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Atmospheric Physics and Chemistry Group, Institute for Marine and Atmopheric research
Utrecht, Utrecht Unversity, Utrecht, The Netherlands

Received: 14 December 2010 – Accepted: 23 December 2010 – Published: 11 January 2011

Correspondence to: A. Zuiderweg (azuider@gmail.com)

Published by Copernicus Publications on behalf of the European Geosciences Union.

101

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/4/101/2011/amtd-4-101-2011-print.pdf
http://www.atmos-meas-tech-discuss.net/4/101/2011/amtd-4-101-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
4, 101–133, 2011

Analytical system for
carbon stable isotope

measurements

A. Zuiderweg et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Abstract

Isotope analysis can be a useful tool in constraining the budgets (sources and sinks)
of atmospheric trace species and is increasingly applied for organic constituents. This
may be useful in particular for investigating the oxidative capacity of the atmosphere
and studying long-range.5

We present setup, testing and initial results from a new automated system for carbon
stable isotope ratio measurements on C2 to C6 atmospheric hydrocarbons. The inlet
system is flexible and allows analysis of trace gases from medium size to very large
ambient air samples (5–300 L) without loss of compounds of interest.

The first application of this system was the analysis of ambient air during a short10

campaign in August 2009 in Utrecht, the Netherlands. Results obtained agree well
with previous research, but highlight the complex diurnal behavior of hydrocarbons in
an urban environment.

1 Introduction

A significant amount of the total reactive carbon input (estimated as near 1150 Tg/y,15

Guenther et al., 1995) to the atmosphere consists of non-methane hydrocarbons
(NMHCs). These are emitted to the atmosphere through many processes, both nat-
ural as a product of vegetative growth, decay and natural combustion of plant ma-
terial, and anthropogenic including biomass burning for energy or heating, fossil fuel
combustion, and industrial processes. These hydrocarbons play important roles in20

atmospheric chemistry contributing to the production of tropospheric ozone and re-
sultant photochemical pollution, the formation of aerosol particles, and the oxidative
capacity of the atmosphere (Warneck, 1988; Seinfeld and Pandis, 1998; Goldstein and
Galbally, 2007).

The light NMHC, consisting of compounds with 2 to 7 carbon atoms (C2 to C7), ac-25

count for the vast majority of anthropogenic emissions to the troposphere. Acetylene,
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ethylene, and propene originate primarily from combustion processes such as fossil
fuel combustion and biomass burning; alkanes mainly stem from natural gas leakage
and petroleum product evaporation, with significant transportation sources as well; and
aromatic compounds mainly from transportation sources and solvent evaporation. Ox-
idative processes provide the atmospheric removal mechanism of NMHC compounds,5

mainly through reaction with OH∗, which is by far the dominant process (Conny and
Currie 1996):

RH+OH∗→R∗+H2O (1)

Where R∗ stands for any alkyl radical remaining after hydrogen abstraction from the
hydrocarbon RH. Other removal reactions include NO3, Cl, or O3 as the first step (War-10

neck, 1988; Seinfeld and Pandis, 1998; Brenninkmeijer, 2009).
The rare stable isotope of carbon, 13C, has an average natural abundance of ap-

proximately 1.1%. As the presence of 13C atoms in a molecule typically reduces its
reactivity, small deviations from the planetary 13C/12C ratio can be observed. This
information provides a tool to improve the understanding of hydrocarbon atmospheric15

processing. Isotopically lighter molecules usually react faster than isotopically heavier
ones. The ratio of the two rate coefficients of the different isotopologues is known as
a kinetic isotope effect (KIE) and the fractionation constant, ε, is defined as

ε= (KIE−1)=
(
k12

k13
−1

)
(2)

Note that in many publications a fractionation constant α is defined as:20

α=
k13

k12
=

1
(ε+1)

(3)

and values have to be converted accordingly.
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The production and removal processes of compounds can thus change the stable
isotope ratio, which is expressed as

δ13C=


(

[13C]/[12C]
)

sample(
[13C]/[12C]

)
standard

−1

 (4)

where measurements are referenced against a standard carbon isotopic ratio, usu-
ally VPDB (Vienna Pee Dee Belemnite). Measurements of δ13C and KIE are com-5

monly multiplied by 1000‰ for readability purposes (Goldstein and Shaw, 2003;
Brenninkmeijer, 2009).

In the case of light non-methane hydrocarbons, the relatively short lifetime of these
compounds in the atmosphere, from mere hours to tens of days, gives the possibil-
ity of utilizing emissions as tracers of transport and aging in the atmosphere by ob-10

serving the isotopic ratio (Rudolph et al., 1981, 2002; Goldstein and Shaw, 2003;
Redeker et al., 2007).

