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Executive Summary 
 

Garfield County Public Health (GCPH) has collected samples to measure ambient concentrations 

of volatile organic compounds (VOCs) at several locations in the county from 2008 to present.  The 

sampling locations were chosen to represent a variety of settings featuring different local activity profiles.  

VOCs are important contributors to local and regional air quality; some directly impact human health 

while others can contribute to formation of secondary air pollutants including ozone and fine particles.  

VOC observations are useful in source apportionment efforts to identify types of sources that create local 

air quality impacts.  Findings from source apportionment studies can inform effective policy choices to 

mitigate high impact emission sources.  This study was designed to 1) evaluate Garfield County’s VOC 

data to identify patterns of tracer VOCs from specific sources, 2) use U.S. Environmental Protection 

Agency (EPA) Positive Matrix Factorization (PMF) and Unmix model analyses to identify and apportion 

contributions from key VOC source categories in the region, and 3) use previously and newly collected 

source samples in a Chemical Mass Balance (CMB) analysis to provide an additional perspective on 

source contributions to ambient VOC concentrations. 

 Most VOCs were more abundant in colder months, at all measurement locations, consistent with 

stagnant cold season meteorological conditions that can reduce dispersion rates for emitted pollutants.  

Isoprene (a biogenic VOC emitted from vegetation) had an opposite trend, as it is emitted at much greater 

rates in warmer seasons.  Lighter alkanes (C2-C4) comprised the largest contribution to total VOCs across 

all sites (80%), followed by heavy alkanes (8%), and about 3% each for alkenes, aromatics, branched 

alkanes, and cyclic alkanes, and about 1% each for isoprene and alkynes (acetylene).  Total VOC 

concentrations decreased from 2008-2018 in Garfield County; decreases in extraction and production of 

natural gas in the area are a likely contributor to this trend as are improved emissions control technologies 

on a variety of sectors.  The overall VOC composition and ratios of i-pentane to n-pentane indicate that 

VOC concentrations in the area are influenced by a mix of emissions from various source categories, 

including oil and gas and urban sources. 

In order to gain more quantitative insight into key source categories and their contributions to 

regional VOC concentrations, PMF, Unmix, and CMB analyses were conducted.  PMF and Unmix 

identify factors (interpreted as source categories) strictly from analysis of the ambient VOC dataset.  In 

CMB analysis, source factors are defined through VOC compositions measured in source-specific 

emissions studies.  

PMF analysis was applied to the GCPH ambient VOC measurement dataset to identify factors 

that were then associated, based on their composition, with contributing emission sources.  Five factors 

were identified: 1) Natural gas, 2) Combustion (fresh gasoline exhaust), 3) Combustion (diesel exhaust), 

4) Biogenic emissions mixed with aged vehicular exhaust, and 5) Oil and gas processing/industrial 

emissions.  The association of biogenic and vehicular exhaust emissions likely reflect a transported source 

of combined biogenic and aged traffic emissions (emissions that have photochemically aged in the 

atmosphere during multi-day transport) that covary seasonally in their abundance.  PMF source 

apportionment of emissions at four long-term measurement sites (Battlement Mesa, Bell Ranch, 

Parachute, and Rifle) showed higher contributions from oil and gas processing / industrial emissions in 

Battlement Mesa and Parachute, and higher traffic contributions at Rifle. Diesel combustion contributions 

decreased strongly across the study period at all four sites.  At sites farther away from oil and gas 

operations (Glenwood Springs and Carbondale), local VOC concentrations were dominated by traffic and 

biogenic sources. 
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PMF analysis results were also utilized to evaluate source category contributions to specific 

VOCs.  Benzene is a carcinogen and has other potential health effects and identifying its emission sources 

in the area can provide valuable information to mitigate its concentration.  All five PMF factors/source 

categories contribute to benzene emissions: 33% from oil and gas processing/industrial emissions, 27% 

from biogenic mixed with aged vehicular exhaust, 24% from combustion (fresh gasoline exhaust), 11% 

from natural gas sources, and 5% from combustion (diesel exhaust) emissions.  Overall, oil and natural 

gas sources are estimated to have contributed 44% and vehicular exhaust sources 56% to measured 

benzene concentrations during the measurement period. 

Unmix analysis, which further builds upon the PMF results, yielded four factors identified as: 1) 

biogenic, 2) petrochemical, 3) combustion, and 4) oil and natural gas emissions.  New and existing source 

profiles were utilized, along with ambient VOC observations, to conduct a source apportionment analysis 

using CMB.  The defined profiles were found to account for 70-80% of the measured VOCs at various 

locations, suggesting important contributions from other source categories not included in the available 

profiles.  Natural gas production and traffic sources were found to contribute to measured VOCs across 

the region, consistent with the PMF findings. 

 The analysis presented here showed that VOC concentrations in Garfield County are mainly 

affected by emissions from oil and gas operations, vehicular exhaust, and biogenic emissions.  Seasonal 

variations in dispersion patterns, regional transport, biogenic emissions and long-term trends in oil and 

natural gas activity, traffic, and emissions control advances influence temporal variability and trends in 

ambient VOC concentrations. Changes over the 2012-2018 study period reveal important changes in 

source contributions that have already occurred in the county, including reductions in emissions from oil 

and gas operations and from diesel combustion sources.  The source apportionment results help identify 

those remaining sources that contribute most to total and speciated VOC concentrations across the county 

and how they vary spatially.  Garfield County has benefited from establishing long-term measurements of 

VOC concentrations in different settings within the region.  The County will continue to benefit from 

future VOC monitoring efforts as it works to understand sources that affect local air quality and the health 

of its citizens. 
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1. Introduction 
 

Volatile organic compounds (VOCs) are organic chemical compounds (containing carbon) that 

can evaporate under normal indoor atmospheric temperature and pressure conditions (US EPA, 2019).  

VOCs can have significant effects on the chemistry of the atmosphere and on human health.  They play 

an important role in the formation of secondary pollutants (e.g., tropospheric ozone and secondary 

organic aerosols) (Kansal, 2009; Pacsi et al., 2013; Ras et al., 2009; Shao et al., 2016; Yan et al., 2017).  

The toxic and carcinogenic effects of some VOCs (e.g., benzene) have been discussed in previous studies 

(e.g., Bari and Kindzierski, 2018; McKenzie et al., 2018).  VOCs can be emitted from both anthropogenic 

and natural sources.  Anthropogenic sources include combustion processes utilizing fossil fuels (including 

motor vehicle traffic), petroleum refining, storage or distribution of petroleum products, and industrial 

processes involving solvent use (e.g., An et al., 2014; Cetin et al., 2003; Kalabokas et al., 2001; Watson et 

al., 2001).  Among chemical industries, petroleum refineries and petrochemical plants have been 

identified as significant emitters of VOCs (Yen and Horng, 2009; Baltrėnas et al., 2011).  In urban areas, 

VOCs are mainly emitted from motor vehicle exhaust, outdoor burning, and evaporative emissions 

associated with gasoline distribution and sales (Schauer et al., 2001; Lee et al., 2002; Elbir et al., 2007).  

Naturally emitted VOCs can originate from vegetation and wildfires (Guenther et al., 2006; Kim et al., 

2010; Hecobian et al., 2011; Pétron et al., 2012).      

