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Abstract. Oil sands comprise 30% of the world’s oil reserves ues and, with the exception of CO, were greater over the oil
and the crude oil reserves in Canada’s oil sands deposits aands than at any other time during the flight. Twenty halo-
second only to Saudi Arabia. The extraction and processingarbons (e.g., CFCs, HFCs, halons, brominated species) ei-
of oil sands is much more challenging than for light sweetther were not enhanced or were minimally enhaneetD@b)
crude oils because of the high viscosity of the bitumen con-over the oil sands. Ozone levels remained low because of
tained within the oil sands and because the bitumen is mixeditration by NO, and three VOCs (propyne, furan, MTBE)
with sand and contains chemical impurities such as sulphuremained below their 3 pptv detection limit throughout the
Despite these challenges, the importance of oil sands is inflight. Based on their correlations with one another, the com-
creasing in the energy market. To our best knowledge this igpounds emitted by the oil sands industry fell into two groups:
the first peer-reviewed study to characterize volatile organiq1) evaporative emissions from the oil sands and its prod-
compounds (VOCs) emitted from Alberta’s oil sands mining ucts and/or from the diluent used to lower the viscosity of
sites. We present high-precision gas chromatography meahe extracted bitumen (i.e.4€Cy alkanes, -Cs cycloalka-
surements of 76 speciateg-€Cio VOCs (alkanes, alkenes, nes, G—Cs aromatics), together with CO; and (2) emissions
alkynes, cycloalkanes, aromatics, monoterpenes, oxygenateabsociated with the mining effort, such as upgraders (i.e.,
hydrocarbons, halocarbons and sulphur compounds) in 10, CO, CH;, NO, NG, NOy, SO, C>—C4 alkanes, G-
boundary layer air samples collected over surface miningC,4 alkenes, @ aromatics, short-lived solvents such ggoG;
operations in northeast Alberta on 10 July 2008, using theand GHCI3, and longer-lived species such as HCFC-22 and
NASA DC-8 airborne laboratory as a research platform. InHCFC-142b). Prominent in the second group,,&0d NO
addition to the VOCs, we present simultaneous measurewere remarkably enhanced over the oil sands, with maxi-
ments of CQ, CHy, CO, NO, NG, NOy, Oz and SQ, which mum mixing ratios of 38.7 ppbv and 5.0 ppbv, or 38and
were measured in situ aboard the DC-8. 319x the local background, respectively. These,S€v-
Carbon dioxide, Cll, CO, NO, NQ, NOy, SG; and 53 els are comparable to maximum values measured in heavily
VOCs (e.g., non-methane hydrocarbons, halocarbons, supolluted megacities such as Mexico City and are attributed
phur species) showed clear statistical enhancements (1.1t coke combustion. By contrast, relatively poor correla-
397x) over the oil sands compared to local background val-tions between Cll ethane and propane suggest low levels
of natural gas leakage despite its heavy use at the surface
mining sites. Instead the elevated £ldvels are attributed
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In addition to the emission of many trace gases, the nat- .
ural drawdown of OCS by vegetation was absent above i TR
the surface mining operations, presumably because of the Nl pape |};‘
widespread land disturbance. Unexpectedly, the mixing ra- e~
tios of a-pinene angB-pinene were much greater over the oil ~ Generalized Areas
sands (up to 217 pptv and 610 pptv, respectively) than over &Re:‘,’:"fﬂ“
vegetation in the background boundary layer £2Dpptv [ i sands
and 84+ 24 pptv, respectively), and the pinenes correlated
well with several industrial tracers that were elevated in the
oil sands plumes. Because so few independent measuremen
from the oil sands mining industry exist, this study provides
an important initial characterization of trace gas emissions
from oil sands surface mining operations.

1 Introduction

Hydrocarbons are the basis of oil, natural gas and coal.
Crude oil contains hydrocarbons with five or more carbon
atoms (i.e.,>Cs), with an average composition of alkanes
(30%), cycloalkanes (49%), aromatics (15%) and asphaltics
(6%) (Alboudwarej et al., 2006). Oil sands comprise 30%
of total world oil reserves (Alboudwarej et al., 2006) and
are a mixture of sand, water, clay and crude bitumen — a
thick, sticky extra-heavy crude oil that is “unconventional”,
i.e., does not flow and cannot be pumped without heating WEUB
or dilution. With 179 billion barrels in its deposits, most """
of which occurs as oil sands, Canada has the world’s 2nd
largest crude oil reserves after Saudi Arabia and is currentlyFig. 1. Alberta’s oil sands deposits in the Athabasca, Peace River
the world’s 7th largest producer of crude oil, generatingand Cold Lake regions (brown arealsitp://www.energy.alberta.ca/
about 1 million barrels day* with almost 4 million barrels  Oil/pdfs/oil resourcesMap.pdy.
day ! expected by 2020Mww.canadasoilsands )calberta
is Canada'’s largest oil producer and has oil sands deposits
in three relatively remote regions: Athabasca (which isFolderlD=5918. Solvents/diluents are used to remove water
serviced by Fort McMurray), Peace River and Cold Lake and solids from the extracted bitumen and also decrease the
(Fig. 1). Shallow oil sands deposits<{5m deep) in the bitumen’s viscosity so that it can be piped to upgraders and
Athabasca region can be surface mined, which has disturbegkfineries for processing. Diluent such as naphtha is used,
about 600k of land and comprises-20% of Alberta’s  which is a flammable liguid mixture of $Cy4 hydrocar-
oil sands production (www.oilsands.alberta.ca). Each barrebons with major fractions of-alkanes (e.g., heptanes, oc-
of oil generated from surface mining requires about 2tane, nonane) and aromatics (e.g., benzene, toluene, ethyl-
tons of oil sands, 3 barrels of water — much of which is benzene, xylenes) (Siddique et al., 2007). Paraffinic sol-
re-used — and 20%nof natural gas fttp://www.neb.gc.ca/  vents/diluents may also be used, which consist of pentanes
clf-nsi/rnrgynfmtn/nrgyrprt/lsnd/pprtntsndchlings20152006/ and hexanes (Siddique et al., 2006; D. Spink, personal com-
gapprtntsndchlings20152006-eng.html Deeper deposits munication, 2010). Upgraders crack and separate the bi-
occur in all three regions and require other in situ re-tumen into a number of fractions, e.g., fuel gas, synthetic
covery methods such as steam injection and have highegrude oil, carbon (coke), and sulphur. There are upgraders
natural gas requirements, but they have the advantage aft some of the surface mining sites north of Fort McMur-
much less land disturbance and no need for tailings pondsgay, at an in situ site south of Fort McMurray, and at down-
(www.oilsands.alberta.ga stream industrial centers such as the industrial heartland in
Oil sands processing extracts the bitumen from the oilFort Saskatchewan, Alberta. Every % mf oil sands also
sands and upgrades it into synthetic crude oil. The surgenerates 4 fof tailings waste, which includes both resid-
face mining operators (e.g., Syncrude Canada, Suncor Ensal bitumen and diluent (Holowenko et al., 2000; Siddique,
ergy, Albian Sands Energy) extract the bitumen using a2006). For example the Syncrude Mildred Lake tailings pond
hot water process (e.gwww.syncrude.ca/users/folder.asp? contains about 200 million fof mature fine tailings and
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became methanogenic in the 1990s (Holowenko et al., 2000NOy and G reported every 1 s and S@eported every 30s.
Siddique et al., 2008). The methanogens are believed t&lthough clearly limited in temporal and spatial extent, to
anaerobically degrade certain components of naphtlga (C our best knowledge these measurements represent the first
Cyo n-alkanes and aromatics such as toluene and xyleneshdependent characterization of speciated VOCs and many
into methane (Ch), at rates of up to 10g CHn=2d~! or other trace gases from oil sands mining in the peer-reviewed
40 million L CH4 d~1 (Holowenko et al., 2000; Siddique et literature.
al., 2006, 2007, 2008; Penner and Foght, 2010).

Despite the emerging importance of oil sands in the en- .
ergy market, characterizations of the emissions of volatile? EXPerimental

organic compounds (VOCs) and other trace gases from thgoundary layer air was sampled over the Athabasca surface

9” sands industry are extremely scarce in the PeerTeVIeWe tines as part of the 2008 Arctic Research of the Composition
literature. Whereas downstream oil sands upgrading and re- . .
. i . . _of the Troposphere from Aircraft and Satellites (ARCTAS)
fining facilities can be monitored by ground-based studies

(.9., Mintz and McWhinney, 2008). independent studies off|eld mission (www-air.larc.nasa.gov/missions/arctas/arctas.

. L o ) - html). The summer deployment of ARCTAS was based
oil sands mining emissions are particularly difficult because

the mining operations are not accessible to the public (Timo-in Cold Lake, Alberta (525 N; 110°12 W) and included
gop P eight 8-h science flights (Flights 17-24) from 29 June-13
?luly 2008. Although the major focus of the summer phase

discipline-specific reports, industrial monitoring reports, re- g{ ,;Rczg,gg)wgs fg rfjl bzlgglg ?ISZIibwtmzr;g ,?hrZ'rzsl,c\:Q: ;f]agot_)
ports by industrially-controlled consortia, and reports com- N ' y 9 b

o T . ortunity for the DC-8 to make two descents into the BL
missioned by non-governmental organizations (Timoney an o
. o . . . over northeast Alberta as part of a return transit flight from
Lee, 2009). Air quality in the oil sands surface mining air

shed is monitored locally by the Wood Buffalo Environmen- Thule, .Greenland to Cold Lakg (Fig. 2). During the first BL.
tal Association (WBEA), which is a multi-stakeholder orga- excursion _(Leg 7) the DC-8 circled over the Ath.abasca o'l.
' sands mining area between 11:27-11:44 local time, at alti-

nization that represents industry, environmental groups, 9OVE es between 720—850 m and within an area bounded by

ernment, _cor_nmunltles, and Aboriginal st_akeholders. Long-56034,_5700g N and 11207—111750 W. The aircraft flew
term monitoring data and reports are available at the WBEA

. over both boreal forest and cleared industrial land including
vyebsng WWw.wbea.o.rg but t.hese data have not been pub- tailings ponds, tailings sand and upgrader facilities (Fig. 2b).
lished in the peer-reviewed literature.

W present independent observations of 76 speciaied C T2 aZTHeCe UICEOES S B TR 1C8 T
Ci0 VOCs, CH, sulphur dioxide (S@), carbon dioxide P

. - . west (Fig. 3a). The second BL run was flown shortly af-
(COy), carbon monoxide (CO), ozone £ nitric oxide N1 5 . . .
(NO), nitrogen dioxide (N@) and total reactive nitrogen ter, from 12:00-12:15 local time _at altitudes _betwet_an 980
(NOy = NO + NO, + HNO; + PANS + other organic nitrates 1410m (Leg 9). Leg 9 was an intercomparison flight leg
+ HO,NO, + HONO + N& + 2xN,0s + particulate NQ between the DC-8 and the NASA P-3B aircraft that oc-

+...) near surface oil sands mining and upgrading Oper_curred in generally clean air approximateR further south

. . ) ) . (55°39-56°16 N and 11244-11347 W), i.e., not over the
ations in Alberta’s Athabasca region. Although present in . : )
o ) . 0il sands. The ten-day backward trajectories for Leg 9 show
trace quantities in the Earth’s atmosphere, these gases dri

Vi : .
the atmosphere’s chemistry and radiative balance (Forster etﬁat the sampled air masses also arrived from the west and

. not from the oil sands mines to the north (Fig. 3b). There-

al., 2007 and references therein). For example hydrocarbonfs . . o

. . . ore, even though Leg 9 occurred at higher altitudes within
and nitrogen oxides (NE=NO + NO,) are key atmospheric . ) .

