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Measurements of 13CH,;/12CH, and 2CH3D/*2CH, ratios in atmospheric methane (CHy) sources provide
important information about the global CH, budget as well as about CH, production and consumption
processes occurring within the various sources. As an alternative to the conventional mass spectrometer
(MS) technique, which requires conversion of CH, to CO; and Hy, we have developed a tunable diode laser
absorption spectrometer (TDLAS), which permits rapid direct measurements of the 3CH,/!12CH, and
12CH3D/12CH, ratios. An intercomparison between TDLAS and MS techniques for samples from
natural wetlands, landfills, and natural gas sources resulted in a mean deviation of A3!3C = 0.44%, and
A3D = 5.1%0. In the present system the minimum mixing ratios required are 50 parts in 10% by volume
(ppmv) CH, (sample size 2 wmol CHy) for direct 3!°C measurements and 2000 ppmv (sample size 80 p.mol
CH,) for direct 3D measurements, These mixing-ratio limits are adequate for most CH; source
characterization studies without requiring sample preconcentration.
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1. Introduction

Recent concern about the increasing CH, concentra-
tion in the atmosphere!-3 has arisen because of the
contribution of CH, to global warming* as well as its
complex feedback mechanisms in tropospheric and
stratospheric chemistry.#® Isotope measurements
are an important tool in establishing the global
atmospheric CH,budget.%” For example, ¥CH, mea-
surements have been used to estimate the contribu-
tion of fossil sources such as natural gas and methane
from coal mining or from the oil industry.™® In
contrast the stable isotope ratios, 3CH,/2CH, and
12CHyD/12CH,, are determined by the different CH,-
production processes, i.e., (a) biogenic CH, production

by acetate fermentation or CO, reduction in strictly
anaerobic environments, (b) thermogenic production
(at high temperatures), and (c¢) incomplete combus-
tion of biomass or fossil fuels.}? The $18C-3D signa-
tures!! for the three CH,-production processes are
clearly distinguishable, and the two biogenic CH,-
production pathways, acetate fermentation and CO,
reduction, can be further differentiated by an inverse
313C/3D correlation (ASD/A313C < ().14-16

For many biogenic CH, sources, the CH, flux into
the atmosphere is reduced by partial bacterial oxida-
tion of the CH,, which causes an enrichment of both
the 313C and the 8D values (A3D/A$13C = 3-14).17-21
Further effects modifying the isotopic signatures are
the gradual isotopic enrichment of residual organic
material in the course of degradation (ASD/
Ad13 C = 0-1)'° and molecular diffusion, which may
alter isotope signatures of natural gases on geological
time scales?? (ASD/A8'%C = 1).28 Thus parallel 513C
and 8D measurements allow conclusions to be drawn
about the production, consumption, and transport of
CH,.

Until now 3'3C and 5D measurements of CH, have
been performed exclusively with mass spectrometry




(MS). Because of the very small mass difference
(0.003 amu) between 3CH, and 12CH3D, catalytic
oxidation of CH, to CO; for 3!3C analysis and reduc-
tion of the resultant H,O to H; for 3D analysis must
be carried out. High-resolution mass spectrometers
(AM/M ~ 15000) that could differentiate between
13CH, and 2CH;D are not available with the precision
necessary for atmospheric research?; i.e., A§ 18C =
0.1-1%0 and A8D = 1-10%0. The conversion of CH,
to CO; and H, requires the complete separation of the
CH, from coexisting CO, and H;O in the sample as
well as from CO and higher hydrocarbons, which
otherwise would also be converted to CO, and H,0.
In addition, N,O has to be removed because of the
mass interference between 12C180, and 14N,60.
Wabhlen ef al.” and Bésinger?¢ describe sample prepa-
ration procedures in which preparative gas chromatog-
raphy is used after the samples are purified with silica
gel, a molecular sieve, or liquid nitrogen cold traps.
Alternatively, Lowe and Brenninkmeijer? purify the

samples using a series of liquid nitrogen cold traps .

and convert CO into CO, with 1,05 with subsequent
removal of COz at 77 K. The reported overall preci-
sions are A} 3C = +0.05-0.2%0"%% and ASD =
+2-8%0.1626 The substantial effort required for
sample processing has severely limited the quantity
of available data on !2C and, in particular, on 3D of
atmospheric CH, and its sources.

We present here as a fundamentally different ap-
proach a direct measurement method for 3'3C and 8D
based on a tunable diode laser absorption spectrom-
eter (TDLAS) in which we determine the 13CH,/12CH,
and 12CH3D/'2CH, ratios from the intensities of
infrared absorption lines of the corresponding isotope
pairs. ,

Webster and May?” performed in sifu measure-
ments of stratospheric 13CH,/!2CH, ratios with a
balloonborne TDLAS instrument; however, the re-
ported precision of A313C ~ *£90%o is insufficient to
provide information on the atmospheric CH, cycle.
There have been some previous efforts to apply
TDLAS to measurements of naturally occurring iso-
tope ratios in molecules other than CH,.
Measurements of 13C0O,/12CO, ratios are described by
Wong?® with an accuracy of 3.1%¢ (CO, concentration
=5%) and by Becker et al.?® with a precision of 4%o
(pure CO;). Wahlen and Yoshinari®® reported mea-
surements of N80 /N;180 ratios on preconcentrated
samples (precision 0.4%0). Lee and Majkowski®! mea-
sured the C180/C%0 and C!70/CQ ratios in pure
CO with a standard deviation of 2.5%0 for C2Q/
C10. Using a TDLAS, Anderson ef al. have per-
formed laboratory studies of ozone isotopomers.32

We present here what is to our knowledge the first
application of a TDLAS for stable isotope ratio mea-
surements in CH,, carried out directly on environmen-
tal samples collected in the field. Our earlier study
on the development of the 3!3C technique has been
communicated previously.3® The further develop-
ments reported here include the extension of the
method to 8D measurements, the incorporation of a

multipass reflection cell (White cell), which improves
the CHy-concentration limit by 2-3 orders of magni-
tude, modifications of the data evaluation procedure,
and a more comprehensive study of possible spectro-
scopic interferences. In addition, an intercompari-
son of the TDLAS technique with conventional mass
spectrometry has been performed for a variety of field
samples from natural wetlands, landfills, and natural
gas. The results demonstrate the applicability of
our TDLAS instrument for 8 13C and 8D investiga-
tions of atmospheric CH, sources.