Garfield County is located in western Colorado, above the Piceance Basin where natural gas is 

trapped within shale/tight sand sedimentary formations below the surface.  Figure 1 shows the Uinta-

Piceance Basin (in red) straddling Utah and Colorado with the outline of Garfield county plotted over the 

formation.   

 

Figure 1. Map of Colorado and Utah, showing the Uinta-Piceance Basin in red.  Garfield County is overlaid in black. 

 

 With approximately 10,000 active wells, Garfield County is ranked second in Colorado for the 

number of oil and gas wells (EIA, 2019).  Figure 2 shows oil and gas production rates in Garfield County 

from 2000 to 2010 (COGCC, 2019).  The increase observed in production is mainly due to the use of 

unconventional methods of oil and gas extraction (directional drilling and hydraulic fracturing) in the 

area. 

Garfield County 
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Figure 2. Oil and gas production in Garfield County from 2000-2018 

Changes in oil and gas activity documented in Figure 2 could alter emission of VOCs to the local 

atmosphere.  In addition to oil and gas activities in the area, urban emissions including vehicular exhaust, 

landfills, coal mining, and other industries can also contribute to local VOC emissions.  Figure 3 is a map 

of Garfield County and the surrounding area showing the locations of active oil and gas wells, wells used 

for the disposal of produced water from oil and gas extraction operations, coalmines, landfills, highways, 

and nearby cities (COGCC, 2019).  

 

 

   

Figure 3. Map of Garfield County, monitoring sites, and sources of ambient VOC emissions ((COGCC, 2019; Air Resource 

Specialists, 2009, 2012) 

Garfield County Public Health (GCPH) has a long history of maintaining a network of ambient 

air quality monitors, including collecting samples to quantify concentrations of VOCs at different 
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locations.  In 2008, the GCPH air monitoring network was modified to encompass speciated non-methane 

hydrocarbons (henceforth noted as VOCs) and carbonyl compounds.  These changes were designed to 

serve a wide range of purposes, including monitoring of criteria pollutant levels, ozone formation 

potential of emitted VOCs, toxics assessments, and source attribution (Air Resource Specialists, 2010).  

At the time, three stations were chosen for VOC sample collection.  Rifle (RICO), Brock (MOCO), and 

Bell-Melton (BRCO).  Since then, other sampling locations have been added to this list.  A list of all 

stations active in Garfield County from 2008 to mid-2018 for VOC sample collection are presented in 

Table 1.  More detailed information on measurement sites and sample collection methods can be found in 

Garfield County annual air monitoring reports (Air Resource Specialists, 2009, 2010, 2010, 2012, 2013, 

2014, 2015, 2016, 2017, 2018).   

 

Table 1. Site names and dates when data were available at each site. 

Site 

Abbr. 
Site name 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 

RICO Rifle 1-12 1-12 1-12 1-12 1-12 1-12 1-12 1-12 1-12 1-12 1-3 

BMCO 

Battlement 

Mesa 

(mobile) 

----- 9-12 1-12 1-12 1-12 1-12 1-12 1-12 1-12 1-12 1-3 

PACO Parachute 1-12 1-12 1-12 1-12 1-12 1-12 1-12 1-12 1-12 1-12 1-3 

BRCO Bell Ranch 1-12 1-12 1-12 1-12 1-12 1-12 1-12 1-12 1-12 1-12 1-3 

RFCO 

Carbondale

/Roaring 

Fork 

1-12 1-12 1-12 1-12 1-12 1-12 1-12 1-12 1-12 1-12 1-3 

MOCO 
Brock 

(rural) 
1-12 1-2 ----- ----- ----- ----- ----- ----- ----- ----- ----- 

GSCO 

Glenwood 

Springs 

(mobile) 

----- ----- ----- ----- ----- ----- ----- 2-12 1-3 ----- ----- 

RUCO 
Rulison 

(rural) 
----- 1/12 1/9 ----- ----- ----- ----- ----- ----- ----- ----- 

 

The VOC concentration data collected in Garfield County are very valuable and the 

concentrations and trends of VOCs have been discussed as part of GCPH annual summaries and reports 

(Air Resource Specialists, 2009, 2010, 2010, 2012, 2013, 2014, 2015, 2016, 2017, 2018).  As there are 

various sources of emission of VOCs in the area, an important question that might be answered using the 

collected data is: which sources have contributed to the emission of VOCs in the area over the years?  The 

VOC concentration data can be used as input to receptor models to identify source types and 

contributions.  Receptor models have been previously used to estimate source contributions for VOCs 

(e.g., Brown et al., 2007; Jorquera and Rappenglück, 2004; Kim et al., 2005; Leuchner and Rappenglück, 

2010).  Source apportionment models are generally applied to a time series of pollutant concentrations 

measured at a single site.  However, in a complex airshed that has multiple pollutant emission sources 

(such as Garfield County) it is helpful to use samples from several sites to ensure that when some have 

low contributions from specific sources, they are included in the analysis (Elbir et al., 2007). 

The results reported here are from a study designed to identify source profiles and analyze source 

contributions of various emissions in Garfield County by applying various modeling approaches to the 

VOC concentration data collected by GCPH from 2008-2018 at eight sites.  The main objectives of this 

study were: 1) Evaluate Garfield County’s VOC data for source emission tracer patterns to find major 



11 
 

contributors, 2) Identify and apportion possible VOC sources using EPA’s PMF and Unmix models, and 

3) Use previously collected source canisters (Collett Jr. et al., 2016) and additional samples collected as 

part of this study to apply Chemical Mass Balance (CMB) analysis to the VOC samples collected from 

2008-2018. 

2. Methods 

2.1. Site Specifications 
 

GCPH has operated a network of air quality monitors which included measurements of ambient 

VOC concentrations at several sampling sites.  In this analysis VOC data from various monitoring sites 

that were active between 2008 and 2018 are utilized.  Several sites were active for the full time period, 

but some were active only for shorter periods.  Detailed description of the sites and information on the 

VOC trends at each site for each year are presented as part of GCPH annual air quality monitoring reports 

(Air Resource Specialists, 2009, 2010, 2010, 2012, 2013, 2014, 2015, 2016, 2017, 2018).  Below are brief 

descriptions of each measurement site (modified from Air Resource Specialists, 2009, 2010, 2010, 2012, 

2013, 2014, 2015, 2016, 2017, 2018): 

 

• Parachute (PACO): The PACO site is located near the town of Parachute, a small urban center in 

proximity to oil and natural gas development and extraction sites and Interstate 70. 

• Rifle (RICO): RICO is located near the town of Rifle which, an urban center near the Interstate 

70 corridor. There are oil and natural gas extraction fields and activities around this site.  This 

area is central to industrial support for the oil and natural gas industry.  

• Bell Ranch (BRCO): BRCO is a rural homestead approximately four miles south of the town of 

Silt and is surrounded by oil and natural gas extraction sites. 

• Battlement Mesa (BMCO): BMCO is an unincorporated community located approximately two 

miles southeast of the town of Parachute. Similar to other monitoring sites, BMCO is close to oil 

and natural gas extraction activities. 

• Carbondale (RFCO): RFCO is near Carbondale, a small town located about 12 miles southeast of 

Glenwood Springs.   

• Brock (MOCO): MOCO is a rural location about four miles south of Rifle, surrounded by oil and 

natural gas extraction and production sites. 

