora-
tory); and Isotech Laboratories, Inc., in Champaign, Illinios.
Analytical methods for each laboratory are listed in table 3. A
list of analytical methods and method references are provided
in table 3 of the SAP (Wright and McMahon, 2012).

Quality-Control Sample Collection and Data
Analysis

Analytical results from QC samples collected in the field
and prepared in the laboratories were used to assess the quality
of data reported for environmental samples. Data from QC
samples collected at well MWOI (table 2) were evaluated to

determine whether qualification of environmental sample ana-
lytical data was warranted before use in interpretive reports.
Specifically, QC sample results were used to evaluate the
extent to which environmental data were affected by bias (for
example, contamination of samples in the field or laboratory)
and were used to evaluate the variability inherent to sample
collection and laboratory analyses. The QC samples used to
estimate bias included a variety of blanks, prepared with water
that is certified free of analytes of interest (blank water), and
samples that were spiked with known concentrations of target
analytes. Variability was estimated by collecting replicate
samples in the field and comparing the analytical results to
results for the primary environmental samples.

Blank Samples

Procedures for the collection of field QC samples
included in this report are described in the SAP (Wright and
McMahon, 2012). Four types of blank samples were submit-
ted to TestAmerica Laboratories for analysis: source-solution,
ambient, field, and trip blanks. Each of these blank samples
could have been subjected to contamination during various
stages of sample collection, processing, shipping, and analy-
sis. In addition, TestAmerica Laboratories provided results
for a laboratory blank sample, prepared with reagent water. A
quantified result in any blank sample was considered evidence
that contamination could have affected environmental sample
analytical results; consequently, analytical results for the
two primary samples (environmental sample 1 and environ-
mental sample 2) and associated replicates were compared
to the maximum quantified concentration in the five blanks.

In accordance with USEPA guidance (U.S. Environmental
Protection Agency, 1989, p. 5-17), a reported concentration

in an environmental sample that is less than five times the
concentration in a related blank sample should be treated as a
nondetection, and the reported concentration should be consid-
ered the quantitation limit for the analyte in that sample. These
analytes are identified by a project data qualifier in the data
tables (tables 5—14) presented in this report. Overall, results
were qualified for 18 constituents detected in the 2 primary
environmental samples. All these qualifications were based on
quantified results in laboratory, ambient, or field blank sam-
ples; results for all analyses of source-solution and trip blank
samples were less than method detection limits. For 13 of the
constituents detected in blank samples, quantified concentra-
tions were reported for more than 1 type of blank sample.

Laboratory Spike Samples

Laboratory reagent and matrix spike samples also con-
tribute to evaluation of analytical bias that can affect results.
This bias can be evaluated by determining the recovery of a
known amount of an analyte that is spiked into reagent water or
sample matrix (water collected at the field site). For this study,
duplicate matrix spike samples were collected in addition to
environmental sample 1. TestAmerica Laboratories spiked



these matrix samples, as well as duplicate reagent samples, at
the laboratory. Analyte recovery from matrix spike samples
was calculated by adjusting for background concentration in
the environmental sample using the following equation:

Cps—C
_ Sms e 100
R Cspiked 8

(M

where
R = analyte recovery, in percent
C . = concentration of the analyte in the matrix spike sample,

C =background concentration of the analyte in the environ-

env

mental sample,

and C; , = concentration of the spiked analyte expected in the

matrix sample.

All matrix spikes collected from well MWO01 were associated
with environmental sample 1, so analyte concentrations in that
sample were used as background concentrations in recov-

ery calculations. Analyte recovery in the laboratory reagent
samples was calculated simply as the ratio of the analyte
concentration in the matrix spike sample to the expected
concentration of the spiked analyte, because no background
concentrations were present.

Control limits on acceptable recovery are established
by the analyzing laboratory for each analyte. Recoveries
outside acceptable limits are identified in the laboratory data
qualifiers column in the data tables presented in this report.
In addition, the project data qualifiers identify analytes with
recoveries less than 70 percent or greater than 130 percent.
Although these recoveries do not necessarily correspond
to control limits, they provide a consistent identification of
analytes for which results might be low or high because of
analytical bias. Another laboratory data qualifier identifies
matrix samples for which the background concentration
exceeds four times the spiked concentration, in which case
recovery is uncertain and control limits are not applicable.
In these cases, project data qualifiers for low and high bias
also were considered inapplicable. Finally, project data
qualifiers for high bias were not applied if the analyte con-
centration was censored (reported as less than the method
detection limit), because, in this case, the potential bias did
not have a measurable effect. Overall, the low-bias qualifier
was applied to 10 constituents and the high-bias qualifier
was applied to 4 constituents.

Replicate Samples

Potential variability in reported analyte concentrations is
estimated by comparison of replicate samples. Replicates were
collected for both environmental samples 1 and 2 from well
MWO1, although the replicate for environmental sample 2 was
not analyzed for all analytes. Variability for each analyte is
estimated as the relative percent difference (RPD) between the
two replicates:

Groundwater-Quality Data 1"

Cenv - rep
ke =i ey
+
( eny rep ) (2)
where
|C,,, — C,,| = absolute value of the difference between concen-

trations of the analyte in the primary environmental sample
and the replicate sample, and
(C,,, + C,,)/2 =mean concentration of the analyte in the pri-

mary environmental sample and replicate sample.

The RPD cannot be calculated if the concentration is
censored in either or both samples. For this study, RPD values
greater than 20 percent were considered indicative that analyti-
cal results might be affected by high variability. Analytes with
RPDs outside this criterion are identified with a project data
qualifier on the primary environmental sample and replicate
sample in the relevant data tables. Overall, eight constituents
were qualified because of high variability in environmental
sample 1, and three constituents were qualified in environmen-
tal sample 2.

In summary, four criteria for inclusion of project data
qualifiers were applied to analytes in environmental samples
and replicates:

1. Contamination bias: quantified concentration was less
than five times the maximum concentration in a blank
sample,

2. Recovery bias: potential low bias—recovery was less
than 70 percent in one or more spike samples,

3. Recovery bias: potential high bias—recovery was
greater than 130 percent in one or more spike
samples (applied only to constituents with quantified
results), and

4. Variability: RPD between the environmental sample
and replicate sample was greater than 20 percent.

Major-lon Balances

Major-ion data were quality assured by calculating a
cation-anion balance. The sum of concentrations of dissolved
cations in milliequivalents per liter should equal the sum of
concentrations of dissolved anions in milliequivalents per liter
(Hem, 1985). The percent difference between the sum of con-
centrations of cations and anions in milliequivalents per liter
was calculated using equation 3.

. __ ((sum of dissolved cations—sum of dissolved anions
Percent dlfference = \sum of dissolved cations+sum of dissolved anions, x 100 (3)

Groundwater-Quality Data

Results from analyses of groundwater and QC samples
collected from monitoring well MWO1 are presented in tables
5 through 11. Many organic constituents were collected in
duplicate (one set of bottles preserved with HCl and a second
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bottle set unpreserved). To identify the preservation method
used for each of the organic constituents, a column was added
to tables 7 through 10 to indicate whether preservative was
added to the sample bottle. Constituent concentrations for
samples that were preserved using HCI are identified in the
“preservative added to bottle” column with Yes, and constitu-
ent concentrations for samples that were unpreserved are
identified with No. The QC samples collected for well MW02
are included in tables 12 through 14. Analytical results for
tritium, some noble gasses (neon, krypton, and xenon), and
helium isotope ratios had not been received as of August 17,
2012, and are not presented in this report; when received from
the laboratories, analytical results for these constituents will
be available through the USGS National Water Information
System (NWIS) Web Interface, accessible at Attp.://waterdata.
usgs.gov/wy/nwis/qw. Analytical results for tritium have been
added to table 11. The analysis for some noble gasses (neon,
krypton, xenon) and helium isotope ratios were not completed
due to a compromised sample container. Hence, analytical
results for neon, krypton, xenon and helium isotope ratios are
not available. The USGS 15-digit site number, sample collec-
tion dates, and times needed to access water-quality data using
the NWIS Web Interface are listed in table 2.

Monitoring Well MWO01

Field Water-Quality Properties and Hydrologic
Data Measured During the Well Purge

Field water-quality properties and basic hydrologic
data measured during the purge of monitoring well MWO1
are listed in table 4. Field water-quality properties and basic
hydrologic data were measured at regular intervals and
recorded on a purge log (see appendix 1, figs. 1.16-1.20).
Water levels and pumping rates were measured to calculate
water-level drawdown in response to pumping and the total
volume of water purged from the well. The water level in well
MWOI during the purge and sampling is shown in figure 24.
Variability of water temperature, SC, and pH of the pumped
water during purging also were evaluated (table 4). Values of
specific conductance and pH are shown in relation to purge
volume in figures 2B and 2C, respectively. A graph of water
temperature is not included in this report because these data
were affected by heating in the sampling line between the well
and the point of measurement; therefore, they do not represent
conditions in the well.

The borehole volume of water purged from well MWO01
was calculated using equation 2 in the SAP (Wright and
McMahon, 2012); one borehole volume was about 429 gal-
lons. Sample collection began after this amount of water had

been pumped and as soon as both SC and pH met stabiliza-
tion criteria. Stabilization criteria were met and collection of
environmental sample began at time 14:10 on April 24, 2012
(table 4), and although SC only met the stabilization criteria
briefly, sampling had already begun. The sample time associ-
ated with environmental sample 1 (time 13:30 on April 24,
2012; table 2) had been assigned to the sample in advance, in
anticipation of sample collection starting after one borehole
volume had been purged from the well. Collection of a water
sample from MWOI1 after purging one borehole volume of
water had been a stated objective in the SAP (Wright and
McMahon, 2012). Collection of environmental sample 1 and
associated QC samples included the filling of 214 sample
containers, equaling collection of approximately 18 gallons of
water, and took more than 2 hours to complete.

Field Water-Quality Properties and Inorganic and
Radioactive Constituents

Concentrations of inorganic constituents, including natu-
rally occurring radioactive constituents (radon, radium-226,
and radium-228), in the environmental samples and replicates
collected from well MWO1 are listed in table 5. The data for
blank and spike samples are listed in table 6.

Samples were titrated in the field to determine alkalin-
ity (filtered sample) and acid-neutralizing capacity (unfiltered
sample). Based on these titration data, the USGS alkalinity
calculator, which is described in Chapter A6, Section 6.6.5.C
of the USGS National Field Manual (Wilde, variously dated),
was used to calculate concentrations of bicarbonate, carbonate,
and hydroxide.

Ionic charge balances calculated for environmental sam-
ple 1, sample 1 replicate, and environmental sample 2 were
-1.94, 0.03, and 0.23 percent, respectively. An ionic charge
balance within plus or minus 5 percent is considered accept-
able (Clesceri and others, 1998). An ionic charge balance was
not calculated for the sample 2 replicate because major ions
were not included in the analysis of that sample set.

Of the inorganic constituents detected in the environmen-
tal samples (table 5), sodium and sulfate were measured at the
highest concentrations. Six detected inorganic constituents
(filtered magnesium and unfiltered ammonia, phosphorus,
cadmium, thallium, and uranium) were measured at concentra-
tions less than five times the maximum concentration detected
in the blank samples. Quantified concentrations for several
constituents in tables 5 and 6 include an “E” remark because
the concentrations are less than the reporting level, but equal
to or greater than the method detection limit. Most of the
nondetected inorganic constituents are trace elements (for
example, beryllium, chromium, cobalt, copper, lead, mercury,
selenium, silver, and zinc).
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purge of monitoring well MWO01 and beginning of collection of environmental samples 1
and 2. A, Water levels during well purge. B, Specific conductance during well purge. C,

pH during well purge.
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Table 5.

Field water-quality properties and inorganic constituents in environmental samples collected from monitoring well MWO01 near Pavillion, Wyoming, April 2012

[RPD, relative percent difference; us/cm, microsiemens per centimeter; mg/L, milligrams per liter; CaCO,, calcium carbonate; pg/L, micrograms per liter; pCi/L, picocuries per liter; N, value was not deter-

mined; --, not applicable]

Field water-quality
property or inorganic

Environmental sample 1

Sample 1 replicate

Environmental sample 2

Sample 2 replicate

constituent
. Labora- . Labora- . Labora- . Labora-
Project Project Project Project
. Re- tor Re- tor Re- tor Re- to
Name Units . Value data ¥ , Value data v , Value data v , Value data v RPD
ar . ata mar . ata mar| - ata mar| . ata
mark , dat k ) dat k , dat k , dat
qualifiers’ PR qualifiers’ P qualifiers’ P qualifiers P
qualifiers qualifiers qualifiers’ qualifiers
U.S. Geological Survey field measurements and analyses
Water temperature degrées -- 15.0 - -- -- N - - -- -- 14.9 - - -- N -- - -
Celsius
Specific
conductance
at 25 degrees uS/em -- 1,640 - -- -- N - - -- -- 1,380 - - -- N -- - --
Celsius
pH standard 1.4 - - - N - - - - 107 - - - N - - -
units
Dissolved oxygen =~ mg/L < 0.2 - -- -- N - - -- < 0.2 - - -- N -- - --
Dissolved oxy-
gen, low-range  mg/L -- 0.19 - -- -- N - - -- -- 0.11 - - -- N -- - -
method
Alkalinity (in mg/L
fitered water)  CaCO, 215 - - - 213 - - 0.9 - 174 - - — 182 - - 45
Hydroxide (in
filtered water) mg/L -- 10.6 - -- E 12 - - 12.4 -- 3.7 - - -- 43 -- - 15.0
Carbonate (in
mg/L E 101.0 - -- E 98.0 - - 3.0 -- 76.3 - - -- 81.1 -- - 6.1
filtered water)
Bicarbonate (in
filtered water) mg/L E 19.1 - -- E 19.0 - - 0.5 -- 44.1 - - -- 423 -- - 4.2
Acid neutralizing
capacity (in mg/L
unﬁltered CaCOl - 199 - - - 194 - - 23 - N - - - N - - -
water)
Hydroxide (in
unfiltered mg/L E 5.6 2 -- -- 7.8 2 - 32.8 -- N - - -- N -- - --
water)
Carbonate (in
unfiltered mg/L E 91.8 - -- -- 90.0 - - 2.0 -- N - - -- N -- - --
water)
Bicarbonate (in
unfiltered mg/L E 353 2 -- -- 25.1 2 - 33.8 -- N - - -- N -- - --
water)
Ferrous iron mg/L - 0.02 - - - N - - - - 0.04 - - - N - - -
TestAmerica Laboratories
Calcium (in fil- pgll - 9,400 6 - - 9,400 6 - 00 - 8900 6 - - N - - -
tered water)
Caleium (in unfil- 0 9,000 6 - - 9,000 6 - 00 -~ 8800 6 - - N - - -

tered water)
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Table 5. Field water-quality properties and inorganic constituents in environmental samples collected from monitoring well MWO01 near Pavillion, Wyoming, April 2012.—
Continued