2. Experimental

A. Spectroscopy

The infrared absorption features of CH, in the middle
and the near-infrared are determined by rotational—
vibrational transitions of the CH,; molecule.
Although the main contribution of CH, to global
warming comes from the v, band at 1310 em~! in the
atmospheric infrared window between 700 and 1400
em~1, the strongest absorption band of CH, is the v
band at 3000 cm~!. To investigate the applicability
of this spectral region for isotope measurements, we
recorded the spectra between 2800 and 3200 cm™! at
0.02-cm~! resolution for the different isotope species
with a Fourier-transform infrared spectrometer
(FTIR). The spectrum of CH, at natural isotopic
abundance (i.e., containing 98.8% !2CH,) and the
spectra of pure 3CH, and pure 2CH;3D are shown in
Fig. 1. Because the symmetry of 12CH, and 13CH, is
the same (spherical rotor), the pattern of absorption
lines is similar for both isotopes, but the lines are
shifted against each other by approximately 10 cm~!
because of the mass difference of the C atom. In
contrast, 12CH3D is a symmetric top molecule with six
fundamentals instead of four, and the additional
quantum number K (orientation to the molecular
axis) leads to a splitting of degenerate 12CH, states.

One approach for measurements of the 18CH, /12CH,
ratio is to use the P or the R branch of 2CH, and
13CH,, where some pairs of adjacent (<0.5 em~1) and
more or less sufficiently separated 3CH, and 2CH,
lines or groups of lines exist. However, the typical
intensity ratio of these lines is approximately the
same as the natural isotope abundance ratio of 13C /12C
(~0.01). Thus different optical pathways with the
inverse length ratio would have to be used for these
line pairs to achieve comparable absorptions for both
isotope species.

Alternatively, the @ branch can be used for
183CH,/!12CH, ratio measurements where some strong
13CH, lines neighbor weak 2CH, lines of similar
line-center absorption. The region with the stron-
gest 18CH, @Q-branch lines is shown in Fig. 2; these
spectra are recorded with the TDLAS instrument
[(top) natural CH, and (bottom) 3CH,]. Application
of these line pairs does not require any compensation
for the isotope abundance by different optical lengths.
On the other hand, the weak 12CH, lines generally
arise from rovibrational transitions with much higher
ground-state energies than the 13CH, lines, resulting
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Fig. 1. FTIR specira from 2800 to 3200 cm~! (resolution 0.02 cm—1). Top, CH, at natural isotopic composition (i.e., ~98.8% 12CH,);

middle, 13CHy; bottom, 2CH3D.

in a higher temperature dependence of the 313C
measurements. This temperature dependence
A3/AT is proportional to the difference of ground-
state energies (AE) of the corresponding transi-
tions34;

A _AE 1000(% 1

AT -~ kT2 ( 00)) ( )
where % is the Boltzmann constant and T is the
absolute temperature. Measurements of the tem-
perature coefficient A3'3C/AT for the 3007.078-cm™!
(12CH,)/8007.145-cm~! (33CH,) line pair yielded 22.2 +

natural methane
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Fig. 2. TDLAS spectra. Top, natural CH, (313C = —27.8%o0);

bottom, pure 1BCH,. Possible 3CH,/'?CH, line pairs are indi-
cated by the arrows.

2.0%0/K,3? in reasonable agreement with a value of
18%o0/K calculated according to Eq. (1) for this line
pair (ground-state energies, cf. Table 1, below). We
show here that this relatively strong temperature
dependence of the apparent 2CH,/12CH, isotope
ratios measured with this line pair is adequately
suppressed by the high thermal capacity of the gas
cells and by procedures for zero measurements dis-
cussed below.

For measurements of the 12CHgD/12CH, ratio there
is a higher number of suitable line pairs of compa-
rable absorption spread over a much wider spectral
range compared with the situation for the $13C mea-
surements. Line pairs for 3!°C and 3D measure-
ments are discussed in detail below (Sections 3 and 4).

B. Optical Setup

The optical setup of the isotope TDLAS instrument is
shown in Fig. 3. To facilitate the use of different
lasers for the measurements of the 3CH, /2CH, ratio
and the '2CHgD/12CH, ratio, we built a two-laser
system. Two double-heterostructure Ph—salt diode
lasers are mounted inside the same liquid nitrogen
Dewar. Each laser can be independently tempera-
ture controlled in the range from 77 to 100 K. The
divergent laser beam is collimated by an off-axis
parabolic (OAP) mirror, and a plane mirror (PM1) can
be switched manually to select the desired laser beam.
Subsequently the laser beam passes through a
Czerny-Turner-type monochromator to separate dif-
ferent longitudinal laser modes. A set of 12 Cal,
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Fig. 3. Optical setup of the TDLAS instrument.

