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The advent of the techniques of directional drilling, horizontal drilling, 3-D seismic
imaging, and hydraulic fracturing have led to rapid increases in oil and gas production
throughout the US, especially in basins where production using so-called conventional
methods of extraction were not economically viable. Together with the increase of oil
and gas production has been a concurrent increase in gaseous emissions into the atmosphere. Methane, the primary constituent of natural gas, is a potent greenhouse
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In this paper, we present an innovative CH4 , δ 13 CH4 , and C2 H6 instrument based on
cavity ring down spectroscopy (CRDS). The design and performance of the analyzer
is presented in detail. The instrument is highly precise, capable of precision of less
13
than 1 ‰ on δ CH4 with 1 min of averaging and about 0.1 ‰ in an hour. Using this
instrument, we present a comprehensive approach to atmospheric methane emissions
attribution. Field measurements were performed in the Uintah Basin (Utah, USA) in the
winter of 2013, using a mobile lab equipped with the CRDS analyzer, a high-accuracy
GPS, a sonic anemometer, and a novel onboard gas storage and playback system.
With a small population and almost no other sources of methane and ethane other than
oil and gas extraction activities, the Uintah Basin represents an ideal location to investigate and validate new measurement methods of atmospheric methane and ethane.
We present the results of measurements of the individual fugitive emissions from 23
13
natural gas wells and 6 oil wells in the region. The δ CH4 and C2 H6 signatures that we
observe are consistent with the signatures present in the ground. Furthermore, regional
13
measurements of the atmospheric CH4 , δ CH4 , and C2 H6 signatures throughout the
basin have been made, using continuous sampling into a 450 m long tube. These measurements suggest that 86 ± 7 % of the total emissions in the basin are from natural
gas production.
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gas with a global warming potential of 28–86 times that of an equivalent mass of carbon dioxide (Myhre et al., 2013). When emissions are kept under control, methane is
a clean burning, high energy content fuel that can reduce carbon dioxide emissions
relative to other more carbon-rich fuels. However, when methane emissions are a relatively large fraction of total natural gas production, the climate benefit of methane is
reduced or even eliminated (Howarth et al., 2011; Alvarez et al., 2012).
Several recent atmospheric studies using the aircraft mass-balance approach have
focused on quantifying regional emissions from oil and gas production. In Pétron
et al. (2014), the mass balance approach using aircraft was used to quantify emissions
in the Denver–Julesburg basin in Colorado, determining that the methane emissions
from fossil fuel extraction activities is about 4 % of total natural gas production in the
basin. This emission rate is in excess of both the inventory (Pétron et al., 2012) and
the ∼ 3 % threshold where there are immediate climate benefits of switching from coal
to natural gas electricity production (Alvarez et al., 2012). In the Uintah basin in Utah,
again using aircraft, Karion et al. (2013) reported methane emissions (February 2012)
to be 6.2–11.7 % of average daily production from the basin, again exceeding the inventory and the threshold for immediate climate benefit. Other studies using this approach
are underway in several other basins in the US.
Top-down measurements of regional emissions provide crucial independent verification of bottom-up emission inventories. However, the mass balance measurements of
total methane emissions do not provide a means of partitioning the emissions; i.e., determining the relative fraction of emissions contributed by of the source types within the
aircraft footprint. While the Uintah basin is fairly simple from the standpoint of methane
emissions, with a small population (∼ 60 000) and few other sources of methane, the
oil and gas producing area in the Denver–Julesburg basin is largely co-located with
other sources of methane, such as landfills and concentrated animal feeding operations. Pétron et al. (2014) estimate these emissions to be about 25–30 % of the total
on the basis of emission inventories for other sources, such as enteric fermentation,
manure management, and solid waste disposal, but without an independent measure-
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ment of this inventory, the uncertainty of the emissions attributed to oil and gas activities
remains high.
Tracer molecules (i.e., molecules that are co-emitted with methane in different ratios
depending upon the emissions sector) can provide valuable information to partition regional emissions. In particular, the stable isotopes of methane and alkanes (ethane,
propane, etc.) have been shown to be valuable in partitioning methane emissions between various sources. It has long been understood that low ethane to methane ratios
13
( 1 %) and light δ CH4 signatures below −64 ‰ indicate a purely biogenic (i.e., microbial) source (Schoell, 1980), a fact that is exploited in petrochemical exploration to
13
this day. Quay et al. (1988) compiles δ CH4 signatures from a variety of microbial and
abiogenic sources.
The use of the atmospheric signals of δ 13 CH4 and ethane to infer methane sources
and sinks is a relatively new and active area of research. On a global scale, atmo13
spheric measurements of δ CH4 have been used to partition emissions of methane
(Mikaloff-Fletcher et al., 2004a, b). Atmospheric measurements of methane and of
δ 13 CH4 since 1990 have been used to infer changes in the balance between biogenic
and thermogenic sources of methane (Kai et al., 2011). Isotopic measurements have
also been used to perform source partitioning over time, by analyzing fern air (Bräunlich
et al., 2001; Mischler et al., 2009). Ethane has been used in a similar manner globally.
For example, Simpson et al. (2012) demonstrated a strong correlation between global
ethane concentration and the global methane growth rate to suggest that the overall
decrease in the global growth rate of methane over the past 30 years is due to a decrease in oil and gas emissions, although these findings are not fully consistent with
other studies (for example, Kirschke et al., 2013) that show tropical wetlands emissions
of methane also play an important role. What is clear is that more measurements of
these important atmospheric tracers can provide useful constraints on global methane
sources and sinks.
These tracers have also been used to infer attribution of emissions on a regional
13
scale. δ CH4 was used to suggest a relative increase in methane emissions from
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biogenic sources in Germany from 1992 to 1996 (Levin et al., 2012). Smith et al. (2000)
used δ 13 CH4 and δCH3 D to identify emissions mechanisms in the Orinoco river flood
plain in Venezuela. In Xiao et al. (2008), atmospheric measurements of ethane were
used to constrain oil and gas emissions in the US.
Recent developments of simple, robust methane concentration analyzers have led
to studies of local, and regional methane sources (Phillips et al., 2013; Farrell et al.,
2013) from mobile platforms. These mobile methane measurements have been combined with bag sampling and subsequent isotope ratio mass spectrometry analysis
to study the isotope signatures of individual methane sources (Phillips et al., 2013;
13
Zazzeri et al., 2015). However, despite their clear utility, δ CH4 and ethane measurements have not enjoyed more widespread use, primarily due to the lack of easy-to-use
instrumentation capable of accurate real-time measurements in the field. In this paper, we present an innovative approach to emissions attribution, using an innovative
13
CH4 , δ CH4 , and C2 H6 instrument based on cavity ring-down spectroscopy (CRDS).
This novel, easy to use, field-deployable instrument is capable of simultaneous measurements of methane with < 1 ppb typical precision (1 − σ) in < 5 s, δ 13 CH4 with 1 ‰
typical precision in 1 min and about 0.1 ‰ in an hour, and C2 H6 with about 20 ppb typical precision in 1 min and less than 10 ppb in 1 h. These levels of precision make this
instrument useful for individual source characterization as well as quantification of the
overall atmospheric signature in a given region, activities that are crucial to regional
source apportionment.
Using a mobile lab equipped with the CRDS analyzer, a high-accuracy GPS, a sonic
anemometer, and a novel onboard gas storage and playback system, field measurements were performed in the Uintah Basin (Utah, USA) in the winter of 2013. The
Uintah Basin has about 5000 active gas wells and 3000 active oil wells in the basin
(Utah Well Information Query, 2012). Since 2000, gas production has increased from
100 BCFE year−1 (billion cubic feet equivalent) to more than 300 BCFE year−1 in 2013
(UBETS Report, 2013). Over the same time period, oil production has increased from
−1
−1
8 MMBOE year (million barrels of oil equivalent) to nearly 20 MMBOE year , along