[RPD, relative percent difference; us/cm, microsiemens per centimeter; mg/L, milligrams per liter; CaCO,, calcium carbonate; pg/L, micrograms per liter; pCi/L, picocuries per liter; N, value was not deter-
mined; --, not applicable]

Field water-quality
property or inorganic Environmental sample 1 Sample 1 replicate Environmental sample 2 Sample 2 replicate
constituent

Labora- Labora- Labora- Labora-

Re- tory Re- tory Re- Project tory Re- Project tory
Name Units mark! Value data data mark! Value data data RPD mark! Value data data mark! Value data data RPD

P P P e,
qualifiers qualifiers® qualifiers qualifiers® qualifiers qualifiers® qualifiers qualifiers®

Magnesium (in
filtered water)
Magnesium (in
unfiltered ng/L E 140 -- J E 140 6 J 0.0 E 180 -- J - N - -- -
water)
Sodium (in fil-
tered water)
Sodium (in unfil-
tered water)
Potassium (in
filtered water)
Potassium (in
unfiltered ug/L - 15,000 -- - - 15,000 6 -- 0.0 - 13,000 -- -- - N - -- -
water)
Chloride (in fil-
tered water)
Sulfate (in filtered
water)
Bromide (in fil-
tered water)
Fluoride (in fil-
tered water)
Silicon (in filtered
water)
Silica (in unfil-
tered water)
Dissolved solids
(in filtered mg/L - 800 -- - - 800 -- -- 0.0 - 800 -- -- - N - - -
water)
Ammonia as
nitrogen (in
unfiltered
water)
Nitrate-plus-
nitrite as
nitrogen (in mg/L < 0.019 - -- < 0.019 - - -- < 0.02 - - -- N -- - --
unfiltered
water)
Phosphorus (in
filtered water)
Phosphorus (in
unfiltered ng/L - 100 1 B - 98 1 B 2.0 - 84 1 B - N - -- -
water)

ug/L E 140 1 J E 150 1,6 J 6.9 E 170 1 J -- N - --

ng/L -- 270,000 - B -- 280,000 6 B 3.6 -- 280,000 6 B -- N -- - --
ng/L -- 270,000 -- - -- 270,000 6 - 0.0 -- 270,000 6 - -- N -- - --

pgl  — 15,000 - - —~ 16,000 6 - 65 -~ 13,000 - - - N - - -

mg/L - 26 -- - - 26 -- -- 0.0 - 27 -- -- - N - -- -
mg/L - 380 -- - - 380 -- -- 0.0 - 410 -- -- - N - -- -
mg/L E 0.2 -- J E 0.2 -- J 0.0 E 0.2 -- J - N - -- -
mg/L - 3 - - - 3 - - 33 - 3 - - - N - - -
ng/L - 9,000 -- - - 8,700 -- -- 3.4 - 6,400 -- -- - N - -- -

ng/L -- 18,000 - B -- 18,000 - B 0.0 -- 13,000 - B -- N -- - --

mg/L -- 0.79 1,3 B E 0.71 1,3 B 10.7 E 0.34 1,3 B -- N -- - --

TS, SR 57 2,3 - - 89 2,3 - 438 - 61 3 - - N - - -
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Table 5.
Continued

Field water-quality properties and inorganic constituents in environmental samples collected from monitoring well MWO01 near Pavillion, Wyoming, April 2012.—

[RPD, relative percent difference; us/cm, microsiemens per centimeter; mg/L, milligrams per liter; CaCO,, calcium carbonate; pg/L, micrograms per liter; pCi/L, picocuries per liter; N, value was not deter-

mined; --, not applicable]

Field water-quality
property or inorganic
constituent

Environmental sample 1

Sample 1 replicate

Environmental sample 2

Sample 2 replicate

Name

Units

Re-
mark’

Value

qualifiers?

qualifiers®

Re-
mark’

Value

qualifiers?

qualifiers®

RPD

Re-
mark’

Value

qualifiers?

qualifiers®

Re-
mark’

Value

Labora-
tory
data

qualifiers®

Project
data
qualifiers?

RPD

Dissolved organic
carbon (in
filtered water)

Total organic
carbon (in
unfiltered
water)

Dissolved inor-
ganic carbon
(in filtered
water)

Total inorganic
carbon (in
unfiltered
water)

Aluminum (in
filtered water)

Aluminum (in
unfiltered
water)

Antimony (in
filtered water)

Antimony (in
unfiltered
water)

Arsenic (in fil-
tered water)

Arsenic (in unfil-
tered water)

Barium (in filtered
water)

Barium (in unfil-
tered water)

Beryllium (in
filtered water)

Beryllium (in
unfiltered
water)

Boron (in filtered
water)

Boron (in unfil-
tered water)

mg/L

mg/L

mg/L

mg/L

ng/L

ng/L

ng/L

ng/L

ug/L
ng/L
ng/L
ng/L

ng/L

ng/L

ng/L

ng/L

4.3

4.0

20

22

170

170

0.4

0.4

0.62

0.38

23

0.08

0.08

130

130

4.4

4.1

21

170

170

0.54

0.4

0.51

20

20

130

120

23

2.5

5.1

4.7

0.0

0.0

0.0

8.0

29

21

22

100

110

0.4

0.4

0.33

0.48

21

21

0.08

0.08

120

110
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Table 5. Field water-quality properties and inorganic constituents in environmental samples collected from monitoring well MWO01 near Pavillion, Wyoming, April 2012.—

Continued

[RPD, relative percent difference; pus/cm, microsiemens per centimeter; mg/L, milligrams per liter; CaCO,, calcium carbonate; pug/L, micrograms per liter; pCi/L, picocuries per liter; N, value was not deter-

mined; --, not applicable]

Field water-quality
property or inorganic

Environmental sample 1

Sample 1 replicate

Environmental sample 2

Sample 2 replicate

constituent
. Labora- . Labora- . Labora- . Labora-
Re Project tor Re Project tor Re Project tor Re Project to
Name Units , Value data y , Value data Y RPD , Value data Y , Value data v RPD
mark .., data mark .., data mark .., data mark .., data
qualifiers’ PR qualifiers’ P qualifiers’ R qualifiers P
qualifiers qualifiers qualifiers qualifiers
Cadmium (in
< - - < - - - < - - - - - -—

filtered water) ne/l 0.1 0.1 0.1 N
Cadmium (in

unfiltered ng/L E 0.11 1 J < 0.1 - - -- < 0.1 - - -- N -- - --

water)
Chromium (in

filtered water) ug/l = 05 - - < 0.5 - - - < 0.5 - - - N - - .
Chromium (in

unfiltered ng/L < 0.5 - -- < 0.5 - - -- < 0.5 - - -- N -- - --

water)
C°t::te($ fillered — op < 0054 - - < 0.054 - - - < 0054 - - - N - - -
Co?:ié‘“w;’g)l pgll < 0.054 - - < 0.054 - - - < 0054 - - - N - - -
C"I\’f;reg“ fillered — or < 0.56 - - < 0.56 - - - < 0.56 - - - N - - -
Copper (in unfil-

tered water) pgl < 0.56 - . < 0.56 - - - < 0.56 - - - N - - .
Iror:)v Stne liltered ng/L - 2 B _ - » B B __ - » B B - N __ B N
Irmlv Stne :)nﬁltcrcd ug/lL - 2 _ _ < 2 _ - - E 55 - I - N - - -
Leiﬂ;:;fhered O 0.18 - - < 0.18 - - - < 0.18 - - - N - - -
Lea\S;tl:r;mﬁltered ng/L - 018 _ ~ - 0.18 - - - < 0.18 . . - N - - -
Lithium (in fil-

tered water) ng/l - 44 - - - 45 6 - 22 - 33 - - - N - . -
Lithium (in unfil- ue/L B 44 B _ _ 3 6 B 23 B 36 B B B N _ B _

tered water)
Manganese (in

filtered water) ng/L < 031 - - - 1 6 - -- E 0.42 - ] -- N - - -
Manganese (in

unfiltered ng/L E 0.57 2 J E 0.46 2,6 J 21.4 E 0.80 - J -- N -- - -

water)
Metr:r”erg S:tfrl) pgll < 0.027 - - < 0.027 - - - < 0027 - - - N - - -
Metrec:erg \E::llt:rr;ﬁl- well < 0027 - - < 0.027 - - - < 0027 - - - N - - .
Molybdenum (in

ltered wate) pgl - 10 6 - . 9.7 - - 3.0 - 7.6 - - - N - - .
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Table 5. Field water-quality properties and inorganic constituents in environmental samples collected from monitoring well MWO01 near Pavillion, Wyoming, April 2012.—

Continued

[RPD, relative percent difference; us/cm, microsiemens per centimeter; mg/L, milligrams per liter; CaCO,, calcium carbonate; ug/L, micrograms per liter; pCi/L, picocuries per liter; N, value was not deter-

mined; --, not applicable]

Field water-quality
property or inorganic

Environmental sample 1

Sample 1 replicate

Environmental sample 2

Sample 2 replicate

constituent
. Labora- . Labora- . Labora- . Labora-
Re Project tor Re Project tor Re Project tor Re Project tor
Name Units . Value data v , Value data v RPD , Value data v , Value data v RPD
mark .., data mark .., data mark .., data mark e, ata
qualifiers lifiers® qualifiers lifiers® qualifiers lifiers® qualifiers lifiers®
qualifiers qualifiers qualifiers qualifiers
Molybdenum
(in unfiltered ~ pg/L - 9.8 6 - - 10 - - 2.0 - 7.8 - - - N - - -
water)
Nickel (in filtered ng/L - 03 ~ B - 03 ~ ~ B - 03 ~ ~ B N B ~ B
water)
Nickel (inunfil- =, g 0.3 2 J E 0.44 2 J 378 < 0.3 . - - N - - -
tered water)
Selenium (in
< - -— < - - - < - - - - - -—
filtered water) ne/l 0.7 0.7 0.7 N
Selenium (in
unfiltered ng/L < 0.7 - -- < 0.7 - - -- < 0.7 - - -- N -- - --
water)
S‘lvvf;gf)ﬁhered pgll < 0.033 - ~ < 0.033 - - - < 0033 - - - N - - -~
Silver (in unfil- pgll < 0.033 - - < 0.033 - - - < 0033 - - - N - - -
tered water)
Strontium (in
filtered water) ng/L - 300 - - - 310 6 - 33 - 280 - - - N - - -
Strontium (in
unfiltered ng/L - 300 - - - 300 6 - 0.0 - 280 - - - N - - -
water)
Thallium (in
filtered water) ng/L < 0.05 - - < 0.05 - - - < 0.05 - - - N - - -
Thallium (in
unfiltered ng/L E 0.068 1 J < 0.05 - - - E 0.096 1 J - N - - -
water)
Titanium (in fil-
tered water) ng/L < 0.6 - - < 0.6 - - - < 0.6 - - - N - - -
Titanium (in unfil-
< - -— < - - - - - - - -—
tered water) ng/L 0.6 0.6 E 0.69 ] N
Uranium (in fil- =, 0 0.05 - - < 0.05 - - - < 0.05 - - - N - - -
tered water)
Uranium (in unfil- = 0.14 1 J < 0.05 - - - E 0.14 1 J - N - - -
tered water)
Vanadium (in
< —_— —_— _— —_— —_— _— _— —_— —
filtered water) pg/L  E 0.6 6 J 0.5 < 0.5 N
Vanadium (in
unfiltered ng/L < 0.5 6 - < 0.5 - - - E 0.53 - J - N - - -
water)
Zinc (in filtered ng/lL - 2 ~ n - 2 ~ N B - ) ~ N B N B N B
water)
Zinc (in unfiltered ng/ll - 2 B N < ) B B _ - 5 B B __ N __ B N

water)
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Table 5.
Continued

Field water-quality properties and inorganic constituents in environmental samples collected from monitoring well MWO01 near Pavillion, Wyoming, April 2012.—

[RPD, relative percent difference; us/cm, microsiemens per centimeter; mg/L, milligrams per liter; CaCO,, calcium carbonate; ug/L, micrograms per liter; pCi/L, picocuries per liter; N, value was not deter-

mined; --, not applicable]

Field water-quality
property or inorganic

Environmental sample 1

Sample 1 replicate

Environmental sample 2

Sample 2 replicate

constituent
. Labora- . Labora- . Labora- . Labora-
Re- Project tor Re- Project tor Re- Project tor Re- Project tor
Name Units . Value data v , Value data v RPD , Value data v , Value data v RPD
mark .., data mark .., data mark .., data mark .., data
qualifiers qualifiers® qualifiers qualifiers® qualifiers qualifiers® qualifiers qualifiers®
Eberline Laboratory
Radium-226 (in
filtered water) -y 0087 - - - N - - - - 0100 - - - N - - -
with radon
method
Radium-228 (in .
filtered water) pCi/L R 0.16 - - - N - - - - 0.23 -- -- - N - - -
U.S. Geological Survey National Water Quality Laboratory
Radon-222 (in
unfiltered pCi/L -- 1,060 - -- -- N - - -- -- N - - -- N -- - -
water)

'Remarks used in table:
<, less than.
E, less than the reporting level, but equal to or greater than the method detection limit.
R, value below sample-specific critical level.

*Project data qualifiers used in table:
1 - Quantified concentration in the environmental sample is less than five times the maximum concentration in a blank sample.
2 - Relative percent difference (RPD) between the environmental sample and replicate sample was greater than 20 percent.
3 - Potential low bias; recovery was less than 70 percent in one or more spike samples.
4 - Potential high bias; recovery was greater than 130 percent in one or more spike samples (only applied to constituents with quantified results).
5 - Value is mean of two results reported by the laboratory.
6 - Filtered value exceeds unfiltered value.

