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Potential Shale Gas Extraction Air Pollution Impacts

How Organic Compounds Contained in the Shale Layer Can Volatilize Into Air, Become Hazardous Air
Pollutants and Cause Ozone Formation

By: Conrad Dan Volz, DrPH, MPH; Drew Michanowicz, MPH, CPH; Charles Christen, DrPH, MEd; Samantha Malone, MPH,
CPH; Kyle Ferrer, MPH - Center for Healthy Environments and Communities (CHEC), University of Pittsburgh, GSPH, EOH
department

The Center for Healthy Environments and Communities has received numerous requests for information on how Marcellus shale
gas extraction operations might contribute to air quality problems throughout the PA-NY-WV region, how air quality problems
might develop in other shale plays around the country, and the potential human exposure to specific air contaminants generated
in these processes. We are addressing this question in a very thorough academic fashion now by looking at the industrial
processes involved from site clearance, to well drilling and hydrofracturing, to gas processing and methane and byproduct
transport; we are developing conceptual site models of human exposure to contaminants generated by this very complicated
industry with many sub-operations.

A conceptual site model is a written and/or pictorial representation of an environmental system and the biological, physical and
chemical processes that determine the transport and fate of contaminants from a source, through environmental media (air,
groundwater, surface water, sediment, soils, and food) to environmental receptors (humans, aquatic and terrestrial organisms
can all be environmental receptors) and their most likely exposure modes (ASTM, 2008). Again, because there are many sources
and types of contaminants to understand and uncover within each gas extraction process, it will take until mid-fall to complete
this study. In the meantime, here is basic information on potential air quality impacts from shale gas extraction activities.

Part I of this series explains how organic compounds in the shale layer itself can be mobilized during the hydrofracturing and gas
extraction process and volatilized into the air from frac ponds, impoundments, and pits, as well as from condenser tanks, cryo
plants and compressor stations - and become Hazardous Air Pollutants (HAP's).

Part II explains how volatile organic compounds (VOC's), which are HAP’s, form ozone in the lower atmosphere (otherwise
known as ground level ozone) and uses maps generated for other regional studies of other precursor contaminants to lay a basis
for formation ozone over the Marcellus area.

P A R T  I :  H O W  O R G A N I C  C O M P O U N D S  I N  T H E  S H A L E  L A Y E R  E N T E R  A I R  A N D  B E C O M E  H A Z A R D O U S  A I R
P O L L U T A N T S

Since this article is on potential human exposure to airborne volatile organic compounds from shale gas operations, we will limit
the following narrative conceptual model to how organic compounds in the shale gas layer itself can be mobilized by the
hydraulic fracturing and above ground operations to become airborne and present an inhalation hazard.

An exhaustive search of the literature was done to obtain peer reviewed articles on Marcellus or other shale play flowback and
produced water and concentrations of organic compounds in this water; no scientific articles were found that look specifically at
organic compounds when well stimulation technology is used. Additionally, no papers were found that characterize organic
compounds in flowback or produced water from Marcellus Shale wells over the region, which may vary significantly; anecdotal
information suggests that wet gas containing organic compounds is an important byproduct in SW PA, whereas dry gas is more
common in NE PA.

However, we can piece together good evidence that flowback and produced water from shale layers themselves contain organic
compounds that could offgas into the environment when brought to the surface. First, gas-productive shale formations occur in
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Paleozoic and Mesozoic rocks in the continental United States and are characterized as fine-grained, clay- and organic carbon–
rich rocks that are both gas source and reservoir rock components of the petroleum system (Martini et al., 1998). Gas is of
thermogenic or biogenic origin and stored as sorbed hydrocarbons, as free gas in fracture and intergranular porosity, and as gas
dissolved in kerogen and bitumen (Schettler and Parmely, 1990; Martini et al., 1998). Kerogen and bitumen are extremely large
molecular weight and a diverse group of organic compounds that could also be broken into many smaller organic compounds
during the hydrofracturing process given the high pressures used, the temperatures at depth and the chemical additives added to
make the water slick. The USGS factsheet 2009–3032 states clearly that hydrofrac water “in close contact with the rock during
the course of the stimulation treatment, and when recovered may contain a variety of formation materials, including brines,
heavy metals, radionuclides, and organics that can make wastewater treatment difficult and expensive” to dispose of, although no
supporting documentation is provided (Soeder and Kappel, 2008).