Abstract

Introduction

Conclusions

References

Tables

Figures

J

I

J

I

Back

Close

Full Screen / Esc
Printer-friendly Version
Interactive Discussion

|

25

Details of the cavity ring down spectrometer

The methane and ethane measurements were made with an optical analyzer based
on cavity ring down spectroscopy (G2132-i, S/N FCDS2016, Picarro, Inc., Santa Clara,
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with a four-fold increase in natural gas liquids (UBETS Report, 2013). In addition to the
high methane emissions deduced from aircraft measurements (Karion et al., 2013),
the Uintah basin suffers from poor air quality due to high production of ozone in the
wintertime during atmospheric inversion events. Studies have shown that the gaseous
effluents of oil and gas extraction activities in the basin are a key ingredient for the high
ozone production (Edwards et al., 2013; Schnell et al., 2012). Although it is clear that
the vast majority of methane emissions originate from oil and gas activities (primarily
extraction and processing), the relative proportions of emissions associated with the oil
production sector and the gas production sector have not been well understood, until
13
now: the mobile CH4 , δ CH4 , and C2 H6 analysis described in this paper indicates that
the emissions from natural gas production comprise 86 ± 7 % (1 − σ) of the emissions
in the basin, with the remainder from oil production activities and biogenic sources.
The paper is organized as follows: we first present a detailed description of the CRDS
analyzer used in this study, including a thorough discussion of performance, calibration,
and cross-interference from other atmospheric constituents. We then describe the mobile laboratory used to perform the measurements, and the methodology employed
for characterization of individual sources and regional signals. Results for individual
source measurements are presented and compared to studies of the gas composition
present in the geologic formations in gas- and oil-producing areas of the basin. These
end member populations are then used to interpret the regional atmospheric signal
using a simple two end member model. We conclude the paper with a discussion of
the findings and present a future outlook for the measurement technology presented.
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CA). CRDS is a laser-based technique in which the infrared absorption loss in a sample
cell is measured to quantify the mole-fraction of the gas or gases. Five gas species are
12 1
13 1
1 16
12 1
12 16
measured by these instruments: C H4 , C H4 , H2 O, C2 H6 , and C O2 (the
latter three denoted H2 O, C2 H6 , and CO2 from here onward).
Two separate lasers are used in this spectrometer: one for the 12 CH4 and CO2 measurements operating at about 6057 wavenumbers, and one for the 13 CH4 , H2 O, and
C2 H6 measurements operating at about 6029 wavenumbers. Light from each laser,
tuned to specific near-infrared absorption features of the key analyte molecules, is
directed sequentially into an optical resonator (called the optical cavity). The optical
cavity consists of a closed chamber with three highly reflective mirrors, and it serves
3
as a compact flow cell with a volume of less than 10 standard cm into which the sample gas is introduced. The sample gas is flowed continuously through the system. The
gas flow in the standard instrument is about 25 sccm, but by either modifying the inlet plumbing system and/or restricting the inlet flow, the instrument can be operated
at flows from 5–400 sccm. The measurements described in this paper were taken at
400 sccm in the mobile laboratory, for fast response (∼ 1 s 10–90 % rise/fall time); and
at 15–20 sccm for laboratory work, for conservation of sample gas. The optical cavity is
actively controlled to a temperature of 45 ◦ C, and the gas in the cell is actively controlled
to a pressure of 148 Torr.
The flow cell has an effective optical path length of 15–20 km; this long path length
allows for measurements with high precision (with ppb or even parts-per-trillion uncertainty, depending on the analyte gas), using compact and highly reliable near-infrared
laser sources. The gas temperature and pressure are tightly controlled in these instruments (Crosson, 2008). This stability allows the instrument (when properly calibrated
to traceable reference standards) to deliver accurate measurements.
The instrument employs precise monitoring and control of the optical wavelength,
which delivers sub-picometer wavelength targeting on a microsecond timescale. Ring
down events are collected at a rate of about 200 ringdowns s−1 . Individual spectrograms consist of about 50–200 individual ring downs, distributed across 10–20 spectral
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The right panel of Fig. 1 displays the spectra of key gas species (the analytes and
other key atmospheric constituents) in the 6057 wavenumber region, generated with
the HITRAN database (Rothman et al., 2013) for CH4 , CO2 , and H2 O. The spectral
12
feature used for quantification of CH4 is a quartet of lines centered at about 6057.07
wavenumbers. The laser is scanned across this spectral feature, from about 6056.81 to
6057.39 with approximately 0.02 wavenumber resolution. The resulting spectrograms
are fit with a modified nonlinear Levenberg–Marquardt (Press et al., 1986) algorithm,
12
using an experimentally derived model function for CH4 . Due to the complexity of
the spectrum, instead of modeling the observed spectrum with an ensemble of single
ro-vibrational transitions, we have constructed an empirically-derived model based on
a cubic spline with knots spaced approximately every 0.01 wavenumbers.
We note that the spectral region and the analysis algorithms for 12 CH4 is identical
to the algorithms that are used in several standard models from the same manufacturer (e.g., models G1301, G2301, G2401); the performance of these instruments for
atmospheric measurements of CH4 , and H2 O has been described in detail elsewhere
(Crosson, 2008; Chen et al., 2010; Rella et al., 2013; Fang et al., 2013; Winderlich
et al., 2010). The basic performance reported in these papers should be highly representative of the performance of this analyzer, and we will rely on these references for
estimates of precision, uncertainty, and cross-talk with key analytical species.
The left panel of Fig. 1 displays the spectra of key gas species (the analytes and other
key atmospheric constituents) in the 6029 wavenumber region. The individual spectra
were generated from the HITRAN database (Rothman et al., 2013) for CH4 , CO2 , and
4866
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points around the peak. The overall measurement interval is about 1 s. The resulting
spectrograms are analyzed using nonlinear spectral pattern recognition routines, and
the outputs of these routines are converted into gas concentrations using linear conversion factors derived from calibration activities using gas standards that are traceable
to gravimetric standards or other artifact standards, as described below.
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H2 O, and from experimental measurements for ethane, which is not included in the
database. During normal instrument operation, the region of 6028.4–6029.2 wavenumbers is scanned with approximately 0.02 wavenumber resolution. The resulting spec12
13
trograms are fit, using experimentally determined model functions for CH4 , CH4 ,
H2 O, and CO2 . The latter two spectra are quite simple, and were modeled with Galatry
functions.
The 12 CH4 and 13 CH4 are more complicated to model. In an experimental instrument, fine scan spectra over a range of 6028.4 to 6029.2 wavenumbers were collected
13
on a sample of 100 ppm CH4 and δ CH4 ∼ −40 ‰ in a balance of synthetic air. A sep13
arate sample of > 99 % pure CH4 was used to verify that only the three lines at
13
6029.1 are the only significant CH4 features in this region. All the other lines (about
two dozen distinct features, according to the more recent HITRAN database, which
was not available in 2010 when the initial spectroscopic work was performed) are due
to 12 CH4 . The 13 CH4 triplet is modeled with Galatry functions (Varghese and Hanson,
1984). The contribution of the 13 CH4 lines were subtracted from the experimental composite CH4 spectrum, in principle leaving only 12 CH4 . The 12 CH4 spectrum was then
modeled from this processed spectrum, using a combination of three Galatry functions
for the prominent 12 CH4 peaks and a cubic spline with knots spaced approximately
every 0.01 wavenumbers for the smaller peaks. It is possible that in this process that
13
either “too much” or “too little” CH4 was removed from the composite spectrum. This
12
13
would lead to a cross-interference between CH4 and CH4 , which can be dealt with
13
in a straightforward manner during the calibration of δ CH4 , as discussed below.
12
13
The amplitudes of the CH4 , CH4 , and H2 O spectral features are varied dynamically in the nonlinear fit routine to minimize the least squares. The amplitude of the
CO2 is determined from a quasi-simultaneous measurement of CO2 made at 6056.51
wavenumbers. CO2 is measured by scanning from 6056.4 to 6056.6 wavenumbers,
across the 12 CO2 spectral feature. This measurement is only a rough measurement by
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We have performed a basic assessment of the instrument by measuring a single bottle
(1.78 ppm CH4 ) for 18 h. We have computed the Allan standard deviation (Allan, 1966)
of the resulting data set, using the following definition:

8, 4859–4916, 2015

Local and regional
scale measurements
of CH4 , δ13 CH4 , and
C2 H6 in the Uintah
Basin
C. W. Rella et al.