Development of the coupled gas chromatography – (combustion interface) – isotope
mass spectrometer, as pioneered by Matthews and Hayes (1978) for CO2 and N2 iso-
tope work, substantially improved upon earlier techniques based on dual-inlet isotope15

ratio mass spectrometers by greatly reducing neccessary sample size and eliminating
the need to extract individual compounds from a sample, which is a difficult and time-
consuming task. This breakthrough allowed significant research work into the stable
isotopic ratios of carbon, nitrogen, oxygen and hydrogen containing compounds in the
atmosphere.20

Development of instrumentation able to accomplish compound specific measure-
ment of carbon isotope ratios of NMHC is somewhat newer (Rudolph et al., 1997;
Goldstein and Shaw, 2003; Brenninkmeijer, 2009). Rudolph et al. (1997) developed
the first instrument capable of compound specific carbon stable isotope ratio analysis
measurements of multiple NMHCs. This instrument was initially used for observing25

carbon isotope ratios of emissions from biomass burning and transportation related
104
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sources, and urban environment atmospheric samples. The observance of the mag-
nitude of the kinetic isotope effect in hydrocarbon reactions with OH∗ and O3 was also
undertaken in subsequent research with this instrument (Rudolph et al., 1997, 2002;
Iannone et al., 2003; Anderson et al., 2004).

The availability of such measurements allowed the subsequent development and5

application of the so-called isotopic hydrocarbon clock approach, which is expressed
as follows (Rudolph and Czuba, 2000):

δZ = tav · OHkZ · [OH] · OHKIEZ +
0δZ (5)

where δZ is the measured isotopic ratio of a compound Z , tav the average age of the
air mass, OHkZ the rate of reaction of the compound with OH∗, [OH] the concentra-10

tion of OH∗, OHKIEZ the KIE in the reaction of compound Z with OH∗, and 0δZ the
source isotope ratio of compound Z ; it may also be further extended by adding terms
representing reactions with e.g. O3 or Cl. This approach can improve estimates of
compound age compared to previous efforts, which relied on ratios of mixing ratios of
two compounds emitted at the same time (Rudolph and Czuba, 2000).15

Other applications of similar instruments that have been subsequently derived in-
clude measurements of NMHC δ13C in urban, marine and costal atmospheres and
over the North Pacific and East Asia to evaluate atmospheric transport and airmass
age (Tsunogai et al., 1999; Saito et al., 2000, 2009; Nara et al., 2007); of NMHC
from biomass burning (Czapiewski et al., 2002; Nara et al., 2006); with some exten-20

sion, measurements of halocarbons and NMHC (Archbold et al., 2005; Redeker et al.,
2007) and specific measurement of chloromethane from plants and its atmospheric
budget (Bill et al., 2002; Harper et al., 2003; Keppler et al., 2005).

Here we present a new instrument that is capable of high-precision measurements
of NMHC carbon stable isotope ratios. It has the unique capacity of being able to25

process very high volume samples, such as those necessary for carbon stable iso-
tope measurements of NMHC from very clean samples (e.g. stratospheric) and the
flexibility of accepting samples from many other sources. The system is constructed
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to analyze δ13C of non-methane hydrocarbons from C2 to C6, halocarbons, including
methyl chloride, and CFCs of samples of varying origin.

2 Experimental

2.1 System description and procedure

2.1.1 The preconcentration system5

The pre-concentration system (Fig. 1) is largely based on well established cryotrapping
techniques and allows for stable isotope analysis of a variety of different samples. To
allow the sampling of large volume samples, it is necessary to initially utilize large di-
ameter cryotraps and progressively cryofocus to smaller volumes prior to GC injection.
Cryogenic traps, when implemented properly, do not create isotopic fractionation (Arch-10

bold et al., 2005; Redeker et al., 2006). The following parts of the pre-concentration
system are described below: (i) the primary cryogenic sampling trap (referred to as
SAMP trap); (ii) the separation column to separate CO2 from the NMHCs (referred to
as SEP column); (iii) the W-shaped cryogenic recovery trap (REC trap); and the final
cryogenic focusing trap (FOC trap).15

The SAMP trap is a 0.3 m×4 mm ID stainless-steel tube filled with 100/120 mesh
glass-bead packing material, capable of at least 100 standard mL/min (standard con-
ditions are 0 ◦C, 1 bar) flow rates without loss. Typically this trap was operated at a flow
of 50 standard mL/min, which was maintained by a MKS thermal mass flow-controller.
A dual-head rotary pump draws the sample through the cryotrap, and provides re-20

moval of bulk gases (mainly N2 and O2). Desorption of any sample on the trap is
accomplished by heating it to 120 ◦C within 1 min after extraction.

The particular design feature of the pre-concentration system is the method of CO2
removal. Whereas other systems (Rudolph et al., 1997; Tsunogai et al., 1999; Arch-
bold et al., 2005) rely on chemical removal of any CO2 employing Carbosorb, Ascarite25
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II or other sodium hydroxide-on-silica beads, here GC-based removal has been cho-
sen. CO2 must be removed before IRMS analysis can occur, because the target com-
pounds are oxidized to CO2 for isotope analysis. To ensure effectively separation for
large samples or samples with high CO2 content, we designed the SEP column as
a non-chemical removal method, utilizing a GC packed column (Supelco PoraPAK Q,5

3 m×4 mm). This material allows CO2 to elute first and thus be vented, while retaining
desired NMHC compounds.

