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Speciated organic carbon and supporting measurements 

Chemical ionization Mass spectrometry 

Oxidized organic gases (and a subset of individual speciated hydrocarbons) were 

measured using both a Proton Transfer Time-of-Flight Mass spectrometer (PTR-ToF-MS) and 

Chemical Ionization Time-of-Flight Mass spectrometer (CI-ToF-MS), sampling through a rear 

facing PFA inlet. The principles of operation for these instruments and their application to 

atmospheric chemistry studies, including aboard aircraft, have been documented extensively (90-

92) with additional information relevant to this study described below.

Briefly, the PTR-ToF-MS (Ionicon Analytik GmbH, Austria), which uses H3O
+ as a 

primary reagent ion, is sensitive to species whose proton affinity is greater than H2O, including a 

number of less oxidized molecules and aromatic compounds. The instrument was configured for 

this study in a manner identical to a previous oil sands campaign (43). The drift tube was held at 

a constant pressure and temperature of 2.15 mbar and 60 °C, respectively resulting in an E/N of 

141 Td. The custom zero system contained a catalytic converter heated to 350 °C with a 

continuous flow of ambient air at a flow rate of one litre per minute. A permeation tube with 

1,2,4-trichlorbenzene was placed at the inlet to improve the sensitivity of the mass calibration for 

higher masses. The data were processed using Tofware software (Tofwerk AG). The list of 

calibrated species is provided in Hayden et al. (2022) (72). The protonated gases were detected at 

a time resolution of 1 second and instrumental backgrounds were performed in flight using a 

custom-built zero-air generating unit. Calibrations were performed using gas standard cylinders 

(Ionicon, Apel-Reimer and Scott-Marrin; 20 compounds). For observed compounds with no 

available gas standard, a relative response factor was calculated using the method described in 

Sekimoto et al. (2017) (93) and guided by the work of Koss et al. (2018) (94) to define an 

additional 169 ions. 

   The CI-ToF-MS (Aerodyne Research Inc.) was operated using iodide as a reagent ion, 

which is primarily selective for acidic and highly polar species (as I- clusters), using a 

configuration described previously (13). Calibrations were performed (relative to an internal 

standard) using commercial and prepared standards for 30 compounds (72). For other species 

without standards, a voltage scanning method was employed post study, as described elsewhere 

(13), to quantify an additional >200 ions. The reagent ion (iodide) for the CI-ToF-MS was 

generated by passing 2 slpm of UHP N2 over a methyl iodide permeation tube held at 40 °C. This 



flow was then passed through a Polonium 2010 ionizer (NRD P-2031) into the ion molecule 

reactor (IMR). A flow of humidified N2 (20 sccm through a stainless steel bubbler) was also 

added to the IMR in order to keep the ratio of I(H2O)-/I- as constant as possible. The IMR and 

small segmented quadrupole (SSQ) were pressure controlled to 70 and 1.5 mBar, respectively, 

using Alicat pressure controllers (PC-EXTSEN). The CIMS sampled from an insulated rearward 

facing inlet (PFA, 3/8” OD, ¼” ID) at 7 slpm with the instrument taking ~2 slpm and the 

remaining going to bypass. A flow (50 sccm) of isotopically labelled propanoic acid 

(13CC2H6O2) was constantly added to the inlet during the campaign to track instrument 

sensitivity. Zeros were produced by passing ambient air through a Pt/Pd catalyst (CD Nova) 

heated to 350 °C followed by bicarbonate and charcoal scrubbers (United Filtration). The mass 

resolution at an internal standard peak (13CC2H6O2I
-) was ~5400 Th/Th, and the instrument 

operated with 1 second time resolution, with instrumental backgrounds determined for 20 

seconds every 15 minutes by flooding the inlet with 10 slpm of zero air. 

Hydrocarbon measurements 

Light hydrocarbons (i.e., VOCs) not measured by the PTR-ToF-MS, were quantified with 

discreet whole-air samples using 1.33-litre electropolished stainless steel canisters (AWAS - 

Advanced Whole Air Sampler). Canisters were pressurized to approximately 30 psi over a period 

of approximately 15 seconds, with between 15 and 30 discreet samples collected per flight, at 

locations upwind and within the plumes from oil sands sources. The samples were analysed as 

soon as possible after the flight with an analytical system operated at the airport (72). The 

AWAS canisters were then cleaned by a custom-fabricated, automated cleaning system similar to 

previous methods (95), and then used again on subsequent flights. The on-site analytical system 

consisted of a custom-fabricated Gas Chromatograph (GC) system using cryogenic sample pre-

concentration, 2-dimensional gas chromatography, Mass Spectrometric Detection (MS) and 

Flame Ionization Detection (FID). Details of the analytical system have been described 

previously (72). Compounds were calibrated with primary gas standard mixtures in the ppbv 

concentration range obtained from Apel-Reimer Environmental Inc. (U.S.A.) and the National 

Physical Laboratory (UK). Compound retention time drift and potential detector sensitivity 

changes were monitored and compensated for via daily analysis of a secondary standard gas.  



Adsorbent tube sampling and analysis 

Intermediate- and semi-volatiIe hydrocarbons were measured with integrated samples that were 

collected using an offline adsorbent tube sampling assembly mounted in an under-wing pod that 

has been described in detail elsewhere (38, 56). In brief, the adsorbent tubes (a.k.a., cartridges) 

were packed with a custom mixture of adsorbent materials (i.e., layers of quartz wool, glass 

beads, Tenax TA, and Carbopack X, which have been shown in past work to collect organic 

compounds in the I/SVOC range with high efficiency (96), and loaded into a system able to 

sequentially sample up to 10 adsorbent tubes with flow rates through the adsorbent tubes 

controlled to 250-300 sccm. Samples were generally integrated over the lowest two transects and 

the highest three transects that typically resulted in two adsorbent tube samples for each virtual 

flight screen. Offline analysis was conducted using high-resolution mass spectrometry as a 

function of molecular formula for gas phase species ranging from C10 to C25 as described in Ditto 

et al., 2021 (56) Samples were thermally desorbed with a GERSTEL TD 3.5+ system, and 

subsequently separated using an Agilent 7890B gas chromatograph, ionized with atmospheric 

pressure chemical ionization, and detected with an Agilent 6550 quadrupole time-of-flight mass 

spectrometer. To quantify the observed complex mixture of I/SVOCs, response factors were 

calculated using the NIST Reference Gulf of Mexico 2779 Macondo Crude oil reference material 

for C10-C25 species with double bond equivalents ranging from 0-15 (97).  