Title Page

Discussion Paper

2.3

AMTD

|

20

Discussion Paper

15

|

10

Discussion Paper

5

atmospheric standards (∼ 1 ppm uncertainty), but it is sufficient for the purpose presetting the amplitude of the CO2 lines in the vicinity of the 13 CH4 feature.
From this nonlinear fit, the water concentration is also determined using the peak
height of the water feature centered at 6028.79 wavenumbers. In addition, a second
independent nonlinear fit is performed in which the model function of C2 H6 is also
included in the fit, which allows us to quantify the ethane concentration in a gas sample
with approximately 100 ppb precision. This relatively poor precision, coupled with an
uncorrected cross-interference with some key gas species, limits the general utility of
this measurement. The performance and limitations of this measurement are discussed
below.
There are two modes of operation in this instrument. In one mode, called the
“high precision” mode, the 12 CH4 is quantified using the very strong feature at about
6057.07 wavenumbers. In the second mode, called the “high range” mode, the 12 CH4
is quantified using the weaker feature at 6028.55 wavenumbers. This line has a much
stronger dynamic range, above 1000 ppm CH4 . In this paper, we consider only the
“high-precision” mode of the analyzer. In addition, will devote most of our attention to
13
13
the performance of 12 CH4 and CH4 (and thus δ CH4 ), since these are the primary
analyte gas species. We will also discuss the calibration and uncertainty in the H2 O,
CO2 , and C2 H6 measurements, especially in the context of using these measurements
to correct for cross-interference of these species onto the primary analyte gases.
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In this expression, y(τ)i are sequential block averages over time τ. The Allan standard
deviations for δ 13 CH4 , CH4 , and C2 H6 are shown in Fig. 2. The noise isotope ratio and
ethane at 1 min of averaging is below 1.0 ‰ and 25 ppb, respectively, and continue to
follow a square root averaging law to about an hour or more. This high degree of stability can be used to conduct highly accurate experiments, especially when calibration
gases are introduced periodically, as will be seen below.

|
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12 CH
4
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The spectroscopic line used to quantify CH4 is the same as that used in several
widely-deployed instruments produced by the same manufacturer (e.g., Models G2301
and G2401). The spectroscopy and analysis codes are identical, apart from two small
differences:
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These two differences lead to small differences in the 12 CH4 calibration factors and the
coefficients used to report and correct for water vapor in the gas stream. These effects
are investigated below.
The output of the spectroscopic fitting algorithm is a peak height corresponding to
the analyte gas. The function relating the mole fraction c to the absorption peak area
is linear, according to the Beer–Lambert law. The peak height α is not always a linear relationship, but in most situations in near-infrared resolved ro-vibrational optical
spectroscopy, this expression is substantially linear:

|

20

2. The absorption line used to quantify water vapor is different between this model
and the other instrumentation.

Discussion Paper

1. The operating pressure differs by 8 Torr; i.e., 148 Torr in this instrument vs.
140 Torr in the other models.
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In principle, with careful measurements, we could determine calibration constants for
12
13
13
CH4 as was done for CH4 . However, we have chosen a strategy of selecting δ CH4
13
as the primary isotopic measurement output, rather than CH4 , for the following reasons:

2. Dilution by water vapor occurs to both species equally (as a % of each species’
dry mole fraction), which means that δ 13 CH4 is unaffected by dilution.
1

−1

ppb cm , or parts-per-billion per cm, is a unit that describes optical absorbance per distance.

|

4870

Discussion Paper

20

|

13

1. It is experimentally more straightforward to generate a constant δ CH4 in a vary13
ing background gas mixture than it is to generate a constant CH4 mixture.
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The CH4 concentration is determined from the measured absorption peak height,
12
using a similar treatment as for CH4 . We begin with the simple linear relationship:
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The constant of proportionality k12 relates the measured absorption peak height α12
to the mole fraction of 12 CH4 in the sample gas c12 , with an offset term ε12 . In the
absence of other background gas effects (a topic discussed fully below), k12 is a con12
−1
1
stant κ12 that is equal to 4.333 ppb CH4 per ppb cm of loss , determined by performing a measurement of a calibrated tank with a single instrument (Model G2132-i,
serial number FCDS2016, Picarro, Inc., Santa Clara, USA). The analytical accuracy
of this tank is 1 %, which is more than sufficient for this study. For more demanding
applications, the instrument can be calibrated using standard gas mixtures with lower
uncertainty, which also allows one to determine the offset term ε12 , which is typically
within a few ppb of zero.
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Throughout this paper, we will consider 12 CH4 and δ 13 CH4 as the independently calibrated quantities. The individual concentration 13 CH4 will be derived directly from these
two analytical values using the following expression:
r

sample
13
δ CH4 [in ‰] ≡ 1000
− 1 , where rsample = c13 /c12 and rVPDB = 0.0111802
rVPDB
(4)

|

10

4. δ 13 C is commonly reported on the Vienna Pee Dee Belemnite scale (Coplen
et al., 2006), for which there are traceable primary standards. In contrast, there
13
13
are no independent primary standards for CH4 ; the scale for CH4 is typically
13
defined by a combination of the δ CH4 standard and the total CH4 scale.
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3. Spectral line shape effects are likely to have similar effects on the two species.
δ 13 CH4 is affected only by the net line shape effect between the two species.

AMTD
8, 4859–4916, 2015

Local and regional
scale measurements
of CH4 , δ13 CH4 , and
C2 H6 in the Uintah
Basin
C. W. Rella et al.

Title Page

|

15

κ13 α13
κ12 α12

rVPDB


− 1

(6)

|

4871

Discussion Paper


δ 13 CH4 = 1000 
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Equation (5) relates the spectroscopic measurements of absorption loss at the peak of
the two isotopologues (α12 and α13 ), the calibration coefficients (k12 and k13 ), and the
calibration offsets (ε12 and ε13 ) to the determination of δ 13 CH4 .
First, we consider the case of an ideal spectrometer, for which the calibration coefficients are constants (i.e., k12 = κ12 and k13 = κ13 ), and the calibration offsets are zero
(i.e., ε12 = ε13 = 0). These assumptions lead to the following expression, as expected:
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The value for rVPDB follows Werner and Brand (2001). Substituting the simple linear
relationships for c12 and c13 (Eqs. 2 and 3) into this expression, we find


k13 α13 + ε13
13
δ CH4 = 1000
−1
(5)
(k12 α12 + ε12 ) rVPDB
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we obtain A = 165 595.70 ‰ and B = −1053.59 ‰. These calibration constants have
been transferred to all subsequent instruments.
To validate the calibration over a wider range of delta, we used four isotope standards
at a concentration of 2500 ppm CH4 in a balance of air (Isometric Instruments, Victoria,
British Columbia, Canada), with isotope ratios ranging from −66.5 to −23.9 ‰, and an
uncertainty of ±0.2 ‰ (as quoted by the supplier). These standards were diluted with
zero air using the setup shown in Fig. 4. For each isotope standard, four concentration
steps were generated by changing the flow in the mass flow controller, with the output
concentration ranging from 2–20 ppm. The values reported by the instrument were
generated using the standard instrument calibration constants. The top panel of Fig. 5
shows the resulting data, along with a linear fit (green line) and the standard calibration
(red dashed line). The new instrument calibration is given by the constants
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Equation (6) can be used to calibrate the instrument, as it relates the spectroscopically
α
measureable quantities (i.e., the loss ratio α13 ) to δ 13 CH4 . The factory calibration for
12
this set of spectroscopic lines was obtained using the following method. A single bottle
of 100 ppm methane (Air Liquide America Specialty Gases, Plumsteadville, Pennsylvania, USA) was used as a source gas. Several one liter sampling bags (Cali-5-Bond,
Calibrated Instruments, Hawthorne, NY, USA) were filled with the source gas. The bags
12
were equipped with a silicone septum mounted directly on the bag. Pure CH4 (model,
vendor) was injected through the septum in varying amounts to each bag to shift the
isotope ratio in the samples. These bags were then measured on an instrument (serial
number FCDS002) after diluting 10 : 1 with methane-free zero air, and then these bags
were subsequently sent for analysis at commercial laboratory (Isotech, Champaign,
Illinois, USA). Figure 3 shows these calibration data. The samples cover a relatively
narrow range of delta, from −60 to −67 ‰. By fitting the data to a line of the form
h
i
α13
δ 13 CH4
=A
+B
(7)
α12
standard
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κ13
κ12

rVPDB

per ppb cm−1 of loss. For δ 13 CH4 = 0.0 ‰, the 13 CH4 line is 154 times smaller than the
12
CH4 line.
2.5

Instrument drift and methods for correction
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To design an effective calibration and drift correction routine, it is important to understand how the optical spectrometer drifts, and how best to correct for that drift. In Section A of the Supplement, we present in detail the nonlinearity of the instrument as
a function of methane concentration. We begin by inspecting Eq. (S5) in the Supplement, reproduced below (where we have not included the nonlinear term γ):


 
n
o
α0
1000 k13
1000 k13 α13
+
+
β − 1000
(9)
δ 13 CH4
=
rVPDB k12 α12 α12
rVPDB k12
spectr. corr
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= 1.7212 which means that κ13 = 7.458 ppb13 CH4
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, obtained from inspection of Eqs. (6) and (7). Given
κ13
κ12
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rVPDB = 0.0111802, we find that