Brewster plates linearly polarizes the laser beam to
>99%. Two wedged CaF, windows (WW’s) split the
beam into three parts, with the main beam directed
through a multipass reflection cell (White cell) that
has a maximum optical length of 213 m (base length
1.50 m). At the entrance the beam is focused into
the White cell with an OAP mirror. The outcoming
beam from the White cell is directed by plane mirror
PM2 up to the tilted spherical mirror (SM), which
focuses the beam onto the detector. This arrange-
ment compensates for the astigmatism of the White
cell exit beam. The two reference beams formed by
the beam splitters are directed through two 36-cm gas
cells, one containing a CH -isotope reference gas and
the other pure 2CH, or 2CHzD. These beams are
focused onto the InSb detectors with concave toroidal
mirrors (TM’s). To align the TDLAS instrument,
one can coalign a He-Ne laser beam with the infrared
beam, using a beam combiner (BC).

The windows of the gas cells and the detectors are
mounted at the Brewster angle. Thus, in combina-
tion with the linear polarization of the laser beam,
multiple beam interferences between the parallel
surfaces of these optical elements are very effectively
suppressed.?1:8435  Interferences within the two beam
splitters are prevented by their wedged shape.

C. Electronic Setup

Laser current control, data acquisition, processing,
and analysis are performed by a digital signal proces-
sor card equipped with two 16-bit digital-to-analog
converters and two 16-bit analog-to-digital convert-
ers mounted inside an 80286 PC. One digital-to-
analog converter is used to generate a current ramp
for tuning the laser wavelength over the absorption
line pair of interest (scan time 300 ms). The second

See text for abbreviations.

digital-to-analog converter permits the addition of a
constant current within a single scan to jump over
any spectral range between two absorption lines if
necessary. This facilitates the combination of all
absorption line pairs within a given laser mode and
the spectral transmission of the monochromator.
Besides the two digital-to-analog-converter outputs, a
10-kHz sinusoidal modulation is added to the laser de
current. Demodulation of the detector outputs oc-
curs by the use of lock-in amplifiers at the second
harmonic (standard 2 lock-in technique®?). In addi-
tion, the direct detector signals are passed through a
low-pass filter to register the modulation-broadened
direct absorption spectra. Thus, the progression of
the laser power within a scan can be reconstructed, as
discussed below. The three lock-in amplifier out-
puts and the three filtered direct signals are digitized
by the two multiplexed analog-to-digital converters
quasi-synchronously, with 1024 points per scan.
Several spectra (typically 10) are coadded (i.e.,
¢t = 10 x 300 ms) before processing.

D. Data Processing and Evaluation Procedure

The control of the experiment as well as the on-line
evaluation of the spectra is performed with a C
program operating on the digital signal processor.
A host ¢ program, which runs in parallel on the PC,
controls graphic display, keyboard inputs through
several menus, and data transfer between PC and
digital signal processor card as well as additional
functions such as the IEEE interface to the lock-in
amplifiers.

Figure 4 shows an example set of simultaneously
recorded and coadded (10 x 300 ms) 2f spectra used
for measurements of the 3CH,/!2CH, ratio. After
each set of coadded scans the position of the CH,
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Fig. 4. 3 13C measurement at the 3007.145-em~1/3007.078-em~!

(12CH,) line pair: simultaneously recorded 2f spectra of (middle) a
sample and (bottom) the reference gas (ref). The fits carried out
according to Eqgs. (2) and (3) are also shown in the sample spectrum,
with the vertical lines marking the corresponding fit boundaries.
However, at the scale used in the figure the fits cannot be
distinguished from the recorded spectrum; the residuals of the fits
are shown at the top (scale x 10).

(12CH;3D) line is determined. The start voltage for
the subsequent ramp is adjusted to compensate for
drifts of the laser current and the temperature con-
trol units (line locking by laser current). In contrast
to the & evaluation procedure described previously,33
here we use only the spectra of the sample and the
isotope reference to determine the 8 value of the
sample. A multiple linear regression procedure is
carried out on line for each set of spectra. One linear
regression fits the 2CH, line of the reference gas to
the 12CH, line of the sample:

Specsample(i) = Qp SPeCrer (l) + a; + azi, (2)

where spec(i) is the ith point of the indicated spec-
trum and a; are the regression coefficients. Analo-
gously, the 2f absorption lines of 13CH, or 12CH3D are
fitted to each other:

SPecsample(i) = bO Specref(i) + bl + b2l (3)
The 5 value, relative to the reference gas, is obtained
directly from the regression coefficients a¢y and by:
b
5 = (—"y - 1)1000, (4)
Qo

where v is a correction factor to compensate for the
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Fig. 5. Direct (modulation-broadened) absorption spectrum
(sample), recorded simultaneously with the 2f spectra shown in
Fig. 4. A parabolic fit is laid through three spectral intervals
(marked by the vertical lines). The arrows indicate the derived
total laser power at the (2f) line centers.

slightly different progression of the laser power within
each scan at the different detectors. To reconstruct
the variation of the total laser power within each scan
we use the direct absorption spectra (Fig. 5) recorded
simultaneously with the 2f spectra. Parabolic fits
Psample(i) and (i) are calculated with three intervals
in nonabsorbing regions. The zero levels of the
detector signals zy,mpl. and 2, are determined with a
chopper, which is operated at the beginning of each
measurement cycle. Thus the correction factor intro-
duced in Eq. (4) can be calculated with

- (psample(im) - zsample)[pref(iH) = zref] ,
[psample(iﬂ) - zsample)[pref (i16) = Zpef ]

(5)

where i ¢ and i;7 signify the line-center position of the
12CH, and 13CH, (or 2CH3D) absorption, as deter-
mined from the 2f spectra. Instead of the parabolic
fit shown in Fig. 5, two linear fits can be calculated
based on four spectral regions to the left and right of
each absorption line. This procedure is preferred
when a jump between the measurement lines is used.
For each measurement cycle approximately 30 con-
secutive sets of spectra are analyzed according to the
described procedure, and the 3 values obtained from
Eq. (4) are averaged.