• Glenwood Springs (GSCO): This is the GCPH mobile monitor which was located at Vogelaar 

Park in the city of Glenwood Springs. 

• Rulison (RUCO): RUCO is located near a rural community along Interstate 70 between Rifle and 

Parachute, Colorado. 

2.2. Sample collection and data analysis methods 
 

Ambient air samples (n=2489) were collected by deploying daily whole air sample canisters and 

analyzed by the Eastern Research Group, Inc. (ERG) using EPA’s TO-12 method (EPA, 1999).  

Additional details on the sample collection and analysis methods have been previously reported (Air 

Resource Specialists, 2009, 2010, 2010, 2012, 2013, 2014, 2015, 2016, 2017, 2018).  Additionally, 

instantaneous grab canisters were collected as part of this study in 2018 downwind of several sources in 

Garfield County to use with EPA’s CMB model.  VOC concentration data for these samples are presented 

in Appendix A, Table A1.  Other samples used for CMB analysis were collected as part of the Garfield 

County oil and natural gas emissions project from 2013-2016 downwind of unconventional oil and gas 



12 
 

activities (drilling, fracking, and flowback) by Colorado State University (CSU).  All source samples 

collected in Garfield County were collected using Silonite-coated whole air sample (WAS) stainless steel 

canisters (Entech Instruments).  The WAS were analyzed using an analysis system at CSU employing a 

combination of EPA’s TO-12 and TO-15 methods (EPA, 1999).  Details of the sample collection and 

analysis methods are discussed by Collett et al. (2016). 

2.3. Treatment of Missing Data and Uncertainties  
 

One of the most challenging aspects of source apportionment analysis is dealing with missing 

data and measured concentrations below method detection limits. VOCs with a high percentage of data 

below the limit of detection (LOD) do not provide enough variability in concentrations to meaningfully 

contribute to factor identification.  Only compounds with more than 60% data present (values reported 

and above LOD) were included in the PMF, Unmix, and CMB analyses.  For compounds that were used 

for the analysis, values reported as below LOD were included in the analysis to create the largest 

concentration matrix possible but were replaced by LOD/2 for each compound.   These values were 

assigned larger uncertainties and thus carried lower weight and influence in the apportionment analysis.  

Missing values for a given compound were filled in using the median value for that compound across all 

samples at each site.  Compounds that were excluded from these analyses based on the criteria noted 

above were styrene, 1,2,3-trimethylbenzene, 1,3-butadiene, 1-butene, 1-decene, 1-heptene, 1-tridecene, 1-

undecene, 2,2,3-trimethylpentane, 2,2,4-trimethylpentane, 2-ethyl-1-butene, 2-methyl-1-butene, 2-methyl-

1-pentene, 2-methyl-2-butene, 3-methyl-1-butene, 4-methyl-1-pentene, a-pinene, b-pinene, c-2-butene, c-

2-hexene, c-2-pentene, cyclopentene, isobutene, isobutelene, i-propylbenzene, m-diethylbenzene, n-

propylbenzene, n-tridecane, p-diethylbenzene, propyne, t-2-hexene. 

 

2.4. Positive Matrix Factorization 
 

PMF is used to derive a selected number of factors (source composition profiles) from analysis of 

patterns within the ambient VOC concentration dataset; each profile contains a mix of individual 

compounds that are then associated with a particular category of emissions.  Previous experience with 

specific marker species emitted from known sources is used to interpret the source identity of the PMF 

factors.  PMF analyzes the co-variance in concentrations of VOCs in the ambient dataset, combined with 

provided measurement uncertainties, to find a set of factors that can be used to account for the maximum 

fraction of measured total VOCs possible.  The (definable) uncertainty of the measurements can be a 

useful tool to decrease the importance of compounds with missing values and those that are below the 

LOD.  VOCs in this study were apportioned using EPA’s PMF version 5.0.14 (Norris et al., 2014).  This 

version of PMF is capable of analyzing multi-site datasets, as utilized in the current analysis.  As each 

sample measurement contains uncertainty and since variations in the relative contributions of key VOC 

sources is essential to proper identification of source factors, robust PMF results and reliable 

interpretation require a large number of observations. Therefore, data collected at all sampling sites from 

2008 to early 2018 were used together for the PMF analysis. A similar approach has also been used in 

other studies (Hu et al., 2010; Yurdakul et al., 2013).  The final solutions were determined through the 

analysis of results from different number of sources, different analysis parameters (e.g., FPEAK values), 

error analysis results, elimination of unrealistic rotation values through the analysis of scatter plots of 

source contribution pairs, and evaluation of the resulting source profiles. 



13 
 

The resulting profiles for each source type indicate how each species is presented when 

comparing different sources.  To determine the optimal number of sources 4, 5, 6, and 8 factors were 

examined.  Q values, the resulting source profiles, and the scaled residuals distributions were studied; the 

5-factor solution was determined to be optimal based on the scaled residual distributions and the 

suitability of the resulting profiles for interpretation.  PMF was run 20 times with a random starting seed 

to ensure Q values were stable and all runs converged; all of the scaled residual distributions were 

approximately symmetric such that the results represent good agreement between the observed and 

predicted values. 

2.5. Unmix 
 

EPA’s Unmix model is a mathematical receptor model that can be used to generate non-negative 

source contributions and profiles and has been previously used to investigate source contributions of 

VOCs and to enhance results from PMF analysis (Jorquera and Rappenglück, 2004).  The Unmix 6.0 

model (Norris et al., 2007) was initially used to identify compounds that might strengthen the results if 

excluded.  The Unmix protocol suggested 6 compounds for exclusion (ethylene, trans-2-butene, 

acetylene, 2,3,4-trimethylpentane, toluene, ethylbenzene, and isoprene).  However, these compounds were 

not excluded from the analysis as some (e.g., isoprene) are the only tracers available for a specific 

emission source (i.e. biogenic).   

The Unmix program was used to evaluate and remove unduly influential points from compounds.  

These are points that are statistically not significant but have anomalously high or low values such that 

they influence the outcome of Unmix analysis more strongly than the general trends of the data.  For 

example, decane is below 2 ppb 99.8% of the time but between 5-10 0.2% of the time.  The Unmix 

protocol considers the 0.2% of the points in a statistical analysis and if deemed insignificant, they are 

excluded from the analysis.  Longitudinal spread of 0.05 and transverse spread of 10 were used for the 

influential point identification and removal analysis. 

2.6. CMB 
 

The EPA-CMB v8.2 model is a receptor model based on an effective-variance least squares 

method which uses speciated profiles of potentially contributing sources and ambient data at a single 

receptor site (Coulter, 2004).  It uses the percentage of chemical composition of chosen receptor 

concentrations to estimate the contributions of different sources to ambient data (Watson et al., 2001; 

Anderson et al., 2001, 2002).  The model assumptions include: 1) Compositions of source emissions are 

constant over the period of ambient and source sampling; 2) Chemical species do not react with each 

other (i.e., they add linearly); 3) All sources with a potential for contributing to the receptor have been 
identified and have had their emissions characterized; 4) The number of sources or source categories is 

less than or equal to the number of species; 5) The source profiles are linearly independent of each other; 

and 6) Measurement uncertainties are random, uncorrelated, and normally distributed.  The CMB model 

can perform well even under circumstances where reasonable deviations from these 6 assumptions occur, 

but it is important to note that these deviations can increase the uncertainty of the model results.  Given 

likely changes in source emissions over time and the lack of well characterized source profiles for some 

categories (e.g., biogenic VOCs), we expect that the CMB analysis may produce a less robust result than 

PMF and Unmix analyses.  Nevertheless, it is a complementary technique that can be useful in supporting 

(or calling into question) results from the less constrained PMF/Unmix models.   



