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Abstract

Analysis of dissolved light hydrocarbon gas concentrations (primarily methane and ethane) in water supply wells is commonly
used to establish conditions before and after drilling in areas of shale gas and oil extraction. Several methods are currently used
to collect samples for dissolved gas analysis from water supply wells; however, the reliability of results obtained from these
methods has not been quantified. This study compares dissolved methane and ethane concentrations measured in groundwater
samples collected using three sampling methods employed in pre- and post-drill sampling programs in the Appalachian Basin. These
include an open-system collection method where 40 mL volatile organic analysis (VOA) vials are filled directly while in contact
with the atmosphere (Direct-Fill VOA) and two alternative methods: (1) a semi-closed system method whereby 40 mL VOA vials
are filled while inverted under a head of water (Inverted VOA) and (2) a relatively new (2013) closed system method in which the
sample is collected without direct contact with purge water or the atmosphere (IsoFlask®). This study reveals that, in the absence
of effervescence, the difference in methane concentrations between the three sampling methods was relatively small. However,
when methane concentrations equaled or exceeded 20 mg/L (the approximate concentration at which effervescence occurs in the
study area), IsoFlask® (closed system) samples yielded significantly higher methane concentrations than Direct-Fill VOA (open
system) samples, and Inverted VOA (semi-closed system) samples yielded lower concentrations. These results suggest that open and
semi-closed system sample collection methods are adequate for non-effervescing samples. However, the use of a closed system
collection method provides the most accurate means for the measurement of dissolved hydrocarbon gases under all conditions.

Introduction

Over the last decade, tens of thousands of samples
have been collected from water supply wells by oil
and gas operators to establish baseline dissolved hydro-
carbon gas concentrations (i.e., primarily methane, but
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also ethane and propane) and to evaluate the presence or
absence of impacts after drilling in areas of unconven-
tional oil and gas extraction (e.g., Molofsky et al. 2013;
Siegel et al. 2015). Such samples are almost exclusively
collected at the surface from a tap or faucet because
internal access to the downhole portion of the well is
either impractical (e.g., the wellhead is not accessible or
the presence of a drop-pipe and permanent submersible
pump obstructs access to the wellbore) or because the
potential for damaging the well and its contents presents a
liability. A number of different sample collection methods
have been employed to collect dissolved hydrocarbon gas
samples at the surface. However, these methods have not
been systematically evaluated to determine the accuracy,
precision, and comparability of results obtained using
different methods.

The collection of dissolved light hydrocarbon
gas samples at the surface can be complicated by
effervescence (bubble formation), which occurs when
groundwater is supersaturated with dissolved gases. At
depth within the aquifer and water supply well, methane
concentrations above its solubility limit at the surface
can be sustained because the hydrostatic head creates
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a pressure greater than one atmosphere. However, as
the sample is pumped to the surface, the reduction in
pressure decreases the amount of methane that can be
maintained in solution, resulting in exsolution.

If methane was the only gas present in groundwater,
effervescence at the surface would occur at the saturation
concentration of methane (~25 to 35mg/L, depending
on water temperature and elevation). However, methane
commonly occurs with carbon dioxide and other gases,
which also exert gas pressure in groundwater. For
example, methanogenesis produces equal molar concen-
trations of methane and carbon dioxide (Drever 1988).
As a result, effervescence can occur before any one gas
reaches its individual saturation concentration (i.e., at
methane concentrations below 25 to 35 mg/L).

Commonly used protocols for collection of dissolved
hydrocarbon gas samples have been adapted from the
protocols for volatile organic compounds (VOCs) (e.g.,
BTEX), which are generally more soluble and less volatile
than gaseous hydrocarbons (Sander 1999). For many
VOCs, concentrations of regulatory concern (i.e., con-
centrations considered to potentially pose a risk to human
health and/or the environment, with a margin of safety)
are several orders of magnitude below the solubility
limits (Pankow and Cherry 1996; Moran 2006; Cwiertny
and Sherer 2010). In contrast, methane is nontoxic;
however, it is a potential asphyxiation and explosion
hazard. Therefore, methane is of the greatest concern
under conditions at which exsolution could result in an
oxygen-deficient or explosive atmosphere (Eltschlager
et al. 2001). Thus, the accurate measurement of methane
in these samples is critical to support appropriate decision
making on the need for potential mitigation.

In principle, the use of an “open system” for sample
collection may allow dissolved gases to escape to the
atmosphere, whereas a “closed system” traps all gases,
both dissolved and effervescing. The potential for low
bias associated with open systems is well recognized
(Beyerle et al. 2000); however, the most common closed-
system method utilized historically to collect samples at
the surface (e.g., the copper tube method; Beyerle et al.
2000) can be challenging to implement, and commercial
laboratories are not typically equipped to process these
samples. As a result, open-system collection methods
continue to be widely used.