E. Sample Handling and Automated Cell-Filling
Procedure

The direct absorption line shapes and the correspond-
ing measured 2f line shapes depend on the pressure,
temperature, and fractional absorption of the gas.
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In the pressure region near 30—50 mbars the absorp-
tion line shape is a Voigt profile, i.e., a convolution of
a Lorentzian profile (pressure broadening) and a
Gaussian profile (Doppler broadening). At frac-
tional absorptions (AI/I;) of several percent the devia-
tion between the observed absorption line shape and
the optical density (od) has to be taken into account:

Al 1 1
—=1—exp(~od)=0d —so0d?+<0d® - +....
A 2 6 .

Measurements of the apparent § 3C dependence on
mismatches in pressure and fractional absorp-
tion between the sample cell and the reference
cell for TDLAS measurements were discussed previ-
ously.3® (For the 3007.078-cm~! (12CH,)/ 3007.145-
em~! (13CH,) line pair, a pressure dependence of
AS13C/Ap = 5.2 = 0.4%o/mbars and a fractional
absorption dependence of A3'3C/A(AI/I;) = 1.0 =
0.3%o/percent fractional absorption were measured.

To ensure good matching of the total pressure and
fractional absorption between the sample and the
reference cell, we have devised an automatic filling
procedure that uses computer-controlled magnetic
valves. In a first step the sample inlet valve is
opened to the evacuated White cell for a defined, brief
period of time, and the resulting increase in 2CH,
absorption is measured. Using the relationship be-
tween opening time of the sample valve and increase
of absorption determined in this manner, one can
introduce the sample stepwise into the White cell
until the required absorption is reached. Afterward,
N, is added in a similar stepwise manner with the
measured relationship between N, valve opening time
and pressure increase. For a given CH, amount
inside the White cell the line-center absorption de-
creases with increasing total pressure (owing to pres-
sure broadening; see Fig. 6). Therefore the set point
of the desired final line-center absorption has to be
corrected during the CH,-sample-filling procedure
depending on the mixing ratio of CH, in the sample

gas. This procedure ensures that the absorption is
correct after the N, is added up to the desired total
pressure.

While the gases are being added to the White cell,
they are continuously pumped around a closed circuit
to ensure thorough mixing. The gas circuit also
contains a liquid nitrogen cold trap to remove water
from the sample. The precision of the system’s
ability to adjust the fractional absorption is A(AI/I,) =
+0.001-0.002, and the reproducibility of the total
pressure adjustment is Ap = +0.02 mbars. The CH,
mixing ratio m of the sample can be determined from
the measurement of AI/I, at the 2CH, line center,
the pressure of the sample gas alone (pgample,we), and
the pressure after adding the Nj ( peotawe):

ﬁ Protal WG Piotalret In[1 — (AI/Io)wc]
™f I Dsampte e Protatwe 10[1 — (AI/Ip)ee]

(7

where [ and lyc are the optical lengths of the
reference and the White cell, respectively; m ¢ is the
mixing ratio of the reference gas in the reference cell;
and B is a calibration factor, determined with a
(mixing-ratio) calibration gas containing 1000 parts
in 108 by volume (ppmv) CH,.

m=m

F. Calibration versus the PDB/SMOW Scale

Alternating with the sample measurements, the refer-
ence gas is introduced into the White cell with the
above automated procedure and measured against
itself. The mean of two such dyppas™ (ref) (Ref. 38)
zero measurements is subtracted from the measured
drprag™ (sample) value of the sample. This compen-
sates for slow (>30 min) drifts, which mainly arise
from small changes in the temperature difference
between the White cell and the reference cell and
from slight changes in the optical beam alignment as
a result of thermal effects and of the pressure cycling
within the White cell.

These measurements yield the relative deviation of
the 13CH,/12CH, or 12CH3D/12CH, ratio of the sample
against the reference gas. The isotope ratios of the
reference gas on the PDB/SMOW scales have been
determined with MS to be 513CygPPB(ref) = —27.79 =
0.04%0 (mean + 1o, n =3) and 8DySMOW(ref) =
—164.9 = 2.8%0 (n =2). To ensure the correct
coupling of the 313Cypastf(sample) and the 8Dppas™f
(sample) measurements to the PDB/SMOW scales,
calibration gases of isotopic compositions clearly dis-
tinet from the reference gas are measured. Because
standard gases of known 13CH,/12CH, and
12CH,3D/12CH, isotopic composition are not available,
we produced our own mixtures of the reference gas
and pure 13CH, or 12CH;D. Mass spectrometer analy-
sis of our currently used 33C calibration gas(cal)
yielded 83CysFPB(cal}) = 9.17 = 0.06%0 {n = 3) and
dDysSMOW(cal) = 25.9 * 0.1%o0 (n = 2) for the 8D
calibration gas. The TDLAS measurements of these
calibration gases [Srpras™f(cal)] yield a transformation




factor a:

BysPPB/SMOW(cal) — §,,PDB/SMOW(ref)

o= < (8)
ByysF P/SMOW 7o)
drpras™i(cal)| 1 + 1000

The need for such a transformation factor is dis-
cussed in Subsections 3.A.2. and 4.A.2, below, and
arises from the presence of weak underlying absorp-
tions from other CH, isotopomers for some line pairs.
For each measurement series at least three TDLAS
measurements of the corresponding calibration gas
are carried out to yield an average value of o, as
determined from Eq. (8). With the mean «, the
TDLAS 3§ results for the samples [Spppas™(sample)]
can be converted to the PDB/SMOW values accord-
ingto

drpras’ D/ SMOW¥(sample)
8yyPPB/SMOW(ref)
= .. PDB/SMOW,
dms (ref) + a|1 + 1000
X dppLas™i(sample). (9

