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Abstract. Natural gas production is associated with emis- tios for the mobile and ground measurements. The PTR-MS
sions of several trace gases, some of them classified as ameasurements at Horse Pool are evaluated by comparison
toxics. While volatile organic compounds (VOCs) have re- with simultaneous KHS measurements using a PTR time-of-
ceived much attention, hydrogen sulfide;@) can also be flight MS (PTR-ToF-MS) and a Picarro cavity ring down
of concern due to the known health impacts of exposurespectroscopy (CRDS) instrument fop$l/ CH;. On average

to this hazardous air pollutant. Here, we present quantita0.6+ 0.3 ppbv BS was present at Horse Pool during UB-
tive, fast time-response measurements géhising proton-  WOS 2013. The correlation between$and methane en-
transfer-reaction mass-spectrometry (PTR-MS) instrumentshancements suggests that the source g% lis associated

An ultra-light-weight PTR-MS (ULW-PTR-MS) in a mobile with oil and gas extraction in the basin. SignificanS-mix-
laboratory was operated for measurements of VOCs a®l H ing ratios of up to 9 ppmv downwind of storage tanks were
in a gas and oil field during the Uintah Basin Winter Ozone observed during the mobile measurements. This study sug-
Study (UBWOS) 2012 campaign. Measurements of VOCsgests that HS emissions associated with oil and gas produc-
and KBS by a PTR-MS were also made at the Horse Pooltion can lead to short-term high levels close to point sources,
ground site in the Uintah Basin during UBWOS 2013. The and elevated background levels away from those sources. In
H>S measurement by PTR-MS is strongly humidity depen-addition, our work has demonstrated that PTR-MS can make
dent because the proton affinity of8lis only slightly higher  reliable measurements obB at levels below 1 ppbv.

than that of water. The 6 sensitivity of PTR-MS ranged be-

tween 0.6—1.4 ncps ppb¥ during UBWOS 2013. We com-

pare the humidity dependence determined in the laboratory

with in-field calibrations and determine the$l mixing ra-
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1 Introduction FPD) was used before the 1990s (Steudler and Kijowski,
1984). These instruments have relatively poor detection lim-
Hydrogen sulfide (KS) is a flammable gas that is highly its (>1ppm) and are insufficient to detech$lat ambient
toxic at low concentrations; e.g., at 10-20 ppmy»SHstarts  levels (Benner and Stedman, 1990). Chemiluminescence in-
causing eye irritation and at levels above 150 ppmv it is life struments based on reaction with GI@Spurlin and Ye-
threatening. The primary emission sources e¢fSHo the  ung, 1982), Q (Kelly et al., 1983) and excited SO (Benner
atmosphere include volcanic eruptions, natural decomposiand Stedman, 1989) have a detection limit of 130 pptv for
tion of sulfates and sulfur-containing organic compounds byH>S, but there exist potential interferences from other hy-
anaerobic bacteria, and anthropogenic release from industriarocarbons in environments like oil fields. Other commonly
processes. }§ is also emitted from coal pits, landfills, live- used instruments are based on cavity ring-down spectroscopy
stock manure, thermal or polluted waters and septic system@CRDS) and gas chromatography coupled with isotope di-
(Environmental Protection Agency et al., 1993). Hydrogenlution mass spectrometry (Bandy et al., 1985) and sulfur
sulfide is a major impurity in natural gas that needs to be re-chemiluminescence detection (GC-SCD) (Khan et al., 2012).
moved prior to use. In oil and gas operationgSttan be re-  Existing measurements also use catalytic conversiornp&f H
leased routinely or accidentally at wellheads, piping, separainto sulfur dioxide (S@) and detection of SPby pulsed
tion and storage tanks (Environmental Protection Agency efluorescence (Heber et al., 2010; Z. Liu et al., 2011). This
al., 1993; Tarver and Dasgupta, 1997). PrevioygS Ktudies  method has a limited sensitivity (detection limit of 6 ppbv in
in oil fields indicated that hydrogen sulfide was the dominant10s) and can have interferences from the presence of tran-
reduced sulfur gas in all the sampled oil producing locationssient concentrations of SCand other reduced sulfur com-
(Tarver and Dasgupta, 1997). pounds. Moreover, SDdetection by pulsed fluorescence
One study showed that the mixing ratios af$in ambient  is susceptible to interference by polycyclic hydrocarbons,
air range from 0.02—-0.07 ppbv in undeveloped rural areas tavhich are also emitted from natural gas production opera-
0.11-0.33 ppbv in urban areas (Chou et al., 2006). Ambientions (Heber et al., 2010; Z. Liu et al., 2011).
air quality guidelines for KIS have been developed in many  Recently, proton-transfer-reaction mass spectrometry
states, which range from 14 to 160 ppbv per 24 h averagindPTR-MS) has been used to detegt3Hin agricultural and
time. HS is regulated under a number of US statutes, includ-food studies (Liu et al., 2013; Feilberg et al., 2010; D. Liu
ing the Comprehensive Environmental Response, Comperet al., 2011; Saha et al., 2011), olfactometer characterization
sation, and Liability Act (CERCLA), the Emergency Plan- (Beauchamp et al., 2010), and other laboratory settings in
ning and Community Right-to-Know Act (EPCRA), and the spite of various analytical challenges (Feilberg et al., 2013).
Prevention of Significant Deterioration (PSD) program of the In this work, we characterized the humidity dependence of
EPA for regulation of new oil and gas well sources (Chou the instrument responses t@$l of PTR-MS, and explored
et al., 2006; Dubyk et al., 2002). The familiar “rotten egg” its application for quantitative measurements ofSHn the
odor of HbS becomes detectable by humans at concentraair over an oil and gas field.
tions of 3-20 ppbv. However, higher concentrations gSH
in the 150-250 ppmv range can cause olfactory paralysis. At
these concentrations, the olfactory sense may be lost and e2  Experimental
posed persons may be unaware of the presence of the toxic
gas. Thus, odor cannot be relied upon as a warning sign oThe Uintah Basin in northeastern Utah (Fig. 1), a region
possible exposure to4% (Environmental Protection Agency with approximately 8000 gas wells and 2000 oil wells in
et al., 1993). Little public data exist to determine actual lev- operation, experienced high wintertime surface ozone con-
els of LS near oil and gas production sites. After an in- centrations in the winters 2009/2010 and 2010/2011 (Martin
cident known as the Lodgepole blowout, maximum hourly et al., 2011). Two field intensives, the Energy and Environ-
H>S concentrations as high as 15 ppmv were measured ahent — Uintah Basin Winter Ozone Study (UBWOS), were
different locations within a 20km radius around Alberta, conducted in the winters of 2012 (15 January—28 February)
Canada (Layfon and Cederwall, 1987; Skrtic, 2006). A geo-and 2013 (15 January—28 February). An extensive suite of
logical survey from the Department of Environment Quality research instruments were deployed by a large group of sci-
of Michigan showed that over 12 % of producing oil wells in entists from different institutions at a well pad (named Horse
Michigan had oil BS contents exceeding 300 ppm by mass Pool, 40 143N; 109468 W; 1530 m elevation) located on
(Office of Geological Survey, 2013). In the atmosphergSH the northern edge of the gas field, 20 miles south of Vernal,
has a lifetime of a few hours during the day due to reactionsUT in both years. The NOAA Earth System Research Labo-
with OH. It has also been suggested thaiSHan be oxi- ratory (ESRL) also surveyed the Uintah Basin with an instru-
dized to form sulfate on suspended alkaline dust (Tarver angnented van, called here the Mobile Laboratory, to document
Dasgupta, 1997). ambient levels of methane and ozone precursors downwind
Various techniques have been used fgBHneasurements. of various point sources. The main goals of this project were
Gas chromatography with flame photometric detection (GC-to quantify the emission of ozone precursors from the oil
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114 113 12 -1 110 -109 -108 midity dependence of the calibration factors gfS+or both
i : the PTR-MS and PTR-ToF-MS.