Figure 2 displays a total ion abundance chromatogram demonstrating the separa-
tion properties of this column under room temperature and standard He flow rates of
70 mL/min, utilizing a 200 mL 50:50 CO2/natural gas testing mix and a quadrupole10

mass spectrometer as a detector. Natural gas has a widely varying composition, but
generally contains significant amounts of nitrogen, CO2, and higher hydrocarbons (e.g.
ethane, propane) in addition to methane (Škrbić and Zlatković, 1983; Milton et al.,
2010). The injected mixture of natural gas and CO2 as chosen here represents a test
of separation column performance of a very demanding sample introduced on the sys-15

tem, representing the CO2 content of approximately 300 L of ambient air. Figure 2
shows that at 10 min after injection on column the bulk of methane, remnant nitrogen
(peak A), and CO2 (peak B) have eluted while ethane and other hydrocarbons (peak C)
are still on the SEP column. The system procedure thus reverses the flow through the
column after 10 min (any CO2 having been vented) to retrieve the compounds of inter-20

est from the column at a reduced flow rate (11.2 standard mL/min). During recovery,
the column is heated to and kept at 120 ◦C over a period of 40 min.

It was tested that the presence of the SEP column has no significant effect on δ13C
measurements of the selected hydrocarbons. These tests consisted of 10 measure-
ments of calibration gas in two configurations: (i) with liquid nitrogen traps (LN2) only25

(i.e. the SEP column removed) and (ii) with the system in standard configuration, re-
spectively. Table 1 shows that the means and standard deviations are nearly identical
for the hydrocarbons. However, there is a consistent shift (−2‰) for methyl chloride,
which has to be corrected for. A similar effect was noted in Archbold et al. (2005), for
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chemical removal and adsorbance traps. The cause of this shift is as yet unexplained.
Before the sample material is recovered on the REC trap, any small remnant CO2

and any H2O is removed in a small glass reactor containing Ascarite II and Mg(ClO4)2.
The REC trap is a 0.5 m×2.5 mm ID W-shaped stainless steel cryotrap immersed in liq-
uid nitrogen containing 100/120 mesh glass beads. After the recovery time of 40 min,5

the REC trap is heated to 100 ◦C, thereby releasing the sample over the course of 5 min
at 4.1 mL/min to the FOC trap, a 0.3 m×0.25 mm ID stainless steel-jacketed capillary
cryotrap. Sample injection into the GC occurs by extracting and heating the FOC trap
to a temperature of over 100 ◦C within 30 s, at a flow rate of 2.1 mL/min.

2.1.2 GC separation, combustion and detection10

Gas chromatographic separation is done on a 52.5 m×0.25 mm Varian PoraPLOT Q
GC column in a HP 5890 GC. The column is maintained at 40 ◦C for 10 min, there-
after being heated at a rate of 12 ◦C/min to 240 ◦C. This temperature is maintained for
35 min, giving a total run time of 65 min. When not in use, the GC oven is maintained
at 150 ◦C.15

The effluent from the GC column is roughly split 1:1 between a quadrupole mass
spectrometer (HP5970) for identification of the compounds, and the remainder sent
to a ThermoFinnigan Delta+ XP IRMS by way of a platinum-copper-nickel ceramic
combustor (maintained at 900 ◦C and restored daily with O2), a nafion drier, and an
open-split interface {Röckmann, 2003 #2132}. IRMS δ13C drift is monitored through20

direct injection of CO2 via the open-split as a working standard. The carbon stable
isotope ratio of this CO2 has been calibrated as −34.0‰±0.1 vs. VPDB by Rijksuni-
versiteit Groningen, The Netherlands. Mixing ratios are calculated from the IRMS peak
area measurements of each peak in the chromatogram, relative to peak areas from the
calibration gas. Mixing ratios of compounds not contained in the calibration gas were25

estimated by extrapolation based on the number of carbon atoms in the molecules
of the species in question and can therefore contain a larger systematic error. δ13C
values are calculated from the individual ion signals of the IRMS, integrated per trace
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(m/z 44, 45, 46; automatic peak detection under normal operation, manual evaluation
if necessary), and mathematically corrected for 17O through the ISODAT isotope ratio
analysis package, utilizing the correction from Santrock et al. (1985).