3. 313C Measurements
A. Line-Pair Selection Criteria

1. General Considerations

In the spectral region between 2800 and 3200 cm~-1,
12CH, /13CH, line pairs of comparable absorption are
found mainly between 3000 and 3010 cm-!, Table 1
presents an overview of suitable line pairs, based on
the HITRAN 92 data.3® Because the variation of the
laser power between the different absorption lines (as
discussed above) increases with the spectral separa-
tion of the lines, this separation should be much
lower (<0.1 cm~!) than the tuning range of the laser
modes and the spectral resolution of the monochroma-
tor (0.5-1 cm~1). On the other hand, at T ~ 300 K
and at low pressures (30-50 mbars), where the width
of the absorption lines is dominated by Doppler
broadening, the spectral separation has to be > ~0.04
cm-! for sufficient resolution of the two lines. In
addition, the line strengths of the selected line pairs
should be as high as possible to minimize the neces-
sary CH, mixing ratios. On the basis of these crite-
ria, the 13CH, lines at 3007.145 and at 3007.653 cm™!
seem to be the best candidates. The 13CH, line at
3007.145 cm~! may be combined either with the
12CH, line at 3007.188 cm~! or with the 12CH, line at
3007.078 em~1. Although the difference in ground-
state energies for the 3007.145-cm~1/3007.188-cm™!
line pair is approximately a factor of 15 lower than for
the 3007.145-cm~1/3007.078-cm ! line pair, we mea-
sured the effective temperature dependence for the
first line pair to be only a factor of approximately 2
lower. This is due to the existence of underlying
12CH, absorption lines, which are discussed below.
The absorption of the 3007.078-cm~! 12CH, line is,
however, approximately 3 times stronger than the

absorption of the 3007.188-cm-! 12CH, line and
roughly equal to the absorption of the 3007.145-cm~1
13CH, line, resulting in a lower CH, mixing ratio limit
and a lower A313C/A(AI/I,) dependence. Therefore,
for the 8'8C measurements presented here, we used
the 3007.145-cm-1/3007.078-cm~! line pair. To
judge the wisdom of the choice of this (or an alterna-
tive) line pair, one has to investigate several items
concerning their spectroscopic properties, as shown
below.

2. Possible Interdependence of the Two Absorption
Lines

Whereas the 3007.078-cm~! 12CH, line is free of
13CH, absorptions, there are some 2CH, absorption
features underlying the 3CH, line at 3007.145 cm™1,
which can be recognized by the weak shoulders on the
wings of this line in the spectrum of natural methane
(Fig. 2; compare this line shape with that in the 13CH,
spectrum). The HITRAN 92 database lists two 12CH,
lines at 3007.143 and 3007.145 cm~! (see Table 1).
It should be noted, however, that the HITRAN data
given in Table 1 are derived from spectra with
resolutions of 0.01-0.02 cm~!, and thus they often
combine different lines separated by less than 0.02
em~! into a single line position and partition the total
line strength equally.4® Even though the underlying
12CH, absorption lines are not at exactly the same
position as the 13CH, line at 3007.145 em™1, their
influence can be compensated for with sufficient
accuracy by the calibration procedure described above.
The transformation factor «, determined according
to Eq. (8) for this line pair, was measured to be a =
1.28 = 0.02 (n = 17), suggesting that the absorption
of the underlying 2CH, features are approximately
30% of the absorption of the 3CH, line. Measure-
ments of o for the 3000.734-cm~!/3001.194-cm™!
line pair yielded values of & = 1.00 = 0.03 (n = 5),
indicating that this is a pair of unblended (but
weaker) 12CH, and 13CH, lines.

3. Interferences from Underlying 12CH,D
Absorptions

Underlying 2CH,D absorptions could cause the 3D
value of the sample to influence the §13C measure-
ment. We detected a weak 2CHgD absorption at
3007.097 cm~1, which is not in the HITRAN 92 database.
This 2CH,D line is sufficiently separated from the
12CH, line at 3007.078 cm™! to have a negligible effect
on the 33C measurements. Even if their line posi-
tions were the same, the maximum contribution of
the 2CH,D line (S = 4 x 10-2¢ ¢m~!/(mol cm~2)]
would result in an error of A313C = 0.5%0, assuming
a maximum range in 3D of +150%.

4. Interferences from Gases Other than CH,

A weak absorption line from Hy0 [S = 1.0 x 10-25
em~1/(mol cm-?)] exists at 3007.128 cm-! and is
separated by 0.017 em-! from the 13CH, line at
3007.145 cm~!. The procedure for drying the
samples described above ensures that the effect of




Table 1. 13CH; Line Pairs of Comparable Intensities (from HITRAN 92¢)