Currently, most oil and gas operators in the
Appalachian Basin collect groundwater samples for
dissolved hydrocarbon gas analysis using an open-system
collection method, in which the samplers fill 40 mL glass
volatile organic analysis (VOA) vials directly from tubing
or a tap at the surface (i.e., Direct-Fill VOA method). In
this study, we compare methane and ethane concentra-
tions measured using the Direct-Fill VOA method with
concentrations measured using two alternative collection
methods, which are intended to minimize or eliminate
contact with the atmosphere during sample collection.
The first alternative method, known as the Inverted VOA
method, is a semi-closed system that involves the filling
of VOA vials while inverted in a bucket of purge water
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(Coleman et al. 1988; Aravena et al. 1995; Hirsche and
Mayer 2009; Bolton and Pham 2013). The Inverted VOA
method is considered a semi-closed system in this paper
because, although the sample is not directly exposed
to the atmosphere, the liquid in the bucket is still in
contact with the atmosphere during sample collection.
The second alternative method, the IsoFlask® (Isotech
Laboratories, Champaign, Illinois), is a relatively new
method made commercially available in 2013. It uses
an evacuated 750 mL flexible plastic container filled via
an in-line sampling manifold to capture both water and
exsolving gases from the sampling point (Isotech 2014).
The IsoFlask® is a fully closed sampling system because
the sample is completely isolated from the atmosphere
during sample collection. In addition, the analytical
procedure quantitatively accounts for the volume and
composition of exsolved gas in the sample container,
thereby allowing for the determination of original dis-
solved gas concentrations prior to any exsolution. The
IsoFlask® is presently only available through Isotech;
however, the design of the sampling device and analytical
procedures could be replicated by others.

This study does not evaluate the effect of other fac-
tors acting on dissolved hydrocarbon gas concentrations
prior to the sampling point at the surface (e.g., water level
drawdown within the wellbore during pumping, move-
ment through a pressure tank). These factors are important
to understand; however, their effect cannot be evaluated
without first understanding the precision and accuracy of
methods for collecting dissolved hydrocarbon gas samples
at the surface. The findings of this study, which is directed
toward assessing the effect of sampling methods on dis-
solved methane and ethane test results, may assist both
industry and regulatory agencies in the selection of the
sampling methodology best suited for (1) initial predrill
and postdrill screening of dissolved hydrocarbon gas con-
centrations and (2) investigations to evaluate the nature
of a potential stray gas impact and the effectiveness of
remedial measures.

Methods

Water Supply Wells

Samples were collected from nine residential water
supply wells in Northeastern Pennsylvania; eight were
located in Susquehanna County and one in Bradford
County. The study wells were selected from a larger
population of water wells in the region for which dissolved
gases had been previously characterized. The selection
criteria for this study included:

e The gas composition and carbon and hydrogen stable
isotope ratios of methane in the wells were consistent
with dissolved gases that occurred naturally in the
subsurface aquifers throughout this region (Kappel and
Nystrom 2012; Molofsky et al. 2013; Senior 2014;
Sloto 2014; Baldassare et al. 2015).
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Direct-Fill VOA

Inverted VOA

(©)

IsoFlask®

Figure 1. Illustration of three sample collection methods: (A) the Direct-Fill VOA method, (B) the Inverted VOA method,

and (C) the IsoFlask® method.

e Eight of the nine wells were located greater than
4000 ft. from the nearest commercially-producing gas
well at the time of sampling. The remaining well
was investigated by the Pennsylvania Department of
Environmental Protection (PaDEP) and determined
to contain naturally-elevated methane concentrations
(PaDEP 2010).

e Wells were selected to represent a range of methane
concentrations including three low concentration wells
(i.e., less than the PaDEP action level of 7mg/L;
Pennsylvania Bulletin 2011), four medium concentra-
tion wells (7 to 30mg/L), and two high concentration
wells (i.e., greater than the estimated methane solubil-
ity of 30 mg/L at ambient conditions in the study area
with an average groundwater temperature of ~10°C
and elevation of ~1400 ft. above sea level).

Sampling Procedures

The comparison of sample collection methods was
conducted as part of a larger study to evaluate short-
term and long-term variability of naturally-occurring
methane concentrations in groundwater samples collected
from residential water supply wells. Sampling was
conducted over four sampling events in February 2014
and September/October 2015. A total of 26—39 samples
(including field duplicates) were collected from each of
the nine wells. Samples were collected from a faucet at
the base of a pressure tank prior to any water treatment
devices (e.g., filters and water softeners). This is consistent
with the access point most commonly sampled for baseline
sampling programs in the Appalachian Basin. Prior to
sample collection, the flow rate was reduced from 3
gallons per minute (gpm) to approximately 0.5 gpm to
minimize turbulent flow. At a minimum, the samples were
collected after the stabilization of field parameters (i.e.,
specific conductivity, pH, temperature). However, in some
cases, additional purging was conducted prior to sample
collection as part of a larger and more comprehensive
study on short-term variability.
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During all sampling events, matched water samples
were collected using the Direct-Fill VOA and IsoFlask®
collection methods. This resulted in 70 pairs of matched
samples collected using both sampling methods. In
addition, for 43 of the 70 pairs, an additional sample
was collected using the Inverted VOA method. Two
variations of the Inverted VOA method were used: a)
high-flush Inverted VOA (27 samples) and b) low-flush
Inverted VOA (16 samples). Matched samples were
collected consecutively immediately after one another.
Brief descriptions of the sampling methods are provided
below, and the sampling methods are illustrated in
Figure 1.