SLaboratory data qualifiers used in table:
A - Instrument related quality control exceeds the control limits.
4 - The analyte present in the environmental sample is four times greater than the matrix spike concentration; therefore, control limits are not applicable.
E - Result exceeded calibration range.
F - Recovery in the matrix spike or matrix-spike duplicate exceeds the control limits.
B - Detected compound was also found in the laboratory blank.
T - Result is less than the reporting limit but greater than or equal to the method detection limit, and the concentration is an approximate value.
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20 Groundwater-Quality and Quality-Control Data for Two Monitoring Wells near Pavillion, Wyoming, April and May 2012

Table 6. Inorganic constituents in quality-control samples
collected for monitoring well MWO01 near Pavillion, Wyoming, April
2012. (Excel file)

Organic Constituents

Concentrations of organic constituents included in
analysis of the environmental samples and sample replicates
collected from well MWOTI are listed in table 7. Blank and
spike sample analytical results are listed in table 8. Acrylo-
nitrile was the only VOC detected, and that compound was
detected only in the sample 1 replicate. Acrylonitrile is a
component of nitrile gloves, which were worn during sample
collection and processing. Nitrile gloves also were used by
TestAmerica Laboratories (TestAmerica Laboratories, oral
commun., 2012). VOCs could go undetected in an environ-
mental sample if the analytical method used to measure them
has poor recovery for those compounds. Of the 80 VOCs
that were analyzed, only 1,1,2,2-tetrachloroethane, carbon
disulfide, and isopropanol had spike recoveries less than
70 percent for any spiked sample.

Four semivolatile organic compounds (SVOCs)—3- and
4-methylphenol, benzoic acid, benzyl alcohol, and phenol—
were detected in environmental samples; however, the con-
centration for benzyl alcohol (table 7) was less than five times
the maximum concentration detected in associated laboratory
and field blank samples (table 8). Benzoic acid was detected
in all the environmental samples; however, spike recoveries
for this compound were greater than 130 percent (table 8),
indicating these concentrations might be biased high. Reported
concentrations for several SVOCs include an “E” remark
(table 7) because they are less than the reporting level, but
equal to or greater than the method detection limit. Five of the
SVOCs (2,4-dimethylphenol, 3,3’-dichlorobenzidine, aniline,
hexachlorocyclopentadiene, and hexachloroethane) that were
not detected in environmental samples had spike recoveries
less than 70 percent (table 8). For example, the recovery for
hexachlorocyclopentadiene was as low as 12 percent.

Analytical results from methods used to analyze VOCs
and SVOC:s included tentatively identified compounds (TICs),
which are not part of the standard suite of reported analytes.
TIC analyses provide a qualitative measure of the pres-
ence of compounds, but require additional analytical testing
to confirm. Concentrations of TICs included in analysis of
the environmental samples and QC samples (replicates and
blanks) collected from well MWOL1 are listed in appendix 7.
Thirty VOC TICs and three SVOC TICs were quantified
in various environmental samples and blanks. One of these
compounds (cyclotetrasiloxane, octamethyl-) was identified
only in a laboratory blank; one other compound (silanol,
trimethyl-) was identified in a single environmental sample,
but also in two blanks at similar concentrations, indicating
potential contamination bias. Eight compounds were identified
in all environmental samples, both preserved and unpreserved.
Concentrations of these were similar within each sample
set (environmental sample and replicate), but were different

between the two samples (1 and 2). Concentrations of propane
in the TIC analyses were less than one-half the concentrations
reported by TestAmerica Laboratories for dissolved gas analy-
sis (table 9). One compound of interest in the Pavillion area,
2-butoxyethanol, was not identified in the TIC analyses of any
of the environmental samples.

Table 7. Organic constituents in environmental samples
collected from monitoring well MWO1 near Pavillion, Wyoming,
April 2012. (Excel file)

Table 8. Organic constituents in quality-control samples
collected for monitoring well MWO1 near Pavillion, Wyoming, April
2012. (Excel file)

Concentrations for several other classes of organic
compounds (tables 7 and 8) also included an “E” remark
(less than the reporting level, but equal to or greater than the
method detection limit). Diesel-range organics and gasoline-
range organics were detected in all environmental samples
and associated replicates, although all the concentrations for
diesel-range organics (DRO) included an “E” remark. Twelve
polycyclic aromatic hydrocarbons (PAHs) were detected in
the environmental samples and associated replicates, but the
maximum concentrations for 10 of these PAHs were less than
five times the maximum concentration detected in associated
laboratory and field blanks. All reported PAH concentra-
tions included an “E” remark. No glycols were detected in
any samples. Spike recoveries for glycols ranged from 93 to
106 percent, and method detection limits ranged from 7.73
to 18.70 milligrams per liter (mg/L). Methylene blue active
substances were detected in the environmental samples, but all
reported concentrations included an “E” remark and are less
than five times the maximum concentration detected in the
field blank.

Dissolved Gasses

Dissolved gasses measured in environmental samples and
QC samples (replicates) collected from well MWOI are listed
in table 9. Blank and spike sample analytical results are listed
in table 10. Several different hydrocarbon gasses, includ-
ing methane, ethane, propane, and several higher molecular
weight compounds, were detected in the groundwater-quality
samples. Many of the gasses (including argon, carbon dioxide,
ethane, ethylene, methane, nitrogen, oxygen, and propane)
were analyzed by more than one laboratory; using different
analytical methods. For example, methane was analyzed by
TestAmerica Laboratories, Isotech Laboratories, Inc., and the
USGS Chlorofluorocarbon Laboratory. Because of the labora-
tory overlap of analyses of several dissolved gasses, a short
description of the differences in gas concentrations between
laboratories follows.

Methane concentrations reported by TestAmerica Labo-
ratories and the USGS Reston Chlorofluorocarbon Labora-
tory are similar (table 9). For example, TestAmerica reported


http://pubs.usgs.gov/ds/718/downloads/Tables.xlsx
http://pubs.usgs.gov/ds/718/downloads/Tables.xlsx
http://pubs.usgs.gov/ds/718/downloads/Tables.xlsx

Table 9. Dissolved gasses in environmental samples collected from monitoring well MWO01 near Pavillion, Wyoming, April 2012.

[All constituents analyzed in unfiltered water. RPD, relative percent difference; pg/L, micrograms per liter; mg/L, milligrams per liter; --, not applicable; N, value was not determined]

Dissolved Gas Preser- Environmental sample 1 Sample 1 replicate Environmental sample 2 Sample 2 replicate
vative
Alterna- added Project Laboratory Project Laboratory Project Laboratory Project Laboratory
Name tive Units to Remark' Value data data Remark'  Value data data RPD  Remark' Value data data Remark'  Value data data RPD
name bottle qualifiers? qualifiers qualifiers? qualifiers qualifiers? qualifiers qualifiers? qualifiers

TestAmerica Laboratories

Methane -- ng/L Yes - 27,500 5 -- -- 30,500 5 -- 10.3 -- 25,500 5 - -- 27,000 5 -- 5.7

Methane -- ng/L No - 27,000 5 -- -- 27,000 5 - 0.0 -- 20,000 5 - -- 22,000 5 -- 9.5

Ethane -- ng/L Yes - 3,600 4 -- -- 4,000 4 - 10.5 -- 3,200 4 - -- 3,300 4 -- 3.1

Ethane -- ng/L No - 3,800 4 -- -- 3,800 4 - 0.0 -- 2,600 4 - -- 2,800 4 -- 7.4

Ethylene - pg/L  Yes < 72 5 - < 72 5 - - < 72 5 - < 72 5 - -

Ethylene - pgl  No < 72 5 - < 72 5 - - < 72 5 - < 72 5 - -

Propane -- ng/L Yes - 1,400 - -- -- 1,300 - - 7.4 -- 1,100 -- - -- 1,000 -- -- 9.5

Propane -- ng/L No - 1,300 - -- -- 1,100 - - 16.7 -- 1,000 -- - -- 970 -- -- 3.0

Isotech Laboratories, Inc.

Argon - mole v - N - - - N - - - - 0446 - - - N - - -
percent

Carbon ] _ mole Yes B N _ ~ _ N B _ B U _ _ B _ N _ _ _
monoxide percent

Carbon . mole g - N - . - N - - - U - - - . N - - .
dioxide percent

Hydrogen -- mole Yes - N -- -- -- N - -- - U -- -- - -- N -- -- --
percent

Oxygen - mole Yes - N - - - N - - - - 0.078 - - -- N - - -
percent

Nitrogen - mole -y — N - - - N — - — - 20.40 - — - N - - -
percent

Methane -- mole Yes - N -- -- - N - -- - - 73.44 - - -- N - - -
percent

Ethane - mole -y — N - - - N — - — - 4.18 - — - N - - -
percent

Ethylene - mole Yes - N - - - N - - - - 0.001 - - - N - - -
percent

Propane - mole -y — N - - - N — - — - 0913 - — - N - - -
percent

Propylene - mole Yes - N - - - N - - - - 0.001 - - - N - - -
percent

n-Butane - mole -y — N - - - N — - — - 0178 - — - N - - -
percent

Iso-butane 2 Methyl- mole =g o N - - - N - - - - 0213 - - - N - - -
propane percent

n-Pentane - mole v - N - - - N - - - - 0.030 - - - N - - -
percent

Iso-pentane 2-Methyl- mole Yes - N -- -- - N - -- - - 0.066 - - -- N - - -

butane percent
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Table 9. Dissolved gasses in environmental samples collected from monitoring well MWO01 near Pavillion, Wyoming, April 2012.—Continued

[All constituents analyzed in unfiltered water. RPD, relative percent difference; pg/L, micrograms per liter; mg/L, milligrams per liter; --, not applicable; N, value was not determined]

Dissolved Gas Preser- Environmental sample 1 Sample 1 replicate Environmental sample 2 Sample 2 replicate
vative
Alterna- added Project Laboratory Project Laboratory Project Laboratory Project Laboratory
Name tive Units to Remark' Value data data Remark’ Value data data RPD  Remark' Value data data Remark' Value data data RPD
name bottle qualifiers? qualifiers qualifiers? qualifiers qualifiers? qualifiers qualifiers? qualifiers
Hexanes ~ mole os B N ~ _ B N B ~ B B 0.053 B B _ N _ B _
plus percent
U.S. Geological Survey Reston Chlorofluorocarbon Laboratory
Argon - mg/L No - 0.183 5 - - 0.186 5 -- 1.3 -- 0.305 5 - -- N -- -- --
Carbon mgL  No - 129.1 5 - - 125.0 5 - 32 - 121.1 5 - - N - - -
dioxide
Oxygen -- mg/L No - 0.1 5 -- -- 0.1 5 -- 0.0 -- 0.1 5 - -- N -- -- --
Methane -- mg/L No - 26 5 -- -- 26 5 -- 1.6 -- 28 5 - -- N -- -- --
Nitrogen -- mg/L No - 3.86 5 -- -- 4.01 5 -- 3.8 -- 7.95 5 - -- N -- -- --

'"Remarks used in table:
<, less than.
U, analyzed for but not detected.

Project data qualifiers used in table:
1 - Quantified concentration in the environmental sample is less than five times the maximum concentration in a blank sample.
2 - Relative percent difference (RPD) between the environmental sample and replicate is greater than 20 percent.
3 - Potential low bias; recovery is less than 70 percent in one or more spike samples.
4 - Potential high bias; recovery is greater than 130 percent in one or more spike samples (only applied to constituents with quantified results).
5 - Value is mean of two results reported by the laboratory.
6 - Filtered value exceeds unfiltered value.
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methane concentrations ranging from 20 to 30.5 mg/L (or
20,000 to 30,500 micrograms per liter) for environmental
sample 1 and the sample 1 replicate, and the USGS Reston
Chlorofluorocarbon Laboratory reported methane concentra-
tions ranging from 26 to 28 mg/L.

Carbon dioxide concentrations reported by Isotech
Laboratories, Inc., and the USGS Reston Chlorofluorocarbon
Laboratory are not similar. Isotech Laboratories, Inc., did not
detect carbon dioxide in environmental sample 2, whereas the
USGS Reston Chlorofluorocarbon Laboratory reported carbon
dioxide concentrations in environmental sample 2 greater than
100 mg/L. This difference may be due to different methods
for stripping gas from solution before the analysis. Isotech
Laboratories, Inc., and the USGS Reston Chlorofluorocarbon
Laboratory reported very small concentrations of dissolved
oxygen in the samples, which is in agreement with the field
measurements (table 5).

A full suite of QC samples (replicates; laboratory, source
solution, trip, ambient and field blanks; and reagent and matrix
spikes) were collected and analyzed for dissolved gas samples
sent to TestAmerica Laboratories (table 10). Dissolved gasses
were not detected in any of the blank samples. Recoveries of
dissolved gasses in the reagent spikes ranged from 89 to 95
percent. Recoveries in the matrix spikes were much more vari-
able ranging from -33 to 1,004 percent; this large variability
likely is due to the dissolved gasses present at concentrations at
least four times greater than the matrix spike concentration. In
these cases, recovery-control limits likely are not applicable.

Two dissolved gas samples (environmental sample 1
and environmental sample 2) were sent to Isotech Labora-
tories, Inc., for analysis. The container for environmental
sample 1 was cracked, and therefore, was not analyzed.
Environmental sample 2 was analyzed for 16 dissolved
gasses; 13 gasses were detected (table 9). These data have
no qualifiers because no QC samples were sent to Isotech
Laboratories, Inc., for analysis.

Table 10. Dissolved gasses in quality-control samples collected
for monitoring well MWO01 near Pavillion, Wyoming, April 2012.
(Excel file)

Isotopes and Environmental Tracers

Isotopic values and concentrations of environmental
tracers in environmental samples collected from well MWO01
are listed in table 11. Stable isotopic data are provided
for methane (hydrogen and carbon), water (hydrogen and
oxygen), and dissolved inorganic carbon (carbon). Ground-
water-quality samples also were analyzed for environmental
tracers, including carbon-14 of dissolved inorganic carbon,
the chlorofluorocarbons CFC-11, CFC-12, and CFC-113; SF;
tritium; the noble gasses helium, neon, argon, krypton, and
xenon; and 6°He. Analytical results for tritium, neon, krypton,
xenon, and 3°*He had not been reported by the laboratories

Groundwater-Quality Data 23

as of August 17, 2012, but analytical results will be entered
in the USGS NWIS database when available and will be
accessible through the USGS NWIS Web Interface at http.://
waterdata.usgs.gov/wy/nwis/qw. Many of these environmen-
tal tracers can be used to determine the presence of young or
modern water or the apparent age of groundwater (Dunkle
and others, 1993; Ekwurzel and others, 1994; Busenberg and
Plummer, 2000; Plummer and others, 2004; McMahon and
others, 2011).