: . the BL, we believe it provides a reasonable concurrent lo-
constituents that can react together in the presence of sun- : . X
: . . .~ cal background against which to compare the oil sands VOC
light to form tropospheric @) itself a greenhouse gas and air . . S

enhancements (see additional discussion in Sect. 3.2.3).

pollutant. Many hydrocarbons (e.g., benzene, toluene) can
also be toxic or carcinogenic. Sulphur dioxide is produceds 1 \g)atile organic compounds (VOCs)
by industrial processes including petroleum combustion and
can contribute to photochemical smog and acid rain. Our2.1.1  Airborne whole air sampling
measurements were made on 10 July 2008 during a 17 min
boundary layer (BL) flight leg over the Alberta oil sands us- UC-Irvine has measured speciated VOCs from diverse envi-
ing the NASA DC-8 aircraft as a research platforhitif:// ronments for more than 30 years, using both ground-based
airbornescience.nasa.gov/platforms/aircraft/dc-8 tthhe ~ and airborne platforms (e.g., Blake and Rowland, 1988,
VOCs were collected in seventeen 45 s integrated whole aif995; Colman et al., 2001; Blake et al., 2003, 2008; Katzen-
samples that were subsequently analyzed at the Universitgtein et al., 2003; Barletta et al., 2005, 2009; Simpson et al.,
of California, Irvine (UC-Irvine). The remaining trace gases 2002, 2006). Our sampling technique collects whole air sam-
were sampled continuously, with GOCHg, CO, NO, NQ, ples (WAS) into 2-L electropolished, conditioned stainless

are reported in the so-called “grey literature”, consisting of
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Fig. 3. Ten-day backward kinematic trajectory plots starting at
flight level pressure for the two boundary layer excursions flown
on 10 July 2008a) over the Alberta oil sands from 11:27-11:44
local time (Leg 7), andb) in background boundary layer air from
12:00-12:14 local time (Leg 9). Computational details are given in
Fuelberg et al. (2010).

Sierra Nevada mountains (altitugel0 200 ft) for a pump-
and-flush procedure that is repeated ten times, in which each
canister is pressurized to 40 psig with ambient air and then
vented to ambient pressure. Next the canisters are returned to
our UC-Irvine laboratory where they are evacuated t0210
Torr and then pressurized to 1000 Torr with ultra-high pu-
rity helium before a final evacuation to 19 Torr (E2M12
dual-stage vacuum pumps, Edwards Vacuum, Wilmington,
MA). Lastly each canister is humidified by addind.7 Torr
of purified water (the approximate vapour pressure of wa-
ter at room temperature) to minimize surface adsorption and
| improve the reproducibility of our analytical split ratios dur-
: lCooglq ing laboratory analysis (see Sect. 2.1.2). Rigorous sensitivity
tests have shown that alkene growth in our passivated canis-
ters is limited to a maximum of 0.2 pptv dayand all other
Fig. 2. (a) Flight track of the NASA DC-8 aircraft during Flight compounds reported here are stable over the typically short
23, a transit flight from Thule, Greenland to Cold Lake, Alberta on period that the cans are stored before analysis (Sive, 1998).
10 July 2008. The DC-8 circled within the boundary layer over the By analyzing the Alberta samples within 7 days of collec-
oil sands for 17 min (Leg 7) then descended back into backgroundion, we were able to limit the size of any alkene artefact to
boundary layer air 16 min later (Leg 9p) Detail of the flight path 1 4 pptv or less (i.e., to negligible values).
during Leg 7. The locations of selected samples (in which maxi- During each flight the whole air sampling is manually con-

mum values were measured) are highlighted in yellow. The prevail. o164 and uses a stainless steel dual head metal bellows
ing wind direction was from the southwest quadrant, and samples ump (MB-602, Senior Aerospace Metal Bellows, Sharon
4,5 and 6 were collected directly downwind of the oil sands opera-p P ! P ! '

tions (the grey patch just above the center of the figure). M_A) that is configured in series _to Qraw outside air |nt9 a
window-mounted 1/4 forward-facing inlet, through our air
sampling manifold, and into one of the 168 canisters until it

. . . iF filled to 40 psig. During Leg 7 we collected seventeen 45-
steel canisters each equipped with a Swagelok Nupro meta}second air samples, or approximately one sample per minute
bellows valve (Solon, OH). The electropolishing minimizes bies, PP y plep '

o During Leg 9 we collected 1-min integrated air samples ev-
the surface area and any surface abnormalities, and the canis- g €9 9 P

ter conditioning (baking the cans in humidified air at ambientery 3min, for a total of 6 samples.

pressure and 22% for 12 h) forms an oxidative layer onthe 5 1 » Laboratory analysis of VOCs

interior surface that further passivates the canister walls. The

DC-8 payload included 168 of our 2-L air sampling canisters After Flight 23 the whole air samples were returned to our

for each flight of the ARCTAS mission. UC-Irvine laboratory for analysis using three gas chromatog-
To prepare the canisters for field use, they are taken taaphy (GC) ovens coupled with a suite of detectors that to-

the University of California Crooked Creek Station in the gether are sensitive to the 76€C;g VOCs that we seek

Atmos. Chem. Phys., 10, 119311954 2010 www.atmos-chem-phys.net/10/11931/2010/
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to measure. We use two flame ionization detectors (FIDs)xcellent quantitative results (e.g., Apel et al., 1999, 2003).
to measure hydrocarbons, two electron capture detector¥able 1 shows the limit of detection (LOD) and the mea-
(ECDs) for halocarbons, and a quadrupole mass spectronsurement precision and accuracy for each VOC. Even though
eter detector (MSD) for sulphur compounds. our LOD is conservative, the accuracy and precision of many
Complete analytical details are given in Colman et species does deteriorate as we approach this limit.
al. (2001). For each sample a 1520%csample aliquot is
introduced into the analytical system’s manifold and passe®.2 SG, CO,, CHy4, CO, NO, NOy, NOy and O3
over glass beads contained in a loop maintained at liquid
nitrogen temperature. A mass flow controller (Brooks In- In addition to VOCs measured by UC-Irvine, we also present
strument; Hatfield, PA; model 5850E) keeps the flow be-SQO,, CO,, CO, CHy, NO, NG;, NOy and G mixing ratios,
low 500 cn? min—! to ensure complete trapping of the less which were measured in situ aboard the DC-8 by four re-
volatile sample components (e.g., VOCs) while allowing search teams each using fast-response, high precision, con-
more volatile components (e.g.,NO,, Ar) to be pumped tinuous real-time instruments. The measurement precision
away. The less volatile species are re-volatilized by im-and accuracy of these compounds are given in Table 1. The
mersing the loop in hot water (8C) and are then flushed time response is 1s for all compounds except NO and,NO
into a helium carrier flow. The sample flow is split into which have a 3s time response (5@as a 1s time re-
five streams, with each stream chromatographically sepasponse but was reported as a 30 s average). Brieflyv&®
rated on an individual column and sensed by a single demeasured using the Georgia Tech Chemical lonization Mass
tector, namely: (1) a DB-1 fused silica capillary column Spectrometer (GT-CIMS) instrument, which uses; SBn
(J&W Scientific; 60 m, I.D. 0.32 mm, film 1 mm) connected chemistry to selectively ionize SGKim et al., 2007). Car-
to an FID; (2) a GS-Alumina PLOT column (J&W Scien- bon dioxide CQ was measured using the NASA Langley At-
tific; 30 m, 1.D. 0.53mm) spliced with a DB-1 fused sil- mospheric Vertical Observations of G the Earth’s Tro-
ica capillary column (J&W Scientific; 5m, 1.D. 0.53mm, posphere (AVOCET) instrument, which uses a modified Li-
film 1 mm) and connected to an FID; (3) an Rtx-1701 fused Cor model 6252 differential, non-dispersive infrared (NDIR)
silica capillary column (Restek; 60 m, I.D. 0.25mm, film gas analyzer at the 4.26 um g@bsorption band (Vay et
0.50 mm) connected to an ECD; (4) a DB-5 column (J&W al., 1999, 2003). Methane and CO were measured by the
Scientific; 30 m, I.D. 0.25mm, film 1 mm) spliced with an NASA Langley Differential Absorption CO Measurement
Rtx-1701 column (Restek; 5 m, I.D. 0.25 mm, film 0.5 mm) (DACOM) instrument, which uses two tunable diode lasers
and connected to an ECD; and (5) a DB-5ms fused silicain the infrared spectral region to simultaneously measure the
capillary column (J&W Scientific; 60 m, I.D. 0.25mm, film absorption of light by CH (3.3 pm) and CO (4.7 um) (Fried
0.5 mm) connected to an MSD. The split ratios are highly re-et al., 2008). Nitric oxide, N@ NOy and G were measured
producible as long as the specific humidity of the injected airusing the 4-channel NCAR NEOs chemiluminescence in-
is above 2 g-HO/kg-air, which we ensure by adding puri- strument (Weinheimer et al., 1994).
fied water into each canister (Sect. 2.1.1). The signal from
each FID and ECD is output to a personal computer and dig-
itally recorded using Chromeleon Software; the MSD output3 Results and discussion
signal uses Chemstation software. To ensure that the mea-
surements are of the highest calibre, each peak of interest oMlixing ratio time series for Flight 23 are shown for selected
every chromatogram is individually inspected and its integra-species in Figs. 4 and 10, and altitudinal profiles are shown
tion is manually modified. For Flight 23 more than 10000 for many measured species in Figs. 5-9. Values that are be-
peaks were hand-modified. low their LOD have been given a value of “0” so that they
Calibration is an ongoing process whereby new standardsire visually represented on the graphs. Measurement statis-
are referenced to older certified standards, with appropriatéics for Flight 23 — including the BL excursions over the oil
checks for stability and with regular inter-laboratory compar- sands mining operations (Leg 7= 17) and in background
isons. The hydrocarbons standards are NIST-traceable arair (Leg 9,n = 6) — are given in Table 1. For comparison,
the halocarbon standards are either NIST-traceable or werstatistics for free troposphere (FT) measurements made ear-
made in-house and have been compared to standards frofier in the flight are also shown (60-78l; n = 66). Results
other groups such as NOAA/ESRL. Multiple standards arefor individual samples collected during Leg 7 (Table 2) show
used during sample analysis, including working standardghat not all of the Leg 7 samples were influenced by emis-
(analyzed every four samples) and absolute standards (arsions from the oil sands because some samples were col-
alyzed twice daily). Here we used working standards col-lected south of the mining operations as the plane manoeu-
lected in the Sierra Nevada mountain range. Internationakred (Fig. 2b). For many compounds their maximum en-
intercomparison experiments have demonstrated that our arlrancements were measured directly downwind of the Syn-
alytical procedures consistently yield accurate identificationcrude Mildred Lake Facility (i.e., samples 4, 5 and 6 in Ta-
of awide range of blindly selected hydrocarbons and producéle 2 and Fig. 2b). For other compounds such as isoprene,
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Table 1. Statistics of boundary layer measurements for 84 compounds measured near oil sands surface mining north of Fort McMurray,
Alberta on 10 July 2008x«(= 17). Concurrent local background values in the boundary layer (Bkgd) are also inclugeg),(as are free
tropospheric measurements (FT) collected between 60N7A@ = 66). Max. Enh. = Maximum enhancement of oil sands values over
background values (oil sands max/bkgd avg) — when the background mixing ratio was below detection limit (LOD) a mixing ratio of 1.5 pptv
was assumed in the enhancement calculations; Min = minimum; Max = maximum; Avg = average; StD = standard deviation; n/a = not
applicable. Units: pptv unless otherwise stated.