Position Transition

S Egmund
13CH, 12CH, Band Quantum Numbers®  [em~!/(molem™%)]  (em™?) Interferences?
3000.734 v3 12,E,1 1.0 x 10-22 814.7
3000.734 v3 12,F1,1 1.0 x 10-22 814.7
3000.734 v3 12,A1,1 1.0 x 10-2 814.7
3001.194 vy 18,F2,1 1.2 x 10~ 1778.2  Os, CH;Cl .
3001.194 v 18,A2,1 2.1 x 10722 1778.2  H;0(3001.175, 8 = 3.3 x 10-%)
3001.194 v3 18,E,1 8.4 x 102 1778.2
3003.094 v3 10,E, 1 2.7 x 10-22 575.1
3003.099 v3 10,F2,1 2.7 x 10-22 576.1
3003.101 v3 10,A2,1 2.7 x 1022 5756.1
3002.853 v3 17,F2,1 6.3 x 10-2 1592.4 O3, CHgCl
3006.097 V3 8,F2,1 2.8 x 10-22 376.8
v3 12,F1,8 12CH, (3006.072, S = 6.3 x 10~23)
v + Vg — V3 10,A2,1 12CH, (3006.097, S = 2.6 x 10-22)
v3 12,F2,3 12CH, (3006.108, S = 5.9 x 10-23)
3006.155 w3 12,A2,1 2.1 x 10-22 815.1  QOs, CH5Cl
3007.145 vg 7,F1,2 4.5 x 10-22 293.2
2vz 6,A2,1 12CH, (3007.143, S = 2.3 x 10-%)
v3+vg—1y 8,A2,1 12CH, (3007.145, S = 4.5 x 10-%)
3007.078 w3 16,F2,1 5.5 x 10-22 1417.1 O3, CH3Cl
3007.078 v 16,F1,2 5.5 x 10722 1417.1  Hy0(3007.128, 8 = 1.0 x 10-%5)
12CH;D (3007.097, S = 4 x 10-24)d
3007.188 2w 6,F2,2 2.9 x 10-22 219.9  Og, CHyCl
3007.210 2w, 6,F2,1 9.0 x 10-28 219.9 Hy0(3007.128,8 = 1.0 x 10-%)
3007.250 2v; 6,F1,1 4.6 x 10-22 219.9 Hy0(3007.210, S = 2.6 x 10-%)
3007.328 2w, 6,A1,1 7.2 x 10722 219.9 Hy0(3007.210, S = 2.6 x 10-%)
3007.328 v+ vy —vy 9,F1,1 7.9 x 10-28 1728.6  H;0(3007.301, 8 = 6.3 x 10-%)
3007.328 vg+vg—vy 6,F1,1 7.9 x 102 1558.5
3007.328 v3+vy—wy 8,F1,1 7.9 x 10-28 1679.6
3007.328 w3+ vg— vy 8,F2,1 7.9 x 10728 1641.2
3007.653 vg 6,A1,1 5.2 x 10-22 219.9
va+ vy — vy T.E 1 12CH, (3007.653, S = 5.2 x 10-2?2)
vzt U — vy 8,E1 12CH, (3007.653, S = 5.2 x 10~%2)
v 11,F1,2 12CH, (3007.670, S = 2.4 x 10722)
3007.692 vy + vy — vy 7,F1,1 1.2 x 10-22 1562.8 03, CH;Cl1
3007.692 vgt+vg— vy 1,F1,2 1.2 x 10-22 1597.6
3007.692 vz3+vi—vy 8,F2,2 1.2 x 1022 1639.5
3007.693 vg 18,F2,5 1.1 x 1022 1780.7
3007.693 g 17,A2,1 4.5 x 10722 1593.8
%Ref. 39.

bListed if separated by less than 0.030 em~! from either the 12CH, or the 3CH, measurement lines; underlying 12CH, absorptions are
listed only if their line strengths are higher than 10% of the total line strength of the 13CH, line(s).

¢J, C, N (ground state).

dNot listed in HITRAN 92; the position and line strength of this 12CH;D line have been calculated from TDLAS and FTIR spectra.

this H,O absorption is negligible. Several absorp-
tions of O3 and CH;3Cl are listed in HITRAN 92 for the
region near the 3007.145-cm-1/3007.078-cm~!
18CH,/12CH, line pair and near all other line pairs
listed in Table 1. However, their contributions are
negligible as well. Although there is no evidence
from the HITRAN 92 data about possible interferences
from nonmethane hydrocarbons (NMHC’s), they
might interfere in the given spectral region, because
the C-H bond-stretching vibration frequencies are
around 3000 cm~!, For two natural gas samples a
weak interference near the 3000.734-cm~!/3001.194-
cm~! line pair was observed, probably because of
ethane, propane, or further NMHC’s present in these
samples. Forthe 3007.145-cm~1/3007.078-cm~! line

pair, however, no interfering absorptions were ob-
served for these samples. We have not yet carried
out a comprehensive study of the spectra of the most
abundant NMHC’s, but the good agreement of
813Crpras and 813Cyg values for unpurified samples
from various CH, sources including landfills (see
below) strongly suggests that neither NMHC’s nor
other species interfere with the 5'3C measurements
at the 3007.145-cm~1/3007.078-cm-! line pair for
these samples.

B. Reproducibility

The reproducibility achieved for the 3'3C measure-
ments 18 £0.5%0. With the given pressure and ab-
sorption dependences (see above), the uncertainty in
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Fig. 7. Intercomparison between TDLAS and MS; 5!13C measure-
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adjustment of these two parameters with the auto-
matic sample-filling system may contribute at most
ASC = 0.1-0.2%0 (AI/I;) and A3 C = 0.1%o
(pressure). The 8 3C reproducibility is probably
dominated by drifts (insofar as they are not compen-
sated by the zero measurements) in the temperature
difference between the cells and in beam alignment.
Currently the mixing-ratio limit for direct measure-
ments (i.e., without any preconcentration of the CH,
in environmental samples) is > 50 ppmv, correspond-
ing to 2 pmol CH, in the 28-1 White cell.

C. Comparison TDLAS versus MS

An intercomparison between our TDLAS instrument
and the mass spectrometer technique has been per-
formed for various samples from natural wetlands
and landfills. For the wetland samples, CH, release
was encouraged by physical perturbation of the sedi-
ments. The landfill samples include several samples
from gas wells, a surface emission sample collected
with a static chamber, and a soil gas sample taken
from alandfill cover. The CH, concentrations ranged
from 1700 ppmv to 80 vol. %. The samples were
stored in gas-tight sampling bags made of polyethyl-
ene-coated weldable aluminium foil. For TDLAS
analysis no sample preparation was necessary. The
preparation of samples for mass spectrometer 513C
analysis was performed at the Institut fiir Umwelt-
physik, Universitit Heidelberg, as described by Levin
et al.? Figure 7 shows the results of the intercom-
parison. The mean deviation*! in 313C between TD-
LAS and MS is A313C = 0.44%o, where some TDLAS
values are averages of more than one measurement.
Comparing only single TDLAS measurements with
the MS values yields a mean deviation of A813C =

0.59%0. This result demonstrates the applicability
of the TDLAS instrument for 33C measurements of
atmospheric CH, sources, for which the 3!2C varia-
tions are typically markedly larger than the achieved
accuracy.