Quality-Control Results for Monitoring Well
MWO0T1

The implications of QC results for the environmental
sample results from monitoring well MWOI can be sum-
marized from project data qualifiers listed in tables 5, 7, 9,
and 11. Laboratory analytical results were reported for 234
constituents in various samples. Results were less than method
detection limits in all blank samples for 215 (92 percent) of
those constituents. There were 1,194 total analytical results
for those 234 constituents in the 2 environmental samples
and 2 replicate samples. Forty-three results (3.6 percent)
were qualified because they were less than 5 times the
maximum concentration in associated blanks. Concentra-
tions for replicate samples were reported for 244 constituents
in 570 environmental-sample/replicate pairs. Variability was
within 20 percent for 559 (98 percent) of those pairs. One
result each for 11 constituents was qualified because replicate
variability exceeded the 20-percent criterion. Recoveries for
spike samples were available for 210 constituents. Recover-
ies were within 70—130 percent for 195 (93 percent) of those
constituents. Of the 1,050 results for those 210 constituents
in the 2 environmental samples and 2 replicates, 42 results
(4 percent) were qualified because of low recovery and 16
results (1.5 percent) were qualified because of high recovery.
Overall, 646 analytical results were available for constituents
with some type of QC data for the 2 primary environmental
samples. Sixty-one of these results (9.4 percent) were quali-
fied because of potential blank contamination, high variability,
high recovery, or low recovery.

Quality-Control Results for Monitoring Well
MWo02

Groundwater-quality samples were not collected from
monitoring well MWO02. The USGS redeveloped well MWO02
during the week of April 30, 2012. Two QC samples were col-
lected during redevelopment.

The QC samples were analyzed for several inorganic and
organic constituents and dissolved gasses (table 3). Analytical
results for both QC samples are listed in tables 12, 13, and 14.
Analytical results from these two samples are not described
further in this report because well MWO02 was not sampled.


http://waterdata.usgs.gov/wy/nwis/qw
http://waterdata.usgs.gov/wy/nwis/qw
http://pubs.usgs.gov/ds/718/downloads/Tables.xlsx

Table 11. Isotopes and environmental tracers in environmental samples collected from monitoring well MWO01 near Pavillion, Wyoming, April 2012.

[All constituents analyzed in unfiltered water except §13C of dissolved inorganic carbon and carbon-14 of dissolved inorganic carbon, which were filtered using a 0.45-micron capsule filter. RPD, rela-
tive percent difference; 813C, ratio of carbon-13 to carbon-12 isotopes in the sample relative to the ratio in a reference standard; per mil, parts per thousand; VPDB, Vienna PeeDee Belemnite; 62H, ratio of
hydrogen-2 to hydrogen-1 isotopes in the sample relative to the ratio in a reference standard; VSMOW, Vienna Standard Mean Ocean Water; CFC, chlorofluorocarbon; --, not applicable; N, value was not

determined]
Environmental sample 1 Sample 1 replicate Environmental sample 2
Analyte Units Project Laboratory Project Laboratory Project Laboratory
Remark'  Value data data Remark'  Value data data RPD Remark’ Value data data
qualifiers? qualifiers qualifiers? qualifiers® qualifiers? qualifiers
Isotech Laboratories, Inc.
513C of methane per mil, relative to VPDB - N - - - - - - - -38.54 - -
32H of methane per mil, relative to VSMOW - N - - - - - - - -208.0 - -
U.S. Geological Survey Reston Chlorofluorocarbon Laboratory
CFC-11 picogram per kilogram - 2 -- -- -- -- -- - -- -- N -- --
CFC-113 picogram per kilogram U -- -- -- -- -- -- - -- -- N -- --
CFC-12 picogram per kilogram - 13 -- -- -- -- -- - -- -- -- --
10-9 cubic centimeters of
Helium 1;::151::;1 dgf; i;“;e‘;;‘:fger -~ 1,170 5 - - 1,190 5 - 0.8 - 2,940 - -
and pressure
Sulfur hexafluoride (SF6) femtogram per kilogram < 1.00 -- -- -- -- -- -- -- < 1.00 -- --
U.S. Geological Survey Reston Stable Isotope Laboratory
3180 of water per mil, relative to VSMOW - -13.32 - - -- -13.38 - - -0.4 -- -13.39 -- --
62H of water per mil, relative to VSMOW - -113 - - -- 113 - - 0.0 -- -113 -- --
Woods Hole Oceanographic Institute
813C of dissolved inorganic per mil, relative to VPDB - —-14.39 -- -- -- -- -- -- -- -- —14.11 -- --
carbon
Carbon-14 of dissolved inorganic percent carbon, normalized - 222 -- -- -- -- -- - -- -- 1.53 -- --
carbon
U.S. Geological Survey Menlo Park Tritium Laboratory

Tritium in water picocuries per liter - 0.60 - - < 0.2 - R - -- 0.30 -- --

'"Remarks used in table:
<, less than.
U, analyzed for but not detected.

Project data qualifiers used in table.
1 - Quantified concentration in the environmental sample is less than five times the maximum concentration in a blank sample.
2 - Relative percent difference (RPD) between the environmental sample and replicate is greater than 20 percent.
3 - Potential low bias; recovery is less than 70 percent in one or more spike samples.
4 - Potential high bias; recovery is greater than 130 percent in one or more spike samples (only applied to constituents with quantified results).
5 - Value is mean of two results reported by the laboratory.
6 - Filtered value exceeds unfiltered value.

SLaboratory data qualifiers used in table.
R - radchem non-detect, below sample specific critical level.
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Table 12. Inorganic constituents in quality-control samples
collected for monitoring well MWO02 near Pavillion, Wyoming, May
2012. (Excel file)

Table 13. Organic constituents in quality-control samples
collected for monitoring well MWO02 near Pavillion, Wyoming, May
2012. (Excel file)

Table 14. Dissolved gasses in quality-control samples collected
for monitoring well MWO02 near Pavillion, Wyoming, May 2012.
(Excel file)
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Appendix 1. Monitoring Well MW01
field notes—Field instrument
calibration notes, general project notes,
groundwater-quality notes for samples
1 and 2, alkalinity/acid-neutralizing
capacity titration field notes and results
(figures 1.1.1-1.3.2)

This appendix contains copies of field related project
notes collected for activities related to monitoring well
MWOL. Specifically this appendix contains field instrument
calibration notes (figures 1.1.1 and 1.1.2), general project
notes (figures 1.2.1 through 1.2.12), groundwater-quality
notes for Monitoring Well MWO01 environmental sample
1 (figures 1.2.13 through 1.2.15, 1.2.21), the purge log for
Monitoring Well MWO01 samples 1 and 2 (figures 1.2.16
through 1.2.20), a list of analytes collected from Monitoring
Well MWO1 during sample 1 (figures 1.2.22 through 1.2.24),
groundwater-quality notes for Monitoring Well MWO01
environmental sample 2 (figures 1.2.25 through 1.2.27), field
analysis notes for alkalinity, acid-neutralization capacity and
miscellanecous measurements for Monitoring Well MWO01
samples 1 and 2 (figures 1.3.1 through 1.3.9), and alkalinity
and acid-neutralization capacity results for Monitoring Well
MWO1 samples 1 and 2 (figures 1.4.1 through 1.4.6).

Appendix 2. Monitoring Well MW01
laboratory-related documents—
Analytical Services Request forms, Chain
of Custody records (figures 2.1.1-2.9.7)

This appendix contains copies of laboratory analytical
request forms (ASRs) and chain-of-custody forms (CoC),
which accompanied environmental and quality-control
samples during shipment to respective laboratories. This
appendix includes ASR/CoC forms for the source solution
(figures 2.1.1 through 2.1.3); ambient (figures 2.2.1 through
2.2.4) and field blanks (figures 2.3.1 through 2.3.5); ASR
and COC forms for environmental sample 1 (figures 2.4.1
through 2.4.8, 2.4.10, and 2.4.17); the sample 1 replicate
(2.5.1 through 2.5.5); environmental sample 2 (figures 2.6.1
through 2.6.7); the sample 2 replicate (2.7.1 through 2.7.4);
the matrix spike sample (figures 2.8.1 through 2.8.5); the
matrix-spike duplicate sample (figures 2.9.1 through 2.9.5);
and the trip blank (2.9.6 and 2.9.7). Chain-of-custody records
that relate to both samples 1 and 2 are included as figures
2.4.9 and 2.4.11 through 2.4.16.

Appendix 3. Monitoring Well MW01
photographs (figures 3.1-3.1.6)
This appendix contains a selection of photographs taken

April 24, 2012, to document sampling activities at Monitoring
Well MWOL1.

Appendix 4. Monitoring Well MWO2 field
notes—Groundwater-quality and field
notes for collection of samples related to
work at this well (figures 4.1-4.7)

This appendix contains copies of field related project
notes collected for activities related to monitoring well
MWO02. Specifically, this appendix includes project notes
(figure 4.1), groundwater- quality notes for the collection of
a sample of public water supply of the city of Riverton, Wyo-

ming (figures 4.2 through 4.6), and field notes for the collec-
tion of a downhole camera equipment blank (figure 4.7).

Appendix 5. Monitoring Well MW02
laboratory-related documents—
Analytical Services Request forms, Chain
of Custody records (figures 5.1.1-5.2.4)
This appendix contains copies of laboratory analytical
request forms (ASRs) and chain-of-custody forms (CoC) that
accompanied the sample of public water supply of the city
of Riverton, Wyoming (figures 5.1.1 through 5.1.5) and the

downhole camera blank (figures 5.2.1 through 5.2.4) to TestA-
merica Laboratories.

Appendix 6. Monitoring Well MW02
photographs (figures 6.1-6.6)
This appendix contains a selection of photographs taken

May lst and 2nd, 2012 to document redevelopment related
activities at Monitoring Well MWO02.

Appendix 7. Tentatively identified
compounds identified in environmental
and quality-control samples collected for
monitoring well MWO01 near Pavillion,
Wyoming
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TECHNICAL MEMORANDUM
September 30, 2012
Prepared by:

Tom Myers, Ph.D.,

Hydrogeologic Consultant

Reno NV

Re: Assessment of Groundwater Sampling Results Completed by the U.S. Geological Survey

Summary

The organic chemistry at MWO1 has not changed substantially since the EPA sampled the well;
some constituents have increased and some have decreased, as would be expected with
organic contaminants discharging from a series of event, the hydraulic fracturing of natural gas
wells. Because the water chemistry data at MWO1 has essentially been replicated, the
evidence supporting the hypothesis that natural gas drilling activities, including fracking, have
contaminated the Wind River aquifer near Pavillion WY has been strengthened. The
conclusions based on that analysis should be more widely accepted now that the water quality
has been replicated.

The concentrations of gas, including methane and ethane, have increased and that of propane
has remained relatively constant. The ratio of ethane and propane to methane and the isotopic
signature of methane all indicate that the gas source is thermogenic, meaning a deep
formation. An increasing concentration indicates the formation is likely the source because the
concentration will increase as more of the formation contributes to gas at the monitoring well.

EPA monitoring well 2 was not sampled because it did not yield sufficient water. The EPA had
been able to purge over a borehole’s volume of water, therefore they were clearly sampling
formation water. There is no reason to consider that the current condition of MWO02 negates
the results of the EPA in 2011.

The problems with MWO02 however indicate other problems with the sampling of these wells.
The USGS used standard purge techniques, not techniques designed to minimize losses of
volatile organics to the atmosphere. Purging too fast or drawing the water level too low could
cause the measurement to be biased too low.

Introduction

The U.S. Environmental Protection Agency (EPA) published in late 2011 a study assessing the
association of various organic compounds, which could be associated with the presence of



natural gas development, or hydraulic fracturing (fracking), in water wells and monitoring wells
near Pavillion WY. This study was one of the first to document fracking fluid chemicals in water
wells and monitor wells away from the actual natural gas wells. The U.S. Geological Survey
(USGS) recently published a data-series report (Wright et al 2012) that reports groundwater
quality sampling completed in one of EPA’s monitoring wells that had been constructed and
sampled for the EPA study.

Wright et al (2012) do not make any conclusions regarding the data presented nor do they
compare it to the original EPA report (EPA 2011). They present sampling and quality control
data in detail. This memorandum takes the USGS study an additional step by comparing the
results released in the new study with the original EPA report (EPA 2011). It considers whether
the new data refutes the original EPA study, either with the actual chemistry data collected or
by showing problems with EPA monitoring well 2.

Sampling and Chemistry of EPA Monitoring Well 1

USGS sampled EPA monitoring well # 1 (MWO01) in late April 2012. The USGS collected four
types of blank samples and two replicates from the well after purging more than a borehole’s
volume of water. Spike samples were also created to assess the accuracy of the testing
equipment at the labs. EPA monitoring well # 2 (MW02) was not similarly sampled for reasons
discussed in a following section.

Sampling commenced by purging groundwater from the well to remove the static water from
the borehole. Their goal had been to remove at least one borehole volume, or 429 gallons, or to
the point where several parameters including pH and EC stabilized. The USGS began pumping
about 6 gpm which lowered the water level about 135 feet within the time that 300 gallons
were removed from the well bore. At that point, the pumping rate dropped to about 2.5 gpm
and the water level quickly recovered about 60 feet. Sampling commenced at about 670
cumulative gallons. Purging continued, and the second environmental sample commenced
after about 1300 cumulative gallons. Thus the samples were taken after about one and half
and three bore holes volume, respectively. The purge rate was commensurate with that used
by the EPA for MWO1 in that they started at 7.3 gpm and reduced it to about 6 gpm as the
water level quickly dropped (EPA 2011).

The USGS did not sample exactly the same constituents as did the EPA. The USGS sampled
many constituents and their Table 7 lists many that had below detect (ND) levels, as did the
EPA. Table 1 compares constituents found by either the EPA (2011) or the USGS (Wright et al
2012), or by both.



Table 1: Comparison of water chemistry for EPA Monitoring Well # 1 for EPA phase 3 and 4
sampling (EPA 2011) with environmental samples 1 and 2 as reported by Wright et al (2012).
The table includes only constituents for which there were detectable values at least once. Nd
means no detect. Blank table cells under Phase 3 or 4 mean no sample. P means
preservative added.