‘ Oil Sands ‘ BKGD ‘ FT ‘

Formula Lifetim@ LOD  PrecisioR  Accuracy Min Max Avg StD Avg StD Avg StD ‘ Max.
Compound (pptv) (%) (%) (pptv)  (pptv)  (pPtv)  (pptv)| (pPtv)  (pptv) | (pptv) (pptv) | Enh.
Sulphur dioxide SQ 1 day 20 12 10| 119 38730 4697 1152% 102 27 17 5 382
Nitric oxide NO 10s 20 2 10 7 4980 635 1403 16 6 3 10 319
Nitrogen dioxide NQ 1 day 30 5 10 19 4995 678 19 24 11 8 15 210
Total reactive nitrogen N n/a 20 1 10| 211 10555 1620 2883 194 33| 424 166 54
Ozone Q (ppbv) 8 day 40 1 5 25 31 28 2 31 0 75 23| 0.98
Carbon dioxide CQ(ppmv) > 100yr n/a 0.1 ppmv  0.25 ppm 378 389 381 4| 378 1 382 1| 1.03
Methane CH (ppbv)  9yr n/a 0.1 2| 1844 1983 1876 35 1843 5| 1836 10| 1.08
Carbon monoxide CO (ppbv) 2 mo n/a 1 1 97 144 103 11 97 1 111 13| 1.48
Alkanes
Ethane GHg 47 day 3 1 5 754 1492 917 174 781 22 813 73 1.9
Propane GHg 11 day 3 2 5 214 714 382 135 200 26 127 20 3.6
i-Butane GHig 5.5 day 3 3 5 32 290 89 69 29 9 7 4 10
n-Butane GH1o 4.9 day 3 3 5 64 765 202 179 63 19 14 7 12
i-Pentane 6H1o 3.2 day 3 3 5 31 564 141 132 22 10 3 4 26
n-Pentane 6H12 3.0 day 3 3 5 27 510 116 119 21 8| LOD nla 24
n-Hexane GH14 2.2 day 3 3 5 6 294 44 74 5 3| LOD n/a 65
n-Heptane GH16 1.7 day 3 3 5| LOD 596 70 158| LOD nfa| LOD nfa| 397
n-Octane GH1s8 1.4 day 3 3 5| LOD 363 45 101| LOD n/a| LOD nfa| 242
n-Nonane GHzo 1.2 day 3 3 5| LOD 91 13 25| LOD n/a 3 3 61
2+3-Methylpentane 6Hia 2.2 day 3 3 5 11 288 57 71 9 4 | LOD n/a 34
2,3-Dimethylbutane 6H14 2.0 day 3 3 5| LOD 28 5 8| LOD n/a| LOD n/a 19
Ethene GHy 1.4 day 3 3 5 23 270 69 69 20 2 4 11 14
Propene GHg 11H 3 3 5 7 128 28 30| LOD n/a| LOD n/a 85
1-Butene GHg 8.81f 3 3 5| LOD 72 13 25| LOD nfa| LOD n/a 48
i-Butene GHg 5.4 f 3 3 5 4 37 9 9| LOD n/a| LOD n/a 25
cis-2-Butene GHg 491t 3 3 5| LOD 9 LOD n/a| LOD n/a | LOD n/a 6
trans-2-Butene GHg 4.3 3 3 5| LOD 18 3 6| LOD n/a| LOD n/a 12
1,3-Butadiene @Hg 4.21f 3 3 5| LOD 8 LOD n/a| LOD n/a| LOD n/a 5
Isoprene GHg 2.81f 3 3 5 243 780 468 147 311 95| LOD n/a 25
Alkynes
Ethyne GH> 12-17day 3 3 5 56 138 74 22 59 5 106 34 24
Propyne GHy 2 day 5 30 20| LOD n/a LOD n/a| LOD n/a| LOD n/a n/a
Cycloalkanes
Cyclopentane €H10 2.3 day 3 3 5| LOD 41 9 10| LOD n/a| LOD n/a 27
Methylcyclopentane EH12 2.0 day 3 3 5 4 185 31 47 6 2 3 1 62
Cyclohexane GH12 1.7 day 3 3 5 5 133 23 33 4 1| LOD n/a 87
Methylcyclohexane €Hig 1.3 day 3 3 5 4 339 52 100 3 2 3 2 113
Aromatics
Benzene GHg 9.5 day 3 3 5 13 82 24 18 11 1 21 10 7
Toluene GHg 2.1 day 3 3 5 6 401 50 102 6 1| LOD n/a 73
Ethylbenzene gH1o 1.7 day 3 3 5| LOD 84 8 21| LOD n/a| LOD n/a 56
m+ p—Xylene GsH1o 12-19164 3 3 5| LOD 272 29 74| LOD n/a| LOD n/a 181
o-Xylene GH1o 201 3 3 5| LOD 127 14 37| LOD n/a| LOD n/a 85
n-Propylbenzene §H1o 2.0 day 3 3 5| LOD 13 2 4| LOD n/a| LOD n/a 9
m-Ethyltoluene GH12 15 3 3 5| LOD 27 4 9| LOD n/a| LOD n/a 18
o-Ethyltoluene GH12 231 3 3 5| LOD 17 2 5| LOD n/a| LOD n/a 11
p-Ethyltoluene GH12 24 tf 3 3 5| LOD 20 2 6| LOD n/a| LOD n/a 13
1,2,3-Trimethylbenzene dEl12 8.51f 3 3 5| LOD 40 5 11| LOD n/a| LOD n/a 27
1,2,4-Trimethylbenzene dEl12 8.5If 3 3 5| LOD 51 6 15| LOD n/a| LOD n/a 34
1,3,5-Trimethylbenzene dEqo 4.9t 3 3 5| LOD 10 1 3| LOD n/a| LOD n/a 7
Monoterpenes
a-Pinene GoHie 5.31f 3 3 15 217 67 52 20 7| LOD n/a 11
B-Pinene GoH1e 3.7 3 3 5 38 610 226 149 84 24| LOD n/a 7
Oxygenated
hydrocarbons
Methanol CHOH 12 day 50 30 20| 1848 3570 2515 513 1967 354| 2276 816 1.8
Ethanol GH50H 36daf 20 30 20| 76" 141" 106 23 75 12 81 20| 1.9
Acetone GHgO 15 day 100 30 20 393 941 644 154 519 71 947 229 1.8
MEK Cy4HgO 9.5 day 5 30 20 20 214 65 49 20 16 57 27 11
MAC C4HgO 9.6 If 5 30 20 26 266 92 63 35 10 3 4 8
MVK C4HgO 141 5 30 20 42 379 141 109 64 25 16 10 6
MTBE Cs5H120 3.9 day 1 30 20| LOD n/a LOD n/a| LOD n/a| LOD n/a n/a
Furan GH40 3.41F 10 30 20| LOD n/a LOD n/a| LOD n/a| LOD n/a n/a
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Table 1. Continued.

‘ Oil Sands ‘ BKGD ‘ FT ‘

Formula Lifetim& LOD Precisiof! Accuracy Min Max Avg StD Avg StD Avg StD | Max.
Compound (pptv) (%) (%) (pptv)  (pptv) (pptv) (pptv)| (PPtv)  (PPtv) | (pptv) (pptv) | Enh.
Halocarbons
CFC-11 CCtF 45 yrf 10 1 3 251 254 253 1| 252.7 0.8| 248.4 24| 1.01
CFC-12 CChFy 100 yif 10 1 3 526 538 534 3.2l 532.3 1| 529.2 3.2 1.01
CFC-113 CGFCCIR, 85 yrf 5 1 3 77.5 79.5 78.6 0. 78.1 0.5 78.2 0.7| 1.02
CFC-114 CCIRCCIF, 300 ylf 1 1 10 16.2 16.8 16.5 0.1 16.4 0.2 16 0.2| 1.02
Methyl chloroform CHCCl3 5.0 yrf 0.1 1 5 12.1 12.6 12.3 0.2 122 0.1 12.2 0.1| 1.04
Carbon tetrachloride Cgl 26 yrf 1 1 5 91.8 93.4 92.7 04 923 0.3 91.7 09| 101
Halon-1211 CBrClp 16 yrf 0.1 1 5 4.09 4.37 4.22 0.1 4.16 0.05 4.23 0.07| 1.05
Halon-1301 CBrg 65 yrf 0.1 10 10 3.0 35 3.3 0.15] 3.18 0.12 3.12 0.13| 1.10
Halon-2402 CBrgCBrr, 20 yrf 0.01 1 5 0.51 0.54 0.52 0.01 0.51 0.01 0.51 0.01| 1.06
HFC-134a CHFCR 14 yrf 1 3 10 44 48.9 46.7 1.3] 453 0.6 46.6 1.6 1.08
HCFC-22 CHRCI 12 yrf 2 5 5| 189.2 2121 200 6.1 188.7 1.1| 1934 58| 1.12
HCFC-141b CHCCLF 9.3 yl‘ 0.5 3 10 19.9 21.8 21.2 04 204 0.7 20.8 0.6| 1.07
HCFC-142b CHCCIR 18 yrf 0.5 3 10 18.5 22.1 20.1 1 18.8 0.2 19.5 06| 1.18
Methyl bromide CHBr 0.7 yrf 0.5 5 10 7.6 8.3 8 0.2 7.7 0.1 8.3 0.7| 1.08
Methyl chloride CHCI 1.0yf 50 5 10 508 545 522 12| 503 6 530 13| 1.08
Methyl iodide Chl 4d 0.005 5 20| 0.37 0.45 0.41 0.02 0.36 0.01 0.06 0.04| 1.26
Dibromomethane CpBro 3-4 mo 0.01 5 20 0.76 0.94 0.87 0.04 0.91 0.03| 0.75 0.05| 1.03
Dichloromethane CbCly 3-5mo 1 5 10| 28.4 35.1 31.3 1.8 28.9 0.6 30.9 1.7] 1.22
Chloroform CHC} 3-5mo 0.1 5 10, 10.3 15.6 11.7 1.3 1038 0.3 10.4 0.6| 145
Trichloroethene GHCl3 5d 0.01 5 10 0.1 4.8 0.6 1.2 0.1 0 0.1 0| 338
Tetrachloroethene £Cly 2-3mo 0.01 5 10 2.7 5.9 3.2 0.8 2.8 0.1 2.9 03| 212
1,2-Dichloroethane §H4Clo 1-2 mo 0.1 5 10 7.4 9.4 8.5 0.6 8.1 0.5 8.9 0.8| 1.16
Bromodichloromethane  CHBrgl 2-3mo 0.01 10 50 0.14 0.17 0.15 0.01 0.15 0.01 0.15 0.01| 1.12
Dibromochloromethane  CHBEI 2-3mo 0.01 5 50 0.09 0.13 0.12 0.01 0.13 0.01 0.11 0.02| 1.03
Bromoform CHBg 11 mo 0.01 10 20 0.7 0.91 0.83 0.05 0.9 0.04| 0.47 0.31| 1.01
Ethyl chloride GHsCI 1 mo 0.1 5 30| 0.75 2.62 1.42 0.47 1.39 0.68 1.67 0.62| 1.89
Sulphur Compounds
Carbonyl sulphide OoCSs 25yr 10 2 10 392 484 437 26 413 13 445 19| 1.17
Dimethyl sulphide CHSCHg 1-2d 1 10 20 6 18 10.7 3.9 4.7 0.8| LOD n/a 3.9

2 Lifetimes of short-lived OH-controlled compounds are shorter (longer) during the summer (winter), when there are more (fewer) hydroxyl radicals (OH) available for oxidative
reactions.

b The VOC precision deteriorates as we approach our detection limit; at low values the precision is either the stated precision (%) or 3 pptv, whichever is larger.;TRECNO, NO

and Q; precision values are for high mixing ratios as were encountered over the oil sands; at low mixing ratios their precision is 20 pptv for the nitrogen species and 031 ppbv for O
¢ Based on OH rate constants from Atkinson and Arey (2003) and assuming a 12-h daytime average OH radical concentratid® of @€k cnt3. The lifetime estimates for

furan and methylcyclopentane are from Atkinson et al. (2005) and also use a 12-h daytime OH value 1® M0lec cnt3.

d The OH-lifetimes ofn-xylene andp-xylene are 12.0 and 19.4 hours, respectively.

€ Total tropospheric lifetime based on Jacob et al. (2002).

f Total lifetimes based on Clerbaux et al. (2007).