Direct-Fill VOA

For each sample, two clear 40 mL. glass VOA vials
with Teflon-lined silicone septum were filled directly from
the faucet (or via !/4” polyethylene tubing connected to the
faucet) at the base of the pressure tank. Fifty-four of the
samples were preserved using hydrochloric acid, and 16
samples were unpreserved. The use of preservative had no
measurable effect on methane concentration (Supporting
Information).

Inverted VOA

For each sample, two 40 mL unpreserved VOA vials
(as described above) were inverted and submerged in a
5-gallon bucket filled with purge water and subsequently
filled through dedicated 1/4” polyethylene tubing attached
to the faucet. The Inverted VOA method has been
suggested to be an improvement over the Direct-Fill VOA
method because it prevents contact between the sample
and the atmosphere (Coleman et al. 1988; Aravena et al.
1995; Hirsche and Mayer 2009; Marcellus Shale Coalition
(MSC) 2012; Bolton and Pham 2013). Two variants of the
Inverted VOA method were tested in this study. These
variants differed by both the flushing rate and the volume
of water flushed through the inverted VOA vial:
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1. Low-flush: Water was flushed through the inverted
VOA vial at a rate of 0.5 L per minute (Ipm) for 10
s (equal to ~2 VOA vial volumes) prior to capping
the submerged vial near the base of the filled bucket.
The Marcellus Shale Coalition has recommended this
low-flush approach to minimize entrapment of bubbles
within the VOA vial (Marcellus Shale Coalition (MSC)
2012).

2. High-flush: Water was flushed through the inverted
VOA vial at a rate of 0.5 gpm for 1 min (equal to
~40 VOA volumes) prior to capping the submerged
vial near the base of the filled bucket. The high-flush
variation was included to evaluate the effect of flush
volume on results.

IsoFlask®

For each sample, a single 750mL IsoFlask®
container was filled directly through a sampling line
connected to the pressure tank faucet. The IsoFlask®
is a flexible, evacuated plastic container preloaded
with a benzalkonium chloride bactericide capsule and
constructed with a Luer® valve that enables direct
connection to a sampling manifold or sample location. In
combination, the IsoFlask® and sampling line serve as a
closed system, designed to collect bulk samples of water
and any exsolving gases (Isotech 2014).

In addition to the collection of matched sam-
ples using different sample collection methods, the
field sampling program included the collection of 27
field duplicates for each sample collection method.
Field duplicate samples were collected consecutively
immediately after one another. For 16 sample events,
replicate Direct-Fill VOA and Inverted VOA samples
were collected for analysis by the Pennsylvania Depart-
ment of Environmental Protection (PaDEP) Bureau of
Laboratories (BOL), as discussed below. For eight of
these sample events, replicate IsoFlask® samples were
collected for analysis by the PaDEP BOL. The results
for these eight samples, which were analyzed using a
different procedure from that utilized by Isotech Labo-
ratories, Inc. (Isotech), are presented in the Supporting
Information.

Laboratory Analyses

Direct-Fill and Inverted VOA samples were submit-
ted to Eurofins Lancaster Laboratories Environmental,
LLC (Lancaster) for analysis of dissolved hydrocarbon
gases (methane, ethane, propane, isobutane, n-butane).
IsoFlask® samples were submitted to Isotech Labora-
tories, Inc. (Isotech) for analysis of methane, ethane,
propane, isobutane, and n-butane. In addition, a subset
of replicate samples using the Direct-Fill VOA, Inverted
VOA, and IsoFlask® methods were submitted to the
PaDEP BOL for analysis of dissolved methane and
ethane. The type and number of samples analyzed at each
laboratory are summarized in Table 1.

Both Lancaster and the PaDEP BOL exclusively
report the dissolved phase concentration in VOA vials
and/or IsoFlasks® (i.e., the analytical procedure does not
account for gases contained in bubbles in the VOA vials
or headspace of the IsoFlask®). In contrast, the analytical
procedure used by Isotech quantifies the total mass of
methane in both the dissolved phase and gas phase in
the IsoFlask® container, thus enabling the reporting of
a dissolved hydrocarbon gas concentration prior to any
exsolution that occurs during sample collection or before
sample analysis (Isotech 2014). Sample preparation and
analytical procedures for each laboratory are described
below.