2.1.3 Ambient air sampling unit

As an addition to the basic system described above, a high-flow sampling unit was de-5

veloped allowing ambient air sampling at rates of up to 1 L/min. The unit is set up as
an auxiliary 2-stage cryogenic trapping system consisting of a large diameter stainless
steel water trap and a 0.5 m×1.27 cm glass bead (80/100 mesh) filled stainless steel
U-trap (Fig. 3). The water trap, designed and constructed of 2.54 cm tubular stain-
less steel with large diameter Swagelok fittings and 0.32 cm stainless steel lines, is10

immersed in liquid nitrogen, permitting any water vapor to be frozen out of the sample
gas passed through it. The internal volume of this trap is approximately 100 mL.

Sampling proceeds as follows: both traps are immersed in liquid nitrogen while ultra
pure synthetic air (78/22 N2/O2) is drawn through the system at 50 mL/min by a dual
head high-flow rotary pump downstream of the traps. The use of a pump keeps pres-15

sure inside the traps low at all times to prevent the condensation of oxygen. Once both
traps are at temperature (approximately 2 min), the synthetic air supply is closed, the
ambient sample line valve is opened, flow rates are increased to 0.5–1 L/min and sam-
pling begins. Following the sampling of the desired volume, the flow rate is reduced to
50 mL/min, the sampling valve is closed, and synthetic air is reintroduced. Then the20

pump valve is closed and the valve to the preconcentration system is opened and the
traps are extracted from the liquid nitrogen in turn: first the water trap is removed and
left to warm in laboratory ambient air for 5 min to reduce pressure effects from rapid
warm up of such a large volume. Then it is inserted in a warm water bath at 40 ◦C to
release adsorbed volatiles, while retaining water in liquid form at the bottom of the trap.25

The liberated volatiles are transferred to the large diameter U trap over 5 min. This trap
is then extracted from the liquid nitrogen and allowed to warm in ambient laboratory
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air over 5 min, and is subsequently heated out under a 500 ◦C air stream for 5 min to
transfer all sampled compounds to the analysis system by the synthetic air carrier gas.

2.2 Performance and stability

For calibration, a 9-compound reference gas (AiR Environmental, inc.) is used as
the primary working standard. Of the compounds in this gas, 4 are monitored in test5

and calibration runs at the start and end of each measuring day, and during night
(automated), namely ethane (206 ppb), propane (103 ppb), methyl chloride (103 ppb)
and benzene (103 ppb). Calibration runs with the standard were done with varying
volumes, either 50, 100, or 200 mL, to ensure a range of peak areas similar to results
in sample measurements and to test for non-linearity effects.10

The δ13C values of propane, methyl chloride, and benzene in the working stan-
dard were established utilizing the method described in Fisseha et al. (2009),
at the Forschungszentrum Jülich, Germany, to be −34.8±0.4, −48.7±0.4, and
−28.1±0.3‰ vs. VPDB, respectively. Due to incapability, no independent measure-
ment of ethane was achieved. However, calibration results of the other tested gases15

and the reference CO2 give high confidence that our estimate of −28.6±0.4‰ vs.
VPDB is valid for ethane. These calibration results agree (±0.3 to 0.8‰, depending on
compound) with all measurements of these compounds obtained by our system when
calibrated against the aforementioned injected CO2, and taking into account the shift
in methyl chloride.20

It was observed that, if the peak area of a given eluted compound was maintained
above 0.5 V s, IRMS nonlinearity is not a factor that needs to be corrected for, as for
the compounds reported here it does not occur at peak areas above 0.5 V s.

To illustrate the time stability of the system in the current configuration (since May
2009), in Fig. 4a,b time series plots of δ13C (‰) and system sensitivity of standard25

measurements are presented, respectively. Sensitivity (V s/ng C) shows some vari-
ability, which is expected as the emission of the filament in the IRMS is variable over
time, but this is taking into account by referencing against the aforementioned reference
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gas. Repeatability of mixing ratio measurements is evaluated to be less than ±5% for
all compounds. Figure 4a illustrates also a drift of δ13C in the system over the selected
period. In order to correct for drift in δ13C, detrending is accomplished by observing
weekly averages as compared to long-term calibration measurement means.

To evaluate the overall precision of the system a series of Gaussian-fitted histograms5

of δ13C for the compounds measured in the standard gas are provided in Fig. 5a–d,
with a bin size of 0.1‰, outliers greater than 3σ rejected. For ethane, propane and
benzene the 1−σ error was below 0.5‰ for all volumes tested. For methyl chloride,
the standard deviation is ∼0.8‰ for all tested volumes. Likewise, the reproducibility for
other compounds was tested by introducing a different standard gas, containing 20 to10

50 ppb each of acetylene, ethylene, propylene and C4 and C5 saturated hydrocarbons.
The results of stability evaluations of these compounds are broadly similar to those of
the primary working standard. Table 2 summarizes 1−σ error of all tested compounds.