Env Env
Name Units Phase 3 Phase 4 | Sample | Sample
1 2
pH 11.9 11.2 114 10.7
K mg/I 54.9 24.7 15 13
cl mg/I 23.3 23.1 26 27
Diesel-range organics [C10-
C28] ug/L 634 924 180 85
Gasoline-range organics [C6—
C10] ug/L 389 592 700 730
Gasoline-range organics [C6—
C10] ug/L 1100p 700p
included in

3 & 4 Methylphenol ug/L phenol 0.95 0.47
Benzoic acid ug/L 212 457 340 190
Benzyl alcohol ug/L 0.59 | nd
Phenol ug/L 11.1 20.9 10 6.1
1-Methylnaphthalene ug/L 0.0096 | nd
2-Methylnaphthalene ug/L 0.0110 | 0.0072
Benzo[a]anthracene ug/L nd 0.0042
Benzo[a]pyrene ug/L nd 0.0410
Benzo[b]fluoranthene ug/L nd 0.0310
Benzo[g, h,i]perylene ug/L 0.0410 | 0.0740
Benzo[k]fluoranthene ug/L nd 0.0290
Chrysene ug/L nd 0.0037
Dibenz(a,h)anthracene ug/L nd 0.0510
Fluoranthene ug/L nd 0.0063
Indeno[1,2,3-cd]pyrene ug/L 0.0160 | 0.0570
Pyrene ug/L 0.0089 | 0.0130
Methylene blue active
substances mg/L 0.14 0.15
Methane ug/L 15950 17930 27,500 25,500
Methane ug/L 27,000p | 20,000p
Ethane ug/L 2230 2950 3,600 3,200
Ethane ug/L 3,800p | 2,600p
Ethylene ug/L 7.2 7.2
Ethylene ug/L 7.2p 7.2p




Propane ug/L 790 1250 1,400 1,100
Propane ug/L 1,300p | 1,000p
Toluene ug/L 0.75 0.56 | nd nd
xylenes (total) ug/L 0.89 | nd nd
isopropanol ug/L 212 | nd nd
diethylene glycol ug/L 226 | nd nd
triethylene glycol ug/L 46 | nd nd
tetraethylene glycol ug/L 7.3 | nd nd
2-butoxyethanol ug/L 12.7 | not tested

acetate ug/L 8050 | not tested

formate ug/L 112 | not tested

lactate ug/L 69 | not tested
propionate ug/L 309 | not tested

The concentrations of potassium (K) and the pH level are still much higher than the background
levels in the formation, although K has decreased since the EPA sampling. EPA linked the
presence of potassium to its use as a crosslinker and solvent during fracking, according to the
Material Data Safety Sheets provided by the industry. Most of the fracking occurred several
years ago, therefore the source is not a continuous release. A relatively conservative element
such as potassium could move through the aquifer much more quickly than some of the
organics.

Gasoline range organics and the various carbon-chain gases were found at concentrations that
have increased significantly since the EPA study. Benzoic acid was found at concentrations
similar to the EPA (2011). Diesel range organics and phenol remained present but at lower
concentrations. The USGS found at least nine organic constituents that the EPA had either not
found or not tested for. USGS found acrylonitrile at 21 ug/l in one of the replicate samples, not
presented in Table 1*. At least six constituents that had been detected by the EPA (2011) were
not detected by the USGS. At least six constituents that EPA has found at various
concentrations were not tested for by the USGS.

The concentration of organics at Pavillion should vary for several reasons. Changes from one
sampling event to the next do not represent a trend. A non-detect does not prove the
constituent does not exist.

Organics are measured at very low concentrations, parts per billion, so a relatively small change
proportionally seems much larger. An acceptable spike sample is one for which the measured

! According to Dr. Glenn Miller, acrylonitrile is “perhaps the single best indicator of fracing, and should be
considered presumptive evidence that fracing fluids have contaminated the groundwater”, although he also
acknowledged that one observation, in a replicated sample, is not proof. Email communication, 9/27/2012.



concentration varies from 70 t 130% of the known concentration which indicates just how
variable the test methods are. Even 70% recovery could cause a sample which otherwise
should have had a detectable concentration to be missed; a 130% recovery means however
that a concentration can be overestimated, although it will not find a constituent in a sample in
which it does not exist.

Organics attenuate by interactions with clay and silt sized particles so seasonal changes could
be expected. This sampling occurred during late April, a time period during which recharge
should be highest, since there is a mound in the shallow groundwater suggesting downward
movement of water. Such vertical flow could dilute the formation water and cause seasonal
changes not accounted for in spot samples as collected by the USGS.

The concentration of methane and ethane increased substantially and that of propane
remained relatively constant. The stable isotope ratios of carbon vs. hydrogen in methane are
also almost exactly as found by the EPA. The gasin MWO01 is thermogenic, and its
concentration is increasing. An increasing concentration of thermogenic gas suggests its source
is the formation rather than a leaky gas well. The continued increase in concentration reflects
that gas flow from more of the formation has reached the monitoring well, a process which will
continue until it reaches equilibrium; in other words, the flow of gas through the formations,
released by fracking, could reach equilibrium at the current or a higher concentration. If the
formation is the source, the gas contamination will continue as long as the source releases gas.

In summary, the organic chemistry at MWO1 has not changed substantially since the EPA
sampled the well. The chemistry of MWO01 found by the USGS is similar to that found by the
EPA (2011). The new data does not disprove the hypothesis made by the EPA that natural gas
drilling activities, including fracking, have contaminated the Wind River aquifer near Pavillion
WY. The conclusions based on that analysis should be more widely accepted because the water
quality has been replicated.

Monitoring Well 2

The USGS did not sample MWO02 because the well reportedly yielded only about 1 gallon per
hour (Wright et al 2012). This differs from the EPA’s purging which for Phase IV reportedly
removed 1249 liters (330 gallons) of water prior to sampling; EPA did find that the water level
lowered more quickly than they could measure it. The USGS redeveloped the well but this did
not improve the yield sufficiently for sampling, therefore they did not obtain a sample.

MWO02 had been completed in a layer of sandstone approximately 20 feet thick with a shale
confining layer both above and below. The resistivity logs also suggest this should be a
productive zone. There is no good explanation for the well’s failure to produce sufficient water
for sampling, but its failure does not obviate the results found by the EPA for that well. The fact



that the well produced substantial water from the sandstone twice indicates that the formation
contained the constituents.

Bias Due to Volatilization

Most of the organic chemicals sampled for at the EPA monitoring wells will volatilize, meaning
be lost to the air from the sample, under the correct conditions. In general those conditions are
due to exposure to air which can be enhanced due to turbulence (Nielsen and Nielsen 2006).
Sampling a well just after purging without allowing the well to recover without pumping can
cause more volatilization and decrease the amount of constituent recovered in the sample
(Herzog et al 1988). Too much purging or purging that causes too much drawdown can also
increase volatilization because of the speed with which groundwater flows back into the well
(McAlary and Barker 1987). Purging too rapidly or not sampling at the correct time after
recovery can cause a bias in the resulting sample concentration. This could have occurred at
both the USGS sampling of MWO01 and in the EPA’s sampling of MWO01 and MWO02.
Concentrations of organics, particularly VOCs, should be considered as potentially low
compared to the background groundwater.
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NATURE | NEWS: EXPLAINER

Is fracking behind contamination in WWyoming
groundwater?

Questions about whether hydraulic ‘fracking’ is to blame remain as the US EPA prepares for peer

review.

Jeff Tollefson

04 October 2012 Clarified: 10 October 2012

The US Environmental Protection Agency (EPA) sparked a
firestorm in December last year when it released a draft
report1 suggesting that the use of hydraulic fracturing —
or 'fracking' — to extract natural gas had contaminated
groundwater near Pavillion, Wyoming. Industry officials
have long denied that fracking affects groundwater, and
Pavillion has become the first high-profile test of this claim.
On 26 September, the US Geological Survey (USGS)
released data showing the presence of groundwater

contamination in the region?. Although the data would Natural gas extraction via hydraulic fracturing has
been linked to contamination in groundwater.

seem to support the EPA’s assessment — as does an
independent analysis released by environmental groups GETTY IMAGES
this week® — the survey did not seek to determine the

source of the contamination. Nature examines the on-going debate and how it relates to broader questions

about groundwater contamination from fracking across the United States.

How did this investigation begin?

After local landowners complained about the smell and taste of their water, the EPA began in 2009 to
analyse the groundwater outside Pavillion. The agency tested the water in the shallow wells that tap the
groundwater above the 169 gas-producing wells in the field; in two municipal wells in the town; and in
several surface and deep wells that it drilled for monitoring purposes. It found evidence of contamination in
both the shallow and deep wells, and attributed the shallow contamination to the 33 or so nearby surface
pits used to store drilling wastes'. The pits could not, however, explain the contamination in the deeper

groundwater.

What is the evidence that fracking contaminated the deep groundwater?
A range of hydrocarbons showed up in the deep wells, as did some synthetic organic chemicals associated
with fracking fluids and drilling activities. The EPA also found high pH levels that could be explained by



potassium hydroxide, which was used in a solvent at the site. The agency also analyzed the evolution of the
pollution plume to determine that groundwater seems to be migrating upward, suggesting that the source of
contamination came from the gas production zone rather than the surface pits.

Officials with both industry and the state of Wyoming questioned the EPA’s .
Related stories

data as well as its interpretation, arguing that some hydrocarbons are to

be expected through natural migration from the gas field. The state then * Fracking boom spurs

asked the USGS to conduct a new analysis and provide the data to the environmental audit
state. The USGS provided those data last week?; it also sent samples to * Air sampling reveals high

the EPA, which is conducting its own analysis. emissions from gas field

What do the latest results suggest?

The USGS provided only the raw data and no interpretation. An analysis released this week by two
environmental groups found that the data support the EPA’s original conclusion. A scientist who has
investigated possible contamination at other sites, Rob Jackson of Duke University in Durham, North
Carolina, says that multiple lines of evidence are certainly “suggestive” of fracking as a source of
contamination.

Does this settle the debate?
No. Encana Corporation, an energy producer based in Calgary, Canada, that has wells in the field near
Pavillion, maintains that neither the EPA draft report nor the USGS results provide any proof that drilling

operations are to blame.

Is this case unique?

There have been allegations of groundwater contamination at other locations where fracking has taken
place, but it is not yet clear how common the problem might be. It is less likely, for instance, in regions where
the gas is very deep in the ground, such as in Pennsylvania, where production takes place at depths of
1,500 meters or more. In Pavillion, the gas wells are as shallow as 372 metres, while wells tapping
groundwater are up to 244 metres deep; this makes communication between the two zones much easier.

A report in February by the University of Texas at Austin's Energy Institute found no evidence of
contamination from fracking near wells in Texas, Pennsylvania or New York, but the university is currently
reviewing that report after the lead scientist, Charles Groat, was accused of having a conflict of interest (see
‘Unfortunate oversight').

A 2011 study in the Proceedings of the National Academy of Sciences by Jackson and his coIIeagues4
documented high concentrations of methane and other hydrocarbons in groundwater close to fracking
operations in Pennsylvania and New York. But Jackson says that the contamination may have come not from
the fracking but from the wells themselves, which can serve as a conduit between geological formations if



not properly sealed.

What comes next?

The EPA plans to complete its analysis of the water samples and then turn over all of the data for an
independent peer review later this year. In a press conference on Tuesday, Wyoming Governor Matt Mead
said that the state would analyse the USGS data and then determine whether it needs to change its rules on

fracking operations.

In parallel, the EPA is conducting a national assessment of environmental and public-health issues
associated with fracking and expects to produce an initial report later this year.

Nature  doi:10.1038/nature.2012.11543

Clarifications

Clarified: An earlier version of this story did not make clear that an analysis of USGS data by environmental
groups found that the data are consistent with but do not confirm - with EPA conclusions about water
contamination due to fracking. This has been clarified.
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Sherif Hindi said: Induced hydraulic fracturing is a technique used to increase the released
petroleum and/or natural gas. This type of fracturing creates fractures from a wellbore drilled into
reservoir rock formations. Potential environmental impacts, including contamination of ground water,
risks to air quality, the migration of gases and hydraulic fracturing chemicals to the surface, surface
contamination from spills and flowback and the health effects of these factors. For these reasons,
hydraulic fracturing has come under scrutiny internationally, with some countries suspending or
even banning it. Hydraulic fracturing has raised environmental concerns and is challenging the
adequacy of existing regulatory regimes. These concerns have included ground water
contamination, risks to air quality, migration of gases and hydraulic fracturing chemicals to the
surface, mishandling of waste, and the health effects of all these. Accordingly, a fair decision must
be regarded for selecting either profit or human health, especially when the petroleum projects
approaches to residential communities. However, accurate fracturing monitoring must be regarded
by measuring of the pressure and rate during the growth of a hydraulic fracture, the fluid properties
along with geology information that provide the simplest monitoring method. In addition, injection of
radioactive tracers is sometimes used for this monitoring task. Furthermore, microseismic monitoring
is sometimes used to estimate the size and orientation of hydraulically induced fractures by placing
an array of geophones in a nearby wellbore. Tiltmeter arrays, deployed on the surface or down a
well, provide another technology for monitoring the strains produced by hydraulic fracturing. Dr.
Sherif Shawki Zaki Hindi King Abdull-Aziz Univ. Saudi Arabia
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TECHNICAL MEMORANDUM
April 30, 2012

Review of DRAFT: Investigation of Ground Water Contamination near Pavillion Wyoming
Prepared by the Environmental Protection Agency, Ada OK

Prepared by: Tom Myers, Ph.D.
Hydrologic Consultant
Reno NV

SUMMARY AND RECOMMENDATIONS

After consideration of the evidence presented in the EPA report and in URS (2009 and 2010), it is clear
that hydraulic fracturing (fracking (Kramer 2011)) has caused pollution of the Wind River formation and
aquifer. The EPA documents that pollution with up to four sample events in the domestic water wells
and two sample events in two monitoring well constructed by the EPA between the level of the
domestic water wells and the gas production zone. The EPA’s conclusion is sound.

Three factors combine to make Pavillion-area aquifers especially vulnerable to vertical contaminant
transport from the gas production zone or the gas wells — the geology, the well design, and the well
construction. Natural flow barriers are not prevalent in this area, so there are likely many pathways for
gas and contaminants to move to the surface, regardless of the source. There is also a vertical gradient,
evidenced by flowing water wells, although its magnitude and extend are undefined, to drive advective
vertical transport. The entire formation is considered an underground source of drinking water, but 169
gas wells have been constructed into it; this is fracking fluid injection directly into an underground
source of drinking water.

The well design is poor because the surface casing does not extend below the level of the water wells, as
is required in many other states, and because the wells contain substantial borehole lengths without
surface casing or cement between the production casing and the edge of the borehole. This allows
vertical transport of gas and fluids and decreases the protection against leakage during fracking or gas
production. Third, the EPA documented many instances of sporadic bonding, which simply means the
cement does not completely seal the annulus between the production casing and the edge of the
borehole. This provides pathways which could allow gas and contaminant transport along the well bore.

The EPA also appropriately accounted for the potential that their monitoring well construction could
have explained the contamination. “Since inorganic and organic concentration patterns measured in the
drilling additives do not match patterns observed in the deep monitoring wells and because large
volumes of ground water were extracted from the wells during development and prior to sampling, it is
unlikely that ground-water chemistry was at all impacted by drilling additives.”(EPA, 2011, p 7).



The EPA also demonstrated that the inorganic geochemistry in the monitoring wells is substantially
different than that which would occur naturally in the area, and that the enrichment of numerous
constituents is most likely due to the interaction of fracking fluid with the groundwater near the
sampled well. This is particularly true for the elevated levels of potassium, chloride, and pH.