Certainly gas shales contain numerous organic hydrocarbons; we know, for example, that the Marcellus contains from 3-12%
organic carbon (OC), the Barnett: 4.5% OC, and the Fayetteville: 4-9.8% OC (Arthur et al, 2008 ). A whitepaper describing
produced water from production of crude oil, natural gas and coal bed methane and prepared by researchers at the Argonne
National Laboratory, reports that volatile hydrocarbons occur naturally in produced water and that produced water from gas-
condensate-producing platforms contains higher concentrations of organic compounds then from oil-producing platforms (see
below a description of organics from oil and gas producing platforms in the Gulf of Mexico) (Veil et al., 2004). Organic
components of this produced water consist of C2-C5 carboxylic acids, ketones, alcohols, propionic acid, acetone and methanol.
The concentration of these organics in some produced waters can be as high as 5,000 parts per million (ppm). This study further
states that

Produced waters from gas production have higher contents of low molecular-weight aromatic hydrocarbons such as
benzene, toluene, ethylbenzene, and xylene than those from oil operations; hence they are relatively more toxic than
produced waters from oil production. (Veil et al., 2004)

The authors conclude in this section that produced water contains:

... aliphatic and aromatic carboxylic acids, phenols, and aliphatic and aromatic hydrocarbons. Partially soluble components
include medium to higher molecular weight hydrocarbons (C6 to C15). They are soluble in water at low concentrations,
but are not as soluble as lower molecular weight hydrocarbons. They are not easily removed from produced water and are
generally discharged directly. (Veil et al., 2004)

A dated but very informative paper on the contaminants in produced water in the Gulf of Mexico is "Petroleum drilling and
production operations in the Gulf of Mexico" by C.S. Fang (1990). Here, "produced water" is referring to formation water or water
condensed from the flowing gas mixture in the production tubing string only since these wells are not stimulated. The paper
states that the largest discharge by volume from an offshore platform is from produced water. The organic compounds in the
produced water come from three sources:

1. Organic compounds extracted from the crude oil,
2. Chemicals added to produced water or put into a producing well - such as corrosion and scale inhibitors, scale solvents,

biocides, antifreeze, and oil and grease, and
3. Impurities in the chemicals used.

Further, some paraffin’s and aromatics have moderate solubility in water; as long as oil-gas and water flow upward together these
can become dissolved in water. The longer the transit time (as in deep Marcellus wells) the more hydrocarbon can dissolve into
water. This paper reports finding toluene, ethylbenzene, phenol, naphthalene and 2,4-dimethylphenol in produced water and
states that bis(2-ethyl-hexyl) phthalate, di-n-butyl phthalate, fluorine and diethyl phthalate have been found in produced water
by the EPA. Estimated pollutant concentrations and discharges of organic and non-organic chemicals from produced water are
shown in a Table 3 (below) from this paper.

The authors of this paper also found significant organic compounds in ocean floor
sediments near oil and gas platforms. This of course has important ramifications for what
organics are contained in frac pond sludge from on shore shale gas extraction and hint that
this material should be tested using TCLP methods to see if it is hazardous waste. Certainly
buried pits containing sludge could continue to offgas organic vapors from this sludge

material. The table below extracted from this paper shows the organic contaminants in the ocean floor sediments.

So now that we have established the mobilization of organic chemicals in flowback and
produced water, how do they get into the air which we breathe? If you remember back to
your chemistry class in high school or college you may remember something known as the
Henry’s Law constant. The Henry’s Law constant (H) of an organic compound determines
its ability to enter the air. Compounds that have high H’s can enter the air from water
easily, whereas compounds with low relative H’s enter the air less well- and they enter the

air from the water phase dependant on their concentration in water, their concentration in air and the prevailing temperature and
pressure. Again, remember PV=nRT (pressure times volume equals the mole fraction times the gas constant times temperature

All Documentaries>>

D E P  N E W S R O O M  R E L E A S E S

Majority of Marcellus Well
Operators Fail to Meet
Production Reporting Deadline

Mosquito Spraying Set for
Delaware County to Control
West Nile Virus Threat

Mosquito Spraying Set for
Delaware County to Control
West Nile Virus Threat

C O M M U N I T Y  M S G E
P H O T O S

I N T E R E S T I N G  L I N K S

CHEC Website

FracTracker's Data Tool

NY DEC Marcellus Info

PA DEP eFacts

PA DEP Marcellus Info

Pro Publica Environmental
Reporting

WV DEP Office of Oil & Gas

S E A R C H  T H I S  B L O G

powered by

B L O G  A R C H I V E

▼  2010 (21)

▼  August (10)

Potential Shale Gas
Extraction Air Pollution
Impac...