4. 3D Measurements
A. Line Selection

1. General Considerations

In contrast to the situation for 13CH,/2CH,, there
are many 2CH3;D/12CH, line pairs of comparable
absorption spread over the spectral region between
~2900 and ~3150 ecm~l. Some of the possible
candidate pairs are listed in Table 2; lines with
significant interferences from H,O (S > 10-24
cm~!/(mol cm~2) have been excluded. We normally
used either the 3042.345-cm-! (12CH,D)/3042.221-
cm-! (12CH,) line pair or the line pair at 3044.289
cm-! (12CH;3D)/8044.170 cm~1 (12CH,) (standard line
pairs). There are also some strong 2CH3D lines
above 3050 cm™! (cf. Fig. 1); however, our present
diode lasers only cover the spectral region up to
approximately 3050 cm-1. As examples, two pos-
sible line pairs above 3050 cm~! are listed in Table 2
(based on HITRAN 92 data).

Generally, for 3D measurements the temperature,
pressure, and absorption dependences are of lesser
importance than they are for the 5!3C measurements,
as the required precision is lower. On the other
hand, 3D measurements are more sensitive to spectro-
scopic interferences, because the 2CH3D lines are
approximately a factor of 20 weaker than the 3CH,
lines. A discussion of the 12CHzD/12CH, line pairs
follows that is similar to the discussion presented
above for the 13CH,/'2CH, line pairs.

2. Possible Interdependence of the Two Absorption
Lines

We determined transformation factors a« = 1.03 =
0.038 (n = 10) for the 8042.845-cm~1/3042.221-cm™!
line pair and a = 1.00 + 0.02 (n = 4) for the 3044.289-
cm~1/3044.170-cm~!line pair. This result indicates
pairs of pure (> ~97%) absorptions of 2CHsD and
12CH,, respectively.

3. Interferences from Underlying 13CH,
Absorptions

In the HITRAN 92 database there is no indication of
13CH, interferences within the spectral regions of the
two standard 2CH,D/12CH, line pairs (cf. Table 2).
Thus 3D measurements should be independent of
313C values of the samples.

4. Interferences from Gases Other than CH,

Some weak H,0 absorptions lie in the spectral region
of the 3042.345-cm~1/3042.221-cm™! line pair (cf.
Table 2). The drying procedure is sufficient to sup-
press the effect of these HyO lines. For the 3044.289-
cm~!/3044.170-cm~? line pair no HyO absorptions
are known. For these two line pairs, as well as for




Table 2. 12CH;D/12CH, Line Pairs (from HITRAN 92)
Position Transition
S Egrouncl
12CH,;D 12CH, Band Quantum Numbers® [ecm~1/(molem~2)] (ecm™Y) Interferences
2950.851 vy 7,6 2.8 x 10-23 266.3
2951.306 vo+wy 10,F1,2 1.2 x 10-22 575.3  0Og, CHCl
2970.370 vy 6,0 1.6 x 1023 162.9
2970.409 171 10,7 1.6 x 10-28 492.9
2970.335  2v, 11,E,1 1.7 x 10~ 689.9 O3
2970.309  2v, 11,F2,2 3.2x10-2 689.9 Hy0(2970.403, 8 = 5.0 x 10-26)
2970.261 2, 11,A2,1 4.5 x 1028 689.9 H20(2970.404, S = 2.1 x 10~%7)
3042.345 v1 8,4 7.3 x 1072 300.9
3042.345 vy 2,1 7.3 x 10~ 246
3042.221 v 11, F2,1 1.6 x 10-2 689.7 O3, CH;Cl
H,0(3042.328, S = 1.5 x 10-%5)
H,0 (3042.368, S = 1.3 x 10~25)
3044.289% vy 2,2 2.0 x 10-28 28.8
3044.170  vo+ vy 12,E,2 7.9 x 10-23 815.0 03 CHyCl
3061.414 vy 4,3 4.4x10-2 89.9
3061493 vz +vy—y 4,F2,1 9.8 x 10-28 14346  0Os, CH;CI
3068.950 vy 5,3 3.7x 102 128.7
3068.573 2, 4,F1,1 5.8 x 1028 1048 03, CH3Cl

H20 (3068.932, S = 3.1 x 10-%)

aJ, K for 12CH3D and J, C, N for 12CH, ground (state).
bFrom HITRAN 86 (Ref. 42).

most of the other candidates, interferences with O;
and CH,Cl are listed in the HITRAN 92 database but
are not significant for the 8D measurements. For
two natural gas samples an interfering absorption
near the 3042.345-cm~! 12CHgD line was observed
(attributed to ethane, propane, or further NMHC’s
present in the natural gas); however, the line posi-
tions were such that no influence on the measure-
ments was apparent. The comparison with the MS
measurements further confirms that interferences do
not disturb the 8D measurements.

B. Reproducibility

The reproducibility for 3D measurements (the same
line pair is used) is ~ +2%o.. The lower mixing-ratio
limit for direct 8D measurements is ~2000 ppmv
CH,, which corresponds to 80 pmol CH, in our White
cell.

C. Comparison of TDLAS versus MS and Comparison of
TDLAS Measurements with Two Different Line Pairs

To conduct the comparison between TDLAS and MS,
we used landfill samples from gas wells (z = 3) and
natural gas samples (n = 2). The CH, concentra-
tions in the samples ranged between 6.3% and ~ 99%.
MS measurements of 8D were performed at the
Bundesanstalt fiir Geowissenschaften und Rohstoffe,
Hannover, Germany.26 The mean deviation?! be-
tween TDLAS and MSis ASD = 5.1%o (n = 5) (Fig. 8);
TDLAS (and MS) analyses were performed only once
for each sample. This mean deviation is not dis-
tinctly larger than the reproducibility of the MS 8D
values of ~ +3%o and clearly demonstrates the capa-

bility of the TDLAS instrument for high-precision 8D
measurements.

