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Abstract
This research quantifies the potential environmental impacts that shale gas extraction in New
York and Pennsylvania will have on New Jersey. Here we focus on three potential impacts:
Delaware River water drawdown, Delaware River water contamination and New Jersey air
quality deterioration. The three focus areas were chosen because a total of 15 million people
depend on the Delaware River for drinking water (approximately 3 million of whom reside in
New Jersey) and air quality standards in New Jersey are already being exceeded. In the analysis,
GIS, water resource and water quality models are used to forecast Delaware River water
drawdown and future contamination. Air quality impacts are estimated by extrapolation of
existing air quality impact assessments from other shale deposits, and by using current shale gas
extraction activity in northeastern Pennsylvania, current air quality data from New Jersey, and
seasonal wind patterns around the study area.
To evaluate the range of possible outcomes, we developed three scenarios representing the bestcase, middle and worst-case scenarios. This study assumes all water from the Delaware River
and its tributaries is retrieved, that waste water recycling is not practiced and that spills from the
containment ponds occurs. The results of this study found that even in the ‘worst case scenario,’
the Delaware River will not experience a change in flow rate, although some draw down would
be detected in certain tributaries. The real world validity of this finding may depend on the
management of drawdown timing and quantities. Potential contamination will also be within
EPA limits, assuming the River is not already highly contaminated, although contamination in
upstream tributaries will be more significant. Moreover, some of the contaminants that we
modeled do not have EPA standards at this time and could be of potential risk. Finally, we found
that New Jersey air quality degradation due to ozone produced during the shale gas drilling
process is non-existent at this time, but could pose a problem in the future if all active wells in
Northeastern Pennsylvania become producing wells, if more wells are drilled closer to New
Jersey and if production per well rises.
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Overview of Hydraulic Fracturing
The Delaware River Watershed rests on top of the Marcellus Shale formation, which spans
across much of Ohio, West Virginia, Pennsylvania and New York and also covers portions of
Maryland, Kentucky, Tennessee and Virginia.1 Navigant Consulting estimates that the Shale
formation contains between 200 and 500 trillion cubic feet of natural gas, which is enough
natural gas to satisfy 20 years of U.S. demand.2 Marcellus shale gas reserves (gas that can be
extracted in an economically viable manner) rose from 102 billion cubic feet in 2008 to 4,478
billion cubic feet in 2009.3 As of 2009, the Marcellus was the third largest shale play in the
country behind Haynesville/Bossier and Fayetteville.4

The most successful means of extracting this gas is through horizontal drilling (to intersect
naturally occurring vertical fractures) and hydraulic fracturing (to create more fractures and
access more pore spaces).5 Hydraulic fracturing involves “pumping fluid and a propping agent
such as sand down the wellbore under high pressure to create fractures in the hydrocarbonbearing rock.”6 The propping agent, or proppant, keeps the fractures open, which allows the
natural gas to escape up the wellbore.7

Objective
The primary objective of our project is to assess the potential impacts that hydraulic fracturing in
Pennsylvania and New York will have on New Jersey water quality and supply and New Jersey
air quality. The New York City Department of Environmental Protection recently conducted an
extensive environmental impact assessment for the New York City water supply, however, to
date, no similar research has been conducted to determine air and water quality impacts in New
Jersey.

Specifically, we will first use GIS modeling and analysis to assess the range of possible impacts
freshwater extraction for hydraulic fracture natural gas production in the Delaware River watershed could
1

(Marcellus Shale-Appalachian Basin Natural Gas Play 2010)
Navigant Consulting 2008, as cited by (New York City Department of Environmental Protection 2009, 3)
3
(Energy Information Administration 2010)
4
(Energy Information Administration 2010)
5
(Marcellus Shale-Appalachian Basin Natural Gas Play 2010)
6
(New York State Department of Environmental Conservation Division of Mineral Resources 2009, 5-32)
7
(New York State Department of Environmental Conservation Division of Mineral Resources 2009, 5-32)
2
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have on flow volume in New Jersey. Secondly, we will assess the range of risk that contaminants used in
such operations pose to water quality downstream. In both cases, we will only be examining potential
hydraulic fracture natural gas production in Sullivan, Pike, Wayne and Delaware counties, all of which
fall within the Delaware River Basin Boundary, as seen in the map below.