42

2.1 H,S detection by PTR-MS

The application of PTR-MS for atmospheric measurements
has been reviewed by de Gouw and Warneke (2007). Briefly,
: the detection principle is based on the proton-transfer reac-
. ﬁ o tion of the hydronium ion (HO™) with H,S and VOCs that
| < have a higher proton affinity (PA) than water. The proton-
‘ transfer reactions take place in a drift tube to minimize clus-
, &« Oil wells ko ter ion formation and simplify the interpretation of mass
a1 w 120 -110 -100 -90 -80 - 3 spectra. The reagent and product ions are detected using a
/ [ =3 \ mass spectrometer, and the ion signal is proportional to the
compound mixing ratio. A Platinum (Pt) catalyst is used to
determine instrument backgrounds by removing VOCs and
H>S in the sample air. The fragmentation from higher molec-
ular weight species to form4$" is not known to occur from
compounds like CgSH and CHSCHs, which were very
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114 -113 -112 -111 -110 -109 One significant challenge for 3% detection by PTR-
Longtitude (deg) MS is that BS has only a slightly higher PA than water
(691 kd mot? for H>O and 705 kJ mol® for H,S) (Hunter
Figure 1. (a) The location of Utah in the overview map of United and Lias, 1998). Since the proton-transfer reaction (R1a) of
States(b) The oil and gas wells in Uintah Basin, Utah. H3O™ with HyS is only slightly exothermic, the back reac-
tion (R1b) is no longer negligible at typical settings in PTR-
MS instruments (Feilberg et al., 2013):

a
o
-3

and gas wells, and to understand the mechanisms of ozone
formation in the basin in winter. The OH reactivity from H30++H25—> H3S™ + H20, (R1a)
H>S (~0. 1s1) is a small fraction of the total OH reactiv-
ity (~30s1) observed in the basin, indicating thas$lis
not an important precursor for ozone formation.

Measurements of 6 were made in the oil and gas field H3S™ + H,0 —> H3O™ + H>S. (R1b)
in the Uintah basin during the UBWOS 2012 and 2013, and
during a laboratory study on4$ detection by PTR-MS after The rate coefficients at 298K arfg =1.9 x 1079 cm?
the 2013 UBWOS campaign (all measurements used here amolecule ! s~ andk_; = 4.4 x 1012 cm® moleculet s71
summarized in Table 1). During UBWOS 2012 an ultra-light- (Tanaka et al., 1978). As a result, the$imeasurement by
weight proton-transfer-reaction mass spectrometer (ULW-PTR-MS is affected by humidity and has a relatively low sen-
PTR-MS, ~55kg) (Warneke et al., 2014) was fielded to- sitivity. However, drying the sample flow to eliminate the hu-
gether with a PTR-MS (de Gouw and Warneke, 2007). Themidity dependence of the sensitivity is not an option, because
ULW-PTR-MS was installed in the NOAA ESRL Mobile it will also result in losing many VOCs along with the wa-
Laboratory for 2 weeks in February 2012 to make measureter. It should also be noted thab8 proton transfer reaction
ments downwind of point sources in the Uintah basin. Inwith water cluster ions gO* . H,O are notimportantdue to
2013, we further explored #$ detection by both PTR-MS a much slower reaction rate (<1¥cm®molecule1s™1).
and PTR time-of-flight mass spectrometry (PTR-ToF-MS) No occurrence of competing channels by the water cluster-
(Graus et al., 2010) at the Horse Pool ground site. Along withing reactions was observed in the measurement $& jpto-
H>S, these instruments also simultaneously measured ardenation under a wide range of humidity conditions (Tanaka
matics and oxygenated volatile organic compounds (VOCs)et al., 1978). Therefore, the 8 reaction with water cluster
During these studies, regular calibrations on the PTR-MS in4s neglected in this work. The kinetics of the analogous reac-
struments were performed using standard gas mixtures everyons with formaldehyde (HCHO) has been studied in detail
other day. To evaluate theoB measurements by PTR-MS by Inomata et al. (2008); Vlasenko et al. (2010); Warneke et
we compare them with concurrenpBlmeasurements froma al. (2011b) and for HCN by Knighton et al. (2009). In a man-
CRDS instrument (Model G2204, Picarro, Inc., Santa Clara,ner analogous to that work, the humidity dependent concen-
CA). A laboratory study was conducted to determine the hu-tration of HgS™ ion in the drift tube is given by the following:
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Table 1. A list of studies with the time, instruments and purposes, from which g& dhta were used in this work.