Organic aerosol measurements 

Organic aerosol mass concentrations were obtained with a high-resolution aerosol mass 

spectrometer (AMS) (Aerodyne Inc). The AMS provides mass concentrations (ug/m3) of aerosol 

species including total organics (OA), NO3, SO4 and NH4 for particles less than ~1 µm. The 

particles impact a heated surface (600 °C), are vaporized and constituents ionized by 70eV and 

detected with a time-of-flight mass spectrometer (Tofwerk AG). Several ionization efficiency 

calibrations were performed prior and during the field campaign and varied by <10 %. Further 

details of this instrument and its application in the current airborne study are provided elsewhere 

(72, 98, 99). 

Snow sampling and dissolved organic carbon (DOC) 



Ground-based sites for snow sampling (i.e., in Fig. 1c) were accessed by helicopter and 

collected >100 m upwind of helicopter exhaust to minimize potential contamination and 

helicopter downwash. All tools used for sample collection (Teflon and stainless steel) were acid-

washed before sampling, and the standard two person “clean hands, dirty hands” sampling 

protocol was used to minimize potential contamination (100). Stainless steel shovels were used 

to dig snow pits to the ice or ground surface. Custom-made stainless-steel corers and stainless-

steel spatulas were used to collect snow into 13 L pre-cleaned high-density polypropylene pails 

for both water chemistry analysis and determination of snow water equivalence (SWE). To 

determine SWE, the weight and depth of 10 cores was recorded at each site. In 2017, snowpack 

samples were also collected at 38 sites under the forest canopy. After collection, the snow was 

kept frozen until processing at the Canada Centre for Inland Waters (CCIW) in Burlington 

(Ontario, Canada). Snow samples were processed by first allowing them to melt in their 

containers in the dark. Both unfiltered and filtered meltwater samples were analyzed for standard 

water chemistry parameters by the National Laboratory for Environmental Testing (NLET) at 

CCIW. The NLET is accredited by the Canadian Association for Laboratory Accreditation and 

ISO 17025 certified.  

Gradient flux methods for organic acids from a tailings pond 

Fluxes of organic acids (OAc) were estimated using vertical gradient methods at the site of a 

tailings pond in the oil sands surface mining region, described in detail elsewhere (101, 102). 

Briefly, high time-resolution continuous gradient measurements of organic acids were made 

using an acetate ionization chemical ionization mass spectrometer (A-CIMS) which was 

specifically sensitive to acidic species and utilized in the oil sands region previously (39). The 

instrument sampled from three sampling heights of a vertical tower and were averaged into 30-

minute intervals and then combined with 30-minute  eddy covariance (EC) data. Fluxes were 

calculated based on the following equation  

𝐹𝑙𝑢𝑥𝑂𝐴𝑐 =  −𝐾𝑐 (
𝑑𝑐

𝑑𝑧
)

[OAc]i
(1) 

where Kc is the eddy diffusivity coefficient, derived using EC and gradient methane flux 

measurements as described in You et al. 2020 (103) and dc/dz is the concentration gradient of 

the organic acids between z=32 m and z=8m. These two heights were selected because their 



geometric mean (16 m) approximately coincides with the height where eddy flux (EC) 

measurements were conducted (18 m). As detailed previously (103) the EC flux footprint at 18 m 

lies predominantly within the edges of the tailings pond under most conditions. Eddy diffusivity 

coefficients were calculated from the difference in wind speed at 32 m and 8 m combined with 

the momentum flux determined through eddy covariance at 18 m, and stability-corrected 

following a previously described method (104). Deposition velocities for organic acids (Vd,OA) 

were derived using the organic acid flux and the concentration of the organic acid at 18 m, 

according to the following equation: 

𝑉𝑑,𝑂𝐴 =
𝐹𝑙𝑢𝑥𝑂𝐴

[𝑂𝐴]18𝑚
(2) 

Additional analysis and modelling descriptions 

Secondary organic aerosol (SOA) formation rates 

The formation of SOA during flights could potentially interfere with the determination of 

deposition rates (DTGOC) but was found to be negligible compared to the measured loss of TGOC. 

This was determined through the analysis of SOA formation rates between screens which were 

quantified through use of TERRA as described previously for SOA in oil sands related flights 

(41) and for other pollutants (39, 42).  The approach is similar to the use of TERRA for

deposition (above), except using organic aerosol mass differences between screens as measured 

by the HR-ToF-AMS. Such differences (always in the positive direction), represent the mass of 

SOA formed between screens. AMS data was not available for all flights. Where possible, the 

SOA formation rate was subtracted from the transfer rates in the determination of deposition 

fluxes, or omitted where AMS data was not available. As with other pollutants, extrapolation 

from the lowest flight track to the surface were performed, with previous analysis having shown 

that this accounts for the largest uncertainty (~20%) (105). An OA background was subtracted 

from the OA measurements using the edges of the flight screens and between plume data. We 

note that differences in OA between screens may also include a contribution from particle 

deposition, such that the amount of SOA estimated to be formed may be a somewhat lower limit 

to what was actually formed (although particle deposition is known to be slower than gas 

deposition in most instances). However, given the small positive OA differences between screens 

(see Fig. 1), compared to the deposited TGOC, particle deposition is highly unlikely to impact 



the relative contribution of SOA to the loss of gaseous TGOC observed in Fig. 1. While HR-

ToF-AMS data was not available during all flights, the available data (4 flights) indicates that 

SOA, while large in absolute magnitude, does not introduce bias given its relatively small 

magnitude compared to TGOC deposition rates.  

Monte Carlo simulations of Vd 

A Monte Carlo simulation approach was used to estimate the deposition velocity (Vd) for 

the top 30 measured species shown in Fig. 3a (Table S2), using a simulation method described 

previously (37), adapted here for organic species. The simulation uses a parameterization of dry 

deposition based on a modified version of the commonly employed resistance approach of 

Wesely  (9), with dry deposition velocities described using three resistance terms: 

𝑉𝑑 =  
1

𝑅𝑎+ 𝑅𝑏+ 𝑅𝑐
(3) 

where Ra, Rb and Rc represent the aerodynamic, quasi-laminar sublayer and bulk surface 

resistances respectively. The parameterization used here included the Ra and Rb terms employed 

in Zhang et al. 2002 (106) as this was found to result in the closest model-measurement 

comparison for SO2 (37), combined with the Rc parameterization employed in the GEM-MACH 

model (46). The effective Henry’s Law (Heff) as a function of pH for organics was incorporated 

into individual terms within Rc, which included mesophyll (Rm), cuticular (Rcut) and other 

exposed surface (Rcl) resistances, respectively. For these resistances, acid dissociation constants 

(Ka) were used to prescribe the Heff as a function of pH: 

𝐻𝑒𝑓𝑓 =  𝐻𝑖𝑛𝑡 × (1 +
𝐾𝑎

10−𝑝𝐻)  (4) 

where Hint represents the intrinsic Henry’s Law constant, where both Ka and Hint were obtained 

from the available literature (107, 108), or calculated using group contribution methods (109). 