Delaware River Basin Boundaries

This map depicts the counties that fall within the
Delaware River Basin Boundary. We will be examining
these four counties in our assessment of potential
river water drawdown and contamination.

Finally we will assess likely air quality impacts by examining the emissions associated with
Marcellus Shale drilling activity throughout Pennsylvania.

We are only focusing on

Pennsylvania because as of April 2011, 1,215 wells were producing natural gas in Pennsylvania
Marcellus Shale, whereas only about 16 wells were producing natural gas in New York
Marcellus Shale. 8

8

PADEP database entitled “July-Dec2010 Marcellus Only, 6 Months,” accessed April 2011 at
https://www.paoilandgasreporting.state.pa.us/publicreports/Modules/Production/ProductionHome.aspx,
February 2011, and New York Department of Environmental Conservation Marcellus Shale Database, accessed
April 2011 at http://www.dec.ny.gov/cfmx/extapps/GasOil/
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Potential Impact 1: Delaware River Drawdown
Introduction
Three to nine million gallons of water, in addition to the proppant and chemicals, must be
pumped into the well to induce hydraulic fracturing.9 This water will most likely come from
nearby surface water sources.

Chesapeake Energy, a company currently operating in the

Marcellus Shale region, notes that water used in the drilling process comes from “rivers, creeks
and lakes,” however, the exact combination of water sources utilized at a given location
“depends on the region and the availability of sources near drilling sites.”10 The Delaware River
Basin Commission has approved Stone Energy’s proposed water withdrawals from the West
Branch Lachawaxen River to be used for natural gas exploration.11 The Lachawaxen River is a
tributary of the Delaware. Chesapeake Energy is currently “reviewing the use of a variety of
other water resources such as discharge water from industrial or city wastewater treatment plants,
groundwater and reuse of fracturing water,” but have not adopted new practices at this time.12

According to the New Jersey Division of Watershed Management, as of 2000 the Delaware
River provided drinking water for more than 15 million individuals.13 These include residents of
northeastern New Jersey as well as individuals residing in New Jersey Critical Area 2
(southwestern New Jersey), who in 1996 began reducing their reliance on the depleted PotomacRaritan-Magothy Aquifer through consumption of Delaware River water.14

The Delaware

Riverkeeper places the number of New Jersey residents who depend on the Delaware for
drinking water at 2.9 million15, while the New Jersey Director of the Sierra Club estimates a total
of 3 million.16 (These statistics are not confirmed by a Government source).

9

(New York City Department of Environmental Protection 2009, 37)
(Chesapeake Energy 2010, 2)
11
(Delaware River Basin Commission 2010)
12
(Chesapeake Energy 2010, 2)
13
(New Jersey Department of Environmental Protection, Division of Watershed Management 2010)
14
(Delaware River Basin Commission 2008, 9, 13)
15
(Delaware Riverkeeper n.d., 1)
16
(Tittel 2010)
10
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Methods and Materials: GIS Analysis of Potential River Drawdown
Area of study

The area of study includes the Delaware River watershed, which falls within Delaware and
Sullivan Counties in New York and Wayne and Pike Counties in Pennsylvania.17 Water quantity
and quality was evaluated at USGS gauging station near Port Jervis, NY. The station is located
within a mile of the point at which the Delaware River enters New Jersey and hence is a sensible
choice for evaluating water quantity and quality.