3 First results

To demonstrate the measurement capabilities of this instrument, we present the re-15

sults of a 48-h measurement campaign of selected non-methane hydrocarbons un-
dertaken over 4–6 August 2009. Samples were taken from an ambient air inlet lo-
cated ∼20 m a.g.l. at 52◦05′14′′ N, 5◦09′57′′ E. The sampling location is within 500 m to
a high traffic highway, and is located in our laboratory on the Utrecht University cam-
pus, in a semi-urban environment. Thus, an abundance of local sources, dominated20

by traffic emissions, can be expected for hydrocarbons. Atmospheric conditions at the
time of the campaign were characterized by warm stable summer weather. During this
period, high surface pressure was located above the North Sea. The sample days
were similar meteorologically, with clear skies, light winds, and high temperatures near
30 ◦C. At night, temperatures decreased to near 20 ◦C and the winds became near25

calm (ECMWF, 2010; KNMI, 2010).
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The samples were taken and processed in situ using the aforementioned am-
bient sampling subsystem, with 20 L samples (sampling rate 0.5 L/min) taken at
approximately 2-h intervals (excepting necessary calibration of the instrument) and
processed immediately. The 20 L sample size was chosen to assure IRMS peak areas
of >0.5 V s for the light saturated hydrocarbons.5

3.1 Mixing ratio

Broadly, mixing ratios are in line with what may be expected for an urban environment
(e.g., Seinfeld and Pandis, 1998), although for some compounds, especially the light
alkanes, quite high mixing ratios of several ppb were measured. Mixing ratio measure-
ments (Fig. 6a–j and Table 3) show a clear diurnal cycle, which corresponds very well10

to patterns of urban activity. Each compound has a peak in the morning hours, mini-
mum values in the afternoon, and elevated values at night (an exception is n-pentane,
where minima occur at night).

The unsaturated compounds in particular (acetylene, ethylene, propylene; Fig. 6a,b
and d, respectively), which generally stem from combustion processes, show very sim-15

ilar traces, although ethylene displays slightly more variability, (see also Table 3). The
diurnal cycle patterns during this period agree well with morning vehicular traffic inten-
sity; heavy congestion on local highways is common in the periods from 07:00 to 09:00.
The afternoon-evening (16:00 to 18:00) peak of traffic, though generally less intense
than that of the morning but still notable, is not clearly observed in the data. This is20

likely due to the short lifetime of these compounds: OH∗ oxidation during daytime may
be responsible for the afternoon minimum in mixing ratio and nightly buildup, as OH∗

mixing ratios have a strong diurnal cycle related to sunlight. This is likely enough to
suppress the afternoon traffic peak.

Ethane (Fig. 6c) also displays a clear diurnal cycle, but in contrast to the above25

compounds has peaks in mixing ratio during the night and early morning, far earlier
than other compounds. As mentioned previously, the prevailing meteorological condi-
tions of nearby high surface pressure caused (near) calm winds during night, leading
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to a suppression of mixing and a decrease in the boundary layer height as shown by
ECMWF ERA Interim reanalysis maps at 03:00 UTC on both days (ECMWF, 2010;
KNMI, 2010). This loss of mixing would then allow the buildup of continuously emitted
gasses. Presuming that the main urban source of ethane is leakage of natural gas,
local leakage could cause such an increase of mixing ratio. The observed rate of in-5

crease of ethane over the sample days in the period of 19:00 to 05:00 approaches
0.6 ppb per hour, which is considerable. The daytime decrease may be similarly as-
cribed to the increase in mixing and consequent dilution; the oxidation of ethane by
OH∗ occurs, but the light alkanes are relatively long-lived and not significantly removed
on these timescales.10

The change in mixing during daytime and nighttime can help to explain the after-
noon decrease and nighttime buildup in mixing ratio of all alkanes measured, with the
exception of n-pentane (Fig. 6h). Beside the common morning mixing ratio peak, this
compound differs from others measured in that there is little evidence of a rapid day-
time decrease of mixing ratio, especially on 6 August. This implies different dominating15

sources during this period, which are not as affected by the increase in mixing dur-
ing the day, suggesting that the source is not local. According to Goldstein and Shaw
(2003), a significant source of C5 to C10 alkanes and aromatics can be found in in-
dustrial emissions, but as there is little industry in the region of the measurement site
this cannot explain these elevated afternoon and evening measurements of n-pentane20

directly. However, supporting evidence for a distinct and non-local source can be found
in the stable isotope measurements of this compound, of which discussion follows.

Isopentane, hexane, and benzene (Fig. 6g,i, and j) show profiles similar to the
unsaturated hydrocarbons mentioned above, and some of the alkanes, pointing to
transportation-related sources.25

3.2 Carbon stable isotope composition

Figure 7a–j shows δ13C measurements over the sampling period. In general, δ13C
averages over the 48-h period (Table 4) agree well with published values from studies
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of urban air, despite the large variations, especially in unsaturated compounds. Acety-
lene (Fig. 7a), for example, has a large daily variation (maximum of 5‰ and minimum
of −15‰), but its mean over the entire period is −9.1‰, which falls well in the urban
range of −8±4‰ as reported in Goldstein and Shaw (2003). The maximum observed
in acetylene is more enriched than previous measurements reported in urban environ-5

ments, but is not unreasonable, as Redeker et al. (2005) reported for daytime values
in summer.