The increase in simulated Vd as a function of pH is attributed to large decreases in the Rc term of 

the algorithm, such that Ra and Rb become the controlling resistances. Conversely, the simulated 

Vd for non-dissociating oxygenated species are not affected by pH and remain low (<1 cm s-1) as 

do the Vd for organic acids when using Hint values (equivalent to not allowing dissociation to 

occur; pH=1). Molecular diffusivities (Mdiff) for organic species used in the formulation of Ra and 

Rb were also derived with group contribution methods 

(https://www3.epa.gov/ceampubl/learn2model/part-two/onsite/estdiffusion-ext.html). Chemical 

https://www3.epa.gov/ceampubl/learn2model/part-two/onsite/estdiffusion-ext.html


parameters associated with the simulation of Vd for the 30 species simulated are provided in 

Table S2. Other prescribed input values for the Monte Carlo simulation were constrained by the 

range of possible values consistent with the conditions during the aircraft flights as have been 

described previously (37). Calculations for the Ra term were based on meteorological conditions 

observed during the aircraft flights. The simulation was run for pH values from 1 to 10 across all 

30 species, generating a distribution of possible Vd values for each species (and for each pH), 

based on randomly generated input variables selected from Gaussian distributions with a range 

of 3 sigma for all input parameters (e.g. Friction velocity, reference height, roughness length, 

Obukhov length, Schmidt number (see Hayden et al., 2021 (37) for the full list). The Vd 

estimates presented in Fig. 3a represent the mode of the resultant distributions of Vd for each 

species and pH.  

Absorptive deposition estimation approach 

Here we use the measured gaseous concentrations of IVOCs/SVOCs during aircraft 

screen flights to estimate a range of absorptive deposition fluxes, as an assessment of the 

potential importance of absorption as a deposition pathway. The absorptive partitioning of a 

hydrocarbon gas to foliage at the surface can be estimated in a manner consistent with absorptive 

gas-particle partitioning (10); 

𝐶𝑐𝑖

𝐶𝑔,𝑒𝑞𝑖

=
𝑆𝑢𝑏𝑚𝑓𝑂𝑀760 𝑅𝑇

𝑀𝑊𝑂𝑀 𝜍𝑖 106 𝑝𝐿,𝑖
0 (5) 

Where 
𝐶𝑐𝑖

𝐶𝑔,𝑒𝑞𝑖

 is the ratio of the i’th absorbing organic compound in the condensed phase 𝐶𝑐𝑖
 to the

near-foliage-surface equilibrium gas concentration 𝐶𝑔,𝑒𝑞𝑖
, 𝑆𝑢𝑏𝑚 is the mass of the substrate

available for partitioning (i.e., the alkane waxy layer of coniferous needles, g m-3), 𝑓𝑂𝑀 is the

fraction of the substrate that is organic material (𝑓𝑂𝑀 ≡ 1, here), R is the gas constant, T is the 

temperature (K),  𝑀𝑊𝑂𝑀 is the average molecular mass of the organic material of the substrate 

(g mole-1), 𝜍𝑖 is the activity coefficient for the i’th compound (unitless) and 𝑝𝐿,𝑖
0 is the sub-cooled

if necessary liquid vapour pressure of the i’th compound (Torr). We make the approximation that 

𝜍𝑖 = 1 as the relatively high concentration of leaf wax within a forest canopy relative to the 

condensing species makes this a reasonable assumption.  

A source of uncertainty with respect to equation 5 is the extent to which all of the 

epicuticular wax coating the foliage is available for absorptive partitioning. To address this 



question, we consider a range of 𝑆𝑢𝑏𝑚 values, from a single monolayer of epicuticular wax 

𝑆𝑢𝑏𝑚𝑚 to the total observation-based value for the dominant foliage of the area (i.e., Jackpines), 

𝑆𝑢𝑏𝑡𝑚. 

The chemical nature of epicuticular waxes has been extensively studied for a large 

variety of foliage types, including evergreen Jack pine needles (dominant in this study region). 

They are invariably composed of a large fraction of alkane species (51), with molar volumes 

which can range 290 – 600.5 cm3 mole-1 (51). A single monolayer of substrate mass (𝑆𝑢𝑏𝑚𝑚) is

estimated using n-pentacosane (C25) as a representative absorbing medium, since it known to be 

present in needle waxes (51) and has a molar volume (MV=453 cm3 mole-1) in the middle of the 

expected range, using equation (6): 

𝑆𝑢𝑏𝑚𝑚 =
2∙𝐿𝐴𝐼∙𝑀𝑊𝑂𝑀∙106

𝐴𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒∙𝐷𝑐𝑎𝑛𝑜𝑝𝑦∙𝑁𝐴
(6) 

where LAI represents the Leaf Area Index (m2 one-sided leaf area m-2 ground area), Amolecule the 

cross sectional area of one substrate molecule (m2), NA is Avagadros number, and Dcanopy the 

depth of the forest canopy (m). The cross sectional area of a molecule of substrate (i.e., Amolecule 

for n-pentacosane) was calculated (110) by assuming a spherical molecule in a close packed 

hexagonal arrangement as: 

𝐴𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 = 1.091 × (
𝑀𝑉

𝑁𝐴
)

2

3
(7) 

The estimation of the monolayer substrate mass further assumes that the substrate is evenly 

distributed throughout the entire canopy layer depth (Dcanopy) of approximately 22m, on both 

sides of the available needles. Using parameters in the above equations appropriate for the study 

region (Table S4), a single monolayer of substrate for the underlying forest, 𝑆𝑢𝑏𝑚𝑚, is estimated 

to be 200 g m-3 (far left side of top x-axis; Fig. 3b). 