Delaware River Basin and Tributaries

The above map shows the Delaware River and its
tributaries including the Lackawaxen, the Delaware
River watershed, the four counties in question and
the river outlet at Port Jervis, NY.
Tools and data

ArcSWAT was chosen as the appropriate hydrologic model for this analysis. This software is an
add-on application to the popular ArcGIS geospatial information system software and is a userfriendly version of the Soil & Water Assessment Tool (SWAT) jointly developed and maintained
17

See Map 1
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by Texas A&M University and the US Department of Agriculture.18 SWAT facilitates simulation
of hydrologic processes and analysis of the impact different parameter values have on those
processes. Both SWAT and ArcSWAT have been used for countless analyses similar to this one
and are recognized as reliable tools for these purposes.19
ArcSWAT requires input files that house several types of data in order to perform a simulation of
a watershed or hydrologic process. The first of these datasets is a digital elevation map (DEM).
DEMs at a resolution of 30 meters are made publicly available through the US Geological
Survey (USGS) and are digital reliefs of an area that allow us to evaluate how changes in
elevation throughout the watershed impact hydrologic events.20 Though finer resolution data is
also available from the USGS, 30-meter resolution is more appropriate given the several
thousand square mile scale of our analysis. Moreover, finer resolution, though more detailed,
drastically increases computation processing time for each model simulation run and results at a
finer scale, if used inappropriately, could produce misleading results.
STATSGO soil data was used to obtain soil distribution information at a resolution of 1:250,000,
this dataset is also publicly available and is produced and maintained by the US Department of
Agriculture.21 Different types of soil interact with water differently. With this data, the model
allows us to demonstrate how water interacts with the land in the various areas of the watershed
due to soil composition.
Land cover data is another important element of this model. Within this watershed there are a
number of different types of land use, ranging from urban areas to forests. Runoff contribution to
stream flow from urban areas should be expected to be higher than from forested areas, for
instance. NLCD2001 is the land cover dataset included with ArcSWAT and this is the data set
we have used for our model.
ArcSWAT includes data from 1,041 weather stations across the US that collect a myriad of
climate data including temperature, precipitation, humidity, wind speed and direction. Using this
data and statistical models based on Markov chains, ArcSWAT generates forecasts for

18

(Texas A&M University 2009)For more information, contact Jeff Arnold at (254) 770-6502
Soil & Water Assessment Tool website, applications sub-page presents a library of previous analyses performed
with ArcSWAT: http://swatmodel.tamu.edu/applications
20
(United States Geological Survey, EROS Data Center n.d.)
21
(US Department of Agriculture, Natural Resource Conservation Service n.d.)
19
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precipitation, temperature and other climate values used in simulation of the watershed during
our scenario analysis.
Input files

Based on these data sources, we now move to create input files that convey all spatio-temporal,
physiography, hydrologic and climate forcing data for this watershed into files ArcSWAT can
understand. The first of these tasks is to delineate the watershed based on the DEM provided by
the USGS. Using this file and ArcSWAT’s object-oriented interface, we create a flow and
accumulation grid that explains the direction in which water will flow within each 30 meter grid
cell. ArcSWAT preprocesses the 124,248 cell DEM with a considered threshold of 18,568.0
hectares. This module within ArcSWAT fills localized depressions in the topography, called
“sinks”, which would form misleading collections of water in our model but in reality are
drained into the stream network.
From this point we build a stream network that identifies the major tributaries of the Delaware
River. Based on permit filings for drilling wells in each county we can estimate where
contaminants might enter the watershed and enter these points into the watershed manually.
Finally, we can indicate the point at which we will be evaluating the results of our scenario
analysis, at Port Jervis, NY which we designate as the watershed outlet.