14 
 

The number and composition of CMB sources were chosen such that the best fit for the ambient 

data was presented, including the best ratio of calculated to actual total concentrations and known sources 

were represented in the sample collection region.  In the analysis presented here, a single set of profiles 

was selected that best fit the overall data trends and the emissions sources in the area. A total of 17 

relevant source profiles and associated error estimates were compiled and tested in the CMB model.  

These sources were chosen from a previous study in Garfield County (Collett et al., 2016), EPA’s 

SPECIATE 5.0 data set (https://www.epa.gov/air-emissions-modeling/speciate) and from samples 

collected as part of this study downwind of specific emission sources.  After several analysis runs, a 

combination of source profile samples collected in Garfield County as part of this project and from a 

previous Garfield County project (Collett et al., 2016) were used.  A list of these profiles and their 

composition is presented in Appendix B (Table B1 and B2). 

3. Results and Discussion 

3.1. VOC Trends 
Most VOC concentrations were higher in cooler months than in warmer ones, probably because 

of the calm conditions and high atmospheric stability that are more common during cooler fall and winter 

periods and can trap emitted VOCs.  Most VOCs followed this trend, although the tendency was stronger 

for VOCs with longer atmospheric lifetimes (e.g., ethane) than for those with shorter lifetimes (e.g., 

toluene).  A notable exception to the trend was isoprene, which was more abundant in warmer months 

(July and August).  Isoprene is emitted from vegetation and its emission rate increases during the growing 

season, when plants are leafed out and active, and at higher temperatures.  Error! Reference source not f

ound. shows the temporal concentration trends of ethane, toluene, and isoprene at all sites.  Individual 

VOC concentrations are similar across most sites, except for GSCO and RFCO.  The top panel of Error! R

eference source not found. shows similar ethane concentrations at all sites, but lower ethane 

concentrations in RFCO from 2012-2018 and at GSCO from 2015-2016.  The greater distance of these 

two sites from oil and gas operations in the area likely contributed to the lower ethane levels.  Isoprene 

concentrations are higher at RFCO and GSCO, especially after 2012.  The combined trends of ethane and 

isoprene at GSCO and RFCO indicate that these two sites were affected more strongly by biogenic 

emissions and less strongly by oil and gas operations than other sites more proximate to oil and gas 

activity.  Toluene concentrations are observed to be generally higher in winter but show a smaller 

increase in warmer months, too (May – August), with a notably larger increase in PACO from May to 

November of 2016 (see also notable increases in the same months from 2012-2017).   

https://www.epa.gov/air-emissions-modeling/speciate
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Figure 4. Temporal trends of ethane, toluene, and isoprene in Garfield County from 2008-2018 
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In order to gain a better understanding of observed changes in total VOC concentrations and the 

contribution of specific VOC groups from 2008 to 2017 (data for 2018 were only available for three 

months at the time of this analysis, so they were not included in this section) VOCs were separated into 

eight chemical family groups: light alkanes (C2-C4; 2 to 4 carbon molecules), heavy alkanes (C5-C10), 

alkenes, alkynes (only contains acetylene), branched alkanes, cyclic alkanes, aromatics, and biogenic 

VOCs (only contains isoprene).  These groups of VOCs were separated by time of year to show seasonal 

differences in ambient concentrations.  Total VOCs increase by a factor of approximately 2 in winter, 

compared to other seasons.  The highest contribution to total VOCs is from light alkanes, but in winter 

cyclic and heavy alkanes have a relatively higher contribution to total VOCs than in other seasons. This 

may be due to the slower rate of reactive loss (oxidation) of these compounds in winter, when 

photochemistry tends to be less active, or due to increased contributions from idling or warm-up of diesel 

vehicles in the area. 

 

Figure 5. Averaged total VOC concentration and composition at all sites separated by seasons (2008-2017). 

Annual contributions of these chemical family groups of VOCs to total VOCs were also 

investigated (Figure 6).  The most abundant group of VOCs observed was light alkanes (average 

contribution: 80% of total VOCs) followed by heavy alkanes (8%), alkenes, aromatics, branched alkanes, 

and cyclic alkanes (~3% each), and acetylene and isoprene (<1% each).  The abundance of observed 

alkane levels suggests that regional emissions are strongly influenced by oil and natural gas activities in 

the area.  The total VOC concentrations show a decreasing trend from 2008-2017.  Further, the 

contribution of heavy alkanes to total VOCs also decreased from 2008-2017.  The sum of oil and natural 

gas production also decreased in Garfield County from 2012-2017.  This trend, along with other factors 

(e.g., reductions in diesel engine use by vehicles or in well drilling and completion activities or improving 

emissions control technologies on various source categories) could have contributed to reduced VOC 

concentrations measured. 
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Figure 6. Averaged total VOC concentration and composition at all sites from 2008-20017 and the sum of oil and gas production 

in Garfield County for each year. 

Some VOCs can be used as tracers for emissions from specific activities.  For example, acetylene 

can be used as a combustion tracer, ethane as a tracer for natural gas emissions, isoprene for biogenic 

emissions, and toluene for fresh vehicular exhaust.  Table 2 lists several VOCs that are commonly used as 

tracers for specific emission source types. 

Table 2. List of some VOCs commonly used as tracers for specific activities. 

VOCs Major Sources of Emission 

ethylene Combustion, vehicle exhaust, petrochemical industry 

acetylene Vehicle exhaust, combustion processes 

ethane Natural gas 

propylene Refineries, vehicle exhaust 

propane Liquid petroleum gas (LPG) and natural gas use, oil and gas 

production 

isoprene Vegetation 

toluene Solvent use, vehicle exhaust 

n-nonane Dry cleaning, vehicle exhaust 

xylenes Solvent use, vehicle exhaust 

n-decane, undecane Fuel storage, surface coating 

 

Another analysis that is especially useful in delineating urban/traffic vs oil and gas sources of 

VOC emissions is the ratio of i-pentane to n-pentane, two 5-carbon alkanes (e.g., Gilman et al., 2013; 

Rossabi and Helmig, 2018).  Ratios below 1 are typically associated with oil and gas activities (or 

biomass burning) while ratios approaching 2 are generally indicative of emissions from fossil fuel 
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combustion.  Ratios in the range of 1 to 2 are typical in cases where oil and gas sources mix with 

urban/traffic emissions.  In Figure 7, the ratios of i-pentane to n-pentane are presented for each year, at all 

sites.  The annual ratios, as represented by slopes between 1.05 and 1.64) indicate air masses that are 

influenced by a mix of emissions from combustion sources and oil and gas sources. An increase in i-

pentane to n-pentane ratios in recent years, from 1.05 in 2012 to 1.64 in 2017, suggests that the relative 

ratio of urban/combustion emissions to oil and gas emissions may be increasing (Figure 7). 

  

 

Figure 7. Comparison of i-pentane and n-pentane slopes for each year at all sites. 