Ethylene (Fig. 7b), which shows a very well defined diurnal cycle with minima near
−30‰ in the early morning hours and maxima near −5‰ during the afternoon (24 h
mean −17‰), agrees with expected mean values for C2 to C5 alkenes (−22±8‰,10

Goldstein and Shaw, 2003), as does propylene (Fig. 7d), which shows a mean of
−21.1‰. The large diurnal variation in ethylene, as seen here, can be expected for
such a reactive compound with a high KIE (18.6‰, Anderson et al., 2003), strong frac-
tionation during the daylight hours occurs (Goldstein and Shaw, 2003), and this can be
seen in Table 4 (periods 2 and 3). Further, utilizing the isotopic clock parameterization15

(Eq. 5, Rudolph and Czuba, 2000) provides additional support for this: assuming that
the nighttime δ13C value (mean −27‰) and daytime value (mean −10‰) represent the
unoxidized (0δC2H4

) and oxidized (δC2H4
) isotope ratios of ethylene, respectively, a value

for OHKIEC2H4
of 18.6‰ (Anderson et al., 2003) and OHkC2H4

=7.9×10−12 cm3 s−1 (at
296 K, Atkinson et al., 2006), it is calculated that [OH∗] required for causing this20

fractionation reaches 3.6×106 molecules cm−3 for a 9 h atmospheric processing time.
This OH∗ concentration is within the range for summer tropospheric conditions (e.g.,
Lu and Khalil, 1991).

Ethane (Fig. 7c), is more enriched than higher alkanes, because of its differing
source from natural gas, the ethane in which is known to be relatively enriched.25

The other alkanes originate mainly from combustion processes (Goldstein and Shaw,
2003). The mean δ13C of ethane was measured to be −24.5±0.6‰ for the entire pe-
riod. Tsunogai et al. (1999) reported values between −28 to −22‰ in urban and marine
locations. There is almost no diurnal variation in our measurements (with the exception
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of a slight depletion during the period of highest mixing ratio values, in the morning),
which is also reasonable to expect for the most stable and longest-lived non-methane
hydrocarbon.

The δ13C of the C3 to C6 alkanes measured also show little diurnal variation
and mean values of −27 to −30‰. Previously reported measurements indicated5

−27±2.5‰ (Rudolph et al., 2002; Goldstein and Shaw, 2003). The presence of
a single very depleted point (−45‰) in measurements of hexane is notable, but
this outlier may be due to an unidentified experimental problem. Apart from this
point, standard deviations for these compounds also correspond well to previous re-
sults. Benzene also fits well to previous measurements despite some apparent high10

morning variability: mean −26.2±2.3‰, compared to literature values of −27±2‰
(Goldstein and Shaw, 2003).

3.3 Source signatures

A common tool for atmospheric isotope research to decipher sources is the Keeling
plot analysis, which was first developed for the analysis of stable carbon isotopes of15

carbon dioxide (Keeling, 1958). This involves correlating δ13C against the inverse of
the mixing ratio, and linearly fitting the result. The y-intercept of this fit then indicates
the isotopic composition of the contaminating source that mixes into background air.
This procedure is based on a few assumptions: (1) there should be only one source
and a stable reservoir into which it is being diluted; (2) the compound concerned should20

be (relatively) non-reactive; and (3) the δ13C and inverse mixing ratio should be well-
correlated; lest the values calculated become unclear and unreliable (Keeling, 1958). In
our dataset, the Keeling plot analysis works well for ethylene, n-butane, and n-pentane
(Fig. 8a–c). The isotope source signatures determined this way are given in Table 5.
Other measured compounds are not included because of small isotopic variation or25

low correlation, indicating that the above conditions are violated.
For ethylene (Fig. 8a) the source signatures derived from this analysis agree well

with engine emission measurements (Rudolph et al., 2002; Goldstein and Shaw, 2003).
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It should be noted that in the case of ethylene the slope in the Keeling plot is rather
caused by reaction kinetics (KIE of the ethylene OH reaction) than by diluting emissions
into a pool with background isotope signatures.