Studies Time Instruments Purposes

UBWOS 2012 Jan-Feb 2012 ULW-PTR-MS Mobile measurements
PTR-MS

UBWOS 2013 Jan—-Feb 2013 PTR-ToF-MS Ground measurements at Horse Pool
Picarro

Laboratory Mar 2013 PTR-MS PTR-ToF-MS  Calibrations Detection humidity dependence

During the UBWOS 2013 campaign, the PTR-MS de-
ployed at Horse Pool routinely measured 32 masses corre-
. 1 k1[H2S] (1- e—k_l[HzO]t) sponding to different VOCs. These VOCs were measured for
[HaS"] = [H30"] T TH.0 , (1) 1 second each along with 6 primary and impurity ions, re-
-1[H20] -
sulting in a 38s duty cycle. Background measurements for

N ) all masses were conducted every 3h 15 min for 153s.
where [HS], [H20] and [HO7] are drift tube concen- The methanol isotope with a natural abundance of 0.2 %

trations of KBS, water and hydronium ions, respectively, 18n isotope is detected as &¥OH . HT (m / z 35.0377) and
and is the reaction time. Although the rate coefficient 4t the same mass on the PTR-MS asSH (m / z 34.9950)

of the forward reaction (R1) is higher than of the reversea ynity mass resolution. This causes interference in the
reaction (R1b) rate coefficient (i.eky>>k_1), the mix- .5 measurements by PTR-MS under conditions with high
ing ratio of water (typically 19%) in the drift tube is much mnethanol concentrations, as was the case in the oil and gas
higher than HS (<10ppbv) (i.e., [40]>>[H>S]). The ra-  fie|q in Utah and needs to be corrected for.

tio (ky x [H2S])/ (k-1 x [H20]) determines the final [567] At a mass resolving poweRewnw, defined as mass at

in thg drift tube._ It shoul_d be noted that the ion kmetlc_en- the peak center divided by the peak’s full width at half max-
ergy is elevated in the drift tube, and that the endothermic r®imum) greater than 1200, the methanol isotope ag&H
actions (i.e., R1b) may be more important than based solely,oaks are readily resolved (Graus et al., 2010). The PTR-
on the reaction enthalpy. As a rgsult of back reaction (R1b)ToF-MS (PTR-ToF 8000, lonicon Analytik, Innsbruck, Aus-
the production of protonatedz3 is much less efficient than 5 ysed here has a mass resolution of >3000 and clearly
production of most protonated VOCs. In Eq. (1)aBi]is  geparates the peaks of the two ions. Since the PTR-ToF-MS
strongly dependent on thezB concentration and the reac- ata do not require any methanol isotope correction, % H
tion time. In Fig. 2, the [RS'] in the drift tube calculated  getection limit of the PTR-ToF+ 200 pptv) can be expected
from Eq. (1) is plotted as a function of reaction time at var- , pe petter than that of the PTR-MS instrument. During the
ious humidity conditions. The reaction times determined | gwoOS 2013 campaign, the PTR-ToF-MS was operated at
by the ion drift velocity, which is a function of the param- he conditions given in Table 2 and with an extraction fre-

eter E /N, whereE is the electric field anav the number quency of 250kHz. Average mass spectra upntpz 500
density of the gas in the drift tube (de Gouw and Warneke,yare collected every 10s.

2007). The instrument settings used in this study are typi-

cal for the PTR-MS and are given in Table 2. These setting®.2 Other instruments

give a reaction time of ~ 100 ps, which is not significantly

different from other PTR instruments in Table 2. At higher Two CRDS instruments (Picarro, Inc) for Gldnd HS mea-
water concentration, the reaction time is slightly lower due surements were deployed together with the PTR-MS instru-
to a higher fraction of water clusters, which have lower ion ments at Horse Pool in 2013. A CRDS G2204 with £ihd
mobility (Warneke et al., 2001). Another small effect is that H,S channels (ChH/ H,S) was deployed for the first 2 weeks
ion mobilities in general are slightly lower in air-water vapor of UBWOS 2013 only. The Chldata used in this study were
mixtures than in pure air. But these effects are very small anda combination of measurements from both the,CH>S
have been neglected in this work. It is worth noting that theand CH,/CO, (Picarro Model G2301) instruments. A de-
forward and backward reactions are not necessarily in equitailed study of CH measurements by CRDS techniques has
librium. From Fig. 2 itis clear that at low water concentration been given by Chen et al. (2010) and Karion et al. (2013).
conditions, the residence time og8" ions in the drift tube  The CH;/H,S CRDS used in this study has a measure-
is insufficient for backward reaction (R1b) to get into equi- ment range of 0—20 ppm4%$. The BS measurement preci-
librium with the forward reaction (R1) at typical instrument sion is 1 ppbw- 0.4 % for 5 min averaged dataH calibra-
settings. More HS* ions are produced at lower water con- tions were done before and during the campaign. The cali-
centrations. bration results showed a zero drift of 0.3 ppg8+uring the
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Table 2. The instrument settings of PTR-MS and PTR-ToF that affect the humidity-dependent sensitivities.

Water flow? Pressur® \Voltag® Temperatur®@ E/NC©

(sccm) (mbar) V) © (Td)
PTR-MS 10.5 2.4 720 45 117
PTR-ToF-MS 5 2.2 600 60 112
ULW-PTR-MS 7.5 2.2 612 40 106

aThe water flow in the ion sourc.The parameters of drift tube settings.
€ TheE/ N is expressed in unit of Townsend (1 EdL0~17V cm?2).