The upper limit of the substrate mass depends on the total available wax present on the 

foliage, predominantly Jack Pine needles. A review of the available literature indicates that the 

mass of epicuticular wax substrate per m2 of one-sided leaf area varies greatly between tree 

species (1x104 - 1x107 g m-2; median = 4x105 g m-2) (111-116). Coniferous trees tend to 

possess epicuticular wax coatings on the higher end of the range, with measurements of Jack 

pine specifically in this region having a wax layer of approximately 4.4 x106 g m-2 (117). Using 



this value, the substrate mass associated with the full thickness (Subtm, g m-3) is estimated using 

equation (8) 

𝑆𝑢𝑏𝑡𝑚 =
(4.4×106)∙ 𝐿𝐴𝐼

𝐷𝑐𝑎𝑛𝑜𝑝𝑦
(8) 

resulting in an upper limit to substrate mass of approximately 6.5x105 g m-3 (far right side of 

top x-axis; Fig. 3b).  

𝑆𝑢𝑏𝑡𝑚 and 𝑆𝑢𝑏𝑚𝑚 are upper and lower limits to the substrate mass 𝑆𝑢𝑏𝑚 of equation (5). 

These and intermediate values, which represent multiple monolayers, and more than span the 

range of epicuticular wax seen across different plant species in the literature, are used in equation 

5 to derive a range of condensed-phase fractions (
𝐶𝑐𝑖

𝐶𝑔,𝑒𝑞𝑖

), for the various IVOC/SVOC carbon

species observed during the flights. The measured concentrations of gases identified within 

TGOC were repartitioned using (6) to determine the near-foliage-surface equilibrium 

concentrations of the gases (𝐶𝑔,𝑒𝑞𝑖
); this effectively considers the partitioning which would occur

when a TGOC plume fumigates Jack pine foliage in the region.  

Parameters in the above equations are chosen to be representative of the study region and 

are listed in Table S4, along with the results of sensitivity analysis. Vapor pressures for the 

measured IVOCs/SVOCs are estimated using the empirical polynomial relationships with carbon 

number for the types of hydrocarbon classes observed here as described previously (118) and 

ranged between 100 and 10-12 Torr. Using another vapour pressure parameterization (SIMPOL; 

(119)), resulted in similar final fluxes (within a factor two).  

The deposition flux of the i’th compound (Fi; g m-2), is then derived in a manner 

analogous to the bidirectional flux for ammonia (50) such that, 

𝐹𝑖 = −
(𝐶𝑎𝑖−𝐶𝑔,𝑒𝑞𝑖

)

𝑅𝑎+𝑅𝑏𝑖

(9) 

where 𝐶𝑎𝑖
 and 𝐶𝑔,𝑒𝑞𝑖

 are the ambient (in-plume) and near-surface-equilibrium concentrations of

the gas of interest (g m-3), and Ra and 𝑅𝑏𝑖
 are the aerodynamic and quasi-laminar sublayer

resistances, as described above. Here, we note that the ambient concentration is repartitioned 

using eqn. 5 to near-surface and condensed phase values (i.e., 𝐶𝑎𝑖
= 𝐶𝑐𝑖

+ 𝐶𝑔,𝑒𝑞𝑖
), hence



allowing eqn. 9 to be written as a function of the plume concentration 𝐶𝑎𝑖
 using equation (5).

The calculations carried out here thus estimate the instantaneous flux associated with a plume 

concentration similar to the aircraft observations for fumigating a Jackpine forest. 𝐹𝑖 was 

calculated specifically for each I/SVOC within a given carbon number bin (Table S3) and 

summed to provide the carbon number dependent flux of Fig. 3b, for gradually increasing values 

of 𝑆𝑢𝑏𝑚 (red background and left-hand y-axis; darker shades indicate 𝑆𝑢𝑏𝑚 → 𝑆𝑢𝑏𝑡𝑚). The total 

flux in Fig. 3b (blue lines and axes) is derived by summing across all carbon numbers and 

annualized.  

The lifetime associated with absorption to foliage for a fumigating plume dep,abs depends 

only on Ra, Rb and the length scale over which deposition occurs (𝐷𝑐𝑎𝑛𝑜𝑝𝑦 ), as shown in 

equation 10.  

𝜏𝑑𝑒𝑝.𝑎𝑏𝑠 =
𝑅𝑎+𝑅𝑏

𝐷𝑐𝑎𝑛𝑜𝑝𝑦
(10) 

The Ra and Rb terms, and hence 𝜏𝑑𝑒𝑝,𝑎𝑏𝑠 for the IVOC/SVOCs here are calculated using diffusion 

coefficients for individual hydrocarbon species, estimated using EPA On-line Tools for Site 

Assessment Calculation (https://www3.epa.gov/ceampubl/learn2model/part-

two/onsite/estdiffusion-ext.html), and other parameters associated with the underlying forested 

region (canopy height, roughness length, etc.). The dep,abs for the I/SVOCs in depicted in Fig. 3b 

is calculated as the average (± standard deviation) across all carbon numbers. 

The aim of the absorptive partitioning calculations is to determine the potential for this 

pathway to contribute to deposition. Several sources of uncertainty must be acknowledged. First, 

equation 9 implies that if 𝐶𝑎𝑖
>𝐶𝑔,𝑒𝑞𝑖

, 𝐹𝑖 is negative (downwards; deposition), whereas if

𝐶𝑎𝑖
>𝐶𝑔,𝑒𝑞𝑖

, 𝐹𝑖  will be positive (upwards; emissions). This along with the variation in partitioning

associated with changing 𝑆𝑢𝑏𝑚 (Fig. 3b) implies that some off-gassing of the more volatile 

components of TGOC may occur when the plume is not passing through the foliage. Second, the 

term 𝜍𝑖 in equation (5) is formally unity only in the event that 𝐶𝑐𝑖
≪ 𝑆𝑢𝑏𝑚𝑓𝑂𝑀. Large values of

deposited mass will result in non-unity values of 𝜍𝑖, necessitating a more complex calculation 

using group methods and an iterative solution approach. Third, co-deposition may 

https://www3.epa.gov/ceampubl/learn2model/part-two/onsite/estdiffusion-ext.html
https://www3.epa.gov/ceampubl/learn2model/part-two/onsite/estdiffusion-ext.html


simultaneously occur through more than one pathway; an oxygenated high molecular mass 

compound may deposit both through a traditional pathway and absorptive deposition.  