Any of the three contaminant transport pathways suggested by the EPA could be responsible for the
contamination moving from the fracking zone to the drinking water wells. The EPA has also presented
evidence that contamination in surface ponds has not caused the contamination in the water wells or
their monitoring wells.

The situation at Pavillion is not an analogue for other gas plays because the geology and regulatory
framework may be different. The vertical distance between water wells and fracking wells is much less
at Pavillion than in other areas, so the transport time through the pathways may also be low compared
to other gas plays. It is important, however, to consider that the pathways identified at Pavillion could
be applicable elsewhere (Myers, 2012; Osborn et al, 2011). In addition to improving and enforcing the
relevant regulations, monitoring the pathways between the target formation and aquifers should be
standard at all gas plays with fracking.

The following recommendations would improve the analysis and continue the study into the future
made throughout this review.

1. The EPA should continue data collection to better verify the sources and map the potential
contaminant plumes.

2. EPA should map the gas production wells according to their construction date. The EPA should
also compare the locations of observed contamination with the nearby well construction dates
to estimate the travel times from the sources to the well receptors.

3. The EPA should map the depth to water prior to sampling in the water wells. Using this, they
should map vertical gradients and correlate these gradients to areas with contaminants most
likely sourced to deep aquifers.

4. The EPA should install deeper monitoring wells near the shallow pits to better map the depth of
the plume emanating from those pits.

5. Data collection should continue so the results can be replicated. An additional, deeper
monitoring well should be constructed in the gas production zone between the existing
monitoring wells to determine the vertical gradient and estimate the rate of vertical flow.

6. The EPA presents no evidence regarding the extent that fracturing extends above targeted
formations. It may not be possible to prove whether this occurred at this site, but the EPA
should at least discuss the possibility. It would be useful to perform some simple testing to map
the extent of fractures, as described by Fisher and Warpinski (2010).
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INTRODUCTION

The Environmental Protection Agency (EPA) has released a study of groundwater contamination in the
Pavillion gas play in west-central Wyoming. Their preliminary conclusion is that gas well development
and hydraulic fracturing (fracking (Kramer, 2011)) has caused the contamination. The EPA report is in
draft form and is open for comment until March 12, 2012. This technical memorandum reviews the EPA
report. This review was prepared with support from the Natural Resources Defense Council, Wyoming
Outdoor Council, Earthworks, Oil and Gas Accountability Project and Sierra Club.

This review discusses in detail the appropriateness of the study design, methodology, execution, results,
and interpretation and the reasonableness of the conclusions. It specifically follows and considers the
EPA’s “lines of reasoning” approach used to reach its conclusion.

STUDY AREA

The study area is in the Pavillion gas field in west-central Wyoming. It lies northeast of the Wind River
Range. The general geology for uppermost 1000 meters (m) is the Eocene-aged ((56 to 34 million years
before present) Wind River Formation, which is interbedded sandstone and shale with coarse-grained
meandering stream channel deposits. The presence of stream channel deposits indicates that the
formation has been carved by river beds which left fluvial deposits interspersed among formation layers
These fluvial deposits often provide connectivity among formation layers and can fragment otherwise
continuous sedimentary layers.

The area has experienced gas development since the 1960s, with 169 gas wells constructed in the study
area. EPA Figure 2 shows the gas well construction chronology. There were three main periods of
construction — 1963-65, 1975-83, and 1998 — 2006, with each subsequent period having more new wells
constructed than the previous period. EPA does not specify when fracking first occurred, however.

Recommendation: Add a map of gas production wells coded for the year or time period during which the
well was completed (or fracking occurred if substantially different). This would allow an assessment of
travel time for contaminants to flow from production zones to the monitoring wells and domestic wells.

The US Geological Survey studied the water resources on the Wind River Reservation (Daddow 1996),
which surround this study area (but does not include it). The Wind River Formation is the primary
source of drinking water on the reservation. Daddow’s (1996) description of the formation indicates
that the formation consists of interbedded shale and sandstone with extremely variable permeability
that could lead to highly variable contaminant loads throughout the formation (Osiensky et al 1984).

Recommendation: A more detailed description of the geology and hydrogeology of the area, perhaps
based on the relevant Geological Survey reports would provide more insight regarding geochemical
trends as found by the USGS.
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STUDY LAYOUT AND DESIGN

EPA started this study in response to citizen complaints regarding contamination in their water wells.
EPA established dedicated monitoring wells after two rounds of sampling various water wells rather
than prior to construction of the gas wells. For much of their study data, the EPA had to use sample
data collected from existing water wells. Water wells are not the best tool for monitoring groundwater
quality because, even if the well construction is of similar quality to a dedicated monitoring well, water
wells have much longer screens, or open intervals, than do monitoring wells. They screen the most
productive formation layers, usually based on observations made during drilling, to maximize the
pumping rate while minimizing the drawdown. Wells drilled specifically for monitoring wells also screen
productive zones, but target the screen to a specific zone, usually 20 feet or less thick, so that the
sample represents a given aquifer level.

Samples from water wells are therefore a mixture of water from all productive zones of the entire open
interval, weighted according to the transmissivity of each zone. A domestic water well sample is useful
for determining whether a contaminant exists at some point in the aquifer, but a dedicated monitoring
well is necessary to determine which layer is contaminated.

EPA established two dedicated monitoring wells to supplement the data obtained from the water wells.
The new monitoring wells were primarily screened below the level of the water wells (Figure 1) and
above the gas production wells to “differentiate potential deep (e.g., gas production related) versus
shallow (e.g., pits) sources of groundwater contamination” (EPA p 5). The EPA established just two
monitoring wells due to a limited budget (Id.). EPA placed the monitoring wells’ screened interval along
the conceptualized vertical pathway between the potential contaminant source (i.e. the production
wells and/or zone) and the water wells. The monitoring wells were designed appropriately to detect
and monitor contaminant movement upward from the production zone to the water wells; if the
monitoring wells had been constructed at the same depth as the water wells, they would not have
added substantial useful information.

Figure 1 (EPA Figure 3) shows that domestic water wells in the regions are screened at all levels down to
about 250 m, or more than 800 feet, with half of the wells being deeper than 300 feet, similar to the
depths found by Daddow (1996) in other areas of the aquifer. However, the EPA states the information
source was from the State Engineer and homeowner interviews (EPA p 2). It is unclear whether both
were used for each well. Itis my experience that homeowners have a poor concept of the depth of their
well unless they have paperwork that documents it.

Recommendation: The EPA should provide more information about the source of its water well
construction data, showing it in EPA Table A1.

The following table summarizes in general terms the wells that were sampled during each sampling
phase (other media were also sampled but not included in this table). Itis apparent that the wells
sampled in phases subsequent to the first phase depended in part on the results of the prior phases.
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Phase | Date | Domestic Municipal | Stock Wells | Monitoring | Comments
and Stock Wells Wells
Wells
I 3/09 |35 2 0 0
Il 1/10 | 17 (10 2 4 0 This phase came about
previously because EPA had detected
sampled) methane and dissolved
hydrocarbons during Phase I.
Il 10/10 | 3 (2 0 0 2 Gas samples also collected
previously from the well casing of EPA’s
sampled) two deep monitoring wells.
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Figure 1: Snapshot from EPA (2011) Figure 3 showing frequency of depth for gas wells (top), surface casing for gas wells, and

base of domestic wells.

EPA Table A1l lists the wells and the phase during which they were sampled, broken into eight data

types.

vk wnN e

anions and alkalinity

metals

alcohols and VOCs
low molecular weight acids and glycols

semi-volatile organic compounds (SVOCs), pesticides, PCBs, and tentatively identified

compounds (TICs);

Myers Review of DRAFT: Investigation of Ground Water Contamination near Pavillion Wyoming 5




6. gas/diesel related compounds, and hydrocarbons
7. bacteria
8. fixed gases, heavy hydrocarbons, dissolved carbon, and gas and water isotopic ratios

EPA Table A2a presents the geochemical results — anions, cations, and alkalinity. Unfortunately, this
table does not consistently state in which phase the initial sample was taken. Additional samples are
identified with a suffix on the sample number. The other data tables in Appendix A provide results by
phase, but some results are found only in other reports, including URS (2009 and 2010).

URS (2009) reports the Phase 1 sampling (water wells only) in their Table 9, which shows concentration
of SVOC contaminants, including caprolactam at 1.4 ug/l at PGDW20, dimethylphthalate detected at
nine wells, and Bis (2-ethylhexyl)phthata at 9.8, 6.4 and 12 ug/l in PGDW25, -20 and -14%, respectively,
and detect levels at ten other wells. Total purgeable hydrocarbons were 26 and 25 ug/I in wells
PGDWO5 and PGDW30, respectively. Measurable methane concentrations were found in 8 wells. Total
purgeable organics are generally gasoline and diesel range organics. PGDW25 is one of the deeper wells
at 243.8 m below ground surface (bgs) and PGDWO0S5 and -30 are at 64.0 and 79.2 m bgs, respectively.
URS (2010) reports the Phase 2 sampling in more detail. It shows more than 20 wells with detectable
levels of a variety of semi-volatile organics (URS 2010, Table 9). The report does not assess these
detects with the depth of the well, but a quick glance suggests that most of them are on the deeper half
of the domestic wells. An exception is PGDW39, reported to be just 6.1 m deep, although the EPA
should consider whether “6.1” is correct because if so it would be tens of meters shallower than any
other water well in the aquifer.

Recommendation: The EPA should present and discuss the correlation of contaminant detects in the
domestic wells with depth.

EPA based this study on four sample events including various subsets of domestic, municipal, and stock
wells and two sample events in the monitoring wells. A reasonable question is whether the number of
samples is sufficient for developing an opinion? A time series would help to identify a trend, but is not
necessary to establish presence/absence. Objections to this data on the basis of there being just two
samples are without merit — simple presence of a substance that would not naturally occur in the
aquifer, if other causes can be eliminated, is sufficient to reach a preliminary conclusion that fracking
fluid has affected the aquifer. However, the EPA should continue the sampling to determine whether
the concentrations are trending higher, or not, and determine how or whether the plume expands.

TRANSPORT PATHWAYS

The EPA identifies three potential pathways for contaminants to reach the water wells from the fracking
(EPA, p 32).

e Fluid and gas movement up compromised gas wells.

! The table did not highlight the values at PGDW14 and -20 as being exceedences.
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e  Fluid excursion from thin discontinuous tight sandstone units into sandstone units of greater
permeability.

e Out-of-formation fracking, whereby new fractures are created or existing fractures are enlarged
above the target formation, increasing the connectivity of the fracture system.

The EPA does not conclude which or whether any of these pathways actually facilitated the
contamination at Pavillion, although arguments throughout the document (and reviewed in this report)
support the potential for any of them. EPA correctly notes that for all three pathways there would be a
correlation between the concentration of gas in the water wells and the proximity to gas well, as found
by Osborn et al (2011) in the Marcellus shale in Pennsylvania. They also note that for all three
pathways, “advective/dispersive transport would be accompanied by degradation causing a vertical
chemical gradient” (EPA, p 32) as discussed in other portions of the report. In other words, with
increasing distance from the source, both vertical and horizontal, the contaminant concentration would
decrease. This would be due in part to chemical degradation, dispersion of a finite mass over a larger
volume, attenuation due to chemicals adsorbing to soil particles, and dilution by mixing with
groundwater..

The following sections consider evidence from various aspects of the EPA report in context of the
pathways.

Lithologic Barriers

Very low permeability layers can prevent or impede the upward movement of fluid or gas from depth to
the water well zone, which in the Wind River Formation is the upper 250 meters (based on the reported
water well depth). Extensive layers of shale are often sources of gas and/or capstones, which prevent
gas in underlying sandstone from escaping to the surface. However, the shale must be horizontally
extensive and not fractured to be an effective seal, which is not the situation in the Pavillion field as
quoted above. The formation is most productive (for gas) at its base with gas trapping occurring in
“localized stratigraphic sandstone pinchouts on the crest and along flanks of a broad dome” (EPA p 2).

Hypothesis: The lithology in the Pavillion area does not prevent the vertical movement of gas or
contaminants to the surface because it is either not sufficiently extensive or impervious. EPA claims
there is no “lithologic barrier ... to stop upward vertical migration” (EPA p viii) and also that “there is
little lateral and vertical continuity of hydraulically fractured tight sandstones” (Id.).

Evidence: EPA presented a lithologic cross-section (Figure 20) showing mapped shale layers, production,
water, and monitoring wells and the points where the production wells had been fracked. EPA found
that the lithology is “highly variable and difficult to correlate from borehole to borehole” (EPA p 15).
“Sandstone and shale layers appeared thin and of limited lateral extent” (Id.). Pathways could go
around the intermittent shale so that contaminants in a given monitoring well may not result from the
nearest production well. Pathways for movement through sandstone could be tortuous (EPA p 37);
vertical pathways through sandstone could be more tortuous than horizontal pathways because the
particles in sandstone tend to be elongated with the longer side being horizontal.
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Fracking has occurred for up to 45 years, so there is potential for many pathways from various sources
to a receptor well. The travel time to a given point could be any time period up to 45 years.
Additionally, out-of-formation fracking occurring at any time could have shortened the pathway.

Conclusion: The lithology in most areas would not prevent the vertical movement of contaminants to
the water wells because of the lateral variation.

Vertical flow and gradient

In order for contaminants to move from the fracked zones or from deep well bores to surface aquifers,
there should be a vertical hydraulic gradient. Lacking such a gradient, movement could still be possible
due to lateral dispersion and upward concentration gradients, but it would be much slower.

Hypothesis: There is upward flow in the Pavillion gas field that would support advection of
contaminants associated with fracking fluids to the monitoring and water wells.

Evidence: In the Pavillion area, there are flowing wells, which would indicate an upward gradient, at
least at depth, which could drive vertical advection, or contaminant transport with the groundwater
flow . Daddow (1996) also documented flowing wells in other areas of the Wind River Range, with the
depth range from 225 to 450 feet bgs. EPA uses PGDW44 as an example (p 36). This water well lies near
the middle of the field near MW01. MWO01 showed a depth to water equal to 61.2 m at the beginning of
a purge for sampling (p 11 and Figure 8). MWO02 had depth to water of 80.5 m (p 12). The depth to
water in the monitoring wells does not support the idea of an upward gradient, but being the only wells
at that depth, the data is not conclusive. Table Al reports the PGDW44 well depth is 228.6 m; PGDW25
is deeper, at 243.8 m bgs. MWO01 is just 10 m deeper. There is apparently an upward gradient at that
point because the well is flowing, but the analysis could be improved, as follows.