12
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from the expression A =
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This calibration has a 7 % difference in slope from the initial calibration. The bottom
panel shows the residuals of the linear fit (green circles), as well as the difference
between the original calibration and the standard values (red values). The two calibration functions give results that are in reasonably good agreement in the −55 to −35 ‰
range. Given the much wider range of these calibration standards, this later calibration
is likely to be more accurate in the high and low delta ranges. Results in this paper are
reported against the scale defined by these four standards.
Note that it is recommended that each instrument of this model be calibrated separately and independently, over the relevant range of delta that will be encountered in
the experiment, and with sufficient frequency in time (daily or even more frequently) to
track any drift in the analyzer. This topic will be discussed in greater detail below.
κ
The calibration slope parameter A0 can be used to infer the peak height ratio κ13
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If we substitute in this equation the calibration terms A and B and regroup, we arrive
at the following expression:
h
i
δ 13 CH4

true

= A0

α13
α13
c0 (t)
+ B0 +
+ χ (t) A0
+ C0 (t)
α12
c12
α12
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12

13

small. Finally, the term β quantifies the degree to which the CH4 loss measurement
α13 is dependent of the concentration of 12 CH4 (α13 is independent of 12 CH4 when
β = 0). To capture potential drift in this term, we will include an explicit dependence of
the term β on time: β(t) = β0 (1 + b(t)). We do not expect the physical processes that
lead to a non-zero β (i.e., nonlinearity in the absorbance axis and cross-talk between
12
CH4 and 13 CH4 ) to drift significantly over time compared to the other two terms, but
we include it for completeness. Keeping terms to first order in χ (t) and b(t), we find:





κ13 α13
α0 (t)
κ13 α13
+
χ
(t)
+
h
i
κ12 α12
α12 
 κ12 α12
δ 13 CH4
= 1000 

rVPDB
true
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As has been discussed in the Supplement, the net loss offset term α0 is due to imperfections in the spectrometer response. There is no reason to assume that these
imperfections are constant in time – we therefore include an explicit dependence of
this term on time, or α0 (t). There are also spectrometer drifts and errors that can affect
the calibration coefficients k12 and k13 . Examples of this type of drift are cavity temperature or pressure drifts, where the changes are manifest in the absorption cross-sections
and line shapes. Drifts in the wavelength axis also tend to be proportional to the absorption peak height, and therefore affect k12 and k13 . We will assume that the drift
k
κ
in the ratio of the slope coefficients takes on the form k13 = (1 + χ (t)) κ13 , where χ (t) is
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Where A =
rVPDB


1000 κ13
0
B =
β − 1000 = A0 β0 − 1000,
rVPDB κ12 0
0

0

i
h
α
Noting that A0 α13 + B0 = δ 13 CH4
12

i
h
δ 13 CH4

true

raw

i
h
= δ 13 CH4

raw

+

, this simplifies to:

i

h
c0 (t)
− B0 + C0 (t)
+ χ (t) δ 13 CH4
c12
raw

(12)
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which is approximately proportional to the ratio of the loss ratio
as can be seen
from Eq. (7), and thus the ratio c13 /c12 ); one term that is inversely proportional to the
0
methane concentration c12 , and a simple offset term C (t) that depends on neither concentration nor delta. This result is analogous to a similar expression derived in Griffith
et al. (2012) for measurements of δ 13 CO2 using a Fourier Transform Infrared Spectrometer, indicating the general applicability of the mathematical approach to isotope
ratio measurements based on infrared spectroscopy. We recall that variability the terms
0
c0 (t), χ (t), and C (t) are driven by different physical processes (i.e., spectral variations
in the optical loss of the empty cavity; errors in the temperature or pressure of the gas,
or changes in the wavelength calibration; and changes in the cross-talk between the
two methane isotopologues, respectively). We take advantage of these differences to
devise a method of drift correction in the next section.
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0
manifest as three drift terms: one term that is proportional to δ CH4
− B (a term
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For this experiment, we will assume that the term C0 (t) is zero. The two remaining drift
terms c0 (t) and χ (t) have a markedly different dependence on concentration. Therefore, to effectively track drift, we will use two bottles with different CH4 concentrations.
0
Note that to track the term C (t), it would be necessary to introduce a third bottle with
a substantially different isotope ratio than at least one of the first two bottles. Although
the algebra becomes more complicated, the outcome is similar to calibration using two
bottles.
We conducted an experiment with two bottles (Fig. 6): a high concentration bottle
13
(HI) of about 10 ppm CH4 and δ CH4 = −41.7 ‰ and a low concentration bottle (LO)
13
of about 1.8 ppm and δ CH4 = −44.5 ‰. A third unknown bottle at about 2 ppm was
used as a target tank to quantify the performance of the system. During each hour,
10 min were spent measuring the HI tank, 25 min for the LO tank, and 25 min for the
Target tank. This cycle was repeated every hour for forty days using a single instrument
and a single set of tanks.
Figure 7 shows the isotope ratios measured by the instrument for each of the three
bottles over time. Clearly, there is significant drift in the instrument. The lower concentration bottles drift much more than the high concentration (about 5 vs. 1 ‰), indicating
that c0 (t) is the dominant source of drift in these data.
For each cylinder (HI and LO) measurement during each hour, we may derive an
equation based on Eq. (12) that describes the terms χ (ti ) and c0 (ti ):
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raw-LO

h
i
13
(ti ) and δH (ti ) ≡ δ CH4

raw-HI

and δHI,LO are the isotope assignments for each tank.
In addition, we define:
∆H ≡ δHI − δH (ti ) and ∆L ≡ δLO − δL (ti )

(14)

[∆H (δL (ti ) − B) − ∆L (δH (ti ) − B)]
h
i
(δL (ti )−B)
(δH (ti )−B)
−
c12H
c12L
h
i
c (t )
∆H − c0 i

c0 (ti ) =

χ (ti ) =

(15)

(δH (ti ) − B)

Discussion Paper
|

sis, using Eq. (12), which is shown in Fig. 9, along with the 24 h average of these
data, with SD of ±0.21 and ±0.05 ‰, respectively. This stability is comparable to the
measurement stability of δ 13 CH4 achieved by a high-quality isotope laboratory (Lowe
et al., 2002). We have calculated the Allan standard deviation of the data (Fig. 10). The
−1/2
Allan standard deviation follows a τ
law past 100 h of averaging, indicating that the
instrument calibrated in this manner is stable over long periods of time. This high degree of stability strongly supports the possibility that this instrument can be used for
long-term in situ atmospheric monitoring of δ 13 CH4 .
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In other words, for each hour, we can determine the calibration factors χ (ti ) and α0 (ti )
12
from isotope and CH4 loss measurements of each tank. Figure 8 displays these
calibration factors determined from each hourly cycle over the forty day duration of the
experiment. The primary source of drift is the term c0 (ti ), although χ (ti ) also drifts to
a small extent.
h
i
13
Using these calibration constants, we can calculate δ CH4
on an hourly batrue
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Using these definitions and Eq. (13), we can derive the time dependent drift parameters χ (ti ) and c0 (ti ):
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In the above expressions, δL (ti ) ≡ δ CH4
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– Water vapor and carbon dioxide: these two gas species have direct absorption
12
13
features that are in the vicinity of the CH4 and CH4 absorption lines; these
features are incorporated in the spectral models that are used to fit the measured
absorption spectra. To the extent that the models are perfect, there would be no
13
cross-interference with δ CH4 . Experimentally, we find that there are some small
deviations in δ 13 CH4 , especially due to water (these experiments are discussed in
4878
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– Oxygen and Argon: these two gas species do not have any direct spectroscopic
absorption in the spectral regions used in the analyzer to quantify methane. They
affect the reported methane as a shift in the reported isotope ratio that is proportional to the concentration of the gas. This shift is independent of the methane
concentration. Note that the balance gas is nitrogen in these experiments.

