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Current perspectives on unconventional shale gas extraction
in the Appalachian Basin

DAVID J. LAMPE1,2 and JOHN F. STOLZ1,2

1Department of Biological Sciences, Duquesne University, Pittsburgh, Pennsylvania, USA
2Center for Environmental Research and Education, Duquesne University, Pittsburgh, Pennsylvania, USA

The Appalachian Basin is home to three major shales, the Upper Devonian, Marcellus, and Utica. Together, they contain significant
quantities of tight oil, gas, and mixed hydrocarbons. The Marcellus alone is estimated to contain upwards of 500 trillion cubic feet of
natural gas. The extraction of these deposits is facilitated by a combination of horizontal drilling and slick water stimulation (e.g.,
hydraulic fracturing) or “fracking.” The process of fracking requires large volumes of water, proppant, and chemicals as well as a
large well pad (3–7 acres) and an extensive network of gathering and transmission pipelines. Drilling can generate about 1,000 tons
of drill cuttings depending on the depth of the formation and the length of the horizontal bore. The flowback and produced waters
that return to the surface during production are high in total dissolved solids (TDS, 60,000–350,000 mg L¡1) and contain halides
(e.g., chloride, bromide, fluoride), strontium, barium, and often naturally occurring radioactive materials (NORMs) as well as
organics. The condensate tanks used to store these fluids can off gas a plethora of volatile organic compounds. The waste water, with
its high TDS may be recycled, treated, or disposed of through deep well injection. Where allowed, open impoundments used for
recycling are a source of air borne contamination as they are often aerated. The gas may be “dry” (mostly methane) or “wet,” the
latter containing a mixture of light hydrocarbons and liquids that need to be separated from the methane. Although the wells can
produce significant quantities of natural gas, from 2–7 bcf, their initial decline rates are significant (50–75%) and may cease to be
economic within a few years. This review presents an overview of unconventional gas extraction highlighting the environmental
impacts and challenges.

Keywords: Flowback, horizontal drilling, hydraulic fracturing, shale play, produced water.

Introduction

The extraction of natural gas and oil from tight shale reser-
voirs has increased exponentially over the last decade. It
has been aided in part by advances in horizontal drilling
technology coupled with hydraulic fracturing, also known
as slick water stimulation, as well as a favorable regulatory
climate and economic conditions. Unconventional gas and
oil drilling is now occurring in over 30 states with the
development of plays such as the Bakken (North Dakota),
Barnett (Texas), Haynesville (Louisiana), Fayetteville
(Arkansas), Antrim (Michigan), Woodford (Oklahoma),
Green River (Wyoming), Denver (Colorado), and the
Marcellus and Utica (Pennsylvania, Ohio, West Virginia)
(Fig. 1). Since 2005, daily production of natural gas from
shale plays has increased more than an order of magni-
tude, from less than 3 billion cubic feet to almost 30 billion
cubic feet.[1] This dramatic increase in production has

generated an optimistic outlook for economic develop-
ment and energy independence.[2] As with other historic
boom periods in the United States this rapid development
has posed many challenges.[3–6] The purpose of this review
is to present an overview of the processes involved in
unconventional gas extraction as currently practiced in
Pennsylvania for the Marcellus Shale, highlighting the
environmental impacts.
Drilling for gas and oil is not new to Pennsylvania as the

first commercial oil well is credited to Edwin L. (Colonel)
Drake. Drilled in Titusville in 1859 it led to the first
domestic oil boom.[7,8] Since then it is estimated that more
than 300,000 to 500,000 oil and gas wells have been drilled
in Pennsylvania.[9] As the requirement for permitting only
began in 1956, the location of many of these wells, and
whether they were properly plugged remain in doubt and
an abandoned well plugging program is maintained by the
state’s Department of Environmental Protection (PA
DEP). Although the first boom ended by the turn of the
20th century, Pennsylvania continued to support an active
oil and gas industry prior to the current boom in uncon-
ventional wells, with upwards of 7,000 conventional well
permits granted each year (Fig. 2).
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After the first successful test wells in the Marcellus in
2005, however, momentum began to swing towards
unconventional methods. By 2011 permits for unconven-
tional wells outnumbered conventional (Fig. 2). Accord-
ing to the PA DEP website, over 15,000 permits have been
granted since 2005 and over 7,400 unconventional wells
have been spudded (i.e., drilling of the unconventional
well has started).[10] Unlike the previous boom, which
occurred primarily in rural areas and saw towns like