EPA documents that the shallower monitoring well has more natural breakdown products of the organic
contaminant like BTEX or glycol that are found in the deeper monitoring well and in fracking fluids (p
36). It suggests that the contaminants in the shallow well are derived from the natural breakdown of
the contaminants found in the deeper well. This could only occur if the wells represent a vertical flow
path, which they do and therefore these findings support the hypothesis of upward movement.

The gas found in the deep Wind River Formation is chemically similar to gas in the underlying Fort
Union Formation suggesting that gas in the Wind River Formation has naturally moved upward until
captured in localized capstones, or “localized stratigraphic sandstone pinchouts” (EPA, p 2). EPA
concludes that differences in gas composition and isotopes support the hypothesis of upward migration
through the various layers in the Wind River formation (p 29). The fraction of ethane and propane in the
gas from domestic wells is mostly less than in the produced gas, but the isotopic composition is clearly
thermogenic, which suggest there is an ongoing “preferential loss of ethane and propane relative to
methane” (p 29, 38). This evidence supports the hypothesis of upward fluid and gas movement.

Vertical movement could occur in the absence of a vertical gradient, if the pressurization caused by the
fracking is sufficient and there is a poorly developed well bore nearby. Contaminants can migrate
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quickly upward through a leaky borehole due to the transient pressure gradient across an aquitard
created by the fracking pressure (Lacombe et al, 1995).

Conclusion: There is evidence to support the concept of upward movement in the area, but it is not
conclusive. The EPA should complete more studies documenting the vertical hydraulic gradient
throughout the area.

Recommendation: The EPA report should document the depth to water in the domestic wells prior to
sampling so that they could map water levels for different well depths and determine the zones of
upward gradient.

Contamination from shallow pits

The presence of shallow disposal pits is an alternative source of contamination. EPA notes that there
are 33 shallow pits that had been used for the “storage/disposal of drilling wastes, produced water, and
flowback fluids in the area of investigation” (EPA p 17). As part of this study, the EPA communicated
with stakeholders to further determine the location of pits. Shallow monitoring wells have found very
high concentrations of several contaminants that were also found in deeper water wells and the EPA
monitoring wells. These pits could have received the detritus of fracking operations in the past.

Hypothesis: Contaminated water seeping from these pits could be responsible for the observed
contamination.

Evidence: Shallow monitoring wells that had been installed previously for reasons not associated with
this project (EPA, p 11) are reported to have very high contaminant concentrations, although this data is
not well summarized in the report. The shallow monitoring wells are only 4.6 m bgs (EPA p 17), so there
is little information about how deep the contamination extends beneath the pits. Assuming the pits are
some distance away from homes and people avoided them when constructing their water wells, it is
possible the shallow disposal pits are sources of contamination beyond the level the EPA considers
shallow, or 31 m bgs (Id.).

Irrigation could help to contain the contamination near the shallow pits because they would be located
in low recharge areas, either by design or in comparison with irrigated fields. It would be unlikely that
the pits would have been constructed within irrigated fields, so the seepage from the pits may be much
less than the seepage beneath irrigated fields because of the continuous application of water to the
field, and for a much shorter time period. Irrigation water would have seeped deeper and faster due to
the likely higher rate of application and effectively diluted or prevented the deeper circulation of
seepage from the pit.

Conclusion: The EPA concludes that these shallow pits are not the source of contaminants found in
deeper water wells. Because there is little contamination in intermediate-depth wells, their conclusion
is sound, but the document would benefit from more analysis and discussion.

Recommendation: The EPA should document more fully the contaminant plumes near the pits.
Specifically, deeper monitoring wells near the pits should be constructed to construct a contamination
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profile beneath the pits. Better investigation of the pits as a source would also facilitate the remediation
of the groundwater near those pits.

LINES OF REASONING

The EPA used a line of reasoning analysis regarding the presence of fracking fluid constituents and gas in
monitoring wells in support of their preliminary conclusion that fracking has contaminated aquifers in
Pavillion Wyoming. This is critical because the conclusion is not just that leakage from the wells or spills
caused contamination, but that the fracking process itself caused the contamination. EPA deemed the
multiple lines of reasoning approach necessary due to the complexity in detecting contaminants in
groundwater from deep sources. This section critically reviews each of the EPA’s lines of reasoning.

High pH Values

The EPA monitoring wells both have very high pH, ranging from 11.2 to 12.0, which is much higher than
the level seen in the domestic water wells in the Wind River formation. EPA concluded the high pH was
due to hydroxide (OH) which indicated the addition of a strong base to the background water (EPA p xii).
EPA’s reaction path modeling suggested that the addition of just a small amount of potassium hydroxide
to the sodium-sulfate waters typical of deep portions of the Wind River formation would cause such a
pH change; EPA concludes from the modeling that the typical groundwater in the Pavillion aquifer “is
especially vulnerable to the addition of a strong base” (EPA p 20).

Potassium hydroxide was used as a crosslinker and solvent for fracking the production wells in the area
(EPA p 33), which could be a source of the OH to increase the pH of the water in the area of the
production wells.

The use of soda ash as a drilling additive when drilling the monitoring wells, often to control the pH, is a
possible alternate explanation for the elevated pH?. Soda ash is 100% Na,CO;. At a 1:100 mixing ratio
with water, the pH of dense soda ash was 11.2 (EPA Table 2). The recommended ratio for use in
fracking fluid is 1:100 to 1:50 (EPA Table 1). The pH of drilling mud varied between 8 and 9. The
concentrations of neither sodium nor carbonate are abnormal in the monitoring wells. If the soda ash
did separate from the drilling mud, mixing with background groundwater would further dilute it so that
the pH would be less than observed at the 1:100 mixing ratio.

EPA Figure 12 verifies these pH values are higher than in the domestic wells, but also shows they fall on
the general trend of pH with elevation of the well open interval. Based on this information, it is not
possible to conclude that the high pH is not natural, but the EPA’s conclusion appears to be justified
based cumulatively on all of the facts concerning pH. EPA should consider geophysical logging
completed by the industry if it includes pH logs to improve their analysis; such logs could provide pH
values for deeper areas that could be compared with the pH values for their monitoring wells.

2 http://www.halliburton.com/ps/default.aspx?navid=125&pageid=60&prodgrpid=
MSE%3a%3a1053024648177449, visited 1/13/12
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Chemistry in the shallow wells has been affected by irrigation with Wind River water. This irrigation
water has very low total dissolved solids (TDS) and neutral pH (<8) (EPA Figure 11) but the other shallow
groundwater wells show that the irrigation water picks up contaminants as it seeps.

The methods used to collect samples probably minimized contamination causing high pH in the
monitoring wells. EPA purged the monitor wells until pH stabilized, a process which would minimize the
potential that any residual contamination from well development would have been sampled.

EPA’s analysis associated with Figures 11 and 12, explaining the shallow water geochemistry, is accurate
and useful. It utilizes data from all of the wells in the area and surface waters to show water chemistry
trends through the study area. It also shows how EPA’s monitoring wells differ substantially from the
general trends, supporting the conclusion that elevated pH in water samples from EPA’s deep
monitoring wells was likely caused by contamination with hydraulic fracturing chemicals.

Elevated potassium and chloride

The monitoring wells both have concentrations of K and Cl much higher, 14 to 18 times, than the
domestic water wells (EPA p 34). Potassium concentration ranged from 43.6 to 53.9 mg/l and Cl
concentration averaged 466 mg/| (Id.). The drilling additives reported by EPA to have been used at
Pavillion had a much lower concentration for both anions. The fracking fluid contained several
compounds with high concentrations of both ions (Id.). Therefore, the high concentrations of K and Cl
suggest contamination with fracking fluid.

The chloride concentration data plotted in EPA Figure 12 shows clearly that Cl concentration in two of
the three samples from EPA’s deep monitoring wells are much higher than those in domestic wells, and
EPA correctly assesses there must be a cause other than natural variation for the high concentrations.
However, in this case | disagree with EPA’s assessment that “regional anion trends tend to show
decreasing Cl concentrations with depth” (EPA p 19) because EPA Figure 12 shows little variation with
depth although there are a couple of high concentration outliers near the surface. Regardless of the
interpretation of trend, concentrations from the EPA monitoring wells plot far higher than the Cl data
from domestic wells.

The chloride concentrations reported from the EPA monitoring wells are also much higher than reported
by the USGS in their Wind River study (Daddow 1996). He describes the formation water as having TDS
concentration as high as 5000 mg/I, but Cl is a small proportion of that. He also reported that the
highest Cl concentration on surface water sites was less than about 30 mg/I, so assuming the river
recharges the alluvial aquifer, the source of the groundwater is relatively clean with respect to chloride.
Cl concentrations at EPA’s monitoring wells are much higher than the regional values reported by USGS
in either ground or surface water on the Wind River Reservation, and are unlikely to be properly
considered “naturally occurring”.

For potassium, it is much clearer that the monitoring well concentrations exceed the domestic water
well concentrations by many times (EPA Figure 12, p 20).
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There is too little of either K or Cl in drilling mud or additives for it to have been the source or cause of
the enrichment in the monitoring wells. Also, purging prior to sampling occurred until the specific
conductivity (SC) of the purged water reached a relative steady state (EPA Figure 9). K and Cl both
contribute to the SC of the water being sampled. Any potential contamination due to well construction
or development has most likely been purged from the system.

The high K and Cl concentrations are clearly present in the formation water near the monitoring wells.
Without a natural source as explanation, the mostly likely source is the fracking fluid which used
compounds that have high concentrations of both anions. EPA has reasonably concluded the most likely
source of elevated K and Cl is fracking fluid.

Detection of synthetic organic compounds

The EPA found in the monitoring wells significant concentrations of isopropanol, diethylene glycol,
triethylene glycol, and tert-butyl alcohol (TBA) (in MWO02). TBA was not directly used as a fracking fluid,
but “is a known breakdown product of methyl tert-butyl ether and tert-butyl hydroperoxide”. The first
three products are found in fracking fluid based on the material safety data sheets (MSDSs) analyzed by
EPA, but the parent compounds of TBA have not been reported as such; importantly, MSDSs, which are
the source of the fracking fluid additives lists in the report, do not list all chemicals because the formulas
are proprietary. That a chemical is missing from the list of additives is not evidence they were never in
fracking fluid.

Isopropanol was found in “concentrated solutions of drilling additives” at concentrations much lower
than detected in the monitoring wells (EPA p 35) and the others, glycols and alcohols, were not used for
drilling.

None of these compounds naturally occur in groundwater. The EPA is correct in its conclusion that
there is no acceptable alternative explanation and the most likely source of these contaminants is
fracking fluid.

Detection of petroleum hydrocarbons

EPA detected benzene, toluene, ethylbenzene, and xylenes (BTEX), trimethylbenzenes, and naphthalene
at MWO02 (EPA, p 35). They detected gasoline and diesel range organics at both monitoring wells (Id.).
These are not found in drilling additives, but the MSDSs showed a long list of additives in the fracking
fluid that could be the source of the contamination just cited (EPA p 35, 36). For example, a BTEX
mixture had been used in the fracking fluid as a breaker and a diesel oil mixture was used in guar
polymer slurry (1d.).

EPA rejects alternative explanations that claim that substances, used on the well or pump, caused these
contaminant detections. Specifically, the agency points out that the contact time for water with the well
or pump during purging and sampling would be so low that contamination would be unlikely, especially
after purging. This would be especially true for the Phase 4 sampling which would have occurred after
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the well had been purged for sampling twice and had several months of natural groundwater flow
through it.

An alternate explanation considered by EPA is that the constituents are due to the groundwater being
above a natural gas field. In fact, the EPA has noted that historically some wells encountered gas at
levels shallower than the monitoring wells. EPA encountered methane while logging MWO01 (EPA p 11).
EPA notes that the gas from the Wind River formation is “dry and unlikely to yield liquid condensates”
(EPA p 36). They also argue that the monitoring wells have substantially different compositions of liquid
condensates, which would not result if they came from a common source of gas. The explanation is
reasonable, unless there is a variation with depth. Because these contaminants occur only at low
concentrations in the deepest domestic wells, the data does not rule out a natural gradient from the gas
sources at depth to the shallower zones of the formation. However, the EPA explanation is supported
by the fact that the monitoring wells are far enough apart, more than a mile, that they must have
different gas well sources and represent different pathways..

Recommendation: To further decrease the uncertainty, the EPA should complete an additional sampling
event with more domestic wells sampled. It would also be desirable to have another monitor well
screened at the level of the gas wells. The EPA could then develop a concentration profile as a function
of depth and formation layer.

Breakdown products of organic compounds

EPA verified a vertical pathway by showing that organic compounds in the shallower monitoring wells
are daughter products of the organic compounds found in the deeper monitoring wells. This supports
the concept of upward migration with ongoing biologic transformation or natural degradation. It
supports the concept of an upward flow gradient. It cannot be asserted that the EPA monitoring wells
are on the same flow pathway, as they are more than a mile apart, therefore, the presence of
contaminants in the monitoring wells is evidence that there are multiple sources of contaminants at the
level of the gas production wells.

As part of this line of reasoning, the EPA presents the “hypothetical conceptual model” that “highly
concentrated contaminant plumes exist within the zone of injection with dispersed lower concentration
areas vertically and laterally distant from the injection points”. This refers to how the fracking fluids,
once injected, simply disperse in all directions because there are no confinements, similar to how they
disperse from coal seam fracking. It is consistent with the lower concentrations found further from the
source.

EPA’s hypothesis is reasonable and explains the vertical movement of contaminants from a broad zone
of production wells. Its simplicity indicates that fracking in such a formation will eventually lead to
contamination moving vertically from the gas wells — it is only a matter of time (Myers, 2012).

Sporadic bonding outside of production casing and hydraulic fracturing in thin discontinuous
sandstone
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The last two lines of reasoning are considered together because they describe two pathways for fracking
fluid to get into the aquifer. The fracking that occurs in the Pavillion gas field directly injects fracking
fluid into an underground source of drinking water. Fracking occurs as little as 150 m below the bottom
of the deeper water wells. The sandstone and intervening shale zones are discontinuous, which
suggests there are no significant continuous barriers to a vertical component of flow and contaminant
movement. Fracking has also occurred for up to 40 years, so the pathways could have required up to 40
years for transport. Sporadic bonding above the zone being fracked basically means the annulus
between the production zone and surface casing may not be fully sealed with cement which may allow
gas or fluids to move vertically among formation layers. During fracking, the high pressure could force
some of the fracking fluid through improperly sealed well bores to contaminate formations nearer the
water wells.

Both of these lines of reasoning correctly describe potential pathways and sources of fluids in the
aquifer. The EPA’s conclusions in this regard are reasonable and appropriate and conform to the
available facts and data.