Discussion Paper

15

It is clearly important that for the instrument to be of practical use, it must precisely and
accurately report the analyte mole fractions (12 CH4 and δ 13 CH4 ) over a wide range of
variability in the background gas matrix, especially including species such as H2 O and
CO2 , which are known to vary significantly in practical field situations. As is clear from
Fig. 1, the near-infrared spectra of the key analyte species are not free of spectral interference from other ro-vibrational absorption lines due to these gas species and other
atmospheric constituents. In an ideal spectrometer, using ideal model functions that
perfectly describe the absorption spectrum of the gas mixture present in the flow cell,
the analysis of the spectra will in principle reproduce the mole fractions of the analyte
gas without loss of fidelity. In the real world, however, there are practical limitations to
the quality of the spectroscopic model underlying the measurements, which leads to
unwanted biases in the reported analyte concentrations as the background gas matrix varies. We call these biases cross-interferences. In the Supplement, Sect. A, we
12
13
present in detail the cross interferences on CH4 and δ CH4 by a variety of atmospheric constituents. The results of this work are summarized in the Table 1. We discuss each species from the table below.
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– Ethane, ammonia, hydrogen sulfide, methyl mercaptan, propane, butane, ethylene: we have investigated the effect of these gases on the measurement of
13
δ CH4 . The primary effect that these gases have is to distort the measured
absorption spectrum, which in turn leads to an error in the measurement of
δ 13 CH4 . The magnitude of this effect is proportional to the mole fraction of the
contaminant species, and inversely proportional to the methane concentration
(because at higher methane concentrations, a given distortion of the spectrum
has a smaller effect on the isotope ratio). For example, 0.3 ppm of ethane in
13
a gas stream of 3 ppm of CH4 would shift the δ CH4 measurement higher by
−1
[+35 ‰ ppm CH4 (ppm C2 H6 ) ] × [0.3 ppm C2 H6 ]/[3 ppm CH4 ] = +3.5 ‰.
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The mobile methane and ethane laboratory

For the experiments in the Uintah basin, a small consumer sport utility vehicle is used
as the mobile platform. An instrument (G2132-i, SN FCDS2004) is placed in the rear
compartment of the vehicle. Power is supplied directly from the vehicle’s 12 V DC electrical system via heavy gauge cables attached directly to the terminals of the vehi-
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– Carbon monoxide: the effect of carbon monoxide was not measured (as was the
case of the above gases), but estimated from the spectral database HITRAN
(Rothman et al., 2013).
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greater detail in the Supplement). These effects are nonlinear. We provide a range
of values that captures 95 % of the measurements under varying contaminant gas
conditions as described in the far right column of the table. For the most accurate
results, it is recommended that the gas stream be dried to < 0.1 % mole fraction of
water vapor prior to analysis, and that the variability of carbon dioxide be limited
if possible.
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The mobile laboratory was used to measure the source signatures (i.e., of δ 13 CH4
and C2 H6 /CH4 ratio) of individual emissions sources by directly measuring the composition of the plumes carried downwind of the source location. At driving speeds,
typical plumes are traversed in just a couple of seconds. The isotope and ethane measurements are not of sufficient precision to allow for direct analysis of these very fast
transients; for this reason, a custom flow system has been designed to allow for fast
acquisition and slower re-analysis of atmospheric plumes. This system is shown in
Fig. 11. A ∼ 4 m long tube is mounted at about 0.15 m above the vehicle roof as the
gas inlet, with a flow of about 1900 sccm. The instrument draws about 400 sccm of this
gas, and a separate pump (Model S2000, Picarro Inc., Santa Clara, CA, USA) is used
to draw the remaining gas flow (about 1500 sccm) from this common inlet through a 75
cc mixing volume and then a 15 m long, 8.0 mm I.D. aluminum tube with a volume of
770 cc. The propagation delay in this tube is about 30 s. This long tube is used as a gas
storage container that at any point in time contains a gas sample corresponding to the
4880
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cle battery. A 1000 W capacity DC to AC modified sine-wave inverter (Power Inverter
1000 W, West Marine, Watsonville, CA, USA) is used to supply power to the instrument, pumps, and other equipment in the vehicle. For safety, 40 A DC fuses are placed
in line at the battery under the hood of the vehicle, and at the inverter, and care is taken
to ensure that all the equipment is properly grounded to the vehicle frame.
A high precision GPS (R100, Hemisphere GPS, Scottsdale, Arizona, USA) is used
for geolocation. The receiver antenna is affixed to the vehicle roof, and the 1 Hz positional data is integrated into the CRDS instrument data stream. A 2-D sonic anemometer is mounted 1.0 m above the roof to be out of the slipstream of the vehicle. Measurements of the wind, transverse and longitudinal to the car’s orientation, are also integrated into the instrument data stream. Positional information from the GPS is used
to remove the vehicle motion from the measured wind to determine the ground wind
velocity.
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the δ 13 CH4 of the background gas, cobs is the observed methane concentration, and
cbg is the background methane concentration. Thus, the isotope signature of the source
is obtained from a linear fit of the product δobs cobs vs. cobs . The ethane signatures of
the individual sources were derived from the data from linear regressions of C2 H6 vs.
CH4 for each plume.
4881
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last 30 s of measurements. The software controlling the flow system has two modes
of operation. In “survey” mode, the instrument records data directly from the inlet, and
the gas flows through the long tube toward the pump at a high flow rate. The software
uses an automatic algorithm to detect if the vehicle has just passed through a plume:
it identifies whether the concentration has crossed a given peak threshold (typically
1 ppm above background) and returning to within range of the background level (e.g.,
less than 0.3 ppm above the background level) within 15 s. If these criteria are met,
then the flow is automatically switched to “replay” mode. In this case, the flow path is
redirected such that the instrument draws directly from the far end of the long tube.
The instrument flow is also reduced to about 60 sccm, which is 25 times lower than
the “survey” mode flow through the storage tube. The key aspect of the long tube is
that the plume concentration profile is substantially preserved in the tube, because the
gas does not diffuse far along the length of the tube during the time of the measurement. This technology, called AirCore, was first developed by NOAA as a simple and
effective way to measure the vertical profile of trace gases in the atmosphere (Karion
et al., 2010; Tans, 2009). Once the gas in the tube is consumed (about 10 min), the
flow automatically returns to survey mode.
Over a period of five days, 56 separate plume analyses were made in the Uintah
basin. To quantify the isotopic signature of the sources, we have followed the analysis
described by Miller and Tans (2003). The data from each plume measurement are
analyzed with the following expression:
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The emissions sources of methane and ethane in the Uintah Basin together with the
background concentrations of these gases determine the observed atmospheric signals. We first derive expressions relating the observed atmospheric concentrations and
ratios given the background signals and the emissions quantities.
Consider first the emission of methane into the atmosphere. The observed concentration of methane is given by the expression below:
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Of the 56 individual source measurements, we have discarded measurements for
which the uncertainty of the measurement was greater than ±7 ‰ (1 sigma), leaving
a total of 28 measurements. For each measurement, we used data from the on-board
vehicle anemometer (after subtraction of the motion of the vehicle) to determine the
wind direction and identify the source of the plume; by comparing to known locations of
gas and oil wells (Uintah Map, 2013) we can categorize the sources as oil wells (N = 7)
or gas wells (N = 21). These results are summarized in Fig. 12. From this figure we
make two clear observations. First, the observed isotope ratios in the airborne plumes
are consistent with the composition of the associated and non-associated gases as
described in previous studies in the Uintah Basin (Rice et al., 1992) and from the work
of Schoell (1980) and others. This is an important conclusion, as it means that there
is not a significant degree of fractionation, either in C2 /C1 ratio or in δ 13 CH4 , associated with the fugitive emission processes that lead to the airborne natural gas plumes.
Second, we note that the signature in the vicinity of the gas wells is distinct from the
13
oil well plume signatures. The two populations can be separated using δ CH4 (with
plumes of > −48 ‰ associated with gas wells), with the difference between the mean
of the populations of 15 ‰ equal to three times the quadrature sum of the individual
SD. We will use the two source signatures in the analysis of the regional atmospheric
signal; this analysis is discussed below.
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In which rs is the overall emission ratio of all sources within the footprint of the observation. In general, we may express this overall source ratio in terms of the emissions
4883
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where eobs and ebg are mole fractions of the tracer gas for the observations and for
background measurements. Note that we have assumed for a given point in space and
time that the atmospheric dilution effect and transport (contained in the term D) is the
13
same for the primary gas (methane) and the tracer (ethane or CH4 ).
Solving to remove atmospheric dilution from these expressions, we find
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under all conditions typically observed in the atmosphere (cobs < 2 × 10 = 20 ppm).
It is important to note that the term D is not a constant, but can vary over position
(due to different spatial distribution of sources upwind of the vehicle) and time (as the
atmospheric conditions change).
At any given point in space and time, the term DEc represents the contribution of all
upwind sources to the concentration measured at the point of the observer. The background concentration can be defined in multiple ways, depending on desired observing
area or footprint of the measurement. In this paper, we are looking for regional emissions, so we consider the background to be the air entering the basin from the upwind
direction.
We can write a similar expression to Eq. (17) for the tracer gas (in this case, either
ethane or 13 CH4 ):
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where cobs is the observed mole fraction of methane (in absolute units, where e.g.
−6
2 ppm = 2 × 10 ), cbg is the background mole fraction (same units), Ec is the emission
rate of methane into the atmosphere, and D is an effective dilution factor for the atmosphere (in units of mole fraction per emission rate). Note that this expression is not
exact: the expression holds only when cobs , cbg , and DEc  1. This condition is met
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Ee−oil + Ee−gas
Eoil + Egas