Pithole and Petrolea rise and disappear as quickly,[7,8] the
new drilling is occurring not only in rural areas, but well
established suburban and more urban locations with high
population densities. This phenomenon is not restricted to
Pennsylvania. There are more than 1,400 unconventional
Barnett Shale wells within the city limits of Fort Worth,
Texas and 110 lateral wells (out of the 330 originally
planned) lie beneath the tarmac and properties of the
Dallas-Fort Worth Airport.[11]

Fig. 1.Map of unconventional shale gas and oil plays in the lower 48 states. Energy Information Administration (May 9, 2011).

Fig. 2. PA DEP permit (total, unconventional) and unconventional SPUD data for the period 2004–2013.
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Although drilling is banned presently in the city of Pitts-
burgh, Allegheny County in which Pittsburgh lies, has
recently signed an agreement with Huntley and Huntley
and Range Resources to allow them to drill under Deer
Lakes County Park[12] and have also leased the mineral
rights under the Pittsburgh International Airport to CNX,
a subsidiary of Consol Energy.[13] Rural towns have seen
dramatic increases in truck traffic and population growth.
While landowners with mineral rights, and service indus-
tries (e.g., food, housing, trucking) have seen economic
benefits[14,15] there has also been local inflation and stress
on infrastructure (e.g., roadways, law enforcement,
schools, housing).[16]

Several studies funded by industry sources (e.g., Consi-
dine et al., 2009, 2010)[14,15] have come under scrutiny for
inflating the economic impacts as a result of overstated
assumptions (e.g., 95% of industry spending would occur
within the state; royalties to landowners would be spent
immediately and within the state) and using a more suit-
able economic model that was more sensitive to changes
in drilling activity such as natural gas price and other var-
iables.[17] The economic gains that may be garnered from
drilling must be weighed against existing industries such
as agriculture, tourism, outdoor ventures (e.g., fishing,
hunting, and camping), and wineries, which may be sub-
stantially impacted or lost. For example, a recent study
by the Penn State Extension documented a loss in num-
ber of dairy cows of around 18% in areas with Marcellus
drilling activity.[18] The investigators were not able to
establish from their data whether the farmers were using
the new source of revenue to leave the business or to
merely shift their farming activities away from milk. Nev-
ertheless, there was concern that the drop in the number
of animals and concomitant decrease in milk production
could negatively impact supporting businesses such as
large animal veterinarians, feed suppliers, and dairy
processors.[18]

Unconventional shale gas extraction

Shale gas is called “unconventional” or “tight” because the
gas is trapped in a rock with low porosity and permeabil-
ity,[19] and thus needs to be extracted. The State of Penn-
sylvania, however, uses both rock type and depth to define
an unconventional well as a well drilled into an unconven-
tional formation or drilled into a geologic formation below
the Elk Sandstone (Oil and Gas Act of 2012, Act 13).
Although the existence of tight gas and oil reservoirs have
been known for some time,[20] their development had been
hampered by the fact that many shale deposits while hav-
ing a large areal extent are not that thick and can be a mile
or more below the surface. The Marcellus Shale, for exam-
ple, has an average thickness of 150’ and a depth of over
6,000’ in Western PA to surface outcrops in New York
State.[21]

These two hurdles were overcome by combining direc-
tional (horizontal) drilling, an innovation developed over
the last 20 years, and hydraulic fracturing. Hydraulic frac-
turing, or “fracking”, of tight shale gas, pioneered in the
Barnett Shale by George Mitchell in the early 1980’s,
involves a mixture of water, sand (proppant), and chemi-
cals that are injected into the ground at very high pressures
(5–10,000 psi).[22] Well completion records obtained from
the PA DEP showed that one company reported using an
average of 3.2 million gallons of fracking fluid and
300,000 lbs of proppant per well in wells drilled in Butler
County, PA in 2008 to 2012.[23]