Eurofins Lancaster Laboratories Environmental, LLC
(Lancaster)

Lancaster’s procedure is designed to report dissolved
gas concentrations within the water portion of a sample
(i.e., free gas is noted but not analyzed). Unpreserved
and preserved samples were analyzed within 7 and 10
days, respectively. Dissolved gases were analyzed using
a modified version of the RSK-175 method (Kampbell
and Vandegrift 1998) as follows: 5SmL of water sample
was extracted from the 40-mL VOA vial using helium
displacement via a gas-tight syringe. The extracted sample
was then transferred to a 10-mL headspace vial, which
was subsequently agitated at a constant temperature for a
specified period of time. Following agitation, an aliquot
of the headspace above the water sample was withdrawn
and injected into a gas chromatograph equipped with

Table 1
Type and Number of Samples Analyzed at Each Laboratory
Lancaster PaDEP BOL Isotech

Primary Field Primary Field Primary Field
Sample Collection Method Sample Duplicate Sample Duplicate Sample Duplicate
Direct-Fill VOA with preservative 54 27 — — — —
Direct-Fill VOA without preservative 25 9 16 8 — —
Inverted VOA (high-flush) 27 27 — — — —
Inverted VOA (low-flush) 16 — 16 8 — —
IsoFlask® — — 8! — 70 262
Notes: — =No samples collected.

soFlask® samples analyzed at the PaADEP BOL are discussed in Supporting Information.
20ne IsoFlask® field duplicate sample was compromised during shipment; consequently, 26 of 27 field duplicate samples collected were analyzed.
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a flame ionization detector (GC-FID). To avoid the
calculations associated with the use of Henry’s Law,
the instrument is calibrated using aqueous calibration
solutions. Specifically, known volumes of a gas calibration
standard are injected into deionized water in headspace
vials. The vials are then treated in an identical manner to
water samples (i.e., agitated at a constant temperature for
a specified period of time), and aliquots of the headspace
above the deionized water are analyzed. Dissolved gas
concentrations in water samples are identified by matching
the respective retention times and peaks with that of
known concentrations of dissolved gases in the aqueous
calibration standards.

Pennsylvania Department of Environmental Protection
Bureau of Laboratories (PaDEP BOL)

The PaDEP BOL procedure is designed to report
dissolved gas concentrations within the water portion of
a sample (i.e., free gas is noted but not analyzed). PaDEP
BOL VOA vial samples were unpreserved and were ana-
lyzed within 7 days of collection. Dissolved hydrocarbon
gases were analyzed using an in-house method (PaDEP
3686, Rev. 1) as follows: Working with cold samples
(i.e., samples are stored at ~4 °C), each vial was opened,
and a 10mL aliquot was quickly transferred to a 20 mL
headspace vial using a volumetric pipet. Headspace vials
were immediately capped, and the samples were agitated
and heated to a constant temperature for a specified period
of time in an automatic headspace sampler. A 1 mL aliquot
of the equilibrated headspace was then automatically
transferred to a GC-FID for separation and detection of
methane and ethane. To avoid the calculations associated
with the use of Henry’s Law, the instrument is calibrated
using aqueous calibration solutions. Specifically, a sat-
urated solution of each gas is prepared in reagent water;
then, aliquots are diluted to create a set of aqueous cal-
ibration standards at concentrations ranging from 12 ppb
to 39 ppm. The saturated solution concentration of each
gas at a known temperature was obtained from scientific
literature. Eight IsoFlask® samples were also analyzed at
the PaADEP BOL. The analytical procedure and results for
these samples are discussed in the Supporting Information.

Isotech Laboratories Inc. (Isotech)

Isotech’s procedure accounts for gases that are both
dissolved in the water portion of a sample and present
as free gas in the headspace of a sample container.
All TsoFlask® samples were submitted to Isotech and
analyzed within their standard turnaround time of 30
days. Dissolved hydrocarbon gases (methane, ethane,
and propane) were analyzed by GC-FID, and fixed gases
(argon, nitrogen, carbon dioxide, carbon monoxide,
hydrogen, helium, and oxygen) were analyzed by a gas
chromatograph equipped with a thermal conductivity
detector (GC-TCD). If the IsoFlask® sample arrived with
a headspace of less than 30mL, additional headspace
was created by injecting 30 to 60 mL of helium into the
IsoFlask®. After the headspace volume was verified,
the sample was placed on a shaker for a minimum of
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2 h for equilibration between the water and headspace
gas. An aliquot (5cc) of the headspace gas sample was
then introduced into the GC-FID/TCD, which determined
the concentrations of hydrocarbons and fixed gases in
the headspace via comparison to free gas standards.
Dissolved concentrations of methane, ethane, propane,
argon, nitrogen, and oxygen in the water portion of the
sample were then determined by Henry’s Law based
on the water temperature and atmospheric pressure.
Dissolved gas concentrations prior to exsolution were
calculated using the weight of the sample (by which the
volume of water may be determined), the volume
of the headspace, and the concentrations of hydrocarbons
in the water and headspace, respectively.

Statistical Analyses

The variability in concentration between matched
samples was compared using the absolute relative per-
cent difference (RPD) and directional percent difference
(DPD):

RPD = [(X1- X2) / (X1 + X2) /2]
DPD = (X,- X)) / X,

DPD was calculated relative to the Direct-Fill VOA result
(i.e., X1 was the Direct-Fill VOA result, and X, was
the result obtained using the alternative sample collection
method [Inverted VOA or IsoFlask®]). The Wilcoxon
signed-rank test was used to evaluate the significance of
differences in methane concentrations between matched
samples collected using different sampling methods (with
p-value <0.05 indicating a significant difference between
groups of data).