Benzene and toluene concentrations are also sometimes used to separate urban/combustion and 

oil and natural gas emissions.  The two panels of Figure 8 compare the relationships of i-pentane to n-

pentane and of toluene to benzene, both shown as a function of ethane concentration.  The two forms 

(isomers) of pentane are better correlated than benzene and toluene.  In fact, when comparing these 

correlations with ethane, a clear delineation between the ratios of toluene and benzene can be observed.  

A lower toluene to benzene ratio is observed when ethane concentrations are high.  The observed higher 

toluene to benzene ratios at lower ethane concentrations (lower ethane typically indicated lower oil and 

gas influence) indicate greater influence by urban emissions (Tang et al., 2007). 
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Figure 8. Correlation of i-pentane and n-pentane compared to that of toluene vs benzene color coded by ethane concentrations. 

3.2. PMF Analysis 
 

PMF analysis was used to better separate and quantify the sources of VOC emissions in Garfield 

County, using the large dataset of measured ambient VOC composition and concentration.  As described 

above, these factors are obtained objectively based on species covariances mathematically identified in 

the temporally and spatially resolved GCPH ambient VOC concentration dataset.  Figure 9 shows source 

profiles from the PMF analysis.  These are the chemical composition of emission sources of each of the 

identified factors from the base and bootstrap runs and the contributions of PMF-derived sources to total 

VOCs.  The five factors identified as the best solution are identified as: 1) Natural gas, 2) Combustion 

(fresh gasoline exhaust), 3) Combustion (diesel exhaust), 4) Biogenic (mixed with aged vehicular 

exhaust), and 5) Oil and gas processing /industrial emissions.  The resolved PMF factors accounted well 

for the measured VOCs, with an average slope of 0.95 between reconstructed and measured 

concentrations (some differences were observed between sites).  The regression relationship between 

PMF-derived and measured total VOC concentrations yielded a coefficient of determination (R2) of 0.98 

suggesting that, statistically, observed VOC concentrations were well represented by the PMF modeled 

source factors. 

The factor source assignments are based on the observed VOC compositions. The natural gas 

factor contained most of the short chain alkanes (ethane, propane, i-butane, and n-butane) similar to 

natural gas source profiles identified in previous studies (Thijsse et al., 1999; Buzcu and Fraser, 2006; 

Brown et al., 2007; Rutter et al., 2015; Bari and Kindzierski, 2018).  This factor composition was 

consistent with emissions expected from oil and gas activities in the area, with increased ethane and 

propane concentrations, and lower i/n pentane ratios.  Due to their long atmospheric lifetimes, small 

alkanes like ethane and propane are sometimes associated with aged background air (Xie and Berkowitz, 

2006); however, based on the abundance of oil and gas operations in the local area, they are not 

considered here to represent aged air masses. The assignment of vehicular exhaust to the second factor 

was based on the strong presence of acetylene (a combustion marker), alkenes, and some aromatics.  

Acetylene is typically identified as a motor vehicle exhaust combustion tracer (McGaughey et al., 2004; 

Xie and Berkowitz, 2006).  Alkenes (which are also present in this factor) are emitted from incomplete 

combustion in motor vehicle engines (Choi and Ehrman, 2004; McGaughey et al., 2004; Xie and 

Berkowitz, 2006); in fact, the ratios of some alkenes to acetylene have been used to characterize tailpipe 

emissions (Ryerson, 2003).  This factor’s identity was further confirmed by the presence of 2,3,4-
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trimethylpentane, which is an important component of gasoline (Furey and Nagel, 1986).  Another group 

of VOCs present in this factor are isomers of butene and pentene which have been shown to be emitted 

from vehicular exhaust (Jorquera and Rappenglück, 2004).  The next factor is categorized as combustion 

(diesel exhaust).  Heavier alkanes (e.g., n-nonane, n-decane, n-undecane, and n-dodecane) combined with 

aromatic VOCs, such as ethylbenzene and xylenes, in addition to branched alkanes are produced by 

combustion processes (Mokalled et al., 2019).  The presence of heavy alkanes alone is also (e.g., n-

decane, n-undecane, n-dodecane) a marker of diesel exhaust (Watson et al., 2001; Jorquera and 

Rappenglück, 2004).  The biogenic factor contained almost all of the isoprene observed in the collected 

samples.  There are studies that have shown that vehicle exhaust can be a source of anthropogenic 

isoprene in urban locations (Borbon et al., 2013), but in a much smaller fraction than from biogenic 

sources.  The presence of other alkenes and aromatic VOCs in this factor is likely an indication of a 

mixture of aged vehicular exhaust and biogenic sources that co-vary in the observations.  This may reflect 

the seasonal nature of the biogenic factor and other co-varying emissions, similar to observations by 

Rutter et al. (2015).  Greater biogenic VOC emissions are expected in summertime when photochemical 

aging of vehicle exhaust also accelerates and long range transport of urban emissions from other regions 

might be expected to more strongly influence Garfield County air composition. The final source factor is 

identified as a combination of oil and natural gas processing and industrial emissions in the area.  The 

abundance of petroleum-related VOCs (ethane, propane, n-butane, n-pentane, cyclopentane, n-hexane, 

cyclohexane, methylcyclohexane, and n-octane) contributed to the classification of this source (Watson et 

al., 2001; Bari and Kindzierski, 2018).  The enrichment of aromatic compounds suggests influences from 

industrial emissions or oil and gas processing facilities (Xie and Berkowitz, 2006).  It is important to note 

that precise matches to profile compositions identified in other studies are not expected due to the 

variability in reported profiles, particular characteristics of local and regional emission source 

characteristics, and the fact that some VOCs undergo chemical degradation after they are emitted to the 

atmosphere (Yuan et al., 2015). 

 

 

Figure 9. PMF factors for VOC composition data collected in Garfield County from 2008-2018 for percentage of VOCs as part 

of total VOCs. 

In order to evaluate the temporal contributions from each of the five factors to ambient VOC 

concentrations, their contributions for each day of sample collection are presented in Figure 10 for those 
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sites where data are available from 2008 to 2018 (BMCO, BRCO, PACO, RICO).  The PMF sources 

account well for total VOC concentrations observed for most time periods.  One notable trend is the 

reduction of the combustion (diesel) source profile at all four sites after 2013.  While the reduction in 

contributions from this source category is clear in our analysis, definitive identification of the cause of the 

emissions change is beyond the scope of this study. Contributing factors might include improvements in 

diesel emissions control technology and/or changes in on-pad diesel-based power generation and changes 

in diesel vehicle traffic accompanying the slowdown in oil and gas extraction activities in recent years.  

The natural gas factor is the most predominant source profile at BRCO, a rural location surrounded by oil 

and gas activities.  The combustion (gasoline) source grew in importance at RICO over the years, which 

may reflect an increase in population and personal vehicle traffic in the area.  It might also reflect a larger 

fractional VOC contribution from traffic sources as oil and gas emissions and total VOC concentrations 

declined (see earlier discussion).  Seasonal contributions from biogenic emissions are clearly apparent, 

with a summertime maximum, similar to the observations by Monson et al. (1992). 

 

Figure 10. Left panel shows the contributions of the five factors resolved from PMF analysis to all samples collected from 2008-

2018 in BMCO, BRCO, PACO, and RICO.  The white areas indicate where PMF sources did not contribute for total VOCs sampled. 