The large number and size of the storage containers for
the water, chemicals, and proppant, the mixers and pres-
sure pump trucks, as well as the accommodations for con-
trol operations, require a well pad of sizable dimensions,
often 3–7 acres (Fig. 3). The well pads pose a striking
figure against the rural countryside of Western Pennsylva-
nia (Fig. 4A). The water for fracking is usually obtained
from streams, rivers, and lakes (Fig. 4B) or from the pub-
lic water supply. In Pennsylvania 80% comes from
untreated surface water with the remaining 20% from pub-
lic water supplies.[24] In the eastern portion of Pennsylva-
nia the Susquehanna River Basin Commission and the
Delaware River Basin Commission manage water with-
drawals. In Western Pennsylvania permits are provided by
the PA DEP under the justification of water quality con-
trol. The water is trucked to large impoundments that may
hold upwards of 10 million gallons and cover significant
acreage (Fig. 4C).
Well and pipeline construction takes place in several

stages.[22,25] The first stage is well site planning and prepa-
ration. Before any pad preparation or drilling can begin, a
company must acquire the mineral rights to the gas. This
is usually facilitated by a “landman”, who negotiates the
lease, the signing bonus, and the royalty rate. There is no
set fee for acreage, and some landowners have signed for
as little as $7 an acre, but in some cases upwards of $5,750
an acre.[26,27] Pennsylvania law mandates a minimum roy-
alty rate of 12.5% (Oil and Gas Lease Act, 1979), however,
a recent PA Supreme Court Decision (Kilmer v. Elexco
Land Services Inc., 2010) allows the companies to deduct
production and development costs from the royalties.
Another aspect of leasing is unit consolidation or

“forced pooling”. Many states allow that if a company has
the majority of the mineral rights of a given unit, or pool,
leased, it can also drill under the unsigned properties.
Forced pooling was originally developed for conventional
oil and gas as protection for mineral owners against “right
of capture” where a well on an adjacent property could
legally extract their gas or oil. However, this does not nec-
essarily apply to tight gas that requires direct fracturing of
the formation. Nevertheless, landowners are often told by
landmen that the companies “will get your gas anyway” as
an encouragement to sign a lease. Although forced pooling
does not currently apply to Marcellus, the Pennsylvania
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Oil and Gas Conservation Law of 1961 allows for unit
consolidation for the Utica Shale and formations below it.
Once the leases and any special variances to local munic-

ipal ordinances have been obtained, a seismic survey is
conducted. The purpose of the seismic survey is to create
2D or 3D maps of the rock strata. This can involve
thumper trucks, for 2D, or small explosive charges (2 lb of
dynamite) buried at 20 ft depth, for 3D, to generate seismic
waves that can be measured. After the location is deter-
mined, the pad site is prepared. It is cleared of trees, the
surface is leveled, and the pad liner laid out and covered
with a uniform substrate (e.g., gravel).
Two small impoundments, one for the drilling fluids and

one for the drilling waste fluid and rock cuttings, are pre-
pared unless a closed loop system, for both fluids and cut-
tings, is employed.[22] The dimensions of the pad may vary
but are sizable, from 3 to 7 acres.[28] The next stage is the
drilling, which is done in several phases. It involves consid-
erable infrastructure (e.g., the rig or derrick) and special-
ized equipment (e.g., blow out preventer, choke manifold)
and may vary in specifics depending on the particular dril-
ling company. Between 100-150 truck-loads of heavy
equipment and another 100–1000 truckloads of fracturing
chemicals, water, and proppants are used to drill and frack
the well.[29]

Initially, a cellar (an excavated area below the rig that
provides a space for the casing and the blow out protector
to sit), and several holes (e.g., surface hole, rat hole, mouse
hole) are drilled. The mouse hole holds drill pipe and the
rat hole holds the kelly (a four to six sided steel tubular
apparatus suspended through the rotary table that

provides fluid and rotation to the drill stem). The surface
hole (also known as the conductor hole) is drilled first and
cased with steel piping (the conductor casing) that is
secured into place by a layer of concrete protecting (in
principle) the groundwater (e.g., aquifers). Subsequent
smaller diameter holes are drilled deeper and similarly
cased. Typically three layers of casing strings are used, the
outer string, the intermediate string, and the production
string.[22]

In Pennsylvania, multiple casings are required, with an
additional intermediate string needed if coal seams are
encountered (Oil and Gas Act of 2012). The horizontal
portion of the well may require another type of drilling
rig, often called the “triple” as it can hold three lengths of
piping (Fig. 4D) and a directional drill.[22] The “kick off”
point is the depth at which the drill is turned. The
“horizontal” well bores may extend outwards several
thousand feet in several directions. Horizontal drilling is
essential for maximum gas recovery as the rock formations
are relatively thin (»150’) in most places. Each well produ-
ces around 1,000 tons of drilling waste (ground up
rock and drilling mud) that may contain a variety of
salts, heavy metals, and naturally occurring radioactive
materials (NORM) most notably uranium, radium, and
radon.[30]