Where there are good correlations for fairly non-reactive compounds, the values can
be instructive with respect to mixing. For example, in n-butane (Fig. 8b), a mixing5

effect is seen; higher mixing ratios are clearly associated with more enriched δ13C;
distinctly different isotopic ratio values are indicated for lower mixing ratios. In periods
3 and 4 good correlations allow determining source signatures of −25.4 and −24.5,
respectively, in agreement with the literature (−27±2.5‰, Goldstein and Shaw, 2003)
for fossil fuel combustion.10

In n-pentane (Fig. 8c), there is a strong departure in source signature values in
Table 5 period 3: here a strongly correlated source signature of −23.9‰ occurs, as
compared to more depleted values at other times. This would lend support to the
speculation that there is a distinct isotopically different emission occurring at this time
as discussed above for the mixing ratios.15

4 Conclusions

We have presented a NMHC carbon stable isotope analysis system capable of high-
resolution measurements of many compounds from a large variety of sample sources
with small measurement errors (1‰ vs. VPDB or less). In particular, the capability to
process high volume atmospheric allows examination of samples with large quantities20

of bulk gases and CO2, without loss of any compounds of interest, and with a short
processing time as well. As the first results demonstrate, δ13C values measured during
a 48 h ambient air measurement campaign agree well with previous research, while
highlighting the complex diurnal behavior of hydrocarbons in an urban environment.
This on the one hand demonstrates reliable operation of the system and on the other25

opens the doorway to exciting future measurements.
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Table 1. Mean and standard deviation δ13C (‰) for ethane, propane, methyl chloride, and
benzene, without (LN2 traps only), and with CO2 separation column installed (Standard config.).
n=10 for both sets of data.

Compound LN2 traps only LN2 traps Standard config Standard config
mean δ13C only σδ13C mean δ13C σδ13C

Ethane −28.4 0.33 −28.6 0.27
Propane −34.6 0.49 −34.3 0.49
Methyl chloride −46.4 0.69 −48.8 0.72
Benzene −27.4 0.36 −27.5 0.39
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Table 2. 1−σ standard deviations of δ13C (‰) and IRMS Sensitivity (V s/ng C) for all com-
pounds in the two calibration gases. For the compounds in the working standard the values
represent ∼9 months detrended long term accuracy levels; for the other compounds accuracy
levels were determined from a series of 20 standard gas measurements over a period of 1
month.

Compound δ13C σ (‰) Sensitivity σ
(V s/ng C)

Primary NMHC working standard

Ethane 0.294 0.0053
Propane 0.397 0.0063
MeCl 0.795 0.0058
Benzene 0.484 0.0083

Other tested compounds

Acetylene 0.441 0.0062
Ethylene 0.716 0.010
Propylene 0.658 0.010
Isobutane 0.542 0.0097
Butane 0.476 0.0083
Isopentane 0.308 0.0095
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Table 3. Mean mixing ratio and sample standard deviation of all measurements and individual
measurement periods of selected compounds in ambient air of samples taken during 48-h
measurements, 6 to 8 August 2009. Periods are the same as those in Figs. 8–10.

Compound Mean VMR σ Mean VMR σ Mean VMR σ Mean VMR σ Mean VMR σ
all (ppb) (ppb) P1 (ppb) (ppb) P2 (ppb) (ppb) P3 (ppb) (ppb) P4 (ppb) (ppb)

Acetylene 0.29 0.22 0.26 0.07 0.51 0.36 0.15 0.01 0.22 0.09
Ethylene 0.77 0.62 0.88 0.48 1.45 0.71 0.33 0.10 0.40 0.27
Ethane 3.09 2.23 4.52 2.43 3.98 2.68 1.41 0.69 2.14 1.03
Propylene 0.21 0.14 0.21 0.08 0.36 0.19 0.11 0.02 0.16 0.05
Propane 2.02 2.14 1.83 0.77 3.87 3.88 1.41 0.90 0.99 0.45
n-Butane 1.19 0.67 1.13 0.47 2.03 0.74 0.77 0.17 0.85 0.38
Isopentane 0.42 0.34 0.31 0.12 0.76 0.58 0.31 0.08 0.30 0.09
n-Pentane 0.45 0.27 0.23 0.10 0.61 0.31 0.43 0.30 0.55 0.17
Hexane 0.16 0.09 0.12 0.03 0.25 0.11 0.18 0.08 0.11 0.03
Benzene 0.20 0.11 0.24 0.07 0.27 0.21 0.12 0.03 0.17 0.06
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Table 4. Mean δ13C (‰) vs. VPDB and sample standard deviation of all measurements and
individual measurement periods of selected compounds. Samples and periods are the same
as in Table 3.

Compound Mean δ13C σ Mean δ13C σ Mean δ13C σ Mean δ13C σ Mean δ13C σ
(‰) all (‰) P1 (‰) (‰) P2 (‰) (‰) P3 (‰) (‰) P4 (‰) (‰)