The variability in concentration between field dupli-
cates (i.e., duplicate samples collected using the same
sample method) was compared using the RPD. A
Mann—Whitney U test was used to determine whether the
median value for the RPD of field duplicates was different
between sample collection methods.

Results

Results are presented below for VOA and IsoFlask®
samples analyzed at Lancaster and Isotech, respectively. A
comparison between VOA results reported for Lancaster
vs. the PaDEP BOL is discussed later in this paper.

Variability in Field Duplicate Samples for the Three
Sampling Methods

For all three methods, the variability associated
with field duplicate samples was small. Specifically,
70% (19/27) of Direct-Fill VOA field duplicate pairs,
67% (18/27) of Inverted VOA field duplicate pairs (all
collected using the high-flush variant), and 81% (21/26)
of IsoFlask® field duplicate pairs had an RPD less than
10%. Out of all 80 pairs of method field duplicates,
only six pairs exhibited RPDs greater than 30%, which
is the typical laboratory duplicate quality assurance goal.
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Four of these pairs were collected using the high-
flush Inverted VOA method, which exhibited the highest
median duplicate variability of the three sample collection
methods (median RPD =8.7%). This was significantly
higher than the median RPD for samples collected
using the IsoFlask® method (4.8%, p =0.03) but not
significantly different than the median RPD for samples
collected using the Direct-Fill VOA method (6.2%,
p =0.44). For all sampling methods, there was no clear
relationship between RPDs and methane concentrations
(i.e., higher RPDs did not necessarily occur in association
with higher methane concentrations) (Figure 2).

Comparison of Reported Methane Concentrations
Between Methods

All three sample collection methods yield simi-
lar methane concentrations for matched samples below
20mg/L. At or above approximately 20 mg/L, methane
concentrations in IsoFlask® samples were notably higher
than those reported for matched Direct-Fill VOA samples
(Figure 3A), whereas Inverted VOA methane concentra-
tions (both high-flush and low-flush) were generally lower
(Figure 3B).

Similar Results Between Sampling Methods at Methane
Concentrations Below 20 mg/L

In the lower range of methane concentrations
(<20mg/L), the difference between matched sam-
ples from all three sampling methods was relatively
small. Specifically, for samples with a Direct-Fill VOA
methane concentration less than 20 mg/L, 78% (38/49) of
the matched IsoFlask® samples and 93% (28/30) of the
matched Inverted VOA samples (high-flush and low-flush
combined) yielded concentrations within 30% of the
Direct-Fill VOA samples (Figure 4A and 4B). Although
overall differences in measured concentrations between
methods were small, IsoFlask® results were consistently
higher than either Direct-Fill VOA or Inverted VOA
results. For 90% (44/49) of sample pairs, the methane con-
centration in the IsoFlask® sample was higher than the
Direct-Fill VOA sample, with a median concentration
difference of +16%. This difference in concentration was
statistically significant according to the Wilcoxon signed-
rank test (p < 0.001). In contrast, there was no consistent
difference between Direct-Fill VOA and Inverted VOA
(high-flush or low-flush) results (i.e., median difference
of 0%, p =0.74).

Different Results Between Methods at Methane
Concentrations at or Above 20 mg/L

For the population of samples with Direct-Fill VOA
methane concentrations at or above 20 mg/L, there were
significantly larger differences in methane concentrations
between the three sampling methods. For these samples,
52% (11/21) of matched IsoFlask® samples yielded a
methane concentration more than 30% higher than the
Direct-Fill VOA result, while none of the IsoFlask®
samples yielded a methane concentration lower than the
Direct-Fill VOA result (Figure 4A). Overall, the median
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Figure 2. Variability of field duplicate samples collected
using each sample collection method. Plots show RPDs for
field duplicate samples collected using (A) Direct-Fill VOA
method, (B) inverted VOA Method, and (C) IsoFlask®
method vs. the methane concentration of the primary sample.

concentration difference between matched IsoFlask® and
Direct-Fill VOA samples in this concentration range
was +32%. This difference was statistically significant
according to the Wilcoxon signed-rank test (p = <0.001).

The Inverted VOA method reported lower methane
concentrations than the Direct-Fill VOA method when
methane concentrations were at or above 20 mg/L. For the
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Inverted VOA vs. Direct-Fill VOA
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Figure 3. Methane concentrations of matched samples collected using different sample collection methods. At methane
concentrations >20mg/L, IsoFlask® samples yielded higher concentrations than Direct-Fill VOA (A), and Inverted VOA
samples yielded lower concentrations than Direct-Fill VOA (B). All values represent those associated with primary (as opposed

to duplicate) samples.
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Figure 4. Percent difference between methane concentrations reported for different sample collection methods. Percent
difference between methane concentrations reported for (A) IsoFlask® and matched Direct-Fill VOA samples and (B) Inverted
VOA and matched Direct-Fill VOA samples. All values represent those associated with primary (as opposed to duplicate)

samples.