9 CH,4 mixing ratios were not measured during Leg 9, and the background value was determined from the Cold Lake landing (see text).

h Ethanol data were not available for the first seven samples of Leg 7, and the statistics presented here are based on samples 8-17.

which has a dominant biogenic source, the maximum oc-3.1 General features
curred further south over vegetation (i.e., sample 14). Be-

cause the Leg 7 samples ranged from near-background ajgymspheric trace gas mixing ratios are generally greater
to strongly polluted industrial plumes, the discussion below; o Earth's BL than above in the ET. Here we seek to
includes a “maximum enhancement” over 'fhe Leg 9 back-o,antify mixing ratio increases over the oil sands that ex-
ground average, based on each compound's maximum MiXzeeq the increases that may occur as the aircraft descends
ing ratio during Leg 7. For correlation purposes, the;SO 4 the boundary layer. The 84 trace gases presented here
CO,, CHy, CO, NO, NG, NOy and @ data are based on ., pe classified into three groups: (1) compounds that
the average only of those 1s measurements (30s f@) SO \yqe strongly enhanced-(L0%) over the oil sands relative
that overlapped the VOC sampling times (i.e., the so—calledto levels in the local background BL air; (2) compounds

hydrocarbon data merge). The complete 1s and 30s da at showed minimal increases over the oil sand4Q¥%
sets for these eight compounds, together with all the VOC

_ greater than the local background average); and (3) com-
data from the summer phase of ARCTAS, are available al

_ . ounds that showed no statistical enhancements over the oil
ftp://ftp-air.larc.nasa.gov/pub/ARCTAS/DCSIRCRAFT/. sands compared to the local background. The first group,
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Table 2. Mixing ratios of selected compounds in 17 whole air samples measured near the Alberta oil sands on 10 July 2008 during Flight
Leg 7. Samples 4, 5 and 6 were collected directly downwind of the Syncrude Mildred Lake Facility and showed the strongest enhancements
for most compounds. An exception is the biogenic tracer isoprene, which was most enhanced in sample 14. Maximum mixing ratios are
shown in bold for each compound. To help distinguish which of the 17 samples collected during Leg 7 resembled background air as the
aircraft manoeuvred south of the mining operations, the bottom two rows show the average (standard deviation) values for the background
samples collected during Flight Leg ® € 6). Lat = latitude; Long = longitude; Alt = altitude; WD = wind direction; Bkgd = background;

StD = standard deviation; n/a = not applicable; LOD denotes values below the detection limit.

a- n- n-  Cyclo- o-
No. Time Lat Long Alt WD NG SO, CyCly Ethane Ethene Pinene Hexane Heptane Hexane Toluene Xylene Isoprene
1 11:05 56.887 248.822 854 207 517 190 3.39 844 54 72 16 7 10 16 LOD 457
2 11:06 56.956 248.773 838 201 889 264 2.98 833 42 79 15 5 11 13 LOD 391
3 11:07 57.027 248.714 832 207 1461 6082 3.71 884 54 130 17 6 12 20 4 378
4 11:08 57.079 248.608 761 19010554 38730 5.93 1492 270 217 141 268 47 135 94 507
5 11:09 57.118 248.487 747 193 7343 30976 3.77 1066 214 138 294 596 133 401 127 427
6 11:10 57.148 248.356 721 184 2795 1766 3.17 1106 89 31 90 236 70 164 18 399
7 11:11 57.123 248.236 774 225 699 299 3.22 827 95 43 13 5 12 8 LOD 344
8 11:13 56.979 248.162 794 243 259 208 2.81 794 30 17 11 4 10 9 LOD 344
9 11:15 56.905 248.174 815 241 219 190 2.74 754 23 39 6 3 6 8 LOD 363
10 11:17 56.845 248.257 846 228 231 140 2.82 809 28 15 7 5 6 8 LOD 466
11 11:20 56.785 248.348 842 225 236 119 2.79 881 42 63 10 5 8 8 LOD 768
12 11:22 56.725 248.444 843 230 211 130 2.76 797 27 42 6 3 6 6 LOD 466
13 11:24 56.665 248.532 802 234 240 130 2.71 850 31 46 10 LOD 5 8 LOD 677
14 11:26  56.607 248.620 787 224 296 154 2.77 902 38 55 16 7 9 9 LOD 780
15 11:29 56.574 248.741 785 202 645 157 2.90 940 47 48 41 14 19 12 LOD 455
16 11:32 56.564 248.876 804 194 579 174 2.79 944 50 68 37 13 16 12 LOD 496
17 11:34 56.601 248.989 817 194 373 135 2.82 874 37 28 17 7 10 8 LOD 243
Bkgd 11:57 55.9 246.6 1135 270 194 102 2.8 781 20 20 5 LOD 4 6 LOD 311
(StD)  (0.06) (0.3) (0.5) (180) (26) (33) 27) (0.1) (22) ) 7) (3) (n/a) 1) 1) (n/a) (95)

easily the largest, includes SONO, NO,, NOy, COy, are emitted and with what other species do they correlate.
CH4, CO and 70% of the measured VOCs, namely alka-The large number of compounds and relatively small number
nes, aromatics, cycloalkanes, alkenes, oxygenated hydrocaof samples in this data set make it unsuitable for emission
bons, ethyne, short-lived solventsy@4, CoHCI3, CHCl3, estimates or factor analysis such as Principal Component
CHzCly) and some HCFCs (HCFC-22 and HCFC-142b) Analysis or Positive Matrix Factorization (e.g., Thurston and
(Sects. 3.2, 3.3.3 and 3.4-3.6). The maximum enhancemenBpengler, 1985; Paatero, 1997; Choi et al., 2003), and we
were 1.1-39% the background BL values, most notalaly ~ have instead performed linear correlations among the mea-
heptane (39%), SO, (382x), NO (319x), n-octane (24%), sured compounds using least squares fits to better understand
NO; (210x), m + p-xylene (18k) and methylcyclohexane their source influences.
(113x). Interestingly this group comprisespinene angs-
pinene, which are usually associated with biogenic emissiong.2 Non-methane volatile organic compounds
(Sect. 3.2.3). In the second group, halocarbons including (NMVOCs)
HFC-134a, HCFC-141b, the halons and the methyl halides
were minimally enhanced over the oil sands (Sect. 3.3.2)Non-methane volatile organic compounds (NMVOCs) are
In the third group, long-lived industrial halocarbons (e.g., mainly emitted from three major sources: vegetation,
CFCs, CCJ, CH3CCly), several brominated species (e.g., biomass burning, and anthropogenic activities such as indus-
CHBr3, CHzBr2) and ozone (@) were not enhanced over try and fossil fuel production, distribution and combustion
the oil sands (Sects. 3.3.1 and 3.5). In fagtv@as relatively  (e.g., Guenther et al., 2000; Ehhalt and Prather, 2001; Fol-
depleted because of titration by high levels of NO. berth et al., 2006). Remarkably, of the 48-C;o hydro-
Before discussing the results below, it is important to first carbons that we measured, all but three (propyne, furan and
recognize the limitations of this data set. Because of its shortnethyl tert-butyl ether or MTBE) showed very strong en-
time-frame (17 min) and sample size=£ 17), the represen- hancements over the oil sands (maximum values at least 80%
tativeness of the measured VOC enhancements is unclear. Gnore than the local background average). Based on their cor-
the other hand, because emissions from oil sands mining areelations with one another (Table 3), the NMVOCs appear
so poorly characterized in the peer-reviewed literature due tdo have two distinct sources: (1) the oil sands and its prod-
the inaccessibility of mining sites to independent observersucts and/or the diluent used to lower the viscosity of the ex-
this study provides important close-range observations of theracted bitumen (enhanced levels of-Cq alkanes, 6-Cg
VOCs that are being released, i.e., which individual speciesycloalkanes, &-Cg aromatics), and (2) industrial sources
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Fig. 4. Time series of selected trace gases measured during ARC-  »2{ | 1 2l ]
TAS Flight 23 on 10 July 2008. The solid blue line traces altitude. P NN - R N
The boundary layer run over oil sands mining operations (Leg 7, 00 ™"2 46 % 1007200360 400 010" %0 160 200 300 400
shaded) is followed by a second boundary run (Leg 9) in cleaner n-Hexane (pptv) n-Octane (pptv)

air 1° further south. Values below detection limit have been given
a value of “0” for plotting purposes. Note that the mixing ratios of
n-heptane, the cycloalkanes, the butenes and isoprene were bel
their detection limits for most of the flight.

Fig. 5. Vertical profiles of selected alkanes measured during Flight

023 on 10 July 2008. Red triangles: oil sands boundary layer run
(Keg 7); green squares: background boundary layer run (Leg 9);
purple diamonds: Cold Lake landing; blue circles: remainder of
Flight 23. Note that the mixing ratios ef-hexane and:-octane

that support the mining effort, such as upgrading (eIevatedNere below their detection limits for most of the flight.

levels of G—C, alkanes, G-C,4 alkenes, G aromatics). The

major upgrading processes at this location are distillation (tothat they were undetectable in the background BB pptv).
separate different hydrocarbons), thermal conversion/cokin@y contrast, all 12 6-Cg alkanes were strongly enhanced
(to convert the bitumen into lighter, refinable hydrocarbons),jn the oil sands plumes. Maximum ethane (1490 pptv) and
catalytic conversion (an enhanced form of thermal conver-propane (714 pptv) levels occurred in sample 4 downwind
sion), and hydrotreating (the addition of hydrogen to unsatu-of the Syncrude Mildred Lake Facility (Fig. 2b) and were
rated molecules to stabilize them). For example the catalytigimost double and quadruple the background BL values, re-
hydrocracking of Athabasca bitumen vacuum bottoms (AB-spectively (Table 1; Fig. 5a—b). Despite minimal urbaniza-
VBs) produces gaseous by-products including hydrogen sultion in northern Alberta, the oil sand plume values were
phide (HS), G-C7 alkanes and, to a lesser extens—C4  greater than average summertime values measured in rural

alkenes (Dehkissia et al., 2004). New England from 2004-2007 (Russo et al., 2010). In-
stead they were comparable to average ethane and propane
3.2.1 Alkanes, cycloalkanes and aromatics levels measured in urban areas of Baltimore and New York