Beside possible systematic errors concerning the
calibration procedure (see below) the main systematic
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Fig. 8. Intercomparison between TDLAS and MS 8D measure-
ments for various landfill and natural gas samples (n = 5); the
mean deviation is ASD = 5.1%0. In addition, the intercomparison
between TDLAS measurements with the two different standard
12CH;3D/12CH, line pairs is shown; the mean deviation is A3D =
2.6%o. A is the line pair at 3042.345 cm~1/3042.221 cm~1, and B
is the line pair at 3044.289 cm~1/3044.170 em ™1,




Table 3. Two Examples of 3CH,/12CH, Line Pairs from the R Branch¢ (from HITRAN 92°)

Position Transition
S Eground
13CH, 12CH, Band Quantum Numbers® [em—1/(mol cm~2)] {cm™1) Interferences
3028.852 - v 1,F1,1 9.5 x 1022 10.5
3028.752 v 0,A1,1 9.5 x 10-20 0.0 03, CH3Cl
H.0 (3028.764; S = 6.0 X 10-27)
H,0 (3028.877; S = 1.3 x 10-25)
3038.613 V3 2,E 1 1.2 x 10~21 314
3038.629 Vs 2,F2,1 8.3 x 1022 314
3038.499 vs 1,F1,1 8.9 x 10~20 10.5 03, CH3Cl

2The ratio of line strengths is about equal to the ratio of abundance of the two isotopomers ( ~1:100).

bRef. 39,
<J, C, N (ground state).

error that might cause the overall 3D (as well as the
313C) accuracy to be poorer than the reproducibility
could arise from spectroscopic interferences from
unknown gases in the sample (see Subsection 4.A.4).
This potential error can be excluded by subsequent
measurements with different line pairs. We carried
out this comparison for the two standard
12CH,D/12CH, line pairs for various landfill samples
(Fig.8). The mean deviation for this internal TDLAS
intercomparison is ASD = 2.6%o (n = 10), supporting
the quality of the 8D measurements.

The fact that the intercomparison between TDLAS:

and MS 8D measurements is slightly poorer than the
intercomparison between the two standard line pairs
might be the result of a slight nonlinearity in the
TDLAS calibration. At present the 3D calibration is
fixed at the two points 3D = —164.9%0 and 8D =
25.9%o of the SMOW scale, thus the typical range of
3D for atmospheric methane sources is not fully
covered. This also applies to the 3'3C calibration,
which is fixed at 813C = —27.79%0 and 3'3C = 9.17%o0
PDB. There is a general need for adequate 3D and
S13CCH, standard gases for both the TDLAS calibra-
tion and the MS measurements (which usually use
H,0 standards for 8D calibration and CO; standards
for 318C calibration).

5. Discussion

In contrast to the situation for 8D measurements,
13CH,/12CH, line pairs of comparable intensity are
much scarcer. The line pair used in this study at
3007.145 cm~1/3007.078 cm~! is adequate for CH,-
source measurements despite having some disadvan-
tages such as the impurity of the 13CH, line and, more
important, the strong temperature dependence of the
intensity ratio. For the 8%C measurements, the
modification of the TDLAS instrument to use a dual
optical path system, which compensates for order-of-
magnitude differences in line intensities, may im-
prove the precision of the instrument, because line
pairs in the P or the R branch of the v3 band with
much lower differences in their ground-state energies
could then be used. The number of line-pair candi-
dates would then also be larger, which would be
advantageous if interferences from other gases were

encountered in future field samples. Table 3 lists
two possible line pairs (from the R branch). Further
improvements to our methods may open the possibil-
ity of using the TDLAS instrument for background
atmospheric CH, 5%C measurements, which require
a precision of approximately 0.1%o.. However, both
813C and 5D measurements of atmospheric CH, would
require a preconcentration of CH,4, which one could
perform by using charcoal at a temperature of 77 K.

We have demonstrated the capability of our TDLAS
instrument for parallel $13C and 3D measurements on
CH, in samples from various natural and anthropo-
genic sources of atmospheric CH,. The achieved
overall 513C accuracy of 0.4-0.6%0 and overall 3D
accuracy of 5%o, as derived from the intercomparison
with mass spectrometer measurements, is very satis-
factory for investigations of atmospheric CH, sources,
because the typical 313C and 8D variabilities (e.g.,
temporal or spatial) in atmospheric CH, sources are
distinctly larger. The advantage of the TDLAS in-
strument compared with the conventional MS is the
ability to perform direct measurements on CH,
samples without the need for any sample preparation
(apart from drying) or for conversion of CH, to CO,
and H,. Currently the 313C or 8D measurement of
one sample requires 15 min, including the evacuation
of the White cell and the automated filling of the
sample. The subsequent zero measurement takes
another 15 min. This short measurement time per-
mits more comprehensive studies of $13C /3D variabili-
ties?! than have been practical in the past (especially
in the case of 3D measurements).

The 3D precision for the TDLAS measurement, as
derived from the comparision of TDLAS measure-
ments at two different line pairs, is approximately the
same as the reproducibility of MS measurements.
Thus a fundamentally different measurement method
for 3D with essentially the same precision as the MS
method is now available. Possible interferences,
which may conceivably arise for certain kinds of field
samples, may be avoided by choosing from the wide
variety of 12CHgD /2CH, line pairs available.
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CH, sample preparation apparatus and K. Schweick-
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