13 matched samples, 92% (12/13) of the Inverted VOA
samples (high-flush and low-flush combined) yielded a
lower methane concentration than the Direct-Fill VOA
result, with 38% (5/13) of the Inverted VOA samples
yielding a methane concentration more than 30% lower
than the Direct-Fill VOA result. Conversely, only one
Inverted VOA sample yielded a methane concentration
higher than the Direct-Fill VOA result. The median
concentration difference between matched Inverted VOA
and Direct-Fill VOA samples was —25% (Figure 4B).
This difference was statistically significant according to
the Wilcoxon signed-rank test (p =0.006).
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High-Flush Versus Low-Flush Inverted VOA

At methane concentrations at or above 20mg/L,
the high-flush Inverted VOA samples yielded lower
methane concentrations than the low-flush samples when
compared to Direct-Fill VOA results (Figure 5). Sig-
nificant differences were noted between the volume of
headspace gas in these vials, where several high-flush
Inverted VOA samples contained >40% headspace by
volume within the container as compared to low-flush
Inverted VOA samples, which contained, at most, approx-
imately 10% headspace gas by volume. Regardless of
the flushing volume, both variants of the Inverted VOA
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Figure 5. Comparison of low-flush to high-flush Inverted VOA results. Methane concentrations of (A) Low-flush Inverted
VOA samples vs. matched Direct-Fill VOA samples and (B) High-flush Inverted VOA samples vs. matched Direct-Fill VOA
samples. All values represent those associated with primary (as opposed to duplicate) samples.
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Figure 6. Detected ethane concentrations of matched samples collected using different sample collection methods. Ethane
concentrations of (A) IsoFlask® samples vs. matched Direct-Fill VOA samples and (B) Inverted VOA samples vs. matched
Direct-Fill VOA samples. All values represent those associated with primary (as opposed to duplicate) samples.

method showed evidence of negative bias relative to the
Direct-Fill VOA method.

Comparison of Reported Ethane Concentrations Between
Methods

Ethane was detected above 5ug/L (the ethane
reporting limit for Lancaster) in an approximately equal
percentage of Direct-Fill VOA samples (40%, 28/70
samples), Inverted VOA samples (40%, 17/43 samples),
and IsoFlask® samples (46%, 32/70 samples). For each
sampling method, the RPD for ethane measured in field
duplicate samples was generally less than 30%.

For the population of Direct-Fill VOA samples
with detected ethane, concentrations were compared to
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those reported for matched IsoFlask® and Inverted VOA
samples (Figure 6A). Ethane results were significantly
higher in IsoFlask® samples than Direct-Fill VOA
samples (p =0.003), with a median difference of +21%.
The difference was more pronounced when ethane
concentrations in the Direct-Fill VOA sample exceeded
20 ug/LL (Figure 6A). These ethane concentrations were
universally associated with methane concentrations equal
to or greater than 30 mg/L in Direct-Fill VOA samples.
The difference between ethane results for the matched
IsoFlask® and Direct-Fill VOA samples was observed
even though reported ethane concentrations in all VOA
and IsoFlask® samples were several orders of magnitude
below the respective solubility concentration for ethane
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Figure 7. Comparison of methane results reported for VOA
vial samples analyzed at the PaDEP BOL vs. Lancaster.

(~58mg/L at standard temperature and pressure). In
contrast, ethane results were typically lower in Inverted
VOA samples than Direct-Fill VOA samples (p =0.04,
with a median difference of —14%, Figure 6B). A
comparison of the methane to ethane ratios reported for
samples collected using different methods is provided in
the Supporting Information (Figure S2).

Comparison of PaDEP BOL to Lancaster Methane Results
for VOA Samples

Although the PADEP BOL and Lancaster laboratories
employ different procedures for handling water samples,
the methane results reported by the two laboratories for
replicate samples were quite similar. Of the 16 matched
PaDEP BOL and Lancaster Direct-Fill VOA samples
(Figure 7), none exhibited an RPD greater than 30%.
Of the 16 matched Inverted VOA samples, only 2 pairs
exhibited an RPD greater than 30%. The median RPD for
all matched samples analyzed by the two laboratories was
6.5%. This shows that, despite the difference in sample
preparation (i.e., opening the vial and removing the water
aliquot with a pipette vs. removing it through the septum
with a syringe), the difference between PaDEP BOL and
Lancaster results was minor.

Discussion

Based on the relative methane and ethane concen-
trations and duplicate variability associated with each
method, we have made the following observations regard-
ing the three sampling methods tested.

Relatively Small Variability Among Field Duplicate
Samples

For all field duplicates, the median RPD was
6.3%, showing that the variability among duplicates
collected by the same method was minimal relative to
differences observed between the three different sampling
methods.
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Good Agreement Between Lancaster and PaDEP BOL
Similarly, for replicate VOA samples analyzed by
Lancaster and the PaDEP BOL, the median RPD was
6.5%. This difference was no larger than the difference
between field duplicates analyzed at the same laboratory.