1000 5 counts per second, cps). Figure 3b shows the time series of
] them /z 35 signals on 28 February. Most locations showed
instrument signals below 50 cps. In contrast, signal enhance-

J Reaction time at typical settings

24 Water vapor concentration ments of a factor of 3 were observed at a number of locations.
100 —&— 10'* molec cm® The highest enhancement measured by the ULW-PTR-MS
6] ~®~ 10'" molec o was observed during the drive on 27 February (Fig. 3c), in
] —#- 10 molec cm the area indicated by the white square in Fig. 3a. Figure 3d

shows the time series of /z 35 signals for the drive shown
on the map in Fig. 3c. Downwind of a condensate tank un-
Typical water concentration in drift tube der service, then /z 35 signal was 40000 cps, an enhance-
ment of 3 orders of magnitude over ambient levels. Because
Equilibrium the ULW-PTR-MS was not calibrated, the mobile laboratory
,/*“H*_’_’_’_’_’_’_’_’_’_ H>S data is shown here in cps. Assuming that the sensitivity
LI L LR BRI B of the ULW-PTR-MS for BS was similar with the PTR-MS
10° 10° 10° 107 10" and in the same range as for formaldehyde, for which cali-
Reaction Time (s) bration was performed on PTR-MS, these occasionally high
count rates suggested thai$lwas in the ppmv range. Such
action time in the drift tube at different humidities. The water M9N r_“iXi”Q ratios were the moti\_/ation for the measurements
vapor concentration in the drift tube ranges from 0.80'5 o described in the following. We will return to these data at the
2 x 10'%moleccnt3 (equivalent to water vapor mixing ratio of €nd of this paper.
5.6-29.3gkgl).

Y

+ . . . -3
H3S ' ion concentration (ions cm ~)

N LT
L1 1113111

-
|

Figure 2. The concentration of 5T ions as a function of re-

3.2 Laboratory calibration

campaign, which has been corrected for in the measurements@Poratory calibrations for p& were performed after UB-

Little water interference was observed for the ambieggH WOS 2013 using the PTR-MS and PTR-ToF-MS at dif-
measurements in this study. The measurement interval is 5 §&rent humidities. Zero air was split using two mass flow
The instrument records the signal at every 5s as well as th&ontroller (Tylan FC-260) channels, one of which passed

averaged signal over the last 5min cycle. The signals with@" through a water bubbler filled with purified water
averages of 5min were used in this study. (>18.1 MOhmecm*) at 20°C for humidification. Assum-

ing near-saturation (23.3 mbar vapor pressure at an ambient
pressure of 844 mbar and 20) the water mixing ratio in

3 Results and discussion the humidified channel was 2.84% (17.7 gky The hu-
midified zero air was mixed with dry zero air. This way the
3.1 Mobile laboratory measurement water vapor mixing ratio in the dilution gas was held at a

constant level for individual calibration runs and could be
The NOAA ESRL Mobile Laboratory performed 13 sur- changed rapidly from one setting to the next. The total flow
veys in the oil and gas production areas in the Uintah basirrate of the humidified dilution gas stream was kept at ap-
in February 2012. The PTR-MS measurements includedproximately 500 sccm (cBmin~! at STP) and was mea-
m/z35, i.e., the mass of protonated${ only on the sur- sured volumetrically (Bios DryCal Definer 220) for each
veys between 25-28 February. Here, the surveys on 27 andumidity setting. Up to 5sccm (unit mass flow controller)
28 February are presented (Fig. 3). Figure 3a shows the oibf H,S from a calibration standard (10.08 ppea2 % H,S
and gas well areas indicated by the white square in Fig. 1bn No; Scott-Marrin, Inc, Riverside, CA) was dynamically
and the drive tracks on both 27 and 28 February 2012, whichdiluted with the humidified zero air and was sampled by
were color- and size-coded by the raw signals:dt; 35 (in both PTR instruments simultaneously. Calibrations with four
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concentration levels (between 41ppbv and 100 ppi®H where BSymr is the BS volume mixing ratio (VMR) in
were performed at six humidity levels (water mixing ratios ppbv
between 0 and 2.61 %, i.e., 0-16.3 gky In Fig. 4, the sig-
nals onm /z 35 i i ion si * (i [H2S]

z 35 normalized to primary ion signalssB™ (in HoSymR = i
units of 1® counts s1) from (a) PTR-MS and (b) PTR-ToF- N x 107°
MS are plotted versus the mixing ratio of 8 at different hu- and N is the air number concentration in unit of

midities. Calibrati.ons at each i_ndivi(_:iual humidity levels are molecule cnt3 in the drift tube. HS* and HO* signals are
fit separately by linear regression (lines in Fig. 4a and b, "®Yelated to their ion concentrations in the drift tube
spectively). Observed slopes are the instrument sensitivities
for different humidities and are plotted versus water vapor I,;,s+  [HaS"]
mixing ratio in Fig. 4c and d. Tor 0] X A. 4)
The PTR-MS had an average primary ion signal of
25 million cps and the PTR-ToF-MS had 8.8 million cps with A is a factor that is determined by the ratio of transmission
duty cycle corrected (about 1.2 million cps actual counts) onefficiencies for HSt and O™ ions, which varies in differ-
average during UBWOS 2013. The differences in normalizedent PTR-MS instruments with different settings. Typically,
sensitivities (in ncps ppbwt) are likely due to the ion extrac- A is relatively constant since the voltages to the detector and
tion and discrimination against smaller masses that are difion extraction are not changed frequently, and thus stable cal-
ferent between the quadrupole and time-of-flight mass specibration factors can be obtained (de Gouw et al., 2003b). A
trometers. As the absolute signal of the PTR-MS is higher,previous study has showhis mass dependent and increases
the sensitivity of the PTR-MS (in cps ppbY) can be higher  with molecular weight (Warneke et al., 2011a). For different
than that of the PTR-ToF-MS. studies the instruments were usually tuned to optimize the
As shown in Eq. (1), the 6" ion signals are dependent measurement of the compounds of interest, and therefore, the
on water concentration in the drift tube, which is governed A factor and sensitivities may be different. Using the calibra-
by the water vapor concentration in the sample gas and byion measurements in the field and the laboratbiy verified
the amount of water vapor from the ion source leaking intofor compounds in the calibration standard and can be calcu-
the drift tube (Vlasenko et al., 2010; Warneke et al., 2011b).lated for all other masses. In this study of$] A is assumed
The resulting water vapor concentration in the drift tube isto be~ 1.5 for PTR-MS based on the measured value of 1.6
expressed as water vapor mass mixing ratio instead of watefor acetonitrile (mass 42) (de Gouw et al., 2003a). For PTR-
vapor number concentration, because mixing ratio is a conToF-MS, A is 1 for H3St versus HO™ due to duty cycle
served value as gas moves from ambient pressure into theorrection on the ToF data (Mdiller et al., 2013). By substi-
drift tube at lower pressure. The calibration curves in Fig. 4tuting Egs. (1), (3) and (4) into (2), the;8 sensitivity can
are color-coded with the water vapor mixing ratio in the sam-be described as an exponential function of water:
ple gas. The sensitivity decreases when sample air humidity
increases as the reverse proton transfer reaction (R1b) b<?_-| SSensitivitve A x 16 k1 (1—6_"‘1[H201’)
comes more important with higher humidity. 22 SBNSIVIY= A X A X [H,0]
Previous studies have demonstrated a reasonable agree- <« N x 1072
ment between the calibration measurements and the theo-