The right panel shows the average contributions from each factor for 2017. 

 

The contributions of the identified PMF sources for the rest of the sites (where partial data were 

available) are presented in Figure 11 (GSCO, MOCO, RSCO, RUCO).  One interesting observation about 

these sites, especially GSCO and RFCO, is that the PMF sources accounted for a lower portion of total 

observed VOCs, suggesting a missing source that was not identified in the global PMF analysis across all 

sites and time periods.  The samples collected at these sites were too few in number to support a 
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reasonable independent PMF analysis.  One also notes a relatively larger contribution of the diesel 

combustion source at MOCO and RUCO.  Natural gas and oil and gas processing/industrial sources 

appear to be minor VOC sources at GSCO and RFCO, where biogenic and gasoline combustion sources 

dominate the source apportionment. 

 

Figure 11. Contributions of the five factors resolved from PMF analysis to all samples collected at GSCO, MOCO, FRCO, and 

RUCO.  The white areas indicate where PMF sources did not contribute for total VOCs sampled. 

 

The PMF analysis results were also used to evaluate contributions of specific source factors to 

individual VOC concentrations in the ambient VOC measurements.  In Figure 12, PMF factor 

contributions to benzene, isoprene, acetylene, and cyclohexane are shown.  Benzene has contributions 

from all five sources, where the three predominant contributions are from oil and gas 

processing/industrial, biogenic (mixed with aged vehicular exhaust), and combustion (gasoline).  Oil and 

gas processing, some industrial activities, and combustion of gasoline have been noted in previous studies 

as sources of benzene emissions (Halliday et al., 2016).  The contribution of the source marked as 

biogenic (mixed with aged vehicular exhaust) probably reflects benzene emissions transported regionally 

along with other components of aged vehicle exhaust, since no emissions of benzene from biogenic 

sources are expected.  The major contributor to acetylene is the combustion source from gasoline exhaust, 

as reported in previous studies, with smaller contributions from combustion (diesel), natural gas, and oil 

and gas processing / industrial sources.  Cyclohexane concentrations were mainly due to oil and gas 

processing / industrial, and natural gas sources. Isoprene is assigned purely to the biogenic source. 
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Figure 12.  PMF Factor contributions to benzene, isoprene, acetylene, and cyclohexane. 

 

3.3. Unmix Analysis 
 

EPA’s Unmix model was used to further analyze the PMF source apportionment results.  Only 

four factors were resolved using Unmix: biogenic, petrochemical, combustion, and oil & natural gas.  

Figure 13 shows the results from the Unmix model for several VOCs of interest.  Similar to the PMF 

results, the biogenic source is the main contributor to the ambient isoprene concentrations.  The other two 

factors that are similar to the PMF analysis are the gasoline and diesel combustion sources.  The fourth 

source has the characteristics of oil and natural gas emissions (high concentrations of light alkanes and 

low i- to n-pentane ratios), but in the Unmix analysis the oil and natural gas processing and natural gas 

sources (as presented from the PMF analysis) were not separated.  Toluene concentrations appear to be 

dominated by diesel combustion sources while benzene concentrations derive from a mix of gasoline and 

diesel combustion sources and oil and gas activities. 

                           

Figure 13. Source contributions to specific VOCs from EPA's Unmix model. 
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3.4. CMB Analysis 
 

The source apportionment results from the EPA CMB model, using sample profiles collected in 

Garfield County, are presented in Figure 14.  Unlike PMF and Unmix analyses, CMB is applied one site 

at a time.  The correlations of determination (r2) for these analyses were 0.9, 0.82, 0.85, and 0.83 at 

BMCO, PACO, RICO, and BRCO, respectively.  As these four sites had the most samples collected, thus 

presenting the most robust CMB results, only these sites were considered in this analysis.  The ratio of 

calculated to measured concentrations for total VOCs was 0.8 for BMCO, and 0.7 for the other sites.  This 

indicates the likely presence of one or more unresolved sources at these locations and suggests that the 

PMF results above probably provide a more useful assessment of regional VOC source contributions. 

For total VOCs, the sample profiles collected from drilling, fracking, and local traffic are present 

at all sites.  As with PMF, the vehicle traffic is seen to be a major contributor at RICO.  The coexistence 

of traffic emissions with other on-pad sources during collection of drilling and fracking source profiles 

likely makes separation of VOC contributions from these different activities problematic.  Flowback and 

natural gas processing profiles are indicated as important sources of Total VOCs and of benzene at 

BMCO and PACO.  Oil and gas production profiles were found to be VOC contributors at all sites. 

Several tested source profiles (e.g., asphalt, biomass burning) were not associated with significant VOC 

emissions in the CMB analysis at any of the study sites.  A complete list of included source profiles is 

provided in Appendix B.   

 

Figure 14. Source contributions to total VOCs (top panel) and benzene (bottom panel) from source profiles use in the CMB 

analysis. 
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4. Conclusions 
 

 Ambient VOC data collected by GCPH at various sites in Garfield County from 2008-2018 were 

used to investigate the presence and contributions of various source categories to VOC concentration 

levels in the area.  VOCs are an important component of ambient emissions as they can affect local and 

regional air quality and some directly impact human health.  VOCs are emitted by a variety of sources, 

both anthropogenic and natural.  A multitude of sources in Garfield County can contribute to local VOC 

emissions.  In order to gain a better understanding of the specific contributions of individual source 

categories, US EPA’s PMF, Unmix, and CMB models were used. 

 Most VOC concentrations were higher in winter than summer, with major contributions from 

lighter alkanes (C2-C4) at 80%.  This trend reflects greater stagnation and trapping of local emissions in 

wintertime.  Isoprene concentrations, by contrast, peak in the summertime due to increased emissions 

during the growing season and at warmer temperatures.  Study sites that were closer to oil and gas 

activities (e.g., PACO and BRCO) had higher levels of ethane (a tracer for natural gas emissions) and 

those in more rural locations away from major oil and gas sites (e.g., RFCO and GSCO) had higher 

isoprene concentrations (a tracer for biogenic emissions).   

Overall, total VOC concentrations decreased significantly from 2008 to early 2018, with a 

parallel decrease in oil and gas production in Garfield County starting in 2012.  The decrease in oil and 

gas production and activity in the area, along with improved emissions control technologies on vehicles 

and oil and gas operations, likely both contributed to the decrease in ambient VOC concentrations.  

Increasing values of i-/n-pentane ratios in the past several years are evidence of decreasing fractional 

contributions of oil and gas activities to the regional VOC mix. 

PMF analysis, used to identify and separate sources contributing to ambient VOC concentrations, 

yielded five factors: 1) Natural gas, 2) Combustion (fresh gasoline exhaust), 3) Combustion (diesel 

exhaust), 4) Biogenic (mixed with aged vehicular exhaust), and 5) Oil and gas processing / industrial 

emissions.  PMF source apportionment of emissions at four long-term measurement sites (BMCO, 

BRCO, PACO, and RICO) showed higher contributions from oil and gas processing / industrial emissions 

in BMCO and PACO, and higher traffic contributions at RICO. Diesel combustion contributions 

decreased strongly across the study period at all four sites.  The distinct patterns of contributions at these 

sites indicates that location, proximity to emission sources, and local meteorology play important roles 

governing sources and concentrations of VOCs in the local, ambient air.  At sites farther away from oil 

and gas operations (GSCO and RFCO), local VOC concentrations were dominated by traffic and biogenic 

sources.  According to the PMF analysis, ambient benzene levels in Garfield County derive primarily 

from a mix of oil and gas processing/industrial, aged vehicular exhaust (mixed with biogenic emissions), 

and fresh gasoline exhaust emissions.  Additional source apportionment analyses conducted using the 

Unmix and CMB models were broadly consistent with the findings from the PMF analysis; however, the 

PMF analyses are recommended as providing the most useful findings regarding regional VOC source 

contributions and their variation spatially and over time. 