New on the Blog: Data
Collection Form

Methane and Other Types of
Pipelines Being Propose...

Marcellus Citizen
Stewardship Project

Core Habitat Biological
Diversity Areas Now on
Fra...

http://1.bp.blogspot.com/_0sXAiOTKLU4/THP9w400J0I/AAAAAAAAG8c/8NOUkhRrmZc/s1600/EstPollDischarged.bmp
http://1.bp.blogspot.com/_0sXAiOTKLU4/THP-ecxy8iI/AAAAAAAAG8k/nS02y1hO_k4/s1600/HydrocarbonsInSediment.bmp
http://pubs.usgs.gov/fs/2009/3032/
http://pubs.usgs.gov/fs/2009/3032/
http://pubs.usgs.gov/fs/2009/3032/
http://pubs.usgs.gov/fs/2009/3032/
http://www.atsdr.cdc.gov/substances/toxsubstance.asp?toxid=14
http://www.atsdr.cdc.gov/substances/toxsubstance.asp?toxid=29
http://www.atsdr.cdc.gov/substances/toxsubstance.asp?toxid=66
http://www.atsdr.cdc.gov/toxfaqs/tf.asp?id=295&tid=53
http://www.atsdr.cdc.gov/tfacts115.html
http://www.atsdr.cdc.gov/tfacts67.html
http://www.epa.gov/IRIS/subst/0466.htm
http://www.epa.gov/IRIS/subst/0466.htm
http://www.epa.gov/iris/subst/0014.htm
http://www.epa.gov/iris/subst/0014.htm
http://www.epa.gov/iris/subst/0014.htm
http://www.epa.gov/iris/subst/0014.htm
http://www.atsdr.cdc.gov/tfacts135.html
http://www.atsdr.cdc.gov/tfacts135.html
http://www.atsdr.cdc.gov/tfacts135.html
http://www.atsdr.cdc.gov/tfacts135.html
http://www.atsdr.cdc.gov/tfacts135.html
http://www.epa.gov/iris/subst/0053.htm
http://ntp.niehs.nih.gov/ntp/htdocs/Chem_Background/ExSumPdf/Diethyl_phthalate.pdf
http://ntp.niehs.nih.gov/ntp/htdocs/Chem_Background/ExSumPdf/Diethyl_phthalate.pdf
http://ntp.niehs.nih.gov/ntp/htdocs/Chem_Background/ExSumPdf/Diethyl_phthalate.pdf
http://www.epa.gov/osw/hazard/testmethods/faq/faq_tclp.htm
http://www.epa.gov/osw/hazard/testmethods/faq/faq_tclp.htm
http://en.wikipedia.org/wiki/Henry's_law
http://www.youtube.com/user/checNGdoc
http://www.portal.state.pa.us/portal/server.pt/community/newsroom/14287#13826
http://www.portal.state.pa.us/portal/server.pt/community/newsroom/14287#13826
http://www.portal.state.pa.us/portal/server.pt/community/newsroom/14287#13826
http://www.portal.state.pa.us/portal/server.pt/community/newsroom/14287#13824
http://www.portal.state.pa.us/portal/server.pt/community/newsroom/14287#13824
http://www.portal.state.pa.us/portal/server.pt/community/newsroom/14287#13824
http://www.portal.state.pa.us/portal/server.pt/community/newsroom/14287#13823
http://www.portal.state.pa.us/portal/server.pt/community/newsroom/14287#13823
http://www.portal.state.pa.us/portal/server.pt/community/newsroom/14287#13823
http://www.chec.pitt.edu/
http://data.fractracker.org/
http://www.dec.ny.gov/energy/46288.html
http://www.ahs2.dep.state.pa.us/eFactsWeb/criteria_site.aspx
http://www.dep.state.pa.us/dep/deputate/minres/oilgas/new_forms/marcellus/marcellus.htm
http://www.propublica.org/series/buried-secrets-gas-drillings-environmental-threat
http://www.propublica.org/series/buried-secrets-gas-drillings-environmental-threat
http://www.dep.wv.gov/oil-and-gas/Pages/default.aspx
javascript:void(0)
javascript:void(0)
http://www.fractracker.org/search?updated-min=2010-01-01T00%3A00%3A00-08%3A00&updated-max=2011-01-01T00%3A00%3A00-08%3A00&max-results=21
javascript:void(0)
javascript:void(0)
http://www.fractracker.org/2010_08_01_archive.html
http://www.fractracker.org/2010/08/new-on-blog-data-collection-form.html
http://www.fractracker.org/2010/08/new-on-blog-data-collection-form.html
http://www.fractracker.org/2010/08/methane-and-other-types-of-pipelines.html
http://www.fractracker.org/2010/08/methane-and-other-types-of-pipelines.html
http://www.fractracker.org/2010/08/marcellus-citizen-stewardship-project.html
http://www.fractracker.org/2010/08/marcellus-citizen-stewardship-project.html
http://www.fractracker.org/2010/08/core-habitat-biological-diversity-areas.html
http://www.fractracker.org/2010/08/core-habitat-biological-diversity-areas.html
http://www.fractracker.org/2010/08/core-habitat-biological-diversity-areas.html
http://picasaweb.google.com/chec.pitt/MSGECommunityExperiences#5464847176451308066
http://picasaweb.google.com/chec.pitt/MSGECommunityExperiences#5464847181841355266