This drilling waste may be buried on site or, more typi-
cally, transported to landfills. These landfills are both in
and out of the state where the waste is produced (e.g.,
West Virginia and New York landfills accept waste from
Pennsylvania). Once the horizontal leg of the well is
drilled, a production casing (inner string) is laid from the

Fig. 3. Hydraulic fracturing of an unconventional gas well in the Marcellus Shale. A) Well head, B) water containers, C), command
center, D) pressure trucks, E) proppant containers, F) mixers, G) chemical containers, H) flare, I) impoundment. Photo courtesy of
Robert M. Donnan.
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surface to the toe (the end of the well bore).[22] Next is the
completion and stimulation stage (fracking). Like the dril-
ling, fracking is done in stages, usually from 8 to 10. First,
the production string must be “perfed”, exposing the well

bore to the rock. This is accomplished with a perforating
gun, a device that sets off explosive charges in all direc-
tions. Once the perfing is done, that stage of the well bore
is fracked. This involves injection at high pressure (5-

Fig. 4 Facilities and structures involved in gas extraction from the Marcellus Shale, Washington County, Pennsylvania. A) Well pad
with horizontal drilling rig on a farm in Hickory, PA, B) Water storage tanks at a water withdrawal station at the confluence of the
Monogahela River and Cheat Creek, Bobtown PA, C) Water impoundment in Washington, PA, D) Well pad with horizontal drilling
rig in Washington, PA, E) Completed well with “Christmas Tree”, in Avella, PA, F) Condensate tanks and “Brine” truck, Avella PA,
G) enlargement of the hazard placards on the condensate tanks in F, H) pipeline construction in Washington, PA, I) liquids process-
ing (“cryo”) plant in Houston, PA.
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10,000 psi) of the fracking solutions, the composition of
which is detailed next, and proppant (fine-grained sands).
The fluids may be pumped in at rates upwards of 3,000

gallons per min.[22] This process enlarges the natural frac-
tures and inducing new ones in the rock releasing the
trapped gas. This is repeated several times down the well
bore. The last bit of piping is the production tubing. Dur-
ing completion, the well is usually flared as a means to con-
trol the back pressure. Flaring usually lasts a few days but
in some cases several months depending on the well and
whether gathering lines are available.[31] The final stage is
site maintenance during which the producing well is con-
nected to the gathering pipeline, infrastructure removed,
and the site reclaimed.[25]

A typical completed well pad has 1 to 2 wells but may
have upwards of 6 to 12 wells, in addition to separators,
small compressors, and condensate tanks (to handle the
produced water) (Fig. 4E,F). The well head assembly, with
its valves and pressure control devices, is known as the
“Christmas Tree” (Fig. 4E). Although Pennsylvania
requires site restoration within 9 months after the comple-
tion of drilling the well (x3216, Title 58 PA Code), as long
as it is active (the well can be restimulated or used to drill a
deeper formation), the footprint is still 3-7 acres. Well pads
are off limits for safety reasons, and the immediate sur-
rounding land is no longer accessible or usable for other
purposes, such as hunting or farming. Signage, required
personal protection equipment, (e.g., fire retardant clothing,
steel toed shoes, hard hat) and chain-link fencing restrict
access. This is true for both private and public lands.
Usually there are two condensate tanks per well, but

there may be many more depending on the number of
wells (Fig. 4F). They are marked with hazard placards
indicating the contents are flammable and toxic (Fig. 4G),
as the produced water contains volatile organic com-
pounds (VOCs). The tanks are designed with “blow off”
relief valves that release the VOCs as the fluids in the tank
increase and the pressure builds. Invisible to the naked
eye, these volatiles can be seen with specially designed
infrared cameras. Compounds such as propane, n-butane,
iso-butane, n-hexane, n-heptane, n-pentane, iso-pentane,
methylpentane, toluene, and xylenes as well as benzene,
cyclohexane and methylcyclohexane, have been detected
in the air around condensate tanks in the Barnett and Mar-
cellus plays.[32–35] Grover and Stattler[34] found that o-
xylene, m- and p-xylene, benzene, ethylbenzene, 1,2,4-tri-
methylbenzene, 1,3,5-trimethylbenzene, and toluene were
particularly associated with compressor stations. The
release of VOCs, especially BTEX (benzene, toluene, ethyl
benzene, and xylene), contributes to declining air
quality.[29,36]