retical calculation using rate coefficients for proton transfer The water concentration in the drift tube includes water vapor
reactions for a number of VOCs with little humidity depen- from the sampled air and from the ion source, which can be

dence (Warneke et al., 2003). In this study, the theoreticabypressed as mass mixing ratiop®4ampleand HOion source
H2S sensitivities as a function of humidity are also investi- j, unit of g kg1)

gated and compared to the laboratory calibration. An expo-

®)

®)

nential fit derived from Eq. (1) is used to describe the humid- [H20] = (H2Osample+ H20ion source (6)
ity dependence of the 4% sensitivities. From the definition Mair =
of the sensitivity, which is defined as the signal of Riéns x ——— x 107" x N.

(Igry+) obtained at a mixing ratio of 1 ppbv and normalized
to a 3O signal (I,T30 of 10° cps, de Gouw and Warneke, The molecular masses of aivfi) and water {yater) are 29
2007), the HS sensitivity can be expressed as and 18 gmot?l. Using known coefficients; andk_1 from
literature, reaction time, air number concentratioV and
the sampled air humidity (:Osampia, the HbS sensitivity can
be fit by Eq. (5) as a function of #sampiefor the data shown
in Fig. 4c and d. The free parameters in the fit are the trans-
5 mission ratioA and HOjon source Which is the offsetXofiser)
- Iy,s+ 1 on thex axis resulting from the additional water vapor from
H2S Sensitivity= IH330+ x HoSumr (2) the ion source. The fit results give values foof 0.34+0.03
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Figure 3. (a) Mobile laboratory tracks color- and size-coded withSsignal ain / z 35 by ULW-PTR-MS among the oil and gas wells in
Uintah Basin during UBWOS 201%b) Time series of HS signal ain / z 35 on 28 February 2012 (solid points in A%) The area indicated

by the white square i) for the drive on 27 February 2012. Note that the color scales8 Bignals is in log scal¢d) The time series of

H>S measurements shown(ic). The peak HS mixing ratio observed during this drive was determined to be 9 ppmv using the calibrations
developed further below in this paper. Local time, i.e., Mountain Standard Time (M8TMC —7 h is used in all the time-series plots.
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Figure 4. H»S laboratory calibration curves at different humidities (expressed (D iass mixing ratios) fofa) PTR-MS with an average
H3O™ ion signals of 25 million cps antb) PTR-ToF-MS with an averaged®™ of 8.8 million cps duty cycle corrected and 1.2 million cps
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Eq. (6).
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and 0.06+ 0.006 for the PTR-MS and PTR-ToF-MS, respec- 12 1 1 1 5
tively. These are unrealistic values suggesting that the known -:—.—r:.
coefficients that were used for the fit were not all appropri- 1040 1500 B

ate. As mentioned earlier, the coefficientskgfandk_, ob-
tained at 296 K may be different for the collision conditions
in the drift tube. In fact, it is likely that they increase due to
the elevated ion kinetic energy in the drift tube. Therefore,
we re-fit the sensitivities by holding the transmission ratio

H,S Mixing Ratio (pptv)

m/z 35 (ncps)
(o]
1

fixed with more reasonable values (1.5 and 1 for PTR-MS 4

and PTR-ToF) and allowing_1 as free parameters in the fit

instead. As shown in Fig. 4c and d, the fit gives the same 2 =
of (3.0+£0.3)x 10 °cm® molecule* s~1 for PTR-MS and v

(3.040.5)x 10~ 19¢cm?® molecule ! s~1 for PTR-ToF, which 0 : : : : -
are 2 orders of magnitude higher than the value obtained 0O 1000 2000 3000 4000

at ambient temperature (4410-12cm®molecule1s™1)
(Tanaka et al., 1978). Such high values may also be unre-
alistic, so the most likely explanation may be a combinationFigure 5. The relationship betweem /z 35 andm /z 33 color-
of uncertainties in the reaction rate coefficients as well ascoded by the HS mixing ratio measured by the CRDS instrument.
the mass transmission. The fit offsets of the water mixing ra-The line with a slope of 0.0025 that is th80 natural abundance
tio from ion source are 3:30.4and 1.1-0.2g kg‘l (corre- overlaps vyith the measurements at zergSHnixing ratio levels
sponding to (86.% 10.4) % and (29.%5.2) % RH at STP)  (Purple points).
for PTR-MS and PTR-ToF-MS, respectively. The exponen-
tial decay of the sensitivity from the laboratory calibration is
well represented by the fit derived from the proton transfersured signals at / z 35 are plotted against the methanol sig-
reactions (R1a) and (R1b). nals atm / z 33 color-coded with KIS mixing ratios measured
As shown in Fig. 4c, the water vapor mixing ratios by the CRDS during UBWOS 2013. For the data with low
ranged from 1 to 6 g kgt during UBWOS 2013, which gives  H2S levels (purple-blue points), the signalsiat z 35 show
H,S sensitivities ranging from 0.6—1.4 ncps ppbﬁand 20— a linear relationship with the signals mat/z33. The linear
34 cps ppbv?l) for PTR-MS and 0.5-1.9 ncpsppbv (and  slope,~0.002, is equal to the natural abundance of the iso-
1.0-2.2 cps ppbwt) for PTR-ToF-MS. This is much lower tope 180 in methanol (0.2%) and indicates that the signal
than for other VOCs, which typically have sensitivities rang- CH3OH is dominatingn / z 35. Of course there are also the
ing from 13.3 for methanol to 31.3ncpsppbvfor ace-  14C (carbon)2D (deuterium) and'T (tritium) isotopes, but
tone by PTR-MS (Warneke et al., 2011b). Figure 4c alsotheir abundance is much smaller so we will ignore those here
shows a calibration conducted at the Horse Pool site durto simplify the discussion. It is clear that much of the sig-
ing UBWOS 2013 (triangle point). A resulting sensitivity of nal atm/z 35 is from CHBOH. As the BS mixing ratio
1.03 ncps ppbv! was determined under ambient conditions. increases (yellow-red points), the relationship between sig-
This value agrees within 20 % with the laboratory calibration nals atm / z 35 andm / z 33 diverts from the line attributed to
results. the CH’éSOH signal. In these casesy8lis a significant con-
The H;S detection limit by PTR-MS was determined from tributor to them /z 35 signals. This shows that the$l can
the laboratory calibration measurements aSH/MR=0. be detected by PTR-MS at/z 35. At several hundred ppbv
For the ambient humidity conditions during UBWOS 2013 of methanol as often observed at Horse Pool, the signal at
(2.8gkg! on average), the #6 detection limit by PTR-MS  m /z 35 was corrected for the contribution from @GDH be-