FracTracker - Marcellus Shale Data Tracking: Potential Shale Gas Extraction Air Pollution Impacts

http://www.fractracker.org/2010/08/potential-shale-gas-extraction-air.html[8/28/2010 11:58:24 PM]

in degrees Kelvin) Hang in there, I know it is coming back to all of you. They enter the air then when the concentration of the
compound in air is lower than that in water, which is generally the situation unless you live on some planet that has toxic organic
vapor levels in air or next to a petrochemical plant during some crisis! And they can be envisioned as entering the air by either of
two models: 1) the stagnant air-water model or 2) the circulating packet model.

Using either model, the flowback or produced water that returns to the surface and goes into a frac pond-pit or impoundment
will offgas (become a vapor in air) its organic compounds into the air. This becomes an air pollution problem, and the organic
compounds are now termed Hazardous Air Pollutants (HAP’s). Additionally, separators, condensers, cryo plants and
compressors can leak causing these volatile organic compounds to enter air. Incomplete combustion in flaring also adds VOC’s to
air.

P A R T  I I :  H O W  V O L A T I L E  O R G A N I C  C O M P O U N D S  A C T  A S  P R E C U R S O R  C H E M I C A L S  F O R  T H E
F O R M A T I O N  O F  O Z O N E  W H E N  C O M B I N E D  W I T H  N I T R O G E N  O X I D E S  A N D  C A R B O N  M O N O X I D E

Exposure to ground level ozone has been linked in many scientific studies to:

airway irritation, coughing, and pain when taking a deep breath,
wheezing and breathing difficulties during exercise or outdoor activities,
inflammation, aggravation of asthma and increased susceptibility to respiratory illnesses like pneumonia and bronchitis,
and
permanent lung damage with repeated high exposures.

Ground level ozone also interferes with the ability of sensitive plants to produce and store food, making them more susceptible to
certain diseases, insects, other pollutants, competition and harsh weather. It damages the leaves of trees and other plants, and
reduces forest growth and crop yields, potentially impacting species diversity in ecosystems (EPA, 2008).

The best explanation for formation of ozone that I know of is contained in the 2008 EPA Air Quality Criteria for Ozone and
Related Photochemical Oxidants (The entire 3 part EPA document is attached after this article). Ozone is a secondary pollutant
that is formed in polluted areas by atmospheric reactions involving two main types of precursor pollutants volatile organic
compounds (VOC’s) and nitrogen oxides (NOx). Carbon monoxide (CO) from incomplete combustion of fuels is also an
important precursor for ozone formation. The formation of ozone and other oxidation products (like peroxyacyl nitrates and
hydrogen peroxide), including oxidation products of the precursor chemicals, is a an extremely complex reaction that depends on
the intensity and wavelength of sunlight, atmospheric mixing and interactions with cloud and other aerosol particulates, the
concentrations of the VOC’s and NOx in the air, and the rates of all the chemical reactions. The EPA figure below shows all the
possible reaction pathways and products that might be formed in both the troposphere (the lowest major layer, extending from
the earth’s surface to about 8 km above polar regions and about 16 km above tropical regions) and the stratosphere (that is from
the top of the troposphere to about 50 km above the earth’s surface). What happens in the lowest sublayer of the troposphere
known as the planetary boundary layer (PBL) is most important for formation of ground level ozone and other reactive species
that can cause health effects and is most strongly affected by surface conditions.