The production of photochemical smog can result from
the truck and compressor diesel engine emissions, VOCs,
nitrogen oxides (NOx), and methane leakage from well
sites. The town of Pinedale in Sublette County, WY,
despite its low human population density has serious air

quality issues related directly to the nearby gas field.[29,37]

The recent ozone study from the Uintah Basin in Utah
indicated levels of 142 ppb, exceeding the EPA 8-hour
standard of 75 ppb.[38] The high ozone coincided with ele-
vated levels of methane, VOCs, and NOx, and could be
attributed to the natural gas and oil operations in the
basin.[38]

There are other environmental impacts from the produc-
tion of unconventional natural gas as well. Methane is a
colorless, odorless gas that requires the addition of mer-
captan before pipeline distribution. Pipeline will be
needed, from the gathering pipelines at the well pads to
the processing facilities and the transmission pipelines
(Fig. 4H). Pennsylvania already has about 8,600 miles of
intra- and inter-state transmission pipelines but estimates
suggest an additional 10,000 to 25,000 miles will be
needed, depending on the number of wells eventually
drilled.[39] These will require right of way, limit land use,
and will contribute to forest fragmentation. It is estimated
that gathering lines alone will be the major (94%) cause of
forest fragmentation.[40] The resultant loss of core forest
will lead to a decrease in biotic diversity.[41] Compressor
stations are also constructed along pipelines in order to
maintain pressure in the lines. The diesel compressor
engines are a source of NOx and sulfur oxide (SOx) emis-
sions and the process results in the production of conden-
sate fluids and VOCs. The product from the Marcellus in
Western PA is not dry gas but a combination of other
organics. These “wet gas” products (e.g., ethane, propane,
butane, drip gas) are separated in refineries (Fig. 4I).
These complexes are also a source of VOCs and frequently
flare off residual organics. These facilities are permitted as
individual units that comply with emission standards.
However, when multiple facilities (e.g., processors, com-
pressors) are aggregated the cumulative emissions can be
significant. There have been 462 compressor stations and
processing plants built in Pennsylvania since 2008, a more
than ten fold increase over what existed previously, con-
tributing an additional tens of thousands of tons of emis-
sions (including NOx and SOx) annually.[42]

Although it may be argued that natural gas is a cleaner
burning fuel (e.g., combustion to carbon dioxide) as com-
pared to oil and coal, the various aspects of unconven-
tional shale gas production in addition to the integrity of
the gas wells themselves (e.g., fugitive methane emissions)
raise the question of its impact on climate change. Several
recent studies have assessed the contribution of shale gas
development to the global carbon budget.[43–47] All indi-
cated an increase in life cycle emissions, although the
extent varied from as little as a 3% increase over conven-
tional gas but lower than coal[44] to more than twice that
of coal.[43] A comparison of the upstream carbon footprint
for conventional and unconventional gas extraction done
by Weber and Clavin[48] indicated similar values
(12.4¡19.5 g CO2 e/MJLHV for conventional gas, 11.0¡
21.0 g CO2 e/MJLHV for shale gas). Direct methane
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leakage occurs commonly from gas fields and associated
infrastructure (e.g., wells, fittings, and pipelines).[49,50] A
recent study from Colorado indicated that about 4% of pro-
duction was lost to leakage in the gas field, exclusive of that
which occurs during pipeline transportation.[51] As methane
is a potent greenhouse gas, it is imperative that its fugitive
loss is limited by using available technologies to reduce
emissions (e.g., green completions) and for monitoring.

Composition of fracking fluids

Over 600 chemicals have been used in the various frack
fluid formulations as reported by the US DOE,[52] US
EPA,[53] the US House of Representatives Committee on
Energy and Commerce,[54] and Colborn and colleagues,[55]

but may contain just a few dozen components. The basic
constituents include surfactants (non-ionic detergents, to
increase recovery), friction reducers such as granulated
anionic polyacrylamide and petroleum distillates (provid-
ing the “slick” in slick water stimulation), scale inhibitors
(e.g., ethylene glycol, to prevent formation of calcium car-
bonates and calcium, barium, and strontium sulfates), cor-
rosion inhibitors (e.g., N,N, Dimethyl formamide),
crosslinkers and gelling agents (e.g., guar gum, to control
viscocity), acid (usually hydrochloric, to aid in the fractur-
ing and dissolving the rock), and biocide (e.g., glutaralde-
hyde, to control bacterial growth).[55]