Acetylene −9.1 4.4 −10.2 1.4 −10.2 4.8 −6.2 6.8 −9.6 2.8
Ethylene −17.0 7.9 −23.3 3.2 −21.5 5.3 −9.1 4.2 −11.7 6.1
Ethane −24.5 0.6 −24.1 0.5 −24.6 0.8 −24.6 0.8 −24.6 0.17
Propylene −21.1 2.3 −21.7 1.3 −19.6 2.5 −20.3 2.5 −22.8 2.1
Propane −27.9 1.7 −27.0 2.3 −27.8 1.4 −28.6 1.7 −28.3 1.1
n-Butane −27.6 1.7 −27.0 1.4 −26.2 1.3 −29.3 1.3 −27.8 1.1
Isopentane −29.0 0.6 −29.0 0.8 −29.0 0.6 −29.4 0.6 −28.9 0.3
n-Pentane −27.0 1.6 −28.0 1.2 −28.2 0.9 −26.0 2.0 −25.8 0.4
Hexane −30.4 3.7 −28.6 1.7 −32.1 7.4 −29.4 1.0 −30.7 1.0
Benzene −26.2 2.3 −25.9 1.4 −26.8 5.1 −25.5 1.6 −26.7 0.2
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Table 5. Ethlyene, n-butane and n-pentane source signature (SS, in ‰ vs. VPDB) and R2

from the fits in Fig. 8 of all measurements and individual measurement periods of selected
compounds. Samples and periods are the same as in Table 3.

Compound SS All R2 All SS P1 R2 P1 SS P2 R2 P2 SS P3 R2 P3 SS P4 R2 P4
(‰) (‰) (‰) (‰) (‰)

Ethylene −26.8 0.68 −29.8 0.76 −25.7 0.17 −12.6 0.04 −22.7 0.89
n-Butane −24.7 0.52 −26 0.07 −24.7 0.29 −25.4 0.47 −24.5 0.98
n-Pentane −25.9 0.22 −27 0.17 −27.8 0.08 −23.9 0.65 −26 0.03
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Fig. 1. System diagram. A, B, C indicate Valco 6-port valves; SAMP indicates 0.5 m×4 mm
ID glass-bead (80/100 mesh) filled stainless steel cryotrap; REC indicates 0.7 m×2.5 mm ID
glass-bead (80/100 mesh) filled stainless steel W-shaped recovery cryotrap, FOC indicates
0.5 m×0.25 mm stainless steel jacketed capillary focusing cryotrap. SEP indicates 3 m×4 mm
ID PoraPAK Q (100/120 mesh) stainless steel packed separation column.
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Fig. 2. GCMS results 3 m×4 mm ID PoraPAK Q (100/120 mesh) stainless steel packed sep-
aration column performance, total MS ion abundance vs. elution (after injection) time. Peaks
A, B, and C are due to elution of methane and nitrogen, bulk carbon dioxide, and ethane and
other hydrocarbons, respectively.
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Fig. 3. Ambient air drying and trapping subsystem. The water trap is a large diameter
(0.25 m×2.54 cm) cryogenic stainless steel trap, trap 1 is a large diameter (0.5 m×1.27 cm)
glass-bead (80/100 mesh) filled stainless steel primary capture cryotrap. Flush gas may be He
or synthetic air (78:22 N2–O2 mix). Flows are regulated by a 5 L/min capacity MKS instruments
thermal mass flow controller. After extraction and drying, the contents of trap 1 can be flushed
to the analytical system (Fig. 1).
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Fig. 4. Time-stability difference from mean of δ13C (‰) and sensitivity (V s/ng C) of the GC-
MS-C-IRMS NMHC system tested with 4 compounds in Apel-Riemer (AiR Inc.) calibration gas,
various volumes, respectively. Horizontal lines are plotted to make the long-term variability
better visible.
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Fig. 5. Histograms of detrended δ13C (‰) data, together with Gaussian fit for the Apel-Riemer
(AiR) multicompound NMHC calibration gas, including measurements of various volumes (50,
100, 200 mL) for peak area ranges comparable to measurements. Dashed lines indicate 1 and
2σ intervals. (A) ethane, (B) propane, (C) methyl chloride, (D) benzene.
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Fig. 6. Mixing ratios vs. time over 48-h (4–6 August 2009) period, overlapped on one diur-
nal cycle. (A) acetylene, (B) ethylene, (C) ethane, (D) propylene, (E) propane, (F) n-butane,
(G) isopentane, (H) n-pentane, (I) hexane, (J) benzene. Error bars indicate the 5% accuracy
levels. Period means in Table 3. Colors indicate time periods: P1 (black): 21:00–05:00; P2
(blue): 05:00–11:00; P3 (green): 11:00–15:30; P4 (red): 15:30–21:00; all times CEDT. Period
codes correspond to those in Tables 3, 4, and 5.
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Fig. 7. Compound δ13C (‰ vs. VPDB) vs. time (hours) over 48-h (4–6 August 2009) period,
overlapped. Error bars indicate 1σ ranges. Letter codes identical to Fig. 6. Period means and
standard deviations in Table 4.
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Fig. 8. Ethylene, n-butane, and n-pentane δ13C (‰ vs. VPDB) plotted versus inverse mixing
ratio (ppb−1) over the 48-h (4–6 August 2009) period, with linear fits to points of each time
period. Derived values for isotope source signatures are given in Table 5. Colors indicate
periods as indicated in Figs. 6 and 7 and correspond to P1 through P4 in Tables 3, 4, and 5.
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