=

(20)

Eoil + Egas

In this expression, Eoil and Egas are the emission rates of methane from each source
type, oil wells and gas wells; similarly, Ee−oil and Ee−gas are the tracer emissions from
each source type. Defining roil =

Ee−oil
Eoil

and rgas =

roil Eoil + rgas Egas

Ee−gas
,
Egas

we find:
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15

Using Eq. (21), if we can measure rs (the overall ratio of the tracer to methane observed
in the atmosphere), and given the source signatures of oil and gas sources roil and rgas
observed in Fig. 12, we can determine the relative fraction of the emissions of oil and
gas, without measuring the emission rates directly.
How can we determine the overall emission ratio rs ? By regrouping terms in Eq. (19),
and by defining robs = eobs /cobs and rbg = ebg /cbg , we arrive at the following expression:

eobs = rs cobs + rbg − rs cbg
(22)

(21)

Eoil + Egas
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Note that the source emission ratio rs is obtained from the slope of a plot of eobs vs.
cobs . The equation constructed similarly to the Miller–Tans method for isotope analysis
(Miller and Tans, 2003). In fact, this equation reduces to the Miller–Tans equation via
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Ee

E
Ee−oil
Eoil + Ee−gas Egas
Eoil
gas
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of each type of source. In Karion et al. (2013), the contributions of cattle and natural
seepage to the total methane emissions was estimated to be 2.5 % production. For the
purposes of this analysis, we ignore the contributions of these two sources, leaving two
source types: oil wells and gas wells. We decompose the middle term of Eq. (19) into
the two source types:
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These expressions can be used to quantify the source signatures (rs for ethane and
13
{δ CH4 }s ) given the observations and the background values.
Our goal is to measure a representative sample of the air in the Basin from the
mobile laboratory. With this goal in mind, we have designed a system that samples gas
over long periods of time from the mobile lab, and enabling reanalysis of the gas in the
lab, where careful calibration and longer measurement times can be brought to bear to
13
improve the precision and accuracy of the measurements of δ CH4 and ethane.
The sampling system is based on the AirCore concept, but with a much larger volume. The system is shown in Fig. 13. The top schematic shows the sampling system
and the vehicle. Real-time measurements of the CH4 concentration are made during
the drive, along with GPS coordinates and local wind speed and direction.
To ensure that the gas sampled in the storage tube is representative of the regional
air, it is important to have a good understanding of the inlet flow of the system. Under
constant pressure conditions at the inlet of the system, the flow at the inlet fin is equal
to the flow at the exit of the long storage tube fout . However, the inlet pressure is not
constant while in motion, due to altitude changes and dynamic pressure changes due
to the Bernoulli Effect. These pressure changes will lead to flow changes at the inlet of
the system, leading to uneven sampling of the regional air. We have constructed a complete air flow model that we have demonstrated matches observations. This model and
associated experimental validation is described in the Supplement.
The bottom panel of Fig. 13 shows the laboratory reanalysis system. The reanalysis
can occur at a much slower flow rate (about 17 sccm for experiments described here),
leading to improved precision on the isotope and ethane analysis, and the overall accuracy and drift of the system is improved by using one or more calibration standards.
For the measurements described here, we used a single cylinder at 1.85 ppm CH4 and
4885
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algebraic manipulation to convert the ratios rs , robs , and rbg to delta notation via δ =


1000 r r − 1 .
VPDB

δobs cobs = δs cobs + δbg − δs cbg
(23)
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3. The flow in the storage tube is reversed during reanalysis; for this reason, the
replay time axis is reversed.
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In this expression, x is distance along the length of the tube and ts is the residence time of the gas at the location x, and we have used a diffusion constant
2 −1
D = 0.2 cm s . There are no free parameters in this smoothing function. It is
important to note that other than gas diffusion (which conserves total methane),
there are no adjustments made to the methane measurements during the recording phase or reanalysis phase.
4886

|
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5. To compare the methane signal measured during reanalysis to the recorded
methane signal, a smoothing function is convolved with the recorded methane
time series. This smoothing function is simply the Green’s function for one dimensional diffusion:
!
2
x
f (x) = exp −
(24)
4Dts
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17 sccm/88 sccm = 0.19).
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2. The re-analysis time axis (called “replay” time) is first shifted by the time delay
between the end of the recording and the beginning of the reanalysis.
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1. The time axis during the “recording” phase is never adjusted.
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−47.5 ± 0.5 ‰ (a bottle of whole air collected and compressed at Niwot Ridge, Colorado) as the single standard. During each reanalysis period, we assumed that the
drift of the instrument is in the concentration dependent term c0 (t) (Eq. 12).
To associate a particular measurement made in the laboratory during reanalysis to
a specific location on the drive, it is necessary to properly re-synchronize the time axes,
and to account for gas diffusion in the tube. This is accomplished using the following
procedure:
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where c(t) is the concentration observed during the drive, c0 is the minimum concentration observed on the drive (2.1 ppm in this case), and c15 (t) is the minimum concentration within ±15 s of time t. Both integrals are performed over the entire drive. The integral in the numerator is near zero unless the vehicle encounters methane plumes that
4887
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The result of this procedure is shown in Fig. 14. The reanalyzed data reproduces the
smoothed in-vehicle measurements well, except for the most narrow methane plumes
observed during the drive (e.g., at t = 4800 s). The mismatch in the vertical axis on
these narrow plumes is due to (a) the fact that the instantaneous flow into the sampling tube is highly variable, leading to an under or over representation of that plume
in the sampling tube, and (b) the two inlets are near to each other on the vehicle
(within 0.5 m), but do not sample exactly the same location. The agreement between
the time shift derived from the methane observations and the time shift predicted from
the pressure/flow model (Supplement, Sect. B) indicates that the flow model is a good
representation of the flow into the system.
Dozens of individual narrow plumes (< 10 s in duration) are visible in Fig. 14. These
plumes are due to sources that are relatively close to the vehicle (. 150 m) during the
drive. To the extent that these sources are representative of the overall distribution of
sources in the region, these individual plumes do not present a problem, but if the
sources are atypical, the regional emissions result derived from this analysis could
have an error. We estimate the contribution of these individual sources in the regional
signal using the following expression:
R
[c(t) − c15 (t)]
flocal = R
(25)
[c(t) − c0 ]

Discussion Paper

6. Finally, to account for flow differences in different parts of the drive, the replay time
axis is compressed or expanded using a cubic spline function with 15 knots across
the time axis (every 300 s), optimizing the time mismatch between the smoothed
recorded methane signal and the reanalyzed signal.
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1. The regional isotope signatures are consistent with the gas wells as the predominant emissions source.
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are narrower than about a minute of drive time. For slowly-varying signals, the moving
baseline c15 (t) reduces the contribution to the integral. The integral in the denominator
is used to normalize the signal. If we consider the example of a fairly constant baseline
with narrow plumes (e.g., less than 15 s wide), flocal will be very close to 100 %. In contrast, a slowly varying methane signal with no narrow plumes will lead to flocal near 0 %.
Using this expression, we calculate flocal = 10 %, indicating that 10 % of the observed
signal in Fig. 14 is due to local influence, and thus that 90 % of the observed signal
is a regional signal. Twenty-one plumes with a peak height greater than 0.5 ppm were
identified, with an average amplitude = 5.6 ppm.
A total of three regional drives were performed in the winter of 2013, with a total
distance travelled of 314 km. The regional fractions for these drives were 90, 92, and
91 %, for an average of 91 %. For each drive, data from the reanalysis is averaged in
5 min blocks, corresponding to a time resolution of about 1 min, or 1 km along the path
13
of the vehicle. From this analysis, values for CH4 , δ CH4 , and ethane are obtained.
Using the functional correspondence of the time axes of the recorded data and reanalyzed data, the isotope and ethane signatures are associated with specific geographic
locations in the basin. A map of the Uintah basin, showing the locations of gas and oil
wells is shown in Fig. 15, along with the recorded isotope signatures for the three drives.
A clear geographic dependence of the isotope ratio can be seen, with the heaviest values observed in the primary gas production area in southeast of the basin, and the
lightest values observed in the oil producing region in the west. The concentration signatures were also highest in the gas producing area, although, because the data were
collected on different days with different atmospheric conditions, direct comparison is
difficult.
Figure 16 shows a Keeling plot of the observed isotope ratios (left panel) and the
ethane-to-methane ratio (right panel) from these drives.
We can make three clear observations from these data:
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Taken together, these observations provide strong evidence that the gas wells are the
predominant source of methane in the Uintah basin. We note that these measurements were purposely made during a period of time when an atmospheric inversion
was present in the Uintah Basin. There is only one opportunity for air to flow out of the
basin (the Green River valley to the south), and the methane accumulated in the basin
atmosphere over several days. It is therefore not surprising that the dominant emissions source signature (in this instance, the gas wells) would be visible throughout the
basin, even in the western region.
To quantify the emission ratio, we apply the following algorithm. First, we consider
each point in the left panel of Fig. 16, which corresponds to the isotope ratio at a specific
location on one of the drives. From this isotope ratio, we can calculate a “local” isotope
ratio at any position x on the path of the vehicle from the following expression based
on Eq. (21):
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3. Even in the predominantly oil-producing western region (1 February drive), the
observed isotope ratio, which shows significant deviation to lighter isotope vaues,
implies that the observed signal is a mixture of nearby oil sources and the more
distant gas sources.
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2. The regional ethane-to-methane ratio is about 9.6 %, which is close to the gas
source average ratio of 11.8 % (the centroid of the gas well ethane-to-methane
ratio from Fig. 12), and significantly different than the oil well signature of 22.3 %
(also from Fig. 12), although we note that the uncertainty in the ethane ratios is
very high for both populations (7.5 and 13 %, respectively).
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Egas (x)
, and using
Eoil (x)+Egas (x)
δ (x)−δ
Rgas (x) = δs −δ oil .
gas
oil
5