m/z 33 (ncps)

is 0.35 ppbv (signal-to-noise 3). fore them / z 35 signal is used to obtaini3, which was cal-
culated by subtracting the product of the methanol signal at

3.3 Ambient measurements and inter-comparison m /z 33 multiplied by the natural abundance of the isotope
180 (0.2 %, Fig. 6a).

Here we demonstrate how the &l mixing ratios were deter- The ambient and background signals:of z 35 were nor-

mined from the ambient measurements by PTR-MS during analized to the primary ion signal, as shown in Fig. 6a. The
4-day period between 29 January and 1 February 2013 at thestrument background was measured by passing ambient
Horse Pool site. This period was selected because it coverefiow through a catalytic converter, which removedSHand

a wide range of humidities, 46 and methanol levels. As de- methanol isotopologues, every 3 h 15 min for 153 s. The cor-
scribed earlier, because of the high levels (100 s pppof relation between background signalsmef z 35 and water
methanol from the gas and oil production in Uintah basin, vapor mixing ratio is very small-€ = 0.005), indicating that
there is interference in thed3" signal from the methanol the background data from the catalytic converter serves as
isotope containing oxygen isotop€O. In Fig. 5, the mea- a good zero for the p8 removal (background < 0.5 ncps).
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8- L L L 1 L L H>S (yellow section in Fig. 4a) by the sensitivity (blue line
H,S in Fig. 6b). The HS measurement from a CRDS instrument
Methanol isotop is also shown in Fig. 6¢c. The measurements from both in-

_ ia/czkgrs"“”d struments show reasonable agreement during this short time

period, confirming the potential of PTR-MS for accuratesH

“ | ‘) measurements.

I‘W | /'“ i The time series of b5 mixing ratios at the Horse Pool

' '{ { site from the Picarro CRDS instrument and the PTR-ToF-MS

together with the PTR-MS measurement during the whole

! j ! j T 5 ! UBWOS 2013 campaign are shown in Fig. 7a for inter-

; comparison purposes. All the data from these three instru-
ments shown here are 5min averages. The scatter plots of

-WMAM'A’WM«M.—AW}_ . the PTR-MS data versus the CRDS data and versus the

| v PTR-ToF-MS data are shown in Fig. 7c and c. The data

0.4 g in these grz_iphs were fit with orthogonal distance regres-

—— H,S Sensitivity sion (ODR fit, black lines) (Boggs et al., 1987; Press et al.,

1991). The slope for the scatter plots of the PTR-MS ver-
sus CRDS is 1.240.03. TheR? is 0.3 and this relatively

low value is caused by the fact that both measurements are

very close to their detection limits. The PTR-MS (uncer-

tainty 0.35 ppbt+ 30 %, 3 for 16 s integration) agrees with

the CRDS data (uncertainty 1 ppl0.4 %, L) within the

stated uncertainties. The negative values in the measurements

: , from the CRDS instrument (Fig. 7a) indicate some drift is-

] ] ] ] sues although the data had been corrected based on the field
113?5/?2.4 113?8/?54 112/'3?10 /?24 1;}?9@4 calibration (on 4 Febuary 2013), which may have limited the
Date agreement between the two instruments.

Figure 6. Time series of HS measurements during UBWOS cam- For the PTR-ToF-MS data, the high resolution time-
paign 2013(c) PTR-MS raw signals at /z 35 and the contribu-  Of-flight MS provides more detailed mass information for
tions from HS, CH80H and instrument backgroungh) Calibra-  the HS measurement. Figure 8 illustrates an example of
tion factor estimated from the water vapor mixing ratio by the fitin the mass spectra and individual contribution from different
Fig. 4.(c) H2S mixing ratio comparison between the resulting PTR- species to the ambient raw measurements: @t 33, 34
MS and CRDS measurements. The signal from PTR-MS is 1 minand 35. The peak fits at different masses to the raw mea-
average, and CRDS is an average of the last 5min measuremenigrements provide quantitative ion counts for each trace. In
over Ssintervals. Fig. 8a two peaks have been resolvedratz 33. As ex-
pected, the methanol signal dominates the measurement at
m / z 33. However, another minor peak is also clearly present
However, it should be noted that at highh$l concentra-  at this mass. The peak fit result shows this minor peak is con-
tions, the catalyst could deteriorate quickly. TheSHsig-  tributed by two different ions, whose mass difference is too
nal atm/z35 was determined by subtracting an interpo- small to be seperated by ToF-MS. Th§ @n with 170 iso-
lated background and deH contribution from the ambi-  tope has a mass ef /732 9935 and Hg) of m/z329971.
ent data. Figure 6a shows the ambient measurements witlh quadrupole MS, the interference on methanol measure-
stacked individual contributions te /z 35 from HS itself,  ments atm /z33 from 6070+ and HO} has been cor-
CH380H and the background. The associated uncertaintiesected by substracting the background measurement, which
(1o error) of the normalized signals were estimated fromincludes both these impurities. Figure 8b shows the signals
Poisson distribution of the raw countszy z 35, which gives  at m /z 34 attributed from @ with 180 isotope. Because
25% of the relative precision. The substraction of 3BH  this was the first deployment of continuous sampling by this
adds on average 5 % to the uncertainty of th&Hignals. PTR-ToF-MS for over a month right after delivery from the
In Fig. 6b, the HS sensitivity was determined from the manufacturer, no instrument optimization was conducted be-
water vapor mixing ratio using the exponential fit (Eq. 5) fore the UBWOS campaign. Thegcand Hqsignals were
from the laboratory calibration given in Fig. 4c. The water over a factor of 2 higher than in other PTR instruments un-
vapor mixing ratio was calculated from the ratio of signals atder normal operation. The impurity ionsiGormed from the
m [z 37 tom /z19 (de Gouw and Warneke, 2007; de Gouw air back streaming in the ion sources and can be reduced by
etal., 2003a; Warneke et al., 2011b}»31mixing ratios were  tuning the voltages on the intermediate chamber between ion
calculated in Fig. 6¢ by dividing the normalized signals of