Locations of Point Source Contamination
Source Site

County

Sub basin

Reach

Longitude

Site 1

Delaware, NY

5

East Branch Delaware -75.187773 41.965869

Site 2

Wayne, PA

12

Lackawaxen River

-75.267010 41.574523

Site 3

Sullivan, NY

17

Shohola Creek

-74.785451 41.664805

Site 4

Pike, PA

19

Mongaup River

-74.976132 41.418681

The above table presents the chosen locations for
point source contamination including the counties
in which the point source is located, the relevant
tributary and the geographic coordinates of the
point source.
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Latitude

After the watershed is delineated we move to configure the hydrologic unit.22 This aspect of the
set-up process is important because attributes like soil composition and land use have a huge
impact on how a watershed behaves. Moreover, we need to simplify the slope of the different
areas of the watershed as simply using the DEM would require much more processing power
than is available or warranted for such a high level analysis. ArcSWAT allows us to easily
upload the original NLCD2001 data file and from this creates a SWAT input file for us, a similar
procedure is used for the STATSGO soil data and lastly we define three slope types: the first
from 0%-1% grade, the next from 1%-15% grade23 and the third and final type from 15%-100%
grade. This slope classification scheme allows us to simplify the processing algorithms for
ArcSWAT.
When all these steps are complete we can create an overlay – a single GIS file that combines all
these HRU attributes into a single index. We select the “write all” command under ArcSWAT’s
“Write Input Tables” menu and ArcSWAT creates the appropriate input files for the SWAT
model based on the data we have loaded and the other selections we have made. The final step is
to run the input files through the SWAT model and review the output file results.
Initial model

Mean annual precipitation for this watershed was generated by ArcSWAT at a level of 47.2
inches based on projections of historical USGS weather station data housed in ArcSWAT. This
is 7.99% lower than the 51 inches seen annually in this watershed over the last 10 years.24
Flow

ArcSWAT simulates flow through rivers, creeks and streams as wells as water quality resulting
from simulated precipitation and nutrient or contaminant loading into these reaches. For our
analysis we chose to analyze the flow through reaches in four specific modeled sub basins
resulting from given levels of precipitation along with the primary outlet at Port Jervis, NY. The
observed and modeled values for flow through the chosen reaches are displayed in Table G1
below. The map below also illustrates the spatial distribution of the target sub basins and the
outlet at Port Jervis.
22

In this case, hydrologic unit (HRU) refers to the entire Delaware River watershed, catalogued by the USGS as HRU
region 02, subregion 0204
23
This breakdown was chosen because 15% was the mean slope for the entire watershed.
24
Rutgers University Climate Center, Monthly precipitation in New Jersey, 1895-2011:
http://climate.rutgers.edu/stateclim_v1/data/njhistprecip.html
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Sub Basins Chosen for Evaluation

This map illustrates the Sub basins chosen for evaluation and further calibration
An analysis comparing historically observed values to modeled valu
values
es for the targeted
watersheds, yields an R2 of 0.9985, indicating that the model largely “explains” variation in the
observed values between the targeted sub basins.
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As Table G1 below outlines, the modeled flow is consistently above the observed flow by a
substantial margin. This difference is despite the 7.99% lower precipitation in the modeled
watershed. Further analysis shows that the overall watershed outlet at Port Jervis is much closer
to observed values than the targeted sub basins. This means that on aggregate, by the time all
modeled tributary flows come together at the coagulation point at Port Jervis, NY, flow through
the reach is much more in line with historical values than in the modeled upstream tributaries.

Table G1: Observed vs. Modeled Annual Flow at Strategic Points
Observed

Modeled

Difference over (under)
observed

Sub
basin

cfs

inches
rain

inches
“lost”

cfs

inches
rain

inches
“lost”

West Branch Delaware

4

1,071.8

21.8

25.2

1,572.2

32.0

15.0

46.7%

East Branch Delaware

5

1,462.2

23.6

23.4

1,939.4

31.4

15.6

32.6%

Lackawaxen River

12

346.1

22.8

24.2

476.6

31.4

15.6

37.7%

Mongaup River

17

182.5

11.9

35.1

481.1

31.3

15.7

163.6%

Delaware at Port Jervis

20

5,953.0

26.3

20.7

6,927.7

30.6

16.4

16.4%

Reach

As the “inches lost” columns of Table G1 show, the higher flow is a reflection of the fact that
less precipitation is being lost to the ground and evapotranspiration. The next step in building our
model is to calibrate this interaction in a way that more appropriately reflects historically
observed trends.
Calibration