City during a summer study of 28 US cities from 1999—
Because of increasing reactivity with the hydroxyl radical 2005 (Baker et al., 2008). By comparison, the ethane and
(OH) with increasing chain length, the averagel§) n- propane values in the oil sands plumes were smaller than
alkane mixing ratios decreased with increasing chain lengthmedian values measured during summer 2006 in the Hous-
in the background BL (Leg 9), from ethane (7822 pptv)  ton and Galveston Bay area, which is both a large urban area
to propane (206 26 pptv) ton-butane (63t 19 pptv), etc.  and a major petrochemical manufacturing center (4407 pptv
(Table 1). The>Cy7 n-alkanes are so short-live& days) ethane; 2713 pptv propane) (Gilman et al., 2009). The
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primary ethane and propane sources are fossil fuel produccarbon atoms, they are still expected to contain a certain
tion (mainly unburned gas in the case of ethane) and biofuefraction of volatiles that would be captured by our measure-
and biomass burning, plus propane is also emitted in gasoments (D. Spink, personal communication, 2010). The C
line exhaust (e.g., Watson et al., 2001; Buzcu and FraseiCg n-alkanes showed very strong enhancements, with higher
2006; Xiao et al., 2008). Ethane and propane correlated welalues over the oil sands than at any other time during the
with a range of industrial and combustion species such asummer phase of ARCTAS. It is noteworthy that the maxi-
other light alkanes, alkenes, NO, NONOy and ethyne (Ta- mum abundances were not ordered according to chain length.
ble 3). By contrast, even though ethane is the second most-Heptane (596 pptv) showed the highest maximum mix-
abundant component of natural gas aftersGMiao et al., ing ratio, followed by the pentanes (510-560 ppixpctane
2008; McTaggart-Cowan et al., 2010), it did not correlate (363 pptv) and:-hexane (294 pptv) (Table 1; Figs. 4c, 5d—
well with CH4 (2 = 0.52). This relatively poor correlationis f). These values represent enhancements of 24<38@
surprising given the heavy use of natural gas during bitumerbackground BL values (in the enhancement calculations a
extraction (Sect. 1) and appears to indicate low natural gadackground value of 1.5 pptv was assumed for BL measure-
leakage levels (see Sect. 3.6). Because ethane and propaments that were below our detection limit of 3 pptv). Oil
are primarily associated with evaporative rather than com-having a plant origin is known to show a predominance for
bustive fossil fuel emissions, we expect a co-located evapon-alkanes with an odd chain number, in contrast-akanes
rative source from the industries that process the oil sandghat are produced from marine organic matter (Rogers and
possibly from fuel gas and/or hydrocracking. Koons, 1971). Because oil sands are derived from marine
The butanes are associated with fossil fuel evaporatiorphytoplankton, the relative abundance of pentanesmand
(e.g., liguefied petroleum gas or LPG) and biomass burningheptane may suggest a stronger signal from the diluent than
(Blake et al., 1996; Watson et al., 2001; Buzcu and Fraserfrom the oil sands, assuming the diluent is made from con-
2006). The-butane (290 pptv) anetbutane (765 pptv) max- ventional plant-based oil. Branched alkanes such as 2,3-
ima in the oil sands plumes were 10-12reater than in  dimethylbutane and the methylpentanes (which we present
the background BL (Table 1; Fig. 5¢) and were compara-as a single measurement, i.e., 2+3-methylpentane) were also
ble to maximum levels measured in fresh biomass burningenhanced by factors of 19—34 over the local background (Ta-
plumes during ARCTAS (not shown). They were also sim- ble 1).
ilar to the lower range of values measured in the 28 US The cycloalkanes were close to or below our 3 pptv detec-
city study (Baker et al., 2008), and they were much greatettion limit during Leg 9, as they had been in the FT during the
than average July values measured in rural New Englandransit from Thule. By contrast, all the cycloalkanes were
(70£ 39 pptv and 10559 pptv, respectively; Russo et al., strongly enhanced over the oil sands, with maximum mix-
2010), even though there is widespread LPG leakage in théng ratios ranging from 41 pptv (cyclopentane) to 339 pptv
northeastern United States (White et al., 2008; Russo et al(methylcyclohexane) (Table 1; Figs. 4e, 6a). Cycloalkanes
2010). The ratio ofi-butanet-butane varies according to are a major component of crude oil (Sect. 1), and these re-
source, for example 0.2-0.3 for vehicular exhaust, 0.46 forsults are consistent with their evaporative release from oil
LPG, and 0.6-1.0 for natural gas (Russo et al., 2010 and refsands surface mining operations.
erences therein). Interestingly, thdutane#-butane ratio Aromatics are associated with combustion (fossil fuel and
for the dominant oil sands plumes, i.e., samples 4, 5 and ®iomass burning), fuel evaporation, industry, and biogenic
(0.4240.03 pptv pptv1) was very close to that expected for emissions (e.g., Karl et al., 2009a; White et al., 2009). With
LPG. We have not been able to determine that LPG is used ithe exception of the longest-lived aromatics that we mea-
the mining operations, and this signal could potentially rep-sured — i.e., benzene (1-2 weeks) and toluene (2—-3 days) —
resent emissions from hydrocrackers and/or the fuel gas thatone of the aromatics were detectable in either the FT or in
is produced and used at the major oil sands operations. Evelpackground BL air, whereas they were all strongly elevated
though they only contain 4 carbon atoms, the butanes correever the oil sands with maximum enhancements of 7-181
lated better with the suite of heavier compounds that is assoever the background BL (Table 1; Figs. 4e—f, 6b—d). Toluene
ciated with direct emissions from the oil sands and/or dilu-was the most abundant aromatic in the oil sands plumes
ent (e.g.n-hexane, xylenes, cyclopentaned®< r2 < 0.96) (401 pptv maximum) followed by the xylenes (127-272 pptv
than with species linked to industrial activities associatedmaxima) and benzene (82 pptv maximum). For comparison
with the mining operations (e.g., propane, ChlGtthene, these aromatic enhancements are much smaller than the max-
ethyne, NO, N@; 0.77 < r? < 0.84) (Table 3). Because the imum values measured near major petrochemical complexes
butanes are not generally associated with combustive fossih urban/industrial areas of Houston, Texas and southern Cat-
fuel emissions, these results indicate multiple evaporative bualonia, Spain (e.g., toluene maxima of 16 000—77 000 pptv;
tane sources at the mining sites. Gilman et al.,, 2009; Ras et al.,, 2009). That is, the re-
Crude oil is composed ofCs alkanes, aromatics, cy- lease of aromatics from the oil sands mining sites appears
cloalkanes and asphaltics (Sect. 1), and even though the oib be much smaller than releases further downstream during
sands are extra-heavy and include molecules with 50 or morgetrochemical refining.
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Table 3. Correlation matrix for selected VOC species measured over oil sands mining operations in Alberta on July 10,2088 (
Correlations>0.7 are highlighted in bold. With the exception of CHG@Ind GCly, all the halocarbons showeddD < r2 < 0.43 with the
selected species and are not included.

n- n- Methyl

SO, NO Ethene Propane Butane Heptane Toluene cyclohexane
SO, 1.00 0.97 0.92 0.76 0.79 0.66 0.57 0.43
NO 0.97 1.00 0.95 0.82 0.77 0.68 0.57 0.46
NO, 0.96 1.00 0.95 0.83 0.77 0.67 0.57 0.43
NOy 0.96 1.00 0.96 0.83 0.77 0.67 0.57 0.46
O3 0.39 0.44 0.51 0.68 0.54 0.38 0.35 0.32
COy 0.64 0.70 0.74 0.62 0.66 0.70 0.66 0.60
CHy 0.24 0.37 0.39 0.57 0.39 0.48 0.46 0.53
CcoO 0.63 0.57 0.60 0.59 0.90 0.92 0.93 0.85
Ethane 0.69 0.81 0.77 0.84 054 0.41 0.32 0.26
Propane 0.76 0.82 0.82 1.00 0.84 0.69 0.61 0.55
i-Butane 0.81 0.81 0.82 0.88 0.99 0.86 0.80 0.71
n-Butane 0.79 0.77 0.79 0.84 1.00 0.89 0.85 0.76
i-Pentane 0.54 0.54 0.57 0.72 0.92 0.85 0.85 0.82
n-Pentane 0.55 0.55 0.57 0.70 0.93 0.88 0.88 0.85
n-Hexane 0.70 0.69 0.70 0.73 0.96 0.98 0.96 0.89
n-Heptane 0.66 0.68 0.67 0.69 0.89 1.00 0.99 0.94
n-Octane 0.57 0.61 0.61 0.65 0.83 0.99 0.99 0.97
n-Nonane 0.72 0.74 0.72 0.72 0.89 0.99 0.96 0.90
2+3-Methylpentane 0.65 0.66 0.68 0.77 0.95 0.96 0.94 0.90
2,3-Dimethylbutane 0.74 0.78 0.77 0.84 0.93 0.90 0.86 0.80
Ethene 0.92 0.95 1.00 0.82 0.79 0.67 0.58 0.46
Propene 0.87 0.93 0.95 0.75 0.61 0.48 0.38 0.28
1-Butene 0.54 0.70 0.67 0.73 0.55 0.63 0.56 0.56
i-Butene 0.85 0.90 0.94 0.71 0.62 0.52 0.43 0.32
c-2-Butene 091 0.93 0.87 0.67 0.58 0.43 0.33 0.22
t-2-Butene 0.69 0.83 0.78 0.79  0.65 0.71 0.63 0.60
1,3-Butadiene 0.58 0.64 0.57 0.40 0.21 0.10 0.05 0.01
Isoprene 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.01
Ethyne 0.90 0.92 0.96 0.83 0.79 0.63 0.54 0.43
Cyclopentane 0.61 0.62 0.61 0.73 0.93 0.94 0.93 0.90
Methylcyclopentane 0.57 0.58 0.60 0.67 0.89 0.98 0.99 0.97
Cyclohexane 0.51 0.53 0.55 0.63 0.83 0.97 0.98 0.99
Methylcyclohexane 0.43 0.46 0.46 0.55 0.76 0.94 0.98 1.00
Benzene 0.60 0.64 0.64 0.70 0.86 0.97 0.97 0.95
Toluene 0.57 0.57 0.58 0.61 0.85 0.99 1.00 0.98
Ethylbenzene 0.71 0.66 0.66 0.61 091 0.95 0.93 0.84
m+p-Xylene 0.82 0.79 0.79 0.71 0.94 0.95 0.91 0.80
o-Xylene 091 0.88 0.86 0.75 0.93 0.89 0.82 0.70
n-Propylbenzene 0.92 0.92 0.89 0.79 0.91 0.88 0.81 0.69
m-Ethyltoluene 0.97 0.96 0.95 0.79 0.86 0.78 0.69 0.56
o-Ethyltoluene 0.98 0.95 0.91 0.73 0.82 0.70 0.60 0.46
p-Ethyltoluene 0.90 0.90 0.88 0.79 0.92 0.90 0.83 0.72
1,2,3-Trimethylbenzene 0.99 0.99 0.94 0.79 0.76 0.65 0.55 0.43
1,2,4-Trimethylbenzene 0.99 0.98 0.95 0.79 0.82 0.73 0.63 0.50
1,3,5-Trimethylbenzene 0.98 0.96 0.92 0.73 0.74 0.61 0.50 0.37
a-Pinene 0.76 0.71 0.69 0.61 0.52 0.32 0.26 0.16
B-Pinene 0.64 0.57 0.57 0.56 0.49 0.26 0.21 0.12
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Table 3. Continued.

n- n- Methyl
SO, NO Ethene Propane Butane Heptane Toluene cyclohexane

Methanol 0.41 0.52 0.50 0.58 0.40 0.46 0.42 0.41
Ethanol 0.21 0.25 0.31 0.18 0.18 0.22 0.22 0.20
Acetone  0.17 0.24 0.38 0.36 0.29 0.33 0.32 0.34
MEK 0.76 0.85 0.85 0.81 0.62 0.52 0.43 0.36
MAC 0.27 0.31 0.50 0.31 0.25 0.22 0.19 0.16
MVK 0.43 0.44 0.60 0.42 0.35 0.29 0.25 0.20
CHCl3 0.52 0.54 0.60 0.66 0.80 0.85 0.86 0.85
C,Cly 0.78 0.81 0.79 0.60 0.43 0.29 0.21 0.13
OCSs 0.20 0.19 0.21 0.06 0.03 0.05 0.04 0.02
DMS 0.50 0.56 0.63 0.54 0.46 0.50 0.47 0.44

With the exception of the £aromatics, the=Cs alkanes,  also in the low range of summertime values in US cities (e.g.,
cycloalkanes and aromatics showed excellent mutual corre260—-2430 pptv ethene; 68-500 pptv propene; 33—-1550 pptv
lations (Table 3). Interestingly, the best correlations were noti-butene; Baker et al., 2008). In the Houston area — where the
limited to compounds within the same class but were mixedgreatest concentration of petrochemical facilities in the US is
among the compound classes. For examplbeptane, the located and ethene and propene play a major role in rapid O
most strongly enhanced VOC, showed top 10 correlationdormation (Ryerson et al., 2003) — average respective ethene
with n-nonane,n-octane, toluene, methylcyclopentane, and propene mixing ratios of 2690 pptv and 1540 pptv were
hexane, benzene, cyclohexane, 2,3-methylpentane,p- measured in the summer of 2006 (Gilman et al., 2009), and
xylene, and ethylbenzene.@% < 2 < 0.99). These results poor correlation between ethene and CO suggested the dom-
show the fugitive co-emissions of a wide range ¢fFCo inance of industrial point sources (de Gouw et al., 2009).
VOCs from oil sands surface mining sites in Alberta, e.g. Over the oil sands, ethene showed excellent correlation with
from oil sands and/or diluent. By contrast, thge &omatics  the combustion tracer ethyne?(= 0.96), some correlation
(i.e., ethyltoluenes, trimethylbenzenes) correlated best wittwith CO (-2 = 0.60), and good correlation with the indus-
each other and with combustion and industrial tracers suctrial tracer GCls (-2 = 0.79) (Table 3), suggesting the mixed
as NO, NQ, NOy, ethene, propene aruis-2-butene, sug- influence of industrial and combustion sources on ethene and
gesting their release from industries at the mining sites a®ther alkenes at the oil sands mining sites.
opposed to direct evaporative release from the oil sands or Propyne was not detectable in any of the samples that we

diluent. collected during Flight 23. Ethyne — a tracer of incomplete
combustion by biomass burning and urban fossil fuel (e.g.,
3.2.2 Alkenes and alkynes Blake et al., 2003; Warneke et al., 2007) — correlated most

strongly with ethene, N@ NO and the trimethylbenzenes
Because they are primarily biogenic tracers, isoprene and th0.91 < 2 < 0.96) and showed a maximum mixing ratio of
monoterpenes are considered separately below (Sect. 3.2.3)38 pptv over the oil sands, compared to459 pptv in the
The 7 G—C4 alkenes considered here are highly reac-local background (Table 1; Fig. 6f). As with the alkenes, this
tive, short-lived compounds that are primarily associatedenhancement is small compared to average levels measured
with industrial emissions and incomplete combustion (e.g.,in Houston (473 pptv; Gilman et al. 2009) and in the 28 US
Sprengnether et al., 2002; Buzcu and Fraser, 2006; de Gouwity study (260-2390 pptv; Baker et al., 2008), indicating the
et al., 2009). Whereas only ethene was detectable in theelatively low impact of industrial combustion on the mea-
background BL during Flight 23 (28 2 pptv), all of the  sured ethyne levels.
alkenes were strongly enhanced over the oil sands by factors
of up to 5-85 (Table 1; Figs. 4g, 6e). The maximum mix- 3.2.3 Isoprene and monoterpenes
ing ratio decreased with increasing chain length, from ethene
(270 pptv) to propene (128 pptv) tebutene (37 pptv), etc. Isoprene (GHg) is a short-lived £2.8 h) biogenic volatile
Although these oil sands values are much greater than therganic compound (BVOC) with a major terrestrial plant
rural background, they are smaller for example than in freshsource (e.g., Sharkey et al., 2008; Warneke et al., 2010).
biomass burning plumes encountered during ARCTAS (e.g.Jsoprene levels vary widely in North America, with greatest
ethene up to 18 690 pptv, propene up to 5465 pptv). They aremission rates in the eastern US during summer (Guenther
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Fig. 6. As in Fig. 5 but for methylcyclopentane, selected aromatics, Fig. 7. As in Fig. 5 but for the pinenes and selected oxygenated
ethene and ethyne. Note that the mixing ratiosedthyltolueneo- hydrocarbons. Note that the mixing ratiosxepinene angg-pinene
xylene and 1,2,3-trimethylbenzene were below their detection limitswere below their detection limits for most of the flight.