The analysis presented here showed that the VOC concentrations in Garfield County are mainly 

affected by emissions from oil and gas operations, vehicular exhaust, and biogenic emissions.  Changes 

over the 2012-2018 study period reveal important changes in source contributions that have already 

occurred, including reductions in emissions from oil and gas operations and from diesel combustion 

sources.  The source apportionment results help identify the remaining sources that contribute most to 

total and speciated VOC concentrations across the county and how they vary between different settings.  
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Garfield County has benefited from establishing long-term measurements of VOC concentrations at 

different settings within the region.  The County will continue to benefit from future VOC monitoring 

efforts as it works to understand sources that affect local air quality and the health of its citizens.   
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Appendix A 
 

Average concentrations of VOCs from canisters collected downwind of specific activities in 

Garfield County. 

Table A.1. Average concentrations of VOCs collected downwind of 7 oil and natural gas 

production facilities in Garfield County, 2 wastewater treatment facilities, 2 high volume traffic 

locations, and 1 natural gas processing facility. 

VOCs Production 

Average 

(ppbv) 

Wastewater 

Treatment 

Facility 

Average 

(ppbv) 

High 

Volume 

Traffic 

Average 

(ppbv) 

Natural 

Gas 

Processing 

Facility 

(ppbv) 

Ethane 8.432 6.233 5.249 4.982 

Ethene 0.214 0.213 5.126 0.145 

Propane 2.627 1.775 1.910 1.394 

Propene 0.050 0.041 0.768 0.024 

i-butane 0.770 0.454 1.009 0.318 

n-butane 0.916 0.547 2.278 0.391 

Ethyne 0.176 0.202 2.159 0.185 

t-2-butene 0.002 0.000 0.048 0.000 

cyclopentane 0.036 0.020 0.075 0.017 

i-pentane 0.551 0.288 1.398 0.176 

n-pentane 0.438 0.224 0.835 0.141 

t-2-pentene 0.000 0.000 0.013 0.000 

2-methyl-2-butene 0.001 0.000 0.025 0.000 

1-pentene 0.001 0.000 0.035 0.000 

n-hexane 0.352 0.170 0.463 0.101 

isoprene 0.002 0.009 0.005 0.007 

2,4-dimethylpentane 0.028 0.016 0.072 0.006 

3-methylpentane 0.160 0.079 0.347 0.044 

benzene 0.173 0.120 0.793 0.129 

cyclohexane 0.224 0.100 0.166 0.095 

2,3-dimethylpentane 0.106 0.049 0.175 0.031 

2-methylhexane 0.029 0.018 0.107 0.008 

3-methylhexane 0.112 0.033 0.223 0.022 

2,2,4-trimethylpentane 0.046 0.019 0.476 0.011 

n-heptane 0.237 0.117 0.209 0.063 

methylcyclohexane 0.499 0.221 0.206 0.125 

2,3,4-trimethylpentane 0.000 0.000 0.038 0.000 

toluene 0.281 0.172 0.980 0.127 

2-methylheptane 0.070 0.031 0.083 0.019 
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3-methylheptane 0.044 0.023 0.080 0.013 

n-octane 0.142 0.072 0.097 0.041 

ethylbenzene 0.043 0.027 0.182 0.007 

m+p-xylene 0.183 0.110 0.474 0.058 

o-xylene 0.038 0.023 0.195 0.013 

n-nonane 0.045 0.030 0.048 0.019 

3-ethyltoluene 0.008 0.006 0.106 0.003 

4-ethyltoluene 0.002 0.001 0.043 0.002 

1,3,5-trimethyl benzene 0.004 0.003 0.010 0.001 

2-ethyltoluene 0.001 0.001 0.030 0.001 

1,2,4-trimethyl benzene 0.007 0.005 0.067 0.002 

n-decane 0.020 0.022 0.046 0.010 

1,2,3-trimethyl benzene 0.002 0.001 0.017 0.001 
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Appendix B 
 

Table B1. Profiles chosen for CMB analysis for samples collected in Garfield County. 