Gas in Monitoring and Shallow Wells

Many shallow water wells have gas concentrations that exceed expected background levels. EPA also
uses several lines of reasoning to conclude that gas has migrated to domestic wells from the fracked
zones, in addition to or instead of it occurring naturally in those wells.

Isotopic composition of gas samples from shallow wells, deeper monitoring wells and produced gas are
all similar in that all have a thermogenic origin. However, the shallower domestic water wells have very
little higher chain carbon-based gas, which suggests some dispersion and decomposition with vertical
movement (ethane and propane degrade faster). The isotopic composition of most wells is thermogenic
and indicative of a deep source; URS (2010) noted that methane in one domestic well of eight sampled
with measurable methane had biogenic origins.

EPA also found that the concentration of methane in domestic water wells was generally higher in areas
of higher gas production, as counted by the number of gas wells. Although it could be coincidental
because more gas wells are constructed where more gas naturally occurs, this seems unlikely because
the presence of gas in domestic water wells shows that gas is occurring outside of the production zones
deep in the Wind River Formation or high in the underlying Fort Union Formation. Gas would only move
naturally from depth to areas near the surface if there is a lack of containment which would have
depleted the gas source at some point in the last 40,000,000 years. Thus, the gas wells have apparently
provided a migration pathway for gas released by fracking into overlying formations; this migration
occurred at a rate sufficient to allow gas to accumulate to a concentration capable of causing a blowout
at 159 m bgs near well PDGWO05.

The area also generally has gas well designs that are below current industry standards in some states,
with surface casing not extending below the maximum depth of water wells and with a “lack of cement
or sporadic bonding of cement outside of production casing” (EPA p 38). This would provide a pathway
from depth to at least the bottom of the surface casing, and allow gas leakage to higher levels in the
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aquifer. Many states and areas require surface casing to extend below the maximum depth of USDWs
(a USDW must generally have TDS less than10,000 mg/l). The gas well design in Pavillion appears to be
below industry standards because the surface casing does not extend even below the bottom of the
zone of domestic wells. The pathways discussed above for fluid movement would also facilitate gas
movement (Id.).

The EPA acknowledges that poorly sealed domestic wells could also be a pathway (EPA p 38-39). This is
true but not a relevant argument because the gas wells are much deeper and actually tap formation
layers with gas. Once gas reaches a domestic well, it is possible that the well provides an additional
pathway, but it is not the source of the contamination or the primary pathway from the gas source zone
to the aquifers.

The EPA also references the fact of citizen’s complaints (EPA p 39) as an indicator that gas
contamination started after fracking. Citizens do not complain until a problem occurs. Assuming their
water well was initially acceptable, they would complain when they noticed a change.

DISCUSSION OF CONTAMINANT TRANSPORT PATHWAYS

The general dispersion of contaminants upward from the fracking zone would result from either well
bore transport or transport through overlying higher permeability sandstone. Transport through
wellbores that cross multiple aquifer layers, as the gas wells do near Pavillion, would allow contaminants
to reach the different levels. However, the concentration reaching shallower formations would be much
less because the contaminants bleed off to the deeper aquifer zones (Nordbotten et al 2004). Fracking
could also create the vertical gradient to temporarily cause contaminants to move vertically upward
through wellbores to contaminate shallower aquifer layers (Lacombe et al 1995).

Because there are not any significant horizontal confining units within the Pavillion Field, the upward
vertical contaminant transport is partially due to dispersion through relatively porous media. In areas
with extensive horizontal confining layers, such as the Marcellus shale areas, transport through vertical
fractures, similar to that through wellbores, could transport substantial contaminant mass through the
impervious zones (Myers, 2012). If the bulk media bounding the fractures have conductivity less than
one hundredth that in the fracture, the contaminants will transport with little dispersion, or loss, into
the bulk media (Zheng and Gorelick, 2003).

This appears to be the case in the Pavillion Field, given the existing geology. Thus, unless fracking is very
carefully done, and well bores are solidly (not intermittently) bonded, this result is to be expected. In
the case of the Pavillion Field, sporadic bonding is revealed and reported for 9 of the wells that EPA
examined well bore data made available to them. To the extent that this is indicative of the entire field,
it would greatly increase the likelihood that transport of contaminants from the gas wells to the water
wells of the rural Pavillion residents would occur.
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On other pages:

e Site Documents: more than 800 documents related to quality assurance,
monitoring well drilling information, raw laboratory data, well sampling
mformation, lab standard operating procedures, and lab-produced reports

What's New?

June 20, 2013

EPA has announced that it will be supporting the State of Wyoming in its further
mvestigation of drinking water quality in the rural area east of Pavillion, Wyoming. While
EPA stands behind its work and data, the agency recognizes the State of Wyoming’s
commitment to further investigation and efforts to provide clean water and does not plan
to finalize or seek peer review of its draft Pavillion groundwater report released in
December 2011.

The sampling data obtained throughout EPA’s groundwater investigation will be
considered in Wyoming’s further investigation, and EPA will have the opportunity to
provide input to the State of Wyoming and recommend third-party experts for the
State’s consideration. The State intends to conclude its investigation and release a final
report by September 30, 2014.

® View the press release
® View the state mvestigation document (PDF) (6 pp, 369 K, About PDF)

January 11, 2013

EPA is extending the public comment period for the draft research report to September
30, 2013. During this time, EPA will continue its public outreach activities including
meeting with key stakeholders and posting additional technical information on this
website. This extension will allow the public additional opportunity to comment on
EPA's draft report and the latest round of sampling conducted by EPA and USGS. The
Agency will take into account new data, further stakeholder input, and public comment
as it continues to review the status of the Pavillion investigation and considers options
for moving forward. View the Federal Register notice announcing the extension of the
public comment period (PDF) (2 pp, 203 K).

www2.epa.goviregion8/pavillion
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November 6, 2012

EPA has updated and corrected the well completion schematics for Monitoring Wells
01 and 02 based on a detailed review of the drillers logs and field notes. View the
updated schematics here:

e Monitoring Well 01 Completion Schematic (PDF) (1 pg, 202 K)
® Monitoring Well 02 Completion Schematic (PDF) (1 pg, 193 K)

October 16, 2012

EPA has extended the public comment period on the Draft Report until January 15,
2013. View the Federal Register Notice announcing the extension of the public
comment period.

October 10, 2012
EPA released the methodology and results for samples collected during April 2012.
Click here for more nformation.

September 26, 2012

The U.S. Geological Survey has released data from samples taken from a Pavillion area
monitoring well earlier this year. USGS conducted this sampling at the request of the
State of Wyoming and in coordination with EPA. This data will be made available to the
mndependent peer review panel that will review EPA's draft Pavillion groundwater report
beginning later this year.

® Groundwater-Quality and Quality-Control Data for Two Monitoring Wells near
Pavillion, Wyoming, April and May 2012

e Sampling and Analysis Plan for the Characterization of Groundwater Quality in
Two Monitoring Wells near Pavillion, Wyoming

June: Update on 2012 sampling activity

EPA, in cooperation with the U.S. Geological Survey, the Tribes, and the State of
Wyoming, is re-sampling two monitoring wells the Agency installed in the Pavillion area
in the summer 0f2010. EPA is also collecting samples from four private and one public
water supply well. Sample results, which are expected later this summer, will be posted
on this web page. These data will be made available for public comment and included in
the peer review process.

March 8: EPA extending public comment period and delaying peer review to consider
additional sampling

EPA and the State of Wyoming recognize the value of further sampling of the deep
monitoring wells drilled for the Agency’s ground water study in Pavillion, Wyoming,
EPA will partner with the U.S. Geological Survey (USGS), the State, and the Tribes to
complete this sampling as soon as possible.

To ensure that the results of this next phase of testing are available for the peer review
process, EPA has delayed convening the peer review panel on the Pavillion Draft
Report until a report containing the USGS data are publicly available. In addition, EPA
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1s extending the public comment period on the Draft Report through October 2012 to
provide additional time for the public to review and comment on the new data. View
Federal Register Notice announcing public comment period (PDF) (5 pp, 75 K)

View the full jomt statement from EPA Administrator Lisa Jackson, Governor Matt
Mead and the Northern Arapaho and Eastern Shoshone Tribes.

February 8: The public comment period on the Draft Peer Review Charge opened on
February 8; the comment period has closed. View public comments on the Draft Peer
Review Charge that were received during the public comment period:

¢ Comment from Lloyd Hetrick
e Comment from John Corra

e Comment from David Stewart
e Comment from Nancy Tujague

January 31: 622 files have been added to the Site Documents page. The files include
additional analytical data and QA documentation.

January 23:

® Op-ed from EPA Regional Admmistrator Jim Martin in the Casper Star-Tribune
(1/22)
® [ etter from EPA Administrator Lisa Jackson to Governor Matt Mead (1/19)

January 18: EPA is mviting the public to nominate scientific experts to be considered
as peer reviewers of a draft report on the Pavillion ground water investigation.
Nominations will be accepted through February 17. Details can be found in the Federal
Register notice (PDF). (2 pp, 156 K)

View more information on the peer review process.

December 14, 2011: EPA has released a draft report outlining findings from the
Pavillion, Wyoming groundwater investigation for public comment and independent
scientific peer-review. See the box at the top right of this page for more information.

November 9, 2011: EPA released the latest data from Pavillion-area domestic and
monitoring wells at a public meeting on November 9, 2011. We are sharing this data
with the community, Encana, the state, tribes and federal partners as part of an ongoing
process to develop sound science about contamination in the aquifer used by Pavillion
residents for drinking water.

EPA will release a draft research report summarizing investigation findings. This report
will be available for public comment as part of an independent peer-review process
coordinated by our Office of Research and Development.

Public Documents and Presentations

www2.epa.goviregion8/pavillion
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e Methods, Graphics, and Data Tables Handout, November 8, 2011

e 2010-2011 Sampling Summary of Results and Next Steps Presentation,
November 9, 2011

e Workgroup Meeting Presentation, November 30, 2011

Top of Page

Site Description

WELCOME TO
PANILLIOHN, WY

Pavillion, Wyoming is located in Fremont County, about 20 miles northwest of Riverton.
In 2003, the estimated population was 166 residents. The concern at the site is potential
groundwater contamination, based on resident complaints about smells, tastes and
adverse changes in water quality of their domestic wells. Community members
contacted EPA in spring 2008.

The Pavillion area has approximately 80 domestic wells. The town of Pavillion provides
municipal water to residents through eight groundwater wells. Private water wells just
outside the town of Pavillion are used for drinking water, irrigation, and stock watering,
and are completed at depths from 50 feet to 750 feet or more. Pavillion is within the
Wind River Indian Reservation as described by the Northern Arapaho and Eastern
Shoshone Tribes in a pending application for treatment n a similar manner as a state
under the Clean Air Act. The site is located west of Boysen State Park.

www2.epa.goviregion8/pavillion 5/9
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January 2010 sampling

In March 2009 EPA sampled 39 ndividual wells (37 residential wells and two
municipal wells). The purpose of this sampling was to collect data to assess
groundwater conditions and evaluate potential threats to human health and the
environment. EPA conducted additional sampling in Pavillion in January 2010. This
effort mcluded sampling 21 domestic wells within the area of concern, two municipal
wells, and sediment and water from a nearby creek. EPA has also sampled
groundwater and soil from pit remediation sites, produced water, and condensate from
five production wells operated by the primary natural gas operator in the area. EPA
mstalled two monitoring wells in the Pavillion area in 2010. Data collected from these
wells will build upon prior sampling events and help us further assess groundwater
hydrology and contamination in the aquifer. EPA released the latest data from domestic
and monitoring wells at a public meeting on November 9, 2011.

The Pavillion groundwater mvestigation is being conducted by EPA’s regional office in
Denver in collaboration with scientists from our Office of Research and Development.

Top of Page

Site Reports and Public Presentations
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You will need Adobe Acrobat Reader to view some of the files on this page. See
EPA's PDF page to learn more.

Best way to open a very large file: right-click and save it to a folder

Documents related to August 31, 2010 public meeting:

Public Meeting Presentation of Phase 2 Sampling Results

Press Release: EPA releases results of Pavillion, Wyo. water well testing
Agency for Toxic Substances and Disease Registry Health Consultation
Document (PDF) (2.2 MB)

Fact Sheet: January 2010 Sampling Results and Site Update

Final Analytical Results Report for the Pavillion Area Groundwater Investigation
Site

Results Report Appendices: Lab Data, Photos, Figures, Chemicals Used
Figure 1: Site Location Map

Figure 2: Sampling Location Map of the January 2010 Event

Figure 3: Area of Influence and Well Locations

Figure 4: Conceptual Site Model of the Pavillion Area Groundwater Plume
Pavillion Area Groundwater Investigation: ALL tables

O O O O o o

Phase 2 Field Sampling Plan, January 2010

Public Meeting Presentation of Phase 1 Sampling Results, August 11, 2009

Groundwater Investigation Analytical Results Report and Phase I Maps, August 2009

Top of Page

Contacts

Richard Mylott

Public Affairs

U.S. Environmental Protection Agency, Region 8

1595 Wynkoop Street (OC)

Denver, CO 80202-1129

303-312-6654

800-227-8917 ext. 312-6654 (toll free Region 8 only)
mylott.richard@epa.gov

www2.epa.goviregion8/pavillion
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Larry Jackson
Media Relations
U.S. Environmental Protection Agency, Headquarters
Washington, DC
202-564-0906
202-564-0236
jackson.larry@epa.gov
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Photo/Video Gallery

Click on a thumbnail below to view the full size image.
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Collecting January
2010 samples

Preparing January
2010 samples

Top of Page

Contact Us to ask a question, provide feedback, or report a problem.

EPA Home
Privacy and Security Notice

Accessibility

Last updated on July 25, 2013

Social sites:

More social media at EPA »

www2.epa.goviregion8/pavillion 9/9



	Ex. 91 - Myers potential pathways
	Ex. 92 - Osborn et al Report
	Ex. 93 - EPA Report to Congress - part 1
	Ex. 93 - EPA Report to Congress - part 2
	Ex. 93 - EPA Report to Congress - part 3
	Ex. 93 - EPA Report to Congress - part 4
	Ex. 93 - EPA Report to Congress - part 5
	Ex. 93 - EPA Report to Congress - part 6
	Ex. 93 - EPA Report to Congress - part 7
	Ex. 94 - EPA_ReportOnPavillion_Dec-8-2011 - part 1
	Ex. 94 - EPA_ReportOnPavillion_Dec-8-2011 - part 2
	Ex. 95 - USGS Pavilion Report
	Ex. 96 - myers-tech-memo-093012
	Ex. 97 - Fracking Nature News & Comment
	Ex. 98- Myers Pavilion
	Ex. 99 - EPA Region 8