Egas (x)

oil (x)+Egas (x)

= 1 − Rgas (x), we find that

To derive the total regional ratio Rgas , we need to perform a weighted sum over all
locations in the basin:
P
all x Rgas (x)Etot (x)
Rgas =
(27)
P
all x Etot (x)
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In which cbg is the background value from which the concentration enhancement occurs. During the atmospheric inversion event, it is difficult to define a specific background value. For the purposes of this analysis, we assign the concentration measured
at Niwot Ridge in February 2012 (Dlugokencky et al., 2014). The 2013 numbers were
not yet available at the time this manuscript was prepared, but the effect of the new
values on the result will be insignificant, given the very high enhancements observed
during this study. The small fraction of the concentration enhancement that is due to
sources outside the Uintah Basin will then contribute to the overall uncertainty of the
emissions attribution; this contribution is difficult to quantify, but again, given the large
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It is difficult to quantify the local emissions Etot (x) that contribute to a given regional
signature. We do however know the concentration c(x), which is the measured concentration along the path of the vehicle. Can c(x) be used as a proxy for Etot (x)? To the
extent that the atmospheric dilution term D in Eq. (17) is substantially constant throughout the drive, and that sources are randomly distributed upwind of the vehicle, then the
measured concentration enhancement c(x)−cbg is a good proxy for the emissions rate,
or
P
all x Rgas (x)(c(x) − cbg )
Rgas =
(28)

P
all x c(x) − cbg
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If we define the fraction of emissions from gas wells observed at location x as Rgas (x) =
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enhancements observed in this study. These sources of uncertainty in the background
concentration and isotope ratio are captured in the Monte Carlo simulation, discussed
below.
If we continue to use the assumption that the emission-weighted end members of gas
and oil sources are −37.2 and −57.3 ‰, respectively, we find that the overall emission
ratio derived from each of the drives using Eq. (28) is 75, 95, and 93 % for each of the
three drives (1, 3, and 9 February 2013). If each of the drives is weighted equally, we
find that Rgas = 0.89. Alternatively, we take advantage of the fact that we drove certain
segments of the drive on multiple days by adjusting the concentrations such that the
observed concentration on all the drives are the same in these common segments of
the paths. In that situation, Rgas = 0.86 where the weighting factors for the three drives
are 2.2, 1.0, and 3.6, respectively. Although the difference between the two results is
small, we will use adopt this weighting in the uncertainty discussion below.
It is not a surprising result that the majority of methane emissions in the Uintah Basin
are from natural gas wells. The 2012 emission study performed in the Uintah (Karion
et al., 2013) focused on the gas producing eastern portion of the basin, but about 1000
of the 3000 oil wells in the basin. The western portion of the flight path used in that
study traverses the western oil-producing region. This segment of the flight path does
not show a significant methane enhancement, in support of the conclusion that the gas
field is the dominant source of methane in the region.
To quantify the uncertainty in the fractional emissions estimate, we perform a Monte
Carlo uncertainty analysis, by varying the following parameters (normally distributed)
around their nominal values: δgas , δoil , δbkgnd , and cbkgnd . In Karion et al. (2013), no
dominant single source of methane was found, in support of the idea that the emissions are due to an ensemble of many sources. We have thus assumed that the individual sources sampled directly are representative of the distribution of sources that
comprise the total emissions. The variability in the gas and oil end members is given by
the uncertainty in the means of each individual source distributions shown in Fig. 12,
σ
or √std (Bevington and Robinson, 1969), assuming that the population of wells sampled
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is representative of all the wells contributing to the emissions. In addition, we have
assumed an uncertainty in δbkgnd and cbkgnd of 1 ‰ and 0.1 ppm, respectively; the primary source of the uncertainty in the background parameter is due to the fact, because
of the atmospheric inversion, it is not possible to define a clear background for the regional enhancements. For this set of parameters, we find that Rgas = 0.86 ± 0.07 (1σ),
where 95 % of the Monte Carlo realizations have Rgas > 0.75. The contributions of δgas
and δbkgnd to the total uncertainty are approximately equal, and together account for
90 % of the total uncertainty of 0.07.
If the isotope ratios of the sources sampled are not representative of the emissionsweighted distribution of well signatures, then uncertainty in the mean of the sampled
distribution underestimates the uncertainty in the centroid of the full population. The
uncertainty in the end members should be increased to encompass the populations
that were not sampled. Assuming that the population is at least somewhat representative, and noting that the observed range in isotope values and ethane ratios is typical
of oil and gas producing geological formations, then the SD of the sampled distribution should represent a reasonable upper limit for the uncertainty. In this situation,
a substantial fraction of the Monte Carlo realizations are non-physical; i.e., the isotope ratios observed in the regional sampling can exceed the simulated gas well end
member, leading to calculated emission ratios that exceed 1 at times. However, even
with these highly uncertain end member populations, > 98 % of the realizations predict
that Rgas > 0.5, and 80 % of the realizations indicate that Rgas > 0.7, providing a highly
confident lower bound for the emission ratio Rgas .
Finally, we note that the three drives that contributed to this study are not necessarily
representative of the total air mass in the basin. We can obtain one estimate of this
sampling uncertainty by noting that the drive in the oil-producing region lead to an
estimate of 75 % for the emission ratio, and drives in the gas-producing region lead to
estimates of 93 and 95 %, for a total span of about ±10 % at most.
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In this paper, we present a comprehensive approach to emissions attribution, using
an innovative CH4 , δ 13 CH4 , and C2 H6 instrument based on cavity ring down spectroscopy (CRDS). The design and performance of the analyzer is presented in detail.
We have demonstrated that with proper calibration, the instrument can deliver high
quality δ 13 CH4 measurements with a precision that is comparable to isotope ratio mass
spectrometry. The instrument is compact and rugged, and can be deployed in remote
field stations or mobile platforms with a minimal amount of user attention.
As an example of the type of research that can be performed with this instrument,
field measurements were performed in the Uintah Basin (Utah, USA) in the winter of
2013, using a mobile lab equipped with the CRDS analyzer, a high-accuracy GPS,
a sonic anemometer, and a novel onboard gas storage and playback system. With an
extremely small population and almost no other sources of methane and ethane other
than oil and gas extraction activities, the Uintah Basin represents an ideal location
to investigate and validate new measurement methods of atmospheric methane and
ethane. We present the results of measurements of the fugitive emissions from 23
natural gas wells and 6 oil wells in the region. The δ 13 CH4 and C2 H6 signatures that we
observe are consistent with the signatures present in the ground. Furthermore, regional
measurements of the atmospheric CH4 , δ 13 CH4 , and C2 H6 signatures throughout the
basin have been made, using continuous atmospheric sampling into a 450 m long tube.
These measurements suggest that 86±7 % of the total emissions in the basin are from
natural gas production.
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Table 1. Summary of cross-interference due to direct absorption on δ 13 CH4 from a variety
of species. Reported as a slope for linear cross-interference, and as a range (95 % coverage
factor) for non-linear cross-interference over a specified range of concentration of the interfering
species. A positive sign indicates that the value of δ 13 CH4 reported by the instrument is more
positive than the actual value. See the text for more information.
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Figure 1. Spectra of key species in the frequency ranges employed in the spectrometer, displaying loss on a log scale vs. optical frequency in wavenumbers for the low frequency region
(left panel) and high frequency region (right panel). The spectra for methane (both isotopologues, concentration of 2 ppm), water vapor (1 %), and carbon dioxide (400 ppm) are obtained
from the HITRAN spectral database (Rothman et al., 2013), for a pressure of 148 Torr and
T = 45 ◦ C. The ethane spectrum (for a concentration of 1 ppm) was obtained experimentally
using the CRDS spectrometer from a 400 ppm bottle.
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Figure 2. Allan standard deviation for δ 13 CH4 , CH4 , and C2 H6 collected over 18 h, in units of ‰,
ppb, and ppm, as noted in the legend. The precision of the instrument is about 0.4 ppb for CH4
in a 1.2 s measurement, and below 1.0 ‰ for δ 13 CH4 in a minute of averaging. The ethane
measurement precision is about 20 ppb in 1 min. The latter two quantities follow a square root
averaging law for 1 h or more of averaging.
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Figure 3. Isotope calibration experiment, using samples prepared for this work and then analyzed at a commercial isotope laboratory. The x axis shows the raw loss ratio provided by the
instrument, and the y axis are the results of the external analysis. The linear fit coefficients have
been applied to all CRDS instruments that use these spectroscopic lines for δ 13 CH4 quantification.
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Figure 4. Setup for measuring dilute mixtures of 2500 ppm standards. The MFC was set to
flows ranging from 2 to 20 sccm. The needle valve was set to ∼ 1000 sccm dilution, for a concentration range of 2–20 ppm delivered to the instrument.
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Figure 5. Results of the validation calibration experiment. Top panel: blue circles: measured isotope ratio (x values) vs. standard values from the vendor. Green line: linear fit to these data. Red
dashed line: standard instrument calibration (A = 165 595.7 and B = −1053.61), and including
the loss nonlinearity term β and an optimized overall loss offset α0 of −0.0103 ppb cm−1 . Bottom panel: green circles: residuals from the green line in the top panel. The error bars indicate
the SD of the four concentration measurements between 1.9 and 15 ppm for each isotope standard, but do not include the uncertainty in the standard value of 0.2 ‰. Red squares: difference
between the measured value using the standard instrument calibration and the standard value.
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Figure 6. Setup for drift correction testing.
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Figure 7. Measured isotope ratio on three bottles, HI (10.1 ppm CH4 and δ CH4 = −41.7 ‰,
13
blue line), LO (1.78 ppm and δ CH4 = −44.5 ‰, green line), and Target (2.01 ppm, unknown
isotope ratio, red line).
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Figure 8. Measurements of the drift correction parameters χ (ti ) (bottom panel) and α0 (ti ) (top
panel), measured from the HI and LO bottles as described in the text. At 2 ppm CH4 , the parameter α0 (ti ) dominates the drift.
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Figure 9. Hourly measurements of δ 13 CH4 , after correction. The SD of the hourly measurements (blue circles) and the daily measurements (yellow bars) are shown in the figure legend.
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Figure 10. Allan standard deviation of δ CH4 after correction, using the data in Fig. 16. The
τ −1/2 line is shown for reference, indicating that the noise is nearly random, at least over 100 h.
There is a perceptible increase in the Allan standard deviation at about 12 h, which may indicate
13
a moderate dependence of δ CH4 on the diurnal cycle. The error bars are estimated based
upon the averaging time and the time duration of the data set.
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Figure 11. Apparatus for measuring the isotope ratio and ethane-to-methane ratio of single
plumes in the mobile lab. For survey mode, all 3-way valves are in “normally-open” (N.O.)
position (white), and the instrument measures the real time signal at the input to the 770 cc
storage tube. The flow through the tube is set by the pump and needle valve. When a plume is
detected at the instrument, the 3-way valves are switched to “normally-closed” (N.C.) position
(gray) and the instrument slowly re-analyzes the gas stored in the long tube.
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13