VOCs Drilling Fracking Simultaneous 

Operation 

Flowback Production Water 

Treatment 

Facility 

Traffic Natural 

Gas 

Processing 

Ethane 0.2151 0.2626 0.4837 0.4711 0.494 0.365 0.197 0.5706 

Propane 0.2208 0.0338 0.113 0.1493 0.154 0.104 0.072 0.1597 

i-Butane 0.0943 0.0076 0.0284 0.0448 0.045 0.027 0.038 0.0364 

n-Butane 0.1178 0.0054 0.0281 0.0469 0.054 0.032 0.085 0.0448 

i-Pentane 0.0619 0.0048 0.0205 0.0306 0.006 0.003 0.01 0.0040 

n-Pentane 0.0518 0.0042 0.0178 0.0266 0.026 0.013 0.031 0.0162 

n-Hexane 0.0185 0.0173 0.0225 0.0242 0.021 0.01 0.017 0.0115 

n-Heptane 0.0085 0.0323 0.0199 0.0161 0.014 0.007 0.008 0.0072 

n-Octane 0.0033 0.0643 0.0237 0.0158 0.008 0.004 0.004 0.0047 

n-Nonane 0.0008 0.0479 0.0117 0.0089 0.003 0.002 0.002 0.0022 

n-Decane 0.0013 0.0289 0.0076 0.0063 0.001 0.001 0.002 0.0012 

n-Undecane -99 -99 -99 -99 -99 -99 -99 -99.0000 

n-Dodecane -99 -99 -99 -99 -99 -99 -99 -99.0000 

Ethylene 0.011 0.0073 0.0032 0.0008 0.013 0.012 0.192 0.0166 

Propylene 0.003 0.002 0.0008 0.0002 0.003 0.002 0.029 0.0027 

t-2-Butene 0.0001 0.0125 0 0 0 0 0.002 0 

t-2-Pentene 0 0.0001 0 0 0 0 0 0 

1-Pentene 0.0001 0.0001 0 0 0 0 0.001 0 

1-Hexene -99 -99 -99 -99 -99 -99 -99 -99.0000 

1-Octene -99 -99 -99 -99 -99 -99 -99 -99.0000 

1-Nonene -99 -99 -99 -99 -99 -99 -99 -99.0000 

Acetylene -99 -99 -99 -99 0.01 0.012 0.081 0.0212 

2-Methylpentane -99 -99 -99 -99 0.009 0.005 0.013 0.0050 

3-Methylpentane -99 -99 -99 -99 -99 -99 -99 -99.0000 

2-Methylhexane 0.001 0.0028 0.0025 0.0029 0.002 0.001 0.004 0.0009 

3-Methylhexane 0.0001 0.0052 0.0109 0.0081 0.007 0.002 0.008 0.0025 

2-Methylheptane 0.0003 0.0191 0.0104 0.0074 0.004 0.002 0.003 0.0022 

3-Methylheptane 0.0002 0.0136 0.0057 0.0037 0.003 0.001 0.003 0.0015 

2,2-Dimethylbutane -99 -99 -99 -99 -99 -99 -99 -99.0000 

2,3-Dimethylbutane -99 -99 -99 -99 -99 -99 -99 -99.0000 

2,3-Dimethylpentane 0.003 0.0105 0.0097 0.0077 0.006 0.003 0.007 0.0036 

2,4-Dimethylpentane 0 0.0043 0.025 0.0133 0.002 0.001 0.003 0.0007 

2,3,4-

Trimethylpentane 

0 0.0005 0.001 0.0007 0 0 0.001 
0.0000 

Cyclopentane 0.0024 0.0009 0.0014 0.0016 0.002 0.001 0.003 0.0019 

Cyclohexane 0.0075 0.0195 0.0183 0.0145 0.013 0.006 0.006 0.0108 

Methylcyclopentane -99 -99 -99 -99 -99 -99 -99 -99.0000 
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Methylcyclohexane 0.0125 0.0845 0.0551 0.0389 0.029 0.013 0.008 0.0144 

Benzene 0.01 0.0251 0.0093 0.0071 0.01 0.007 0.03 0.0147 

Toluene 0.1471 0.1058 0.0338 0.0225 0.016 0.01 0.037 0.0145 

Ethylbenzene 0.0004 0.0073 0.0022 0.001 0.003 0.002 0.007 0.0008 

m,p-Xylenes 0.0026 0.1004 0.0136 0.0108 0.011 0.006 0.018 0.0066 

o-Xylene 0.0007 0.0166 0.0033 0.0028 0.002 0.001 0.007 0.0015 

p-Ethyltoluene 0.0005 0.0103 0.0018 0.0018 0 0 0.004 0.0003 

m-Ethyltoluene 0.0002 0.0036 0.0005 0.0008 0 0 0.002 0.0002 

o-Ethyltoluene 0.001 0.0046 0.003 0.0012 0 0 0.001 0.0001 

1,2,4-
Trimethylbenzene 

0.0006 0.0165 0.0035 0.0034 0 0 0.003 
0.0003 

1,3,5-

Trimethylbenzene 

-99 -99 -99 -99 -99 -99 -99 
-99.0000 

Isoprene 0 0.0005 0 0.0015 0 0.001 0 0.0008 
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Table B2. Profiles chosen for CMB analysis for samples chosen from EPA’s SPECIATE program. 

Compounds Asphalt Biomass 

Burning 

Liquid 

Gas 

Gasoline 

Storage 

Condensate 

Tanks 

Oil and 

Gas 

Oil 

Well 

Diesel 

Exhaust 

 

Ethane 0.046 0.06 -99 0.0007 0.146 0.02 0.07 -99  

Propane 0.055 0.03 0.0003 0.016 0.11 0.009 0.08 0.003  

i-Butane 1.12 0.001 0.0032 0.083 0.026 0.002 0.03 -99  

n-Butane 1.01 0.004 -99 0.285 0.043 0.0026 0.07 0.014  

i-Pentane 0.057 0.001 0.0637 -99 0.0102 0.001 0.03 0.01  

n-Pentane 0.057 -99 0.0397 -99 0.0066 0.0005 0.02 0.0071  

n-Hexane 0.08 0.003 0.0338 0.0375 0.0033 0.00027 0.009 
 

 

n-Heptane -99 0.005 0.0154 0.004 0.00092 0.00052 0.004 0.0018  

n-Octane -99 -99 0.0049 0.0003 -99 -99 0.007 0.0009  

n-Nonane -99 -99 0.0023 -99 -99 -99 0.003 
 

 

n-Decane -99 -99 0.0013 -99 -99 -99 0.0007 -99  

n-Undecane -99 -99 0.0035 -99 -99 -99 0.001 -99  

n-Dodecane -99 -99 -99 -99 -99 -99 -99 -99  

Ethylene 0.02 0.08 -99 -99 -99 -99 -99 -99  

Propylene 0.039 -99 0.0001 -99 -99 -99 -99 -99  

t-2-Butene 0.059 0.002 0.0011 0.0102 -99 -99 -99 0.002  

t-2-Pentene -99 -99 0.0068 0.0137 -99 -99 -99 0.0002  

1-Pentene 0 
 

0.002 0.0086 -99 -99 -99 -99  

1-Hexene -99 0.0007 -99 -99 -99 -99 -99 -99  

1-Octene -99 0.00023 -99 -99 -99 -99 -99 -99  

1-Nonene -99 -99 -99 -99 -99 -99 -99 -99  

Acetylene 
 

0.02 -99 -99 -99 -99 -99 0.0175  

2-Methylpentane 
 

0.005 0.036 -99 -99 -99 0.008 0.0023  

3-Methylpentane -99 -99 0.0218 0.0199 -99 -99 0.003 0.0026  

2-Methylhexane -99 -99 0.016 -99 -99 -99 0.003 0.0021  

3-Methylhexane -99 -99 0.0176 0.0046 -99 -99 0.002 0.001  

2-Methylheptane -99 -99 0.0052 -99 -99 -99 0.002 0.00038  

3-Methylheptane -99 -99 0.0052 0.0006 -99 -99 0.002 
 

 

2,2-Dimethylbutane -99 -99 -99 0.014 -99 -99 0.002 0.001  

2,3-Dimethylbutane -99 -99 -99 
 

-99 -99 0.008 0.0021  

2,3-

Dimethylpentane 

-99 -99 0.019 
 

-99 -99 0.004 0.0027  

2,4-

Dimethylpentane 

-99 -99 0.012 -99 -99 -99 0.002 0.0016  

2,3,4-

Trimethylpentane 

-99 -99 0.016 0.0042 -99 -99 0.002 0.001  

Cyclopentane -99 -99 0.0081 0.0061 -99 -99 0.001 0.00156  

Cyclohexane -99 -99 0.0096 0.0043 -99 -99 0.0007 0.0008  

Methylcyclopentane -99 -99 0.0211 0.014 -99 -99 -99 -99  

Methylcyclohexane -99 -99 0.0091 0.0012 -99 -99 -99 -99  

Benzene 0.095 0.008 0.0238 0.014 0.00045 0.0001 0.003 0.01  

Toluene -99 0.002 0.168 0.0125 -99 -99 0.004 0.013  
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Ethylbenzene -99 0.002 0.186 0.0006 -99 -99 0.004 -99  

m,p-Xylenes -99 0.001 0.0746 -99 -99 -99 0.002 0.0088  

o-Xylene -99 0.001 0.027 0.0004 -99 -99 0.002 0.003  

p-Ethyltoluene -99 -99 -99 -99 -99 -99 -99 -99  

m-Ethyltoluene -99 -99 -99 -99 -99 -99 0.001 -99  

o-Ethyltoluene -99 -99 -99 -99 -99 -99 0.001 -99  

1,2,4-

Trimethylbenzene 

-99 -99 0.032 0.0005 -99 -99 0.002 0.003  

1,3,5-

Trimethylbenzene 

-99 -99 0.0096 0.0002 -99 -99 0.001 0.00099  

Isoprene -99 0.003 -99 -99 -99 -99 -99 -99  

 