At Dissolved Methane Concentrations Below 20 mg/L,
the Three Sample Collection Methods Provide
Comparable Results

For samples with a dissolved methane concentration
of less than 20 mg/L, there was no statistical difference
in concentration for the Inverted VOA method (both
high-flush and low-flush variants) compared to Direct-
Fill VOA (median difference = 0%), and the concentration
for IsoFlask® samples was only moderately higher
than Direct-Fill VOA (median difference = +16%). The
difference between reported results for VOA samples
and IsoFlask® samples in this concentration range is
potentially attributable to (1) differences in the calibration
and/or analytical procedures between Lancaster and
Isotech or (2) a small percentage loss of volatile methane
from water in samples collected using the Direct-Fill and
Inverted VOA methods. It is not uncommon for different
laboratories to report results that differ by as much as 25%
(e.g., McHugh et al. 2011). Consequently, a difference
between measurements reported by laboratories of 30%
or less is not unexpected. Loss of dissolved volatiles has
also been reported during the collection of samples into
VOA vials. Although the loss of VOCs has been reported
to be less than 10% under most sampling conditions
(Nadim et al. 2001; Parker and Britt 2012), methane is
significantly more volatile than the VOCs evaluated in
these studies.

A Fully Closed Sampling System Is Best for Collecting
Effervescing Samples

When methane concentrations were at or above
20mg/L, methane concentrations in IsoFlask® samples
were significantly higher (median of +32%) than those
collected using Direct-Fill VOA. This finding suggests
that, as an open-system collection technique, the Direct-
Fill VOA method is prone to loss of exsolving gases,
resulting in low-biased methane concentrations associated
with the water sample. The fact that the Direct-Fill VOA
and IsoFlask® method results diverge at concentrations
below theoretical methane saturation (i.e., 25-35 mg/L) is
consistent with the expectation that the combined partial
pressures of all dissolved gases (including CO,, N, O,
etc.) is driving effervescence.

Dissolved ethane concentrations were also higher
in the samples collected using the IsoFlask® for the
water samples with elevated methane concentrations.
This finding is consistent with previous literature (e.g.,
Gvirtzman and Gorelick 1992; Aeschbach-Hertig et al.
2008; Darrah et al. 2014), which shows that effervescence
of one gas will strip other gases from the sample, even
when the other gases are present at concentrations well
below their respective solubility concentrations. These
results highlight a potential concern of low-bias due to

L.J. Molofsky et al. Groundwater 9



effervescence that may be less obvious when the target
analytes are constituents typically present below their
solubility (e.g., benzene or other VOCs). The effect may
be less pronounced for VOCs with lower Henry’s law
constants; nevertheless, the loss of any VOC during
sample collection may still be enhanced by effervescence.

Inverted VOA Sampling Method Provides No Advantage
Relative to Direct-Fill VOA Sampling Method

in Non-Effervescing Conditions, and Reports Lower
Methane Concentrations When Bubbles of Exsolved
Gases Are Present

Although the intent of the Inverted VOA method was
to prevent gas loss associated with atmospheric exposure
during sample collection, the Inverted VOA method
performed no better than the Direct-Fill VOA method for
samples with methane concentrations less than 20 mg/L.
Rather, in this concentration range, the more time con-
suming and complicated Inverted VOA sampling method
provided comparable results to the Direct-Fill VOA
method. At or above 20 mg/L methane, the Inverted VOA
method (both high-flush and low-flush variants) reported
lower methane concentrations than the Direct-Fill VOA
method, indicating that in the higher range of methane
concentrations, the Inverted VOA method was low-biased.

This difference appears to be related to the pres-
ence of bubbles comprised of exsolved gases in the
Inverted VOA vials. Most protocols for the collection
of VOA samples stipulate that no bubbles be present
in the VOA vial at the end of sample collection. Using
the Direct-Fill VOA method, exsolving gas from effer-
vescing groundwater is lost to the atmosphere during
sample collection, and the VOA vial can be completely
filled with water. However, when using the Inverted VOA
method with effervescing groundwater, it is not feasible to
prevent the accumulation of exsolved gases (e.g., methane
and carbon-dioxide) inside the inverted VOA vial. These
bubbles cannot be removed from the vial without com-
promising the sample collection process.

During our study, larger bubbles (i.e., headspace
comprising >5% of the VOA vial) were commonly
observed in the Inverted VOA samples when the methane
concentrations were high (i.e., Direct-Fill VOA result was
at or above 20 mg/L). The largest bubbles were observed
in Inverted VOA samples collected using the high-
flush Inverted VOA method, many of which contained
headspace gas volumes greater than 40% of the vial.
As these bubbles originate from both the water captured
in the bottle as well as the water flushed through the
container prior to capping, it follows that the high-flush
variant creates the potential for the greater accumulation
of exsolved gases than the low-flush variant.

The gases in the headspace of the Inverted VOA
vials are comprised of exsolved gases including both 1)
gases trapped at the time of sample collection, and ii)
gases that continue to exsolve out of solution after the
vials are sealed. Specifically, when the Inverted VOA vial
is capped, exsolved gases in the headspace are at approx-
imately atmospheric pressure. If the total partial pressures
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of dissolved gases in the water phase are still greater than
atmospheric pressure, then gases will continue to exsolve
out of the dissolved phase into the headspace bubble after
capping of the vial. This off-gassing will continue until
the headspace pressure is equilibrated with the pressure
of the dissolved gases. This process is analogous to the
re-pressurization of the headspace that occurs in a bottle
of soda that has been opened and then resealed.