Figure 12. δ CH4 and ethane-to-methane ratios for plumes from 21 natural gas wells (red) and
7 oil wells (blue) in the Uintah basin. All of the natural gas measurements were of plumes in the
Natural Buttes field in the basin; the oil well measurements were mostly in the Monument Butte
field. The natural gas signatures are consistent with previous observations of production gases
in the Uintah Basin (Rice et al., 1992), and follow trends observed in other formations for gas
associated with oil production and non-associated thermogenic natural gas of various levels of
maturation. The red- and blue-outlined gray areas represent distinct populations of wells in the
Uintah as described in Rice et al. (1992), for which it has been assumed (for simplicity) that
the contribution of propane and heavier alkanes is zero. The centroids of the distribution of gas
well signatures is −37.18 ± 3.9 ‰ and 0.118 ± 0.075 for δ 13 CH4 and ethane-to-methane ratios,
respectively, and for oil is −52.31 ± 2.7 ‰ and 0.223 ± 0.13.
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Figure 13. Apparatus for making regional isotope and ethane ratio measurements. The top
schematic shows the mobile sampling system. The flow through the long storage tube is set by
the pump and needle valve. The two manual valves (V1 and V2 ) are in the open position during
the measurements, and closed when the survey is complete. An optional flow meter can be
inserted in the line upstream of the storage tube to verify the actual flow into the instrument.
An instrument in the vehicle measures the local ambient concentration on a separate inlet.
The storage tube is transported to the laboratory (lower schematic), where the gas stored
in the long tube is reanalyzed slowly (with the flow reversed, so the last gas in is the first
out). The reanalysis is periodically interrupted to run one or more calibration standard. A gas
drying system can be introduced downstream of the storage tube in the laboratory to reduce
the possible effect of water vapor on the measurements, but this was not done in the results
reported here. A fill gas other than ambient air can be used to denote the end of the sample.
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Figure 14. Top panel: (light gray) methane signal recorded in the vehicle over about 1.6 h.
Some plumes are as large as 30 ppm. (dark gray) Methane signal recorded in the vehicle, after
applying the smoothing function derived from gas diffusion in the storage tube. (red) Methane
signal obtained during re-analysis of the gas stored in the tube over about 24 h of analysis
time. The time axis of the reanalyzed signal has been adjusted according to the ratio of the
flows during recording and reanalysis. To account for flow differences in different parts of the
drive, the replay time axis is compressed or expanded using a cubic spline function with 15
knots across the time axis (every 300 s), optimizing the time mismatch between the recorded
methane signal and the reanalyzed signal. These time shifts are shown in the bottom panel
(blue points) (where a positive value indicates that the reanalysis time should be shifted later,
indicative of a reduced flow into the tube). The purple line in the bottom panel is the time shift
predicted by the inlet flow model for this drive described in the Supplement – the only free
parameter was an overall offset to the modeled time shift.
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Figure 15. Map of the Uintah basin, showing the locations of oil wells (blue) and gas wells (red).
In addition, the gas measurements obtained from the three regional drives are plotted, where
the area of the symbol is proportional to the gas concentration above background levels, and
the color given by the isotope ratio, with heavy ratios in red and light ratios in blue. Symbols
correspond to the date of the measurement (circles: 1 February 2013; squares: 3 February
2013; triangles: 9 February 2013). Concentrations are highest in the primary gas production
area in the southeast, and the observed isotope ratio is heavy. Isotope ratios in the oil producing
areas are lightest, and the concentrations are lower. The concentrations have been scaled
so that common segments of the drives have the same average concentration (see text for
details). Map image generated by Quantum GIS (Quantum, 2013); road and waterways data©
OpenStreetMap contributors.
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Figure 16. (Left panel) Keeling plot of δ 13 CH4 vs. (CH4 )−1 for the three drives on 1 February,
3 February, and 9 February in 2013. The point labeled “bkgnd” is the measurement of Niwot
Ridge, Colorado air by NOAA in February 2012: CH4 = 1.880 ppm and δ 13 CH4 = −47.83 ‰
(Dlugokencky et al., 2014). The top gray line indicates a source of gas with a −37.2 ‰ isotope
ratio (the centroid of the individual gas sources in Fig. 12), and the bottom gray line indicates
a source of −52.3 ‰ (the centroid of the individual oil sources in Fig. 12). Clearly the majority
of the observed isotope ratios are dominated by gas sources. (Right panel) Plot of ethane vs.
methane for the same three drives. The gray dashed line follows an ethane-to-methane ratio of
0.096.
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