for most of the flight.

tive with OH and it is the shortest-lived species that we mea-
et al., 2006). For example in the 28 US city study the low- sure (Table 1). Although the Leg 7 samples were collected
est average isoprene mixing ratio was measured in El Pas@t a lower average altitude (88438 m) than the background
Texas (47 75pptv) and the highest in Providence, Rhode BL measurements (1135180 m) (Sect. 2) — and in princi-
Island (259Gt 1610 pptv) (Baker et al., 2008). In our study, Pple more isoprene oxidation by OH could have occurred dur-
isoprene mixing ratios exceeded 200 pptv in all 17 air sam-ing transport to higher altitudes during Leg 9 — the individual
ples collected over the oil sands as well as in the backgroundneasurements did not show a clear declining trend with al-
BL air. Interestingly, the average isoprene mixing ratio wastitude. Instead we expect that samples with higher isoprene
50% greater during Leg 7 (468147 pptv) than in the local levels represent parts of Leg 7 that were downwind of more,
background air (31% 95 pptv), with a maximum value of Or more recent, isoprene emissions. For example aspen are a
780 pptv (Tables 1 and 2; Fig. 4h). Anthropogenic sources ofnajor isoprene emitter (Sharkey et al., 2008) and the forests
isoprene include traffic (e.g., Reimann et al., 2000; Borbonin the Fort McMurray area include a mix of trembling aspen
et al., 2001; Barletta et al., 2002) and industry (e.g., Ras efind white spruce.
al., 2009). However the isoprene maximum was measured Like isoprene, monoterpenes i(El16) are short-lived
in sample 14, south of the main surface mining operationg~3.7-5.3 h) BVOCs that are emitted by vegetation, though
(Fig. 2b). Isoprene was poorly correlated with all of the tracein this case they are more strongly emitted by coniferous
gases that we measured & 0.37) and its enhancements ap- ecosystems than by temperate deciduous forests (Fuentes et
pear to be biogenic rather than industrial in origin. We be-al., 2000). During this study the pinenes were enhanced
lieve that the stronger isoprene enhancements during Leg @during both BL runs compared to measurements in the FT
than Leg 9 most likely reflect natural source strength vari-(Fig. 7a—b). Interestingly, however, the maximuaapinene
ability rather than an altitude effect. Isoprene is highly reac-and 8-pinene mixing ratios over the oil sands (217 pptv and
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610 pptv, respectively) were much greater (711han their In addition to being produced by plants and used as a sol-
respective average values in the background BL ail{Z0  vent and chemical feedstock, ethanol is increasingly being
and 84+ 24 pptv; Table 1, Fig. 7a—b). At first glance this used as a motor fuel and fuel additive (e.g., Kesselmeier and
appears to be consistent with a number of studies that hav8taudt, 1999; Russo et al., 2010). The maximum ethanol
shown increased emissions of monoterpenes and other VOQsixing ratio during Leg 7 (141 pptv) was 1x9the back-

in response to various plant stress factors (Schade and Goldyround average, and ethanol correlated best with @
stein, 2003; Risanen et al., 2008; Holopainen and Gershen-and the halons (65 < r2 < 0.83). However, unlike the other
zon, 2010; Niinemets, 2010). For example, monoterpenegases that we measured, ethanol data were not available for
mixing ratios and emissions from a California ponderosathe first seven samples of Leg 7 and therefore we are unable
pine forest showed a 10-30 fold increase during and afteto fully characterize its emissions from the oil sands industry.
major forest thinning, with measured mixing ratios exceed- Acetone is produced by vegetation, the oceans and
ing 3000 pptv (Schade and Goldstein, 2003). However, unthe atmospheric oxidation of&&Cs isoalkanes, especially
like isoprene, the pinenes were most strongly enhanced ipropane (Jacob et al., 2002). It is used industrially as a sol-
sample 4, downwind of the Syncrude Mildred Lake Facility vent and polymer precursor and has been observed in abun-
(Table 2; Fig. 2b), and they showed strong correlations withdance downwind of petrochemical complexes (Cetin et al.,
many species that were elevated in the oil sands plumes. F&003). The maximum acetone mixing ratio over the oil sands
examplex-pinene correlated best wirpinene (2= 0.92) (941 pptv) was 1.8 its local background average. Like
and industrial compounds such asQ@L; (-2 =0.81), SQ methanol, the acetone levels over the oil sands were com-
(r2=0.76),1,2,3-TMB (2 =0.74),i-butene 2=0.73)and  parable to other times during the flight and were smaller than
ethyne (2 =0.73). The land surrounding the upgraders is al- maximum values measured in fresh biomass burning plumes
ready disturbed and we do not expect the industrial upgradeduring ARCTAS (4552 pptv). Acetone correlated best with
plumes to have had the opportunity to mix with plumes rep-MAC, 1,2-dichloroethane and Gigl, (0.64 < r? < 0.69)
resenting damaged vegetation. Instead these unexpected afdggesting that it is emitted by the oil sands industry but in
servations lead us to infer that there could be a source ofmaller amounts than other regional sources such as biomass
pinenes associated with the oil sands mining industry, whichburning.

requires further investigation. Methyl ethyl ketone is produced industrially and used as
a solvent, and it is known for its characteristic sweet odour
(Kabir and Kim, 2010). The maximum MEK mixing ratio
over the oil sands (214 pptv) occurred in sample 4 and was
] _ 11x greater than the local background average. However
During ARCTAS UC-Irvine measured methanol (6BH), st of the MEK enhancements over the oil sands were com-
ethanol (GHsOH), acetone (§HeO), methyl ethyl ke-  paraple to those measured at other times during the flight
tone (MEK, GHgO), methacrolein (MAC, GHsO), methyl  (Fig. 7d). Methyl ethyl ketone showed strong correlations
vinyl ketone (MVK, GHgO), MTBE (GsH120), and furan ;2. o 8) with a dozen industrial and combustion tracers in-
(C4H40). The sources of oxygenated hydrocarbons are bo“%luding G—Cq alkenes, GCly, NO and 1,2,3-TMB, showing
natural and anthropogenic and include vegetation, biomasgs release from the oil sands industry in what appear to be
burning, atmospheric production, the oceans and industrye|ative|y minor quantities.

(e.g., Horowitz et al., 2003; Jacob et al., 2005; Folberth et \jethacrolein and MVK are major isoprene oxidation
al., 2006; Jordan et al., 2009). products (e.g., Montzka et al., 1993; Stroud et al., 2001;
Methanol has a major biogenic source and minor source&arl et al., 2009b). The MAC and MVK mixing ratios were
including biomass burning and anthropogenic emissiongreater over the oil sands than at any other time during the

(e.g., vehicles, solvent use and manufacturing; Jacob et alflight (Fig. 7e—f), with maximum respective values of 266

2005 and references therein). Its maximum mixing ratioand 379 pptv in sample 7, ox8and 6x the local background
(8570 pptv) was measured downwind of the oil sands operaaverage (Table 1). Methacrolein and MVK correlated most
tions in sample 6, which was enhanced by a factor of 1.8 ovestrongly with each otherr£ = 0.87), followed by species
the local background average (Table 1; Fig. 7c). Methanolsuch as DMS and 1,2-dichloroethané & 0.69). Because
correlated best with MEK and the butenes7(D< 2 < 0.75) the highest MAC and MVK mixing ratios occurred down-
suggesting its industrial release from the oil sands facilities.wind of the Syncrude Mildred Lake Facility in samples 3-7,
However the oil sands industry appears to be a relativelyenhancements associated with the oil sands industry cannot
minor methanol source. For example, the mixing ratios inbe ruled out. However because their strongest correlations
the oil sands plumes were comparable to those measured atere with each other, we suggest that their primary local
higher altitudes and latitudes during earlier portions of Flight source is likely isoprene oxidation. The average isoprene
23, and they were an order of magnitude smaller than maxmixing ratio during Leg 7 was 468 167 pptv. Assuming
imum methanol values that were measured in fresh biomasMAC and MVK formation yields from OH and @reactions
burning plumes during ARCTAS (32 740 pptv). in the range of 0.16-0.4 (Tani et al.,, 2010 and references

3.2.4 Oxygenated hydrocarbons
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therein), the observed MAC and MVK values during Leg 10 : : : 0 e
7 (92+63 and 141109 pptv, respectively) appear to be . A - ®
within the range that can be explained by isoprene chemistry. _ T _ ? X
Methy! tert-butyl ether is a solvent and gasoline additive, £ s} i £ o @
and furan is an intermediate in the synthesis of industrial g " g Ak
chemicals. The mixing ratio of MTBE remained below its < SR < |
detection limit of 3 pptv throughout Flight 23, showing that it 2p N ] 2t -
is not being released by the oil sands industry. This is consis- e N
tent with its declining use in North America because of con- 160 1SSCFC_22°2°(WW2)2° 240 o o2 CO-:CI °(~6 W;’-S 246
cerns over groundwater contamination (e.g., Backer, 2010; " i, 2 s PP
Lu and Rice, 2010). Like MTBE, furan also remained below ‘ ‘ e T
its 3 pptv detection limit throughout the flight, in contrast to 8} i 8l =
a maximum mixing ratio of 2344 pptv in very fresh biomass g ol % £,
burning plumes that were sampled during ARCTAS. e CE PO
2 4l X 2 4 -

3.3 Halocarbons <, o Ll
Long-lived halocarbons (e.g., CFCs, HCFCs) contribute to oz~ ;u '5‘0 = 055553 :: o5
stratospheric ozone depletion, and short-lived halocarbons HFC-134a (pptv) CH,l (pptv)
(e.g., CHC4, CoCly) can be toxic or carcinogenic. Of the 26 10 : : = 10 -
C1—C;, halocarbons that we measured, 6 showed both strong ol R .
enhancements>(10%) over the local background average _ " -
and larger mixing ratios over the oil sands than at any other £ o - L.. £ o
time during the Flight, 9 showed minimal enhancements over g ol K g al
the local background average, and 11 were not statistically = T < N
enhanced over the oil sands. 2) D ’ 1 2} K

' YTWWYWON A% Ras s,
3.3.1 Strongly enhanced halocarbons 5o 500 550 600 %000 500 600

CHSCI (pptv) OCS (pptv)

The first group includes the CFC-substitutes HCFC-22
and HCFC-142b, and the relatively short-lived (2-5 mo)
industrial solvents chloroform (CH&), trichloroethene

(C2HCl), tetrachloroethene (Cls) and dichloromethane 15 g pnty, or 229 and 45% greater than the background aver-
(CHxCl2).  HCFC-22 and HCFC-142b are long-lived re- 546 ‘pichloromethane, Cla, and to a lesser extent CHCI
frigerants, foam-blowing agents and solvents whose atmoyere 4150 enhanced relative to background mixing ratios dur-

spheric concentrations are rapidly increasing (O'Doherty &g the descent into Cold Lake, showing their use as solvents
al., 2004; Derwent et al., 2007; Montzka et al., 2009). Their;,’|ocal urban areas as well as by the mining industry.