In theory, the deposition of organic mass could over time, also serve as an absorbing 

medium. Variations in chemical composition may not be a large modifying factor as a sensitivity 

analysis (Table S4) indicated that changing the molecular size of the compounds comprising the 

substrate had only a small impact (i.e., 6-7%) on the resultant absorptive deposition fluxes here. 

While the quantity of anthropogenic organic (e.g., I/SVOC) species on vegetative surfaces in the 

area has not been verified, the substrate mass of Fig 3b provides constraints on the amount of 

depositing mass required for this to be a non-negligible reservoir. If it is assumed that all of the 

deposition modelled regionally (which ranges from approximately 0.1 to 100 g C m-2 yr-1 (Fig 

5a)) accumulated and becomes the absorbing medium, then a range of substrate mass (SubI/SVOC) 

(deposited over a year) can be estimated for comparison to that of plant wax substrate derived in 

Fig 3b: 

𝑆𝑢𝑏𝐼/𝑆𝑉𝑂𝐶 =
𝐹𝑙𝑢𝑥𝑚∙𝑀𝐹𝑜𝑟𝑔∙𝑀𝑊𝑜𝑟𝑔∙106

𝐷𝑐𝑎𝑛𝑜𝑝𝑦∙𝑀𝑊𝐶
(11) 

where Fluxm is the modelled regional flux of organic carbon (Fig 5a; g C m-2 yr-1), Dcanopy is the 

canopy height (20 m), MForg is the mole fraction of carbon in the I/SVOC deposition (C16 

assumed), MWC is the molar mass of carbon (12 g mole-1), and MWorg is the molecular weight of 

the assumed depositing mass (226 g mole-1). This coarse calculation results in an approximate 

range of potential substrate mass (SubI/SVOC) of 6x103 – 6x106 g m-3.  This estimated range 

represents an upper limit, as it further assumes that the deposition of C16 hydrocarbons was 

evenly distributed through the canopy depth, and that it is not washed away, taken up by 

plants/soil, and/or re-partitioned to the atmosphere. Despite the large number of assumptions, 

under such conditions, the SubI/SVOC spans a similar range as the estimated substrate mass in 

Table S4 and Fig 3b (top axis) derived for plant waxes in the region, making it a potentially-

relevant absorbing medium in some cases with more substantial accumulation, though as noted 

in the main text, when varying the absorbing medium by 4 orders of magnitude, our sensitivity 

analysis showed only ~2x variations in the calculated total I/SVOC deposition flux across that 

range of substrates.    



A future model parameterization for absorptive deposition would thus need to track the 

mass that has been deposited to the leaf surfaces; the previously deposited mass and the current 

gas concentration being used to determine Cg,eq, and hence the magnitude and direction of the 

flux. For the purposes of this qualitative assessment, the previously deposited mass is assumed to 

be negligible, such that the flux is always downwards. 

Estimating transport timescales above the surface layer via vertical turbulent eddy 

diffusivity 

The atmosphere is inherently heterogeneous across the planetary boundary layer, with turbulent 

transport varying across the course of the day and with meteorological conditions. These changes 

can also affect deposition velocity and the theoretical estimates in this study are based on the 

study conditions for comparison to the flux and deposition velocity observations. Deposition 

theory governed by Ra, Rb and Rc and associated analysis in this work has indicated that the 

measured TGOC deposition velocity is most similar to deposition that is independent of 

substantial surface limitations (Fig 3a, Fig 4c and S5a). This outcome is also consistent with 

vertical turbulent eddy diffusivity (Kz), also known as K theory or mixing length theory 

(described below), which represents an alternate approach to estimate the deposition velocity 

from a given altitude within the mixed boundary layer (e.g., the aircraft location) to the canopy 

reference height since Ra and Rb are often calculated within the constant flux layer. Similar to 

other flux parameters, Kz is sensitive to atmospheric conditions and can vary across the height of 

the atmospheric boundary layer and with time and weather. Kz  under neutral atmospheric 

conditions was calculated to be 14.5 ± 13.0 m2 s-1, (range: 0.6-32 m2 s-1) using 4 

parameterizations (120-123) and the range of observed planetary boundary layer heights on these 

flights (i.e., 1200-2000 m ASL, 940-1740 m AGL, in 100 m intervals). Using the turbulent 

diffusion parameterization in τ=Δx/(2*Kz) to approximate the timescale for mixing from higher 

flight altitudes (e.g., ~1000 m ASL to 40 m AGL), yields an average timescale (from ~1000 m 

ASL to the canopy reference height (40 m AGL)) and effective deposition velocity of 4.7 hrs and 

4.1 cm s-1, which falls in the range of observed overall TGOC deposition velocities (e.g., Figure 

3A shaded area & Fig S5A). Turbulent eddy diffusivities across the planetary boundary layer 

expectedly range considerably across atmospheric conditions and the parameterizations 



examined here, but we note that the vertical parameterization used in the WRF model (123) give 

a range of Kz values, transport timescales, and deposition velocities of 9.7-32 m2 s-1, 2.1-7.1 hrs, 

and 2.7-9.2 cm s-1, respectively. These timescales, including when combined with the Ra+Rb 

limited timescales (within the surface layer below the canopy reference height; Fig S5A) span a 

similar range as the observations (Figure 4A) and support the conclusion of a limited influence 

of surface resistances. The ranges of both estimated transport timescales through the PBL and of 

observed TGOC will furthermore vary with slightly to moderately unstable daytime conditions, 

shortening the transport timescales further, such as the shortest times in Figure 4A. While the 

reference heights used can influence the calculated and observed deposition velocities and 

lifetimes, conclusions regarding the  importance of deposition relative to other processes remains 

similar if calculated at 40 m or a flight altitude of 1000 m.  

Freshwater DOC flux modelling 

The approach to modelling the DOC catchment flux for the domain of Fig. 5 relies upon 

Thiessen polygons to delineate single-lake hydrological catchment areas for the total lake 

population (124), a database containing landscape characteristics (including observed lake DOC 

at a subset of catchments), regression kriging to predict and interpolate lake DOC across other 

geographic areas within the domain which lack data and modelled catchment hydrological 

outflow using MetHyd (125) populated by regional meteorological data. The approach has been 

shown to adequately predict DOC levels in a nearby region (60) and is adapted for the current 

domain.  