“VOC refers to all carbon-containing gas-phase compounds in the atmosphere, both biogenic and anthropogenic” (biological and
manmade) “in origin, excluding CO and CO2. Classes of organic compounds important for the photochemical formation of O3
include alkanes, alkenes, aromatic hydrocarbons, carbonyl compounds (e.g., aldehydes and ketones), alcohols, organic peroxides,
and halogenated organic compounds (e.g., alkyl halides) Remember these are given off into air from produced water and
flowback water at shale gas sites. This array of compounds encompasses a wide range of chemical properties and lifetimes;
isoprene has an atmospheric lifetime of approximately an hour, whereas methane has an atmospheric lifetime of about a decade”
(EPA, 2008). So the majority of ground level ozone is formed when ozone precursors NOx, CO, and VOC’s react in the
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atmosphere in the presence of sunlight. We have established that these VOC’s can come from volatilization of organic compounds
from frac ponds-condensers and other gas processing equipment and compressor-transmission operation. Motor vehicle exhaust,
emissions from coal powered electrical generation stations, industrial emissions and release of chemical solvents all put these
precursor ozone producing chemicals into the air.

These precursors chemicals most often originate in urban areas, but winds can carry NOx hundreds of kilometers, causing
ozone formation to occur in less populated regions as well. Methane, a VOC whose atmospheric concentration has
increased tremendously during the last century, contributes to ozone formation but on a global scale rather than in local or
regional photochemical smog episodes. In situations where this exclusion of methane from the VOC group of substances is
not obvious, the term Non-Methane VOC (NMVOC) is often used. (EPA, 2008)

Now let’s examine the specific case of ozone and precursor chemicals for ozone as they exist over the Marcellus shale area without
the addition of VOC’s from shale gas operations and the addition of diesel exhaust that also accompanies this process (from the
thousands of truck trips to deliver water, chemicals, equipment, and sand and remove equipment and contaminated fluids -
conservatively 1000 trips per well - thus over a year when 2000 wells are drilled there would be 2,000,000 truck trips). The
maps that we are going to show were developed for the Pittsburgh Regional Environmental Threat Analysis (PRETA), in progress
now (check back to fractracker.com in mid-September 2010 to visualize data on VOC’s, ozone, sulfur dioxide, nitrogen oxides,
particulates [PM 10 and PM 2,5], carbon monoxide and other air contaminants across the four state region of Ohio,
Pennsylvania, Maryland and West Virginia- these data and the maps presented below represent air contaminant means of the
second highest 8-hour daily maximum values from 1998 -2008).

Map 1, 8 Hour Ozone Designation Areas shows that ozone levels in a 7 county area of Southwest PA are in ozone non-
attainment right now—before the addition of new Marcellus Shale gas extraction sources. This area is one of the epicenters in PA
of Marcellus Shale gas extraction.

Map 2, NO2 Levels 1998-2008 over 4 state region shows existing NO2 levels when monitoring station data are averaged and
smoothed.

Map 3, NO2 Emissions in Tons for 2002 presents facilities releasing NO2 over the 4 state study area and an estimate of
their NO2 emissions per tonnage category. Remember NO2 is a precursor gas for formation of ozone; areas downwind of these
sites will thus have increased reactant for the formation of ozone. VOC’s from shale gas extraction activities may react with NO2
from these sources.

http://www.chec.pitt.edu/Projects.html#PRETA
http://4.bp.blogspot.com/_0sXAiOTKLU4/THP_rWUdkPI/AAAAAAAAG8s/84CWXnRo3yQ/s1600/Map1Ozone.bmp
http://2.bp.blogspot.com/_0sXAiOTKLU4/THQALuv9c2I/AAAAAAAAG80/5EfqtcLkUYI/s1600/Map2NO.bmp
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Showing events after 8/28. Look for earlier events

Gas Activist Picnic - Chenango Forks, NY

Gasland Documentary Screening - Waynesburg, PA

A Town Hall Meeting - Quakertown, PA

Fleased Meeting re: Legislation options - Brooktondale, NY

HBO's GASLAND Music Benefit w/ Josh Fox - New York, NY

Action Otsego Meeting - Oneonta, NY

Public hearing on proposed Marcellus Shale gas drilling ordinance - Cranberry Twp, PA

2010 Pittsburgh Energy Forum - Pittsburgh, PA

Hydrofracking Forum - Penn Yan, NY

6pm Gasland showing with Josh Fox - Callicoon, NY - FREE!

Saturday, August 28

Tuesday, August 31

Thursday, September 2

Sunday, September 5

Tuesday  September 7

If you would like to add an event to this calendar, just email us: chec@pitt.edu with the title, date, time, location, and details.
(Thanks for pointing out the need for this calendar, Sue!)
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