mixing ratios over the oil sands were greater than at any other
time during the flight, with maximum values of 212pptv 3.3 2 Minimally enhanced halocarbons
HCFC-22 and 22 pptv HCFC-142b — or respective enhance-
ments of 12% and 18% over the average background (TaThe second group of compounds, which were minimally en-
ble 1; Fig. 8a) — showing their usage and release at the minhanced over the oil sands, includes 1,1,1,2-tetrafluoroethane
ing sites. (HFC-134a), some chlorinated species (1,2-dichloroethane,
The short-lived solvents CHgl C,HCI3, C,Cls and HCFC-141b), the halons (H-1211, H-1301, H-2402) and the
CHxCl, also showed stronger enhancements over the oimethyl halides (CBBr, CHzl, CH3Cl).
sands than during any other portion of the flight (Figs. 4b, HFC-134aisa CFC-12replacementthatis rapidly increas-
8b). In fact, the maximum £HCIl3 and GCls levels ing in the atmosphere (O’'Doherty et al., 2004; Clerbaux and
(4.8 pptv and 5.9 pptv, respectively; Table 1) were higher inCunnold, 2007). HFC-134a levels of up to 60 pptv were mea-
the oil sands plumes than at any other time during the sumsured in U.S. pollution plumes (Barletta et al., 2009) com-
mer phase of ARCTAS. For perspective, these plume valpared to a maximum of 48.9 pptv in the oil sands plumes,
ues are smaller than average levels measured in urban cenr 8% greater than the background average, suggesting that
ters such as Hong Kong, wherelCl; and GCls mix- the oil sands mining industry is a relatively minor HFC-134a
ing ratios of 70+ 31 and 29t 9 pptv were measured dur- source (Table 1, Fig. 8c). 1,2-Dichloroethane is used as a
ing autumn 2007 (Zhang et al., 2010). Maximum respec-chemical intermediate and solvent, and its maximum mix-
tive CHxCl, and CHC} mixing ratios were 35.1 pptv and ing ratio over the oil sands (9.4 pptv) was 16% greater than

Fig. 8. As in Fig. 5 but for selected halocarbons and OCS.
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the background BL average but within the range of mixing ing ratio over the oil sands (52212 pptv) was enhanced
ratios measured at other times during the flight, also suggesttompared to the local background, with a maximum of
ing relatively small emissions by the oil sands industry (Ta- 545 pptv and a range of values similar to the FT (Fig. 8e).
ble 1). Likewise, the CFC replacement compound HCFC-Whereas CHCI showed poor correlation with most com-
141b showed fairly small<€7%) enhancements over the oil pounds over the oil sands4< 0.34), including combustion
sands (Table 1). The halons are ozone-depleting substancéscers such as CO and ethymé £ 0.01), it showed some
that are still used in North America because of their critical correlation with OCS and HCFC-22-4= 0.58 for both)
role as fire extinguishing agents (Butler et al., 1998; Fraser efollowed by HCFC-142b and HFC-134a.48 < r2 < 0.47).
al., 1999; Montzka et al., 2003). Maximum H-1211, H-1301 Carbonyl sulphide has a strong vegetative sink (Sect. 3.4) and
and H-2402 levels over the oil sands were 5-10% greateMontzka et al. (2007) found some correlation between OCS
than the local background average (Table 1), compared to avand other species with known surface sinks such asGLH
erage H-1211 enhancements of 75% in cities in China (Bar-Therefore the ChICl enhancement is expected to be related
letta et al., 2006) where 90% of global H-1211 production to the loss of its sail sink at the mining site, with the possi-
occurs (Fraser et al., 1999). Therefore the halon enhancehility of its co-emission from the oil sands industry together
ments over the oil sands also appear to be relatively minorwith species such as HCFC-22.
though we note that the H-1301 maximum over the oil sands
was greater than at any other time during the summer phasg.3.3 Non-enhanced halocarbons
of ARCTAS.
Methyl bromide, an ozone-depleting substance with natu-Carbon tetrachloride (C@)J, methyl chloroform (CHCCl3)
ral and anthropogenic sources (e.g., oceans, salt marshes, fand the chlorofluorocarbons (CFC-11, CFC-12, CFC-113,
migation and biomass burning; Yvon-Lewis et al., 2009 andCFC-114) were not statistically enhanced over the oil sands
references therein), had a maximum mixing ratio of 8.3 pptv(Table 1; Fig. 4a). These long-lived compounds have been
both over the oil sands and upon final descent into Cold Lakebanned in developed countries since 1996 under the Montreal
This 8% enhancement over the local background average waBrotocol, and even though evidence exists for their contin-
small compared to C¢Br mixing ratios of up to 15pptv  ued emissions in North America (Millet and Goldstein, 2004;
in fresh biomass burning plumes that were sampled duringHurst et al., 2006) their absence from the oil sands mining
ARCTAS, suggesting a minor impact of the oil sands indus-industry is not surprising. Ethyl chloride §8sCl), another
try on CHsBr levels in the sampled plumes. chlorinated hydrocarbon whose industrial demand is declin-
Methyl iodide is a very short-lived species (1-2d) with ing, also was not enhanced over the oil sands. Likewise,
a major oceanic source (Yokouchi et al., 2008) and minorwith the exception of methyl bromide (GBr), none of the
terrestrial sources (e.g., Redeker et al., 2003; Sive et al.neasured brominated species (CEBCH,Br;, CHBrCl,
2007). Its mixing ratio declined sharply with altitude, consis- CHBr>CI) were enhanced over the oil sands (Table 1). These
tent with its short atmospheric lifetime (Fig. 8d). In fact, the short-lived species are predominantly emitted from the ocean
shape of the profile and the magnitude of the mixing ratios(e.g., Butler et al., 2007) and their lack of enhancement over
were remarkably similar to those measured elsewhere ovethe oil sands is not unexpected.
North America during the Intercontinental Chemical Trans-
port Experiment—North America (INTEX-NA) campaign in 3.4 Sulphur species
July and August, 2004 (Sive et al., 2007). In addition, the
mixing ratios of CHI during Legs 7 and 9<€0.45 pptv) were  Sulphur dioxide (S®) is strongly associated with fossil fuel
at the low end of global background values (0.5-2 pptv; Yok-combustion, especially coal and residential oil, and the sul-
ouchi et al., 2008 and references therein) angIiGhd not phur content of crude petroleum can be up to 2% (Benkovitz
correlate with other species over the oil sancs< 0.37). et al., 1996). In the Athabasca oil sands developments, the
Therefore the oil sands do not appear to be a significast CH major SQ emission sources are associated with the upgrad-
source. The maximum G mixing ratio was measured in  ing and energy production operations at the Suncor and Syn-
the final sample of Flight Leg 7 (sample 17) and the enhanceerude sites (Kindzierski and Ranganathan, 2006; D. Spink,
ments of CHI during Leg 7 may be attributable to methyl personal communication, 2010). For example Suncor pro-
iodide’s terrestrial source. duces high sulphur fuel grade petroleum coke from oil sands
Methyl chloride is the most abundant chlorine-containing at its Fort McMurray operations that is 5.7-6.8% sulphur
compound in the atmosphere. It has a complex budget witlon a dry basisHttp://www.suncor.com/en/about/3408.aspx
multiple sources (e.g., tropical vegetation, biomass burninglSome of this coke is used to power its upgrading opera-
and sinks (e.g., OH, sail) (Clerbaux et al., 2007). During thetions, emitting S@ into the atmosphere as a by-product, but
first half of the flight the average G&I mixing ratio in the  most of the coke is buried as a waste product. Whereas
FT was 530t 13 pptv. It then decreased to 5&3 pptv in Burstyn et al. (2007) measured monthly average 8@xing
the background BL, consistent with G&I removal at low  ratios of 300—1300 pptv in rural locations of western Canada,
altitude by its soil sink. By contrast, the average4CHmMix- and Kindzierski and Ranganathan (2006) measured a median
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outdoor SQ mixing ratio of 650 pptv in residential areas of  Dimethyl sulphide (DMS) is a short-lived sulphur species
Fort McKay (a small community 64 km north of Fort Mc- (1-2 days) with a major oceanic source and minor sources
Murray, in proximity to the mining operations), $@evels  including vegetation and biomass burning (e.g., Watts et
in this study were even smaller during most of the flight, al., 2000; Gondwe et al., 2003; Meinardi et al., 2003).
averaging 14 5 pptv in the FT during the first half of the Like CHzl, DMS levels strongly increased with decreas-
flight and increasing to 102 27 pptv upon descent into the ing altitude. Dimethyl sulphide levels were below detec-
background BL air (Table 1; Fig. 4d). However $6howed tion (<1pptv) in the FT, increasing to 4470.8 pptv in
remarkable enhancements over the oil sands, with a maxithe background BL. Its average mixing ratio doubled to
mum mixing ratio of 38 730 pptv (38.73 ppbv) in sample 4, 10.7+ 3.9 pptv over the oil sands with a maximum enhance-
or 383x the background BL average. This value is similar to ment of 18 pptv (Table 1). For comparison, DMS levels over
those measured in the urban/industrial environments of heavyproductive oceanic regions are on the order of 100-250 pptv
ily polluted cities. For example, Talbot et al. (2008) reported (e.g., Nowak et al., 2001). Dimethyl sulphide was most
peak airborne S@mixing ratios in excess of 34 000 pptv in  strongly enhanced in samples 4, 5 and 6 and correlated with a
BL air sampled over Mexico City during the spring 2006 range of compounds, most strongly £@2 = 0.82) as well
INTEX-B experiment. Similarly de Foy et al. (2009) mea- as H-1211, 1,2-dichloroethane and HCFC-142B16 r? <
sured ground-based $S®alues exceeding 80 000 pptv in the 0.74), indicating that its oil sands source is industrial.
Mexico City Metropolitan Area during spring 2006, which
they attributed to coal combustion, refineries and active vol-
canoes. Here we attribute the elevated, 3&¥els to coke 3.5 NO, NG, NOy and Oy
combustion. The very strong correlations between & ) _ _ )
more than a dozen compoundg ¢ 0.9) — most notably the ~ Like SO, the major source of Npis fossil fuel combus-
trimethylbenzenes (88 < r2 < 0.99), NO, NG and NG tion (Benkovitz et al., 1996). Nitric oxide, I\pand NG
(0.96< r2 <0.97), the ethyltoluenes (@0<r2<0.97) and  Were all very strongly enhanced over the oil sands com-
ethene £2 = 0.92) — suggest that coke combustion may be pared to their respective background values oftBpptv,
associated with their enhancements as well. 24+ 11pptv and 194 33 pptv (Table 1). The maximum

Carbonyl sulphide (OCS) is the most abundant sulphur-NO, NOz and NG mixing ratios occurred in sample 4 and
containing compound in the remote atmosphere (Ko et al.were 4980, 4995 and 10555 pptv, respectively, represent-
2003 and references therein). Its sources include @S NG énhancements of 3%9 210x and 54« the local back-
idation, the oceans, biomass burning, coal burning andround (Table 1; Fig. 9a—b). Recall that these numbers are
aluminum production (e.g., Watts, 2000; Kettle et al., Pased on the average of those NO, Nihd NG measure-
2002). Like CHCI, the average OCS mixing ratio was ments th_at overlapped the VOC sampling tlmes_(Sect. 3).
fairly constant in the FT during the first half of the flight The maximum NO, N@and NG, values over the oil sands
(445 19 pptv), then diminished with decreasing altitude to basedonls meaSU(ements were even.h|gher: 9545, 9.205 and
413+ 13 pptv in background BL air, consistent with its well- 21800 pptv, respectively. The NO maximum was the highest
known uptake by vegetation (e.g., Montzka et al., 2007;ecorded throughout the summer phase of ARCTAS, show-
Blake et al., 2008; Campbell et al., 2008). By contrast OCS'"9 _the_very strong emissions pf nitrogen oxides from _the
was not depleted over the oil sands, where its average mixtining industry. The N@levels in the oil sands plumes lie
ing ratio (4374 26 pptv) was not significantly different than within the Iower_rangg of values _measurgd in megacities such
during the first half the flight (Table 1; Fig. 8f). Carbonyl @S Tokyo, Mexico City and Beijing, which can vary from
sulphide did not correlate with most compounds over the 0il2000-200 000 pptv (Parrish et al., 2009). The majorkNO
sands £2 < 0.38) but showed some correlation with the same Sources at the mining sites are (1) the upgraders, gaseous
suite of compounds as GBI, including HCFC-22, HCFC- fuel fired boilers, heaters, and co-generation units for heat
142b and HFC-134a (87 < r2 < 0.58). Therefore the rel- and power production, and (2) the heavy hauler mine fleets
ative OCS enhancement over the oil sands compared to thd- SPink, pers. comm., 2010). Because NO,N@d NG,
background BL is most likely due to a lack of drawdown correlated perfectly with each other’(=1.00) and very
from the cleared land in the oil sands area, with the possiStrongly with SQ, most G—C, alkenes, and thedaromat-
bility of an OCS source associated with the oil sands indusics (090<r? < 0.99) (Table 3), we conclude that the ob-
try. Note that even though previous work has shown simi-served emissions were from the upgraders, etc. rather than
larities between OCS and G®ecause of simultaneous up- the heavy hauler fleet.
take by photosynthetically active vegetation during the day- Ozone was not enhanced over the oil sands, and its max-
time (Montzka et al., 2007; Campbell et al., 2008; White imum mixing ratio (31 ppbv) was the same as the average
et al., 2010), here OCS and @@howed poor correlation background BL value (3% 1 ppbv) (Table 1, Fig. 9¢). In fact
(r? =0.16) because CfPhas a clear additional fossil fuel Oz was anti-correlated with NO over the oil sands (Fig. 10)
source at the oil sands developments (Sect. 3.6). because the very strong NO emissions led to a titrationgof O

a loss process which dominated ovey @oduction on this
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the average Clmixing ratio in the BL during the final de-
scent into Cold Lake (184& 5 ppbv) is expected to be a