The DOC catchment flux estimates for select individual lakes in the region are used to 

derive Fig. 5b. The lake location data were obtained as polygons from the Canadian National 

Hydro network in previous work (60). A number of these lakes are within 275 km of Fort Mckay 

(36146 lakes); the entire dataset of 89,947 lakes was used for comparing total DOC and model-

estimated TGOC deposition. The total DOC catchment flux (DCF) can be derived with measured 

DOC concentration data and modelled water flow rates (Q) (125): 

𝐷𝐶𝐹 (𝑔 𝑚−2𝑦𝑟−1) = [𝐷𝑂𝐶] (𝑔 𝐿−1) ×  𝑄 (𝐿 𝑚−2𝑦𝑟−1) (12)

GEM-MACH simulated values of TGOC deposition fluxes (DDF) were calculated over the same 

region at 2.5km grid cell size. Dry deposition flux fractions (DDFF) were generated through 



superimposing DDF grid cell polygons on catchments, summing up the net area-weighted DDF 

value within the catchment polygon, then taking the ratio of this net catchment DDF value to the 

exiting DOC catchment fluxes (DCF) values. Fig. 5c displays the resulting catchment polygons. 



Fig. S1. Flight tracks for the flights used to derive deposition fluxes in the current work colored by TGOC concentration. Approximate 

oil sands facility locations outlined in white. 



Fig. S2. Estimating deposition parameters from aircraft flights. (A) Schematic representation of the various deposition related 

parameters which can be derived via aircraft measurement of a large scale TGOC plume (B) Steps associated with deriving estimates 

of various deposition parameters. Parameters refer to those defined in panel (A).



Fig. S3. TGOC mass transfer rates through the TERRA derived virtual screens as a 

function of source distance. Dashed lines represent exponential fits to the data used in the 

estimation of the cumulative deposition (CDTGOC). 



Fig. S4. Cumulative deposition normalized to the extrapolated transfer rate at source 

(TTGOC,0). Coloured dashed lines represent exponential fits to the data to derive an e-folding 

distance (distance at which 63.2% of emissions have deposited) downwind of the Athabasca oil 

sands region (AOSR).



Fig. S5. Evaluating the contributions of surface resistances and absolute TGOC concentration on 

calculated and observed deposition velocities (Vd), respectively. (A) Calculated Vd for the top 30 

OVOC species (by mass) shown as a function of decreasing surface resistance (Rc). Vd was calculated 

using a resistance algorithm (see main text and above) at an above canopy reference height of 40 m and 

surface pH=7, and for conditions representative of the oil sands region during flights. The black line 

represents the average and the grey region represents the standard deviation of individual estimates. The 

far right of the graph (i.e., fraction of Rc=0) represents the theoretical upper limit to Vd controlled only by 

quasi-laminar and aerodynamic resistances (Rb and Ra), shown with the measured TGOC Vd and also 

calculated deposition velocities without surface resistances (e.g., top 30 OVOCs and average effective Vd 

above surface layer from K theory; see description above), where all are similarly falling within the upper 

limit region. (B) Measured Vd and their relationship to TGOC concentration, calculated at 40 m. No 

discernable relationship between Vd and TGOC concentration was observed indicating observations 

across the flight study conditions were not dependent on the high TGOC loadings and have broader 

applicability to other regions.   



Fig. S6. Dry deposition flux ratio (DDFR) calculations. (a) Lake locations used for DDFR 

calculations in the study domain. (b) DDFR field for the entire catchment area (inset red box 

shows region depicted in more detail in Fig. 5(c)). (c)  Modelled DOC concentration for the lake 

catchments within the sub-region shown in Fig. 5(c).  



 Table S1: Aircraft flights and their parameters and results used to determine TGOC dry 

deposition fluxes. 

a. SUN = Suncor Millennium, SML = Syncrude Mildred Lake, CNRL = Canadian Natural

Resources Ltd Horizon, MJP = Muskeg/Jack Pine facility, IKL = Imperial Kearl Lake. b. sum of

surface areas below all Screens. c. TGOC emissions derived via extrapolation of carbon transfer

rates to source (see Application of TERRA for deposition section, methods).

Flight 

Num. 
Date 

Major Upwind 

Facilitiesa

Total 

Plume foot 

print 

surface 

area (km2)b 

Mean Vd 

(cm s-1) 

Mean 

horizontal 

Wind 

Speed 

(m/s) 

Mixed 

layer 

Height 

(m agl) 

TTGOC,0 

(t C hr-1)c

2 (W) 7/04/2018 
SUN, SML, 

CNRL. MJP 
3825±382 

3.3±1.1 

3.8 
1300 71.9±7 

2 (E) 7/04/2018 IKL 1238±124 3.8 1300 7.0±1 

3 9/04/2018 SUN, SML 2668±267 4.9±1.1 5.1 1860 84.1±17 

5 13/04/2018 
SUN, SML, 

CNRL, MJP 
5674±567 2.8±1.0 

9.8 
1250 49.9±5.5 

14 9/06/2018 
SUN, SML, 

CNRL, MJP 
2073±207 3.9±1.2 

8.9 
1400 36.6±4 

20 19/06/2018 SML 743±74 3.3 4.7 1500 68.7±7 

22 

(N) 
21/06/2018 CNRL, MJP 1656±166 

3.2±0.75 

3.0 
1200 62.5±9.4 

22 (S) 21/06/2018 SUN, SML 2013±201 3.0 1200 41.8±6.3 

30 5/07/2018 
SUN, SML, 

CNRL, MJP 
5167±517 2.5±0.5 

6.3 
1100 182±20 



Table S2. Top 30 measured oxidized species by mass (PTRMS + CIMS) for flight 20 and 