The exact composition of this mixture depends both on
the company doing the fracking, and the geographic loca-
tion, as even the same shale formation can have different
characteristics depending on its geologic history. The com-
ponents are not added all at once but in steps, first the
acid, corrosion inhibitors, and iron controllers are added
followed by the friction reducing agents.[22] The cross-
linkers and gelling agents are then added along with the
fine-grained proppant. This is followed by coarser prop-
pant, along with biocide, clay stabilizers, and breakers,
with the last stage being the flush, a bolus of freshwater or
brine.[22]

Although most of the additives are known, there are sev-
eral components that are proprietary in nature and have
designations on the Material Safety Data Sheet (MSDS)
that are undefined and often without a Chemical Abstract
Service (CAS) number. Some components are listed by
trade name, such as the commonly used biocide EC6116A
that is composed of dibromoacetonitrile (1–5% w/w/) and
2,2-dibromo-3-nitrilopropionamide (10–30% w/w) dis-
solved in polyethylene glycol (30–60% w/w). Proprietary
tracers, usually rare earth elements such as iridium and
gadolinium, may also be employed to aid in determining
the extent of each fracking stage.

Flowback and produced water

As mentioned above, a significant volume of fluids are
injected during hydraulic fracking, but eventually return

back up the well due to pressure from the overlying rock
strata (e.g., lithostatic pressure). For Marcellus Shale, the
initial flowback constitutes only about 10 to 20% of the
amount of fluids that were injected. It is similar in compo-
sition to the fracking fluids that were initially injected,
with low pH and lower conductivity. Over time, however,
as the fluids interact with and dissolve the rock the total
dissolved solid (TDS) content increases from 60,000-
350,000 mg/L. This “produced water” (or production
water) contain halides (e.g., chloride, bromide, fluoride),
strontium, barium, arsenic and often naturally occurring
radioactive materials (NORMs) as well as organics.[56–61]

In Pennsylvania, while the condensate tanks have haz-
ard placards indicating the toxicity and flammability of
the produced water (Fig. 4G), the trucks draining the
tanks are labeled “residual waste” and “brine”. Regard-
less, it is toxic to fauna and flora.[62] Although the amount
of waste water generated per unit of gas produced may
actually be less than a conventional well, the total over the
past decade has exceeded the state’s treatment capacity.[63]

Publicly owned wastewater treatment plants (POTWs) in
Pennsylvania are allowed to take produced water volumes
of up to 1% of their total daily output. POTWs are not
designed to “treat” produced water but merely dilute the
salts. This results in increased total dissolved solids (TDS),
bromide in particular, in local rivers.[64,65]

The bromide has caused problems with public drinking
water facilities as the disinfectant process by chlorination
creates brominated disinfectant biproducts (DBPs) espe-
cially trihalomethanes (TMH, chloroform, bromoform,
dibromochloromethane, bromodichloromethane).[66] The
US EPA has strict guidelines for THMs in drinking water,
requiring public drinking water facilities to inform their
customers if compliance has not been met for a given
reporting period. As a result many public drinking water
facilities have had to convert from chlorination to chlora-
mination to reduce the formation of THMs.[66] However,
chloraminated water can cause the leaching of lead from
older pipes and fittings. The practice of using POTWs for
produced water disposal has been voluntarily curtailed at
the behest of then Pennsylvania Governor Tom Corbett in
2011.
Companies have increased their use of recycled flow-

back and produced water for fracking as well as using
deep injection disposal wells (located in Ohio and West
Virginia). Nevertheless, dedicated permitted waste water
treatment plants continue to process these fluids and
release their effluent into local streams and rivers.[30] The
treatment of waste water and sludge can result in the pro-
duction of technically enhanced naturally occurring radio-
active materials or TENORMS.[67,68] Elevated levels of
Radium 226 (226Ra) are commonly found in Marcellus
Shale produced water.[30,69] A USGS study found a
median value of 2,460 pCi/L and a high of 18,000 pCi/
L.[69] A more recent study found 226Ra at 200 times back-
ground levels immediately downstream from a brine
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treatment plant discharging into Blacklick Creek, PA indi-
cating the potential for radium bioaccumulation.[70]