Through an iterative optimization process we can ensure that the model will be more reflective
of what is likely to happen in reality regarding precipitation across the watershed and the
resulting flows in the various reaches fed by that precipitation. Calibrating the model is
preferable to using the model as it stands because it is currently less representative of historical
values for precipitation and the resulting flow. We perform calibration because the representation
of the process and data in the model are not defined to a high level of precision. Calibration is a
process of “nudging” the parameters to implicitly account for the uncertainty in those
13

parameters. For this analysis, we have chosen to calibrate parameters at the five points identified
in Table G1.
To calibrate the flow resulting from a given amount of precipitation we must adjust parameters
that either affects how much water is lost to evapotranspiration or how much water is absorbed
into the ground. Two specific variables, the curve number (CN2) and the GWQMN parameter
are well suited for adjustment to these ends as judged by investigation of flow sensitivity to
changes in these parameters.
The curve number indicates the perviousness of the land cover in a given area. Decreasing this
number results in less water flowing to a reach from the area where the curve number applies.
The GWQMN parameter indicates the degree to which groundwater from the shallow aquifer
can enter the reach, the higher this value is, the less water that will enter the reach from the
shallow aquifer. We change the CN2 parameter from 77 to 65 and the GWQMN from 0
millimeters to 1 millimeter.
The difference between observed and our modeled values are still considerably higher than we
might like, but the modeled flow at Port Jervis, NY, our ultimate focal point, is much closer to
history. Guidance in the SWAT Input-Output Guide, produced by the creators of the SWAT
model - experts in hydrology, suggests that our current values for GWQMN and CN2 are at the
limit of their reasonable range for the geographic area we are evaluating.25 Despite the persistent
differences between observed and modeled flow for individual sub basins, our results are
measurably more in line with historically observed values and are presented in Table G2.

Table G2: Observed vs. Calibrated Modeled Annual Flow at Strategic Points
Observed
Reach

Sub
basin

cfs

Calibrated Model

inches
rain

inches
“lost”

cfs

inches
rain

inches
“lost”

Difference
over
(under)
observed

West
Branch
Delaware

4

1,071.8

21.8

25.2

1,441.4

29.3

17.7

34.5%

East Branch

5

1,462.2

23.6

23.4

1,788.2

28.9

18.1

22.3%

25

Neitsch, et. al. Soil and Water Assessment Tool, Input-Output Documentation Version 2009. Pp 240-241, 319

14

Delaware
Lackawaxen
River

12

346.1

22.8

24.2

434.0

28.6

18.4

25.4%

Mongaup
River

17

182.5

11.9

35.1

436.7

28.4

18.6

139.3%

Delaware at
Port Jervis

20

5,953.0

26.3

20.7

6,323.8

27.9

19.1

6.2%

The table above compares historically observed
flow values to modeled flow values at the chosen
sub-watersheds
watersheds It also shows inches of rainfall that
entered the stream vs. inches that were lost either to
the ground or evapotranspiration. Finally, the
right-most
most column represents the difference
between historical and observed flows as a
percentage of historical flows.

A scatter plot of the observed and modeled flows from the calibrated model yields an R2 of
0.9984 indicating that the model parameters and configuration continue to largely “explain”
variation in the observed values between sub basins.