associated properties used in Monte-Carlo deposition simulations 

#a Formula Proposed Speciesb 
cHint 

(M/atm) 
Ka 

Mdiff 

(cm2/s) 
f0   

1 CH4O 
methanol 2.03x102 - 

0.166 

0.64

8 

0.469 0.619 

2 CH2O formaldehyde 3.24x103 - 0.180 0 0.873 0.156 

3 C3H6O acetone 2.94x101 - 0.107 0 0.252 0 

4 C4H6O3 2-oxo-butanoic acid 3.46x105 3.16x10-3 0.083 0 5.038 0 

5 C4H6O 
methacrolein 7.29 - 

0.096 

0.10

0 0.128 

0.152 

6 CH2O2 Formic acid 8.92x103 1.77x10-4 0.127 0 2.796 0 

7 C2H4O 
acetalydehyde 13.2 - 

0.124 

0.10

0 0.177 

0.171 

8 C3H4O3 pyruvic acid 3.1x105 4.07x10-3 0.093 0 5.038 0 

9 C2H4O2 
acetic acid 4.05x103 1.75x10-5 

0.124 

0.10

0 1.975 

0.152 

10 C3H6O3 Hydroxy propionic 

acid 
5.43x102 3.09x10-5 

0.090 

0.10

0 1.975 

0.152 

11 C4H4O2 
2-furanone 100 - 

0.093 

0.00

0 0.241 

0.152 

12 C5H10O3 hydroxymethyl 

butyric acid 
5.0x103 2.0x10-5 

0.075 

0.10

0 1.925 

0.164 

13 C3H6O2 propanoic acid 2.25x103 1.35x10-5 0.095 0 1.955 0 

14 C4H8O 2-butanone 20 - 0.093 0 0.252 0 

15 C3H4O 
acrolein 10 - 

0.105 

0.10

0 0.128 

0.152 

16 C4H6O2 methacrylic acid 1.9x103 4.57x10-5 0.085 0 5.038 0 

17 C10H10O2 Methylcinnamic acid 5.0x104 2.75x10-5 0.061 0 1.955 0 

18 C5H6O cyclopentenone 55.2 - 0.077 0 0.241 0.152 

19 C5H10O2 Valeric acid 2.3x103 1.48x10-5 0.069 0 1.955 0 

20 C5H8O2 2-Methyl-2-butenoic

acid 
1.41x103 3.09x10-5 

0.066 
0 

1.955 

0 

21 C7H14O2 heptanoic acid 1.7x103 1.29x10-5 0.057 0 1.955 0 

22 C5H6O2 pentadieneoic acid 2.74x103 3.09x10-5 0.082 0 1.955 0 

23 C5H8O3 levulinic acid 2.04x106 2.57x10-5 0.076 0 5.038 0 

24 C3H4O2 acrylic acid 3.1x103 5.62x10-5 0.091 0 5.038 0 

25 C6H10O2 cyclopentanoic acid 1.33x103 1.02x10-5 0.074 0 1.955 0 

26 C4H8O2 butanoic acid 4.7x103 1.48x10-5 0.078 0 1.955 0 

27 C6H4O2 benzoquinone 2.1 - 0.080 0 0.241 0.152 

28 C4H7NO5 
MVK hydroxy nitrate 6.0x103 - 

0.075 

7.10

1 

0.214 

0 

29 C5H4O3 2-furancarboxyllic

acid 
9.26x103 6.92x10-4 

0.080 
0 

1.955 

0 

30 C4H8O3 3-Hydroxybutanoic

acid 
1.98x106 2.0x10-5 

0.081 
0 

1.955 

0 

a. Numbers correspond to those in Fig. 3a. b. Multiple different species are possible in some

instances. Compounds listed generally represent the species used in instrument calibrations. The

top 30 species for flight 20 are also very similar to those of other oil sands flights given the



similarity of precursor emissions. c. The Hint value only applies to organic acid species. For non-

acidic species the value represents the effective Henry Law constant (After hydrolysis of 

aldehydes if applicable). Values of Hint and Ka, were extracted from the available literature (107, 

108) and references therein or calculated with group contribution methods (109). Molecular

diffusivity (Mdiff) derived using group methods (EPA On-line Tools for Site Assessment

Calculation | Ecosystems Research | US EPA). f0,  and  terms are proxies for reactivity or the

degree of similarity of the depositing chemical to either SO2 (𝛼) or O3 (𝛽) as described elsewhere

(9)

https://www3.epa.gov/ceampubl/learn2model/part-two/onsite/estdiffusion-ext.html
https://www3.epa.gov/ceampubl/learn2model/part-two/onsite/estdiffusion-ext.html


Table S3: Estimated OH radical rate constants (kOH) used to derive lifetime estimates for adsorbent tube data (IVOC/SVOC volatility 

range) as a function of carbon number and double bond equivalency (DBE) 

a. Assumed to be a series of C6 rings with methyl, ethyl, butyl substituents as required. b. Assumed as C6 aromatic with additional ring

C6 ring structures and substituents as required. c. Assumed to be a PAC backbone with additional substituents as required. Initial PAC