Water management, from the water withdrawals to
waste water treatment, is an important issue.[24,70–77] The
use of open impoundments in Pennsylvania for flowback
and produced water recycling presents several environ-
mental hazards. They may pose a threat to surface and
near surface groundwater as the liners can leak.[78,79]

Improper construction or site restoration can result in ero-
sion and sedimentation and an increase in the suspended
solid load in streams.[80] Impoundments holding recycling
fluids can be a source of VOCs as they are often aerated to
keep the growth of bacteria and the resulting sepsis to a
minimum. Both the produced water and the recycling
impoundments enrich for a unique microbiota that include
strict anaerobes, hydrocarbon degrading bacteria, and
methane oxidizing microorganisms.[59,60,81] These organ-
isms can be resistant to microbicides.[59,60]

Although the process of hydraulic fracturing creates
mini earthquakes by design, they are small in magnitude,
less than 1 Mw.[82] The large volumes of fluids (3 – 5 mil-
lion gallons) and proppant (3 million pounds) used per
well constitute a significant volume that causes deforma-
tion of the shale in all directions.[83] This increase in vol-
ume (1 gallon occupies 0.13368 cubic feet) can be
translated through the overburden all the way to the sur-
face and can be detected by tilt meters deployed at the sur-
face.[83,84] The effects at the surface are reported to be
negligible (on the order of microinches), however, the
resultant “pressure bulb” can potentially impact faults and
fissures in the overlying rock strata and exacerbate pre-
existing conditions (e.g., legacy issues of mine drainage,
conventional gas and oil plays, brines) ultimately affecting
groundwater. A significant increase in seismic activity has
been seen in Arkansas, Colorado, New Mexico, Ohio,
Oklahoma, Texas and Virginia since 2010.[82] Earthquakes
have been linked directly to deep well injection disposal of
produced water and production fluid waste in Ohio,
Arkansas, and Texas[85–87] including the Mw 4.7 in central
Arkansas in February 2011 and the Mw 4 in Youngstown
Ohio in December 2011.[82]

Estimated ultimate recovery and decline rates

Shale gas plays developed by hydraulic fracturing have the
interesting characteristic that they are very productive ini-
tially but have rapid decline rates.[88,89] The estimated ulti-
mate recovery per well (EUR) may be in the billions of
cubic feet but 50–75% is usually recovered in the first year
of production.[90] A typical well in the Haynesville, for
example, has a EUR of 6.5 Bcfe but an initial decline rate
of 85%.[91] The Barnett (2.65 Bcfe, 70%), and Fayetteville
(2.4 Bcfe, 68%) are comparable.[91] The early production
rates for Marcellus wells indicate a EUR of 4.4 Bcfe and a
first year decline rate of 75%. Thus the wells will finish
their productive stage in 3 to 5 years. In order for

companies to keep their production level constant, they
need to keep drilling and fracking.[88]

There is a close density of well operations needed to
fully develop a play, as has been seen in places like Gar-
rett County CO, Green River Basin WY, and DISH TX.
The industry can move very quickly as has been demon-
strated in Washington County, where since 2005 over
756 wells have been drilled, with the associated well
pads, impoundments, compressor stations, and other gas
facilities (Fig. 5). In 2008 the PA DEP granted 519 Mar-
cellus well permits and 196 were drilled; in 2009, there
were 1985 permits and 763 wells drilled; and in 2010,
3,314 permits and 1,386 wells drilled (matching the num-
ber of conventional wells drilled) (Fig. 2). Over 700,000
acres of Pennsylvania state forest land are leased or
available for gas production, with approximately 50% sit-
ting above the Marcellus Shale formation.[92] It has been
estimated that 80,000 to 200,000 acres could be lost if
the Marcellus Shale is fully developed.[29,39] The effects
are already being seen with increased forest fragmenta-
tion and edge communities.[41,93]

Groundwater contamination

Despite numerous reports of groundwater contamination
due to drilling activities, from Dimock, PA to Pavilion,
WY, whether fracking is at fault is still being hotly
debated.[94] Part of the difficulty is whether the discussion
is limited to the specific act of hydraulic fracturing or
encompasses a broader interpretation to include all aspects
of unconventional gas extraction. This debate has also not
been helped by the fact that the Energy Policy Act of 2005
(Public Law 109-58–August, 8, 2005) section 322 specifi-
cally exempts both hydraulic fracturing and subsurface
gas storage from the Safe Drinking Water Act. The US
EPA study that was used to justify the exemption only
reviewed reported incidents involving hydraulic fracturing
of coal bed methane deposits and did not involve actual
field studies or shale plays.[95] The US EPA’s ongoing
study on hydraulic fracturing is also limited in scope as it
concerns only surface contamination.[53] The recent settle-
ment of the Hallowich vs. Range Resources Corp (RRC)
underscores the common practice of non-disclosure agree-
ments and sealed settlements that limit public access to
information.[96]