2w, i
’“ l"h'.,w.‘...utwul"Mh'l.u"”""""J\‘\'u

ey 1

PTR-MS Normalized singal (ncps)
D
L
P
1

H,S sensitivity (ncps/ppbv)
=
(o]

- 1

H,S Mixing Ratio (ppbv)
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Figure 7. (a) Inter-comparison of HS measurements from PTR-MS, PTR-ToF-MS and CRDS during UBWOS 2013 at Horse Pool ground
site. All the measurements are 5 min averaged. The PTR-MS and CRDS measurements are plotted in mixing ratio on the left axis. PTR-ToF-
MS measurements are in normalized counts per second (ncps) on the riglibpSisatter plot of HS measurements by PTR-MS vs. by
CRDS.(c) Scatter plot of HS measurements by PTR-MS vs. by PTR-ToF-MS.
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Figure 8. A common example of the mass spectra and peak fit for different speaiesz83, 34 and 35 from the measurements of PTR-
ToF-MS. (a) Two peaks are shown in the raw measurements/a 33. The first peak is contributed by botiy @vith 170 isotope and H.

The second peak is by methan@dd) The signals at: / z 34 are from q with 180 isotope(c) There are two peaks in the raw measurements
atm /z 35. The first peak is contributed by a sum of$t (protonated HS signal) and HCZ’J with 180 isotope. The second peak is from
methanol with'80 isotope.
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source and drift tube. Hpis likely generated by endother- 1 ] 1 ] l 1
mic proton transfer during ion extraction at the end of drift 50 slope = 0.99 + 0.05 g
tube and this interference can be reduced by optimizing those R%=0.9 acetone
voltage settings. The high level of these ions interferes with ®)
the HbS measurements. As shown in Fig. 8c, there were two
peaks in the raw measurementsratz 35. The first peak is
contributed by the sum of 5" (protonated S signal) and
HOZ with 180 isotope. The second peak is from methanol
with 180 isotope. The mixing ratio of ¥ may still be ex-
tracted from the data after subtraction of the ¥O* sig-

40 -
MEK

acetonitrile
30
O acetaldehyde

Cy-aromatics

2 -
0 Openzene

ULW-PTR-MS sensitivity (ncps/ppbv)

nal, although the quality of the 4% data will clearly suffer 104 — Fit 1=
from the overlap in peaks. In addition, the catalytic converter monoterpenes . |1-|1S
used with the PTR-ToF was not 100 % efficient in remov- 0 - |
ing H>S and determining the system background. For both v J J J J J
0 10 20 30 40 50

these reasons, the;H signal derived from the PTR-ToF has
not been converted to a volume mixing ratio, but can still be
compared semi-quantitatively with the PTR-MS. The diurnal Figure 9. The estimate of ULW-PTR-MS calibration factor fopS
and daily variation in KIS signals through the whole cam- (blue triangle) from PTR-MS calibration at the field site during the
paign are still present despite the absence of zeros. The timgBWOS 2013, based on the comparison of calibration results for
series of nornalized ¥$6 signals with H®80+ correction by  other compounds between the two PTR-MS instruments (red fit
PTR-ToF-MS is shown in Fig. 7a on the right axis. Despite line). The calipration factors ;hown here are average of calibrations
the limitations to the PTR-ToF data, the normalized signalsP€"formed during the campaign.
show many of the same features as observed by PTR-MS.
Figure 7c shows the scatter plot op& mixing ratios mea-
sured by PTR-MS against the normalized signals by PTR-shown in Fig. 9. A linear fit was used to describe the sen-
ToF-MS. TheR? for the comparison with PTR-MS is 0.5. sitivity comparison, showing a slope of 0.99.05. Despite
The comparison between these instruments gives moréheir different instrument settings, the sensitivities of the two
confidence in making reliable measurements eSHand  instruments for a wide range of compounds agree well within
other VOCs by PTR-MS instruments. It should be noted thattheir uncertainties (accuracy 30 %). Thus, the calibration fac-
the PTR-MS we were using was not specifically optimized tor for HS of the ULW-PTR-MS can be derived using that of
for the detection of S. However, there is potential to make the PTR-MS. Using the laboratory determined PTR-MSH
better measurements if PTR-MS instrument settings werealibration factor (1.04 ncps ppb¥ at ambient conditions),
tuned to focus on b5 measurements with less uncertainty or the estimated b5 calibration factor of ULW-PTR-MS from
higher sensitivity. For example, removing ambient water va-the fit was 1.03t 0.05 ncps ppbv! (blue dot in Fig. 9).
por before PTR-MS, increasing the dwell times and adjusting The effect of humidity needs to be considered when ap-
drift tube pressure and voltage would improve th&Hletec-  plying the derived HS calibration factor for the ULW-PTR-
tion sensitivity. Also, for optimal HS measurements, a cata- MS. During the ULW-PTR-MS measurements, the humidity
lyst that removes sulfur compounds more reliably is neededconditions were similar to those for the:8l calibrations, in-
On the other hand, controlling the humidity in the drift tube dicating the estimated calibration factor is a reasonable ap-
at a relatively high value would reduce the variability in the proximation. The HS mixing ratio of mobile measurements
sensitivity, and thus improve the precision in the measurewas determined with the same procedures as described for

PTR-MS sensitivity (ncps/ppbv)

ments. the stationary PTR-MS. The maximumy8 mixing ratios
of 9+ 4 ppmv was observed at one location, downwind of a
3.4 Emission sources for HS truck loading liquid condensate.