] o ] reasonable proxy for the local background at this time of
short time-scale. Note that in Fig. 10 virtually a#95%) of  year Methane mixing ratios were clearly enhanced over the

Fig. 9. As in Fig. 5 but for(a) NO, (b) NOy, (c) Oz, (d) COy, (e)
CH4 and(f) CO.

the NG is in the form of NQ. oil sands, reaching 1983 ppbv in sample 6. By comparison
the maximum Cl mixing ratio during the summer phase
3.6 CO,, CHgzand CO of ARCTAS (2000 ppbv) was measured in a fresh biomass

burning plume. Natural gas is heavily used by the oil sands
Carbon dioxide (C®) is the leading contributor to the en- mining industry (Sect. 1), but the GHesults are surprising
hanced radiative forcing of the atmosphere, followed byin that CH, did not correlate particularly well with ethane
methane (CH) (Forster et al., 2007). Compared to the FT, and propane (62 < r? < 0.57), which, like CH, are com-
COy was relatively depleted in the background BL air dur- ponents of natural gas. The composition of commercial-
ing Flight 23 (Table 1, Fig. 9d), consistent with its summer- grade natural gas is variable, ranging from 70-95%CH
time uptake by terrestrial vegetation (Erickson et al., 1996;with the remainder primarily ethane (e.g., Xiao et al., 2008;
Randerson et al., 1997, 1999). By contrastoC$howed  McTaggart-Cowan et al., 2010). Although we are not aware
a clear enhancement over the oil sands, with a maximunof the composition of the natural gas that is typically used by
mixing ratio of 389 ppmv that is outside the range of val- the oil sands industry, a specs sheet for natural gas from west-
ues measured during the rest of the flight*C in CO, was ern Canada suggests the following typical composition on a
depleted in these enhanced samples, indicating a fossil fugler mole percentage basis: 94.6% £ H.5% ethane, 0.2%
CO, influence (not shown). Carbon dioxide correlated with propane, 0.03%-butane, etc. Http://www.naesb.org/pdf2/
a wide range of compounds associated with the mining in-wgqg_bps100605w2.pdif This suggests a relative release rate
dustry, including DMS, combustion tracers suchidmitene,  of 38 moles of CH to 1 mole of ethane, which is more ethane
ethene, ethyne and NQOand industrial tracers such as MEK, than we observed. The maximum ghhixing ratio over the
2,3-dimethylbutane, CHgland 3-ethyltoluene (@2 < r? < oil sands (sample 6) represented an excess of 140 ppbv over
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its local background value of 1843 ppbv. The ethane mix-cal enhancements over the oil sands (propyne, MTBE, fu-
ing ratio in sample 6 was 1.106 ppbv, representing an excessan, CFC-11, CFC-12, CFC-113, CFC-114, ¢,@H3CCls,
of 0.325ppbv. If the CH enhancement were entirely due ethyl chloride, CHBg, CHxBr,, CHBrCh, CHBrRCI and
to natural gas emissions, we would have expected to mea®s). As is to be expected with high NO levelsz @as anti-
sure a corresponding ethane excess of 3.7 ppbv. Thereforeorrelated with NO and it appears that depletion af &y
the measured ethane enhancement was aboutsh@aller NO dominated over @production on this short time-scale.
than would be expected from natural gas emissions, whichAnother 9 compounds showed minimal enhancements over
suggests low natural gas leakage levels from the mining opthe oil sands (HFC-134a, HCFC-141b, 1,2-dichloroethane,
erations. Similarly, hydrocracking operations do not appearH-1211, H-1301, H-2402, C¢Br, CHsl, CH3CI).
likely to explain the observed CHenhancements. The cat-  Carbon monoxide showed a clear enhancement (up to
alytic hydrocracking of Athabasca bitumen vacuum bottoms48%) and strong correlations with many other compounds,
has been found to give a weight per cent yield of 9.3%CH but its maximum mixing ratio of the flight was not over the
10.5% ethane, 15.0% propane and 9.6%¢y (Dehkissia  oil sands. By contrast the remaining 59 compounds showed
et al., 2004), or relative molar yields of roughly 4:2:2:1 for greater mixing ratios over the oil sands than at any other
CHg:ethane:propane:butanes. Again, this represents muctime during the flight, and in some cases than at any other
more ethane than we observed, and assuming these hydréme during the entire mission. The maximum enhancements
cracking yields apply here and are equivalent to emissiorwere 1.1-39% the background BL values, most notally
rates, it does not appear that hydrocracking can be responsieptane (39%), SO (382x), NO (319x), n-octane (24%)
ble for the high CH excesses that were observed. Instead weand methylcyclohexane (1%3. Based on their mutual cor-
suggest that the CHenhancements are likely related to tail- relations, the elevated trace gases fell into two groups. The
ings pond emissions. As stated in Sect. 1, the Syncrude Milfirst group includes CO and species associated with direct
dred Lake tailings pond became methanogenic in the 1990svaporative emissions from the oil sands themselves and/or
and releases up to 10 g Ghh—2d~1. Ethane is not produced from the diluent used to lower the viscosity of the recovered
in anaerobic environments, and tailings pond emissions obitumen (G—Cg alkanes, -Cs cycloalkanes, g-Cg aro-
CH4 explain the relatively large CHenhancements com- matics). By contrast to the-alkanes, the enhancements of
pared to ethane as well as the relatively poor correlation bearomatics such as benzene were relatively small, especially
tween CH and ethane. compared to values that have been measured downstream at
Carbon monoxide (CO) is a potentially toxic gas that is petrochemical refineries. The second group also includes CO
also a precursor to photochemical smog. The maximum COn addition to a wide variety of species associated with emis-
mixing ratio over the oil sands (144 ppbv in sample 5, or sions from the mining effort, for example coke combustion
48% greater than the local background of497 ppbv) was  (e.g., SQ) and upgrading (e.g., NO, NONOy). The max-
comparable to mixing ratios measured at other times duringmum SQ and NO levels over the oil sands were greater
the flight (Table 1; Fig. 9f) and is not considered a large than at any other time during the summer phase of ARCTAS,
enhancement. For example Baker et al. (2008) found typ-and even though northern Alberta is a rural environment, the
ical summertime CO mixing ratios of 3@066 ppbv in US SO and NG, levels were comparable to those measured in
cities, and CO mixing ratios measured near fresh biomasshe world’s megacities. The CO enhancements were gener-
burning plumes during ARCTAS exceeded 1900 ppbv (notally small suggesting that the upgraders emit low levels of
shown). Interestingly, CO correlated most strongly with the CO, which is to be expected for high temperature combus-
suite of G—Cg alkanes, G-Cg aromatics and §-Cg cy- tion where the carbon is converted mostly to £O0e., effi-
cloalkanes (85 < r2 < 0.97) that were associated with di- cient combustion). Although the oil sands industry is a ma-
rect emissions from the oil sands and/or diluent (Sect. 3.2)jor user of natural gas, a strong natural gas signal was not
It also showed good correlations with CHG2 =0.84) and  evident in the data suggesting low natural gas leakage lev-
the G aromatics (066 < r? < 0.83). Carbon monoxide is an els and high efficiency combustion associated with the up-
urban/industrial combustion tracer and these results suggegtraders. Instead, the elevated £levels are consistent with
that relatively low levels of CO are emitted throughout the methanogenic tailings pond emissions. Like CO, the butanes
mining operations. also fell into both groups and appear to have multiple sources
from oil sands mining.
Isoprene, a biogenic tracer, was enhanced during the oil
4 Conclusions sands boundary layer run but with a maximum over a veg-
etated area south of the major mining operations. By con-
Mixing ratios of 84 trace gases were measured in boundaryrast, the monoterpenespinene andg-pinene (also bio-
layer air over oil sands surface mining operations in northerngenic tracers) were most enhanced in the oil sands plumes
Alberta on 10 July 2008 aboard the NASA DC-8 researchand showed good correlations with many industrial species
aircraft as part of the ARCTAS mission. Compared to local associated with the mining effort includingCls and SQ.
background air, 15 of these compounds showed no statistiThe possibility of pinene emissions directly associated with
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the mining operations requires further study. Carbonyl sul-Backer, W. S.: Contamination of drinking water by methyl tertiary-

phide and CHCI were also notable in that they failed to be
drawn down over the surface mining sites, most likely be-

butyl ether (MTBE) and its effect on plasma enzymes, Sci. Res.
Essays, 5(14), 18091812, 2010.

cause of the removal of their vegetation and soil sinks, re-Baker, A. K., Beyersdorf, A. J., Doezema, L. A., Katzenstein, A,

spectively.

These measurements represent the only independent char-
acterization of trace gas emissions from oil sands mining opg

erations of which we are aware. Although the absolute mix-
ing ratios of many VOCs were relatively modest compared

Meinardi, S., Simpson, 1. J., Blake, D. R., and Rowland, F. S.:
Measurements of nonmethane hydrocarbons in 28 United States
cities, Atmos. Environ., 42, 170-182, 2008.

arletta, B., Meinardi, S., Simpson, I. J., Khwaja, H. A., Blake, D.

R., and Rowland, F. S.: Mixing ratios of volatile organic com-
pounds (VOCSs) in the atmosphere of Karachi, Pakistan, Atmos.

to major petrochemical facilities that have been studied, they Environ., 36, 3429-3443, 2002.

are significantly enhanced above background levels.
high reactivity of most of these gases, combined with signif-
icant emissions of NQand SQ in what would otherwise be

Thearletta, B., Meinardi, S., Rowland, F. S., Chan, C.-Y., Wang, X.,

Zou, S., Chan, L. Y., and Blake, D. R.: Volatile organic com-
pounds in 43 Chinese cities, Atmos. Environ., 39, 5979-5990,

a relatively pristine area, mean that they do have the poten- 2005.

tial to form O3 and acid conditions downwind of this activity.

Further study of such potential effects is required. For exam-

ple modeling and a multi-day day ground-based grid study
near the mining sites would help to more completely charac-

terize the trace gases that are emitted from and impacted by

the Alberta oil sands industry.

Barletta, B., Meinardi, S., Simpson, I. J., Atlas, E. L., Beyersdorf,

A.J., Baker, A. K., Blake, N. J., Yang, M., Midyett, J. R., Novak,
B. J., McKeachie, R. J., Fuelberg, H. E., Sachse, G. W., Avery,
M. A., Campos, T., Weinheimer, A. J., Rowland, F. S., and Blake,
D. R.: Characterization of volatile organic compounds (VOCs)
in Asian and north American pollution plumes during INTEX-B:
identification of specific Chinese air mass tracers, Atmos. Chem.
Phys., 9, 5371-5388, d0i:10.5194/acp-9-5371-2009, 2009.
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