n-alkanes cyclic alkanesa Single-ring aromaticsb PACsc

Carbon 

# 
DBE 0 DBE 1 DBE 2 DBE 3 DBE 4 DBE 5 DBE 6 DBE 7 DBE 8 DBE 9 DBE 10 DBE 11 DBE 12 DBE 13 DBE 14 DBE 15 

10 
1.10E-11 1.48E-

11 

1.85E-

11 

2.29E-

11 

1.76E-

11 

1.10E-

11 

2.16E-

11 

11 
1.25E-11 1.62E-

11 

1.51E-

11 

2.46E-

11 

9.21E-

12 

2.07E-

11 

5.65E-

11 

12 
1.32E-11 1.76E-

11 

2.14E-

11 

2.63E-

11 

3.32E-

11 

4.56E-

11 

2.20E-

11 

6.94E-

11 

6.69E-

11 

13 
1.53E-11 1.91E-

11 

2.30E-

11 

2.80E-

11 

3.33E-

11 

2.55E-

11 

1.64E-

11 

1.24E-

10 

6.59E-

11 

8.85E-

12 

14 
1.67E-11 2.05E-

11 

2.42E-

11 

2.97E-

11 

3.29E-

11 

1.87E-

11 

2.06E-

11 

2.01E-

10 

1.16E-

10 

9.56E-

12 

4.00E-

11 

15 
1.81E-11 2.19E-

11 

2.56E-

11 

2.62E-

11 

1.49E-

11 

1.71E-

11 

5.70E-

11 

2.01E-

10 

2.03E-

10 

1.89E-

11 

1.05E-

10 

16 
1.94E-11 2.33E-

11 

2.70E-

11 

2.79E-

11 

2.56E-

11 

1.88E-

11 

6.77E-

11 

2.01E-

10 

2.03E-

10 

3.36E-

11 

3.34E-

11 

4.17E-

11 

5.00E-

11 

17 
2.10E-11 2.47E-

11 

2.84E-

11 

2.97E-

11 

1.79E-

11 

1.94E-

11 

1.67E-

11 

2.01E-

10 

2.03E-

10 

4.83E-

11 

7.48E-

11 

7.28E-

11 

1.31E-

10 

18 
2.24E-11 2.61E-

11 

2.98E-

11 

3.16E-

11 

5.27E-

11 

2.13E-

11 

2.56E-

11 

2.01E-

10 

2.03E-

10 

5.38E-

11 

1.34E-

10 

1.26E-

10 

1.60E-

10 

5.00E-

11 

19 
2.38E-11 2.75E-

11 

3.12E-

11 

3.34E-

11 

2.09E-

11 

2.37E-

11 

2.97E-

11 

6.46E-

11 

2.03E-

10 

5.93E-

11 

2.01E-

10 

2.03E-

10 

2.00E-

10 

1.31E-

10 

1.52E-

10 

20 
2.52E-11 2.90E-

11 

3.26E-

11 

3.52E-

11 

6.34E-

11 

3.53E-

11 

3.81E-

11 

7.60E-

11 

2.04E-

10 

7.27E-

11 

2.01E-

10 

2.03E-

10 

2.01E-

10 

1.60E-

10 

2.01E-

10 

5.00E-

11 

21 
2.66E-11 3.04E-

11 

3.40E-

11 

3.66E-

11 

4.58E-

11 

2.65E-

11 

3.27E-

11 

6.74E-

11 

2.05E-

10 

8.62E-

11 

2.01E-

10 

2.03E-

10 

2.01E-

10 

2.00E-

10 

2.01E-

10 

1.31E-

10 

22 
2.81E-11 3.18E-

11 

3.54E-

11 

3.80E-

11 

2.50E-

11 

3.56E-

11 

2.06E-

11 

2.08E-

10 

2.07E-

10 

8.60E-

11 

2.01E-

10 

2.03E-

10 

2.01E-

10 

2.01E-

10 

2.01E-

10 

1.60E-

10 

23 
2.95E-11 3.32E-

11 

3.68E-

11 

3.95E-

11 

2.71E-

11 

3.90E-

11 

3.47E-

11 

2.10E-

10 

2.08E-

10 

8.49E-

11 

2.01E-

10 

2.03E-

10 

2.01E-

10 

2.01E-

10 

2.01E-

10 

2.00E-

10 

24 
3.46E-

11 

3.82E-

11 

4.09E-

11 

2.85E-

11 

3.23E-

11 

4.03E-

11 

2.08E-

10 

2.09E-

10 

8.39E-

11 

2.01E-

10 

2.03E-

10 

2.01E-

10 

2.01E-

10 

2.02E-

10 

2.01E-

10 

25 
3.60E-

11 

3.96E-

11 

4.23E-

11 

2.99E-

11 

3.04E-

11 

3.47E-

11 

2.09E-

10 

2.11E-

10 

8.99E-

11 

2.02E-

10 

2.04E-

10 

2.01E-

10 

2.01E-

10 

2.02E-

10 

2.01E-

10 



backbone structures (first entry in each column) follow the order of naphthalene, acenapthene, fluorine, anthracene, dihydropyrene, 

pyrene, chrysene, Benzo(cd)pyrene, benzo(a)pyrene. All kOH values are in units of cm3 molecule-1 s-1 and estimated using group 

contribution methods (80) 



Table S4. Absorptive deposition parameters used in the assessment of deposition flux and 

sensitivity of these parameters on the final deposition flux calculated 

Deposition 

parameter name 

Value 

chosen 

Sensitivity 

range 

investigated 

Relative effect of 

the sensitivity 

range on total 

carbon deposition 

flux 

Notes 

Molecular weight of 

substrate organic 

material  

(MWOM : g mole-1) 

352.68 250-400 ±7% Assuming n-pentacosane 

Molar Volume of  

(MV : cm3 mole-1) 
453 300-600 ±6% 

n-pentacosane  MV =

MW/density 

Fraction organic 

material in substrate 

(fOM) 

1 NA NA 
The substrate is only 

organic, hence = 1 

Activity coefficient 

(ςi) 
1 0.5 - 1 ±10% 

Leaf Area Index 

 (LAI : m2 Leaf m-2 

ground) 

3 1-3 ±15% 

Canopy Depth 

(Dcanopy : m) 
30 20-40 ±10% 

Substrate Mass 

(Subm :gm-3) 
Range 200 – 1x106 Factor of 2 See Fig. 3b 

Vapor Pressure 

(p0
L,i ; Torr) 

Range 

between 

C10-C32 

species 

NA Factor 2 

Estimated for all 

IVOC/SVOC using a 

group contribution method 

(SIMPOL)(120) and an 

empirical relationship 

method (Makar et al, 

2001)(119) 

Concentration of 

IVOC/SVOC 

(observational 

evidence for high 

molecular mass 

compounds) 

(gm-3) 

NA 

Several flight 

measurements 

(See Fig. 3b) 

Factor of 7 

Concentration measured 

during flight screens in 3 

different flights  

(see Fig. 3b). 



Table S5. Measured TGOC:NOx emission ratios used as emissions input in the GEM-

MACH model  

a From NPRI and AEIR Facility-Reported Data. 
b Average ratio based on TERRA emissions and empirical concentration correlations (He et al., 

2024) (38). NOx calculated as NO2. 

Facility 

Name 
Acronym 

Facility 

Type 

Average 

Measured 

TGOC 

Emissions 

(tonnes C 

hr-1) 

Average 

Measured 

Hourly NOx 

(as NO2) 

Emissions 

(TERRA; 

tonnes hr-1) 

Annual 

Reported 

NOx 

Emissions 

(kt yr-1)a 

Average 

Emission Ratio 

(ER; kg C kg-1 

NOx)b 

Syncrude 

Mildred 

Lake 

SML 
Surface 

mines 
38.5±17 2.4±0.9 20.62 24±11 

Suncor SUN 
Surface 

mines 
12.2±5 1.6±0.3 19.05 13±7 

Canadian 

Natural 

Resources 

Ltd - 

Horizon 

CNRL 
Surface 

mines 
9.9±3.1 0.8±0.4 9.82 17±6 

CNRL 

Muskeg 

River/Jack 

Pine 

MJP 
Surface 

mines 
5.8±1.2 NA 8.44 NA 

Imperial 

Kearl Lake 
IKL 

Surface 

mines 
4.5±1.0 0.35 5.04 22±10 

Suncor - 

Fort Hills 
SFH 

Surface 

mines 
2.5±0.5 0.28 4.3 15±8 

Suncor 

Firebag 
SFB In-situ 7.8±1.5 0.15±0.05 2.89 60±30 
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