Several different mechanisms have been proposed for
contamination of aquifers.[97–100] In what now seems pre-
scient, a hydrogeologist from Allegheny College, Samuel
S. Harrison published two papers in the mid 1980s that
discussed the groundwater contamination potential of
hydraulic fracturing in the Appalachian Basin.[101,102]

Among the routes of contamination considered were leak-
ing slush pits (impoundments), surface discharge during
fracturing or servicing, and road application of brine;
from the subsurface through pre-existing natural fractures,
a faulty bottom seal above the production zone as well as
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brine and gas from strata above the production zone; leak-
ing from a pressurized annulus; and from casing of insuffi-
cient depth or improper construction.[101,102]

Flow of fluids towards the surface through advective
transport and natural fractures may be accelerated by the
hydraulic fracturing process.[97] A recent study bears out
the concern for proper casing as they documented that
over the past thirteen years, unconventional wells had a
sixfold higher number of casing and/or cement issues
reported.[103] The debate continues, however, over whether
the fugitive gas is from the production zone (e.g., Marcel-
lus shale), overlying conventional gas deposits (such as the

case in Dimock, PA), or is biogenic.[104–106] Biogenic meth-
ane is produced by methanogens, microorganisms belong-
ing to the Archaea domain. The biological process,
methanogenesis, enriches for the lighter isotope of carbon,
12C, and as a result biogenic methane has an isotopic sig-
nature with strongly negative d13C values (ranging from
-60 to -120 o/oo).[100]

Thermogenic methane is formed through geologic pro-
cesses from fossil organic carbon (e.g., kerogen), is usually
found with other light hydrocarbons (e.g., ethane, pro-
pane, propylene), and has a “heavier” (e.g., more positive)
d13C value.[100] Thus the combination of isotopic signature,

Fig. 5 Shale gas development in Washington County, Western Pennsylvania from 2005 to 2013. Yellow circles, well operations (e.g.,
pads) installed between 2005 and 2010 (351), red circles, well operations installed since 2010 (134), green circles, sites restored since
2010 (44). Courtesy of C. Nolan.
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light hydrocarbon composition, and other geochemical
properties such as strontium isotope characterization can
be used to identify the source of the contamination.[78,107]

Although the methane in several water wells in Dimock,
PA was shown to be of thermogenic origin the actual
source is believed to be from Middle and Upper Devonian
shale deposits closer to the surface.[104]

Nevertheless, it was failed casings in multiple wells that
provided conduits for the fugitive gas migration.[108] Prop-
erly constructed wells contain several casings surrounding
the well pipe to prevent leakage of methane, fracking fluid,
and produced water into local aquifers.[99] Industry best
practices exist to limit the likelihood of casing failure
although these procedures are not mandated.[29,36]

Conclusion

The development of shale gas plays such as the Marcellus
and Utica has significantly changed the energy picture in
the United States in the last decade. The extraction of
unconventional natural gas, however, is a heavy industrial
activity involving large tracts of land, heavy equipment
and vehicles, and an extensive array of pipelines, compres-
sor stations, and processing facilities. We have presented
here a brief overview of what is involved in unconventional
shale gas extraction and some of the environmental
impacts of these activities. Given the likelihood that Penn-
sylvania alone may see up to 15,000 well pads and
upwards of 100,000 wells constructed over the next
20 years, it is critical that this activity be closely regulated
if we are to avoid repeating past failures (e.g., orphaned
wells, abandoned mine drainage). Ideally, enactment of
effective policies for well siting, construction, operation,
and reporting should be based on sound data. Consider-
ation must be given to the protection of watersheds for
large populations, habitat for rare and endangered species,
human health and safety concerns, as well as quality of life
issues. Mandating and enforcing industry best practices
(e.g., green completions, improved efficiency) and mini-
mizing the environmental impacts are essential for the
preservation of our natural resources now and for future
generations.
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