Figure 10 shows the time series of theSimeasure-
As shown in the NOAA ESRL Mobile Laboratory measure- ments by PTR-MS and methane measurements by the Pi-
ment with ULW-PTR-MS (Fig. 3), the ambient mixing ra- carro CRDS instrument during UBWOS 2013 at the Horse
tio of H2S was not uniformly distributed over the gas and Pool site. The HS mixing ratios show a good correla-
oil field. Significant enhancements were observed at soméion with methane throughout the whole campaign. A scat-
locations downwind of production operations, e.g., evapo-ter plot for the comparison betweemn, & and methane is
ration ponds, and some separation and condensation tankshown in Fig. 11. An orthogonal distance regression fit with
(e.g., drive on 27 February 2012, Fig. 3d). No calibrationsfixed intercept orx axis as methane background (1.85 ppmv)
for H>S were made for the ULW-PTR-MS instrument dur- is used to calculate an enhancement ratié]»S/ACHa.
ing UBWOS 2012. The calibration factors for other VOCs An overall enhancement ratio of 0.11 ppbv ppriv(solid
between the ULW-PTR-MS and PTR-MS instruments areline) for AH,S/ACH4 was found in the Uintah Basin. The

www.atmos-meas-tech.net/7/3597/2014/ Atmos. Meas. Tech., 7, 355HA9 2014



3608 R. Li et al.: Measurements of hydrogen sulfide (biS) using PTR-MS

2.0 'l :

z o
| | x
e 15 | 3
'% _|VI,A §| . ';%! i :‘l §Z
o O TR BRI R <
£ H Bl n‘ '[p, i g
£ 0.5 i I GN j S
= ood . WUFT TRT 2
1/26/13 1/31/13 2/5/13 2/10/13 2/15/13 2/20/13

MST

Figure 10.Time series of HS measurements by PTR-MS and £idixing ratios by CRDS during UBWOS 2013 at Horse Pool ground site.

1 L L 1 1 1 I I that methane is on average 90 % of natural gas. This is much

35 x_intercept = 1.85 (CH, Background) larger than the threshold of 4 ppmv under standard tempera-
3.0 Slope = 0.11+ 0.0003 n ture and pressure, above which natural gas is defined as sour
E / (Natural Gas.Org, 2011). In contrast, the natural gas in Uin-
— ope =0.3}, L. . . . .
é 2.5 y %éﬁi o tah_ basin is not cpns@ergd to be sour, i.e. gas sweetening is
& g %‘%g . typically not required. This combined findings suggest that
2 207 ﬁg ° B the atmospheric emissions are enriched i$elative to the
’é, 15 i raw gas. Itis not known in which exact industrial process this
:g ' . enrichment occurs.
2 104 k & . 8:1_ Using the average\H2S/ACH;, ratio determined here,
T ® oa-” o we estimated the total 45 emissions in the basin. This is
0.5 — . R done using the methane emission measurements from Kar-
° ion et al. (2013), who estimated a total average release
L S — of (55+15)x 1063kgh™! using aircraft measurements in
0 5 10 15 20 25 30 35 February 2012. Assuming similar emissions in 2013, we es-
Methane mixing ratio (ppmv) timate the total emissions of 43 in the Uintah basin to

_ N _ be 6.14+1.7kgh ™1, or (5.3+1.5)x 10°Tga L. The to-
Figure 11. Scatter plot of HHS mixing ratio measured by PTR-MS tal source of HS to the atmosphere is highly uncertain
vs. methane measured by CRDS with linear fit to the data shown in(K rtidis et al. 2004° Watts. 2000). One stud timat
Fig. 10. The slope values are in units of ppbv pprhvThe dashed th ou | bsl € '?h” ' atis, )'3 STE S l:j :/hest i ?es
lines represent the maximum and minimum enhancement ratios. e global an I’OpOgeI’.I.IC SOurce as . an € fola

source as 7.7 Tgd (Mdller, 1984; Watts, 2000). Another
study puts the global terrestrial source at the much smaller

_ number of 0.075 Tga! (Bates et al., 1992).
correlation between 6 and CH suggests that 6 was

released with Cll and other VOCs from oil and gas oper-

ations on a routine basis, resulting in elevated backgroundi Conclusions

levels, rather than just from a few isolated sources as the re-

sults from the surveys suggested (Fig. 3). Whereas the verin this paper we demonstrate fast time response measure-
high H,S emissions observed downwind of some individual ments of HBS using three different PTR-MS instruments
oil and gas wells can lead to short-term high levels closethat were operated at standard instrument settings for var-
to point sources, these may be less importag® ldources ious VOCs detection in the Uintah Basin with oil and gas
averaged over the basin. An averageSHmixing ratio of  producing wells during two wintertime field studies in 2012
0.6+ 0.3 ppbv was observed at the Horse Pool ground siteand 2013. Mobile laboratory measurements were made pos-
in 2013. The remaining scatter in Fig. 11 may be influencedsible using a compact and lightweight ULW-PTR-MS dur-
by the fact thatAH,S/ACH,4 are not necessarily the same ing UBWOS 2012. The ULW-PTR-MS was not calibrated
for all gas and oil wells. KIS production mechanisms (En- but showed varying levels of % across the field and pro-
vironmental Protection Agency et al., 1993) are different for vided evidence for the existence of multiple point sources in
each well. BS production and subsequent emission can varyoil and gas field, which prompted more work to explore the
depending on the activity of anaerobic bacteria and the disperformance of PTR instruments fop8. During UBWOS
tribution and availability of sulfates and sulfur-containing or- 2013, S was measured by the PTR-MS together with the
ganic compounds in the well. The data suggest that the rati®TR-ToF-MS for inter-comparison purposes. A specific cal-
varied within a factor of 10 (0.03-0.3 ppbv ppmly Fig. 11). ibration study for HS was undertaken for these field mea-
The AH>S/ACH,; enhancement ratio of 0.11 ppbv ppmv  surements. The humidity dependence ofSHletection by

is equivalent to~ 100 ppmv HS in natural gas, assuming PTR-MS was determined in the laboratory and agreed within
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