For the Direct-Fill VOA method, effervescing gases
are lost directly to the atmosphere during sampling, and
the sample can be filled to the top. The absence of
headspace in the sample vial limits the potential for further
gas loss after the vial is sealed. However, in the Inverted
VOA method, effervescing gases are trapped in the vial
as headspace, and gases continue to be lost from the
dissolved phase into the headspace after capping of the
vial. When these samples arrive at the laboratory, the
dissolved methane concentration in the water phase is
analyzed without accounting for methane accumulated in
the headspace of the vial. Consequently, the dissolved
gas concentration reported for the Inverted VOA method
can be lower than the dissolved gas concentration
reported for the Direct-Fill VOA method. (As a note,
with a different analytical procedure (e.g., the helium
displacement method), the presence of exsolved gases in
Inverted VOA samples could result in higher reported
methane concentrations than Direct-Fill VOA samples.)
Modifying the Inverted VOA analytical procedure to
account for the methane in the vial headspace would
only partly correct the deficiencies of the Inverted
VOA method because some of the gas collected in
the VOA vial originates from water that is flushed
though the vial but not retained for analysis. It follows
that high-flush Inverted VOA samples, which contained
the largest bubbles of the two Inverted VOA variants,
reported lower methane concentrations than the low-flush
Inverted VOA samples when compared to Direct-Fill
VOA samples.

Using the IsoFlask® method, gases may also be lost
to the headspace within the sample container after sample
collection (and in fact, a larger headspace may form due
to the flexible nature of the sample container); however,
the analytical procedure accounts for the methane in both
the water and headspace.

Implications of Findings for Groundwater
Sampling Programs

1. In non-effervescing conditions, the open-system, semi-
closed system, and closed-system methods tested in
this study performed similarly (i.e., sample collection
method was observed to have little effect on measured
methane concentration) (Table 2).

2. In effervescing water, the use of a closed-sample col-
lection system provides the most accurate means for
the measurement of dissolved hydrocarbon gases. In
this study, the IsoFlask® was tested as a novel embod-
iment of a closed system. Although the IsoFlask®
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Table 2
Advantages and Disadvantages of the Three Sample Collection Methods

Sample Collection Method

Direct-Fill VOA
(Open System)

IsoFlask®
(Closed System)

Inverted VOA
(Semi-Closed System)

Applicability Non-effervescing sample: Non-effervescing sample: Negative bias not observed
Results are comparable Results are comparable under any conditions
to closed-system method. to closed-system method.
Effervescing sample: Negative Effervescing: Negative bias
bias (lower methane (lower methane concentr-
concentrations) compared ations) compared to open-
to closed-system. and closed-system.
Reproducibility Good: Median RPD ~6% Good: Median RPD ~9% Good: Median RPD ~5%

Ease of implementation|  Easy: directly fill a 40 mL

VOA vial.

Moderate: fill 5-gallon bucket

Easy: directly fill an
IsoFlask® using in-line
tubing and fitting provided
with the sample container.

with purge water, invert
VOA vial in bottom of
bucket, flush twice at rate of
0.5 liters per minute, cap
vial under water.

Analytical availability

Broad: Many labs analyze dissolved light
hydrocarbon gas concentrations in VOA vials.

Limited: Analysis of the
IsoFlask® is currently only
supported by Isotech.

allows a headspace to form, the laboratory analysis
accounts for both dissolved and exsolved gases,
enabling the reporting of an original dissolved gas con-
centration (i.e., that prior to exsolution). In contrast,
in an open-sample collection system, gases exsolv-
ing during sample collection are lost directly to the
atmosphere, resulting in a measured methane con-
centration that is lower than the original dissolved
concentration.

3. The Inverted VOA method was intended to prevent
the loss of exsolving gases to the atmosphere, thus
producing more accurate dissolved gas concentrations
than open-sample collection methods. However, in
this study, we found that the presence of exsolved
gases trapped in the Inverted VOA vials contributed
to an even greater loss of dissolved gases than that
observed in the Direct-Fill VOA samples, resulting in
lower measured dissolved methane concentrations. As
described previously, even if methane in the headspace
of these vials was accounted for, this would only
partially correct the deficiencies of the Inverted VOA
method.

4. When gases other than methane are present in ground-
water, effervescence can occur when methane is well
below its solubility limit (25 to 35 mg/L). Depending
on local gas composition, the methane concentrations
associated with effervescence could be higher or lower
than the 20 mg/L value presented in this study.

5. Dissolved gas concentration data previously obtained
using the Direct-Fill VOA or Inverted VOA sample
collection methods should be considered valid unless
effervescence is known or suspected.
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Table S2. Ethane concentrations reported for the Direct-
Fill VOA, Inverted VOA, and IsoFlask® matched samples
and field duplicates.
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