15

Post-calibration, the modeled “loss” of water is 19.1 inches of the incident precipitation, or 19.1 /
(27.9 + 19.1) = 40.6%. A reasonable figure when compared to an observed “loss” of 20.7 / (26.3
+ 20.7) = 44.0%.
Scenarios

As was indicated earlier in this report, the impact of removing water from the headwaters and
hydraulic fracturing related contamination of the Delaware River has witnessed sparse, if any,
analysis. Our approach here is to assume a range of possible volumes of water and contaminants
per well and number of wells per county. With this universe of possibilities, we can run several
iterations of our model to get a sense of how drawdown and contamination will impact flow
volume and water quality.
Parameters

For this analysis, we have chosen to use a range of number of wells per county from 15 to 30,
which we have based on our investigation into the number of permits which have been applied
for thus far in the counties in question.26 Naturally, the number of wells drilled could be higher
or lower depending on future permit applications and application acceptance rates. For the
volume of water used per well, we referenced the aforementioned range indicated in the New
York EPA report from 3 million gallons to 9 million gallons. These combinations of factors
result in a range of possibilities from 15 wells per county X 3 million gallons (a total of 180
million gallons) to 30 wells per county X 9 million gallons per well (a total of 1,080 million
gallons), as illustrated in Table G3 below.

26

Retrieved from individual county permitting documentation databases for Delaware, Wayne, Pike and Sullivan
counties.
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Table G3: Water Drawdown Scenarios
County

Lower bound

Middle

Upper bound

(3M gallons X 15 wells)

(6M gallons X 23 wells)

(9M gallons X 30 wells)

45 million gallons each

138 million gallons each

270 million gallons each

180 million gallons

552 million gallons

1,080 million gallons

Sullivan
Pike
Wayne
Delaware
Total

Table G3 outlines the water drawdown scenarios modeled

Results
As we can see by viewing Table G4 below, the volume of water required for these fracking
operations and therefore the difference between flow with and without the inclusion of such
considerations is negligible at the target sub basin locations and at a watershed scale.

Table G4: Sub Basin Drawdown
Sub basin

Original flow

Lower bound

Middle bound

Upper bound

4

1,380

1,380

1,380

1,380

5

1,735

1,735

1,735

1,734

12

328

328

328

327

17

346

346

346

345

20

5,308

5,308

5,308

5,308

Table G4 outlines the year 1 flow for our calibrated model and drawdown 3 scenarios
This analysis suggests that there is some impact on the volume of water flowing through
tributaries of the Delaware though at the Port Jervis outlet – on a watershed scale, the impact is
not likely to be noticeable. Extending these results further, this outcome suggests that it would
take hundreds of wells and their associated well stimulation events in these areas to reach the
point of drawdown that would result in dewatering of these reaches.
One interesting aspect of watershed hydrology that has not been evaluated in this study is the
impact seasonality would have on these results. Are flows lower in summer months? Would
17

water be extracted during this season or during seasons when the water running through the
tributaries is more plentiful?
Though outside the scope of this analysis, such questions are certainly worth investigating and
should be considered in future studies. In the section that follows we will consider the results of
the model scenarios for water contamination and the implications of these results.

Potential Impact 2: Delaware River Water Contamination
Introduction
Chemical Composition of the “Fracking Fluid”

Hydraulic fracturing fluids consist of 98% freshwater and sand (proppant) and 2% chemical
additives, which are intended to control fluid properties during the fracturing process. Desired
fluid properties include non-reactivity or flammability, minimal corrosion potential, neutral pH,
and economic feasibility.

Aside from proppants, the chemical additives typically found in

fracturing fluids fall into the following categories:
•

Surfactants: Reduces surface tension to allow greater fluid recovery.

•

Iron control agents: Prevents precipitation of metal oxides.

•

Acids: Cleans up perforation intervals of cement and drilling mud.

•

Breakers: Intended to keep viscosity low, so that propping agents can enter fractures.

•

Biocides: Inhibit bacterial growth (which can prevent fluids from carrying proppants into
fractures)

•

Corrosion inhibitors: Prevention of rust formation.

•

Gelling agents: Increases fluid viscosity to allow proppants to be carried into fractures.

•

Friction reducers: Allows fluids to be entered at optimal pressures.

•

Scale inhibitors: Inhibition of the precipitation of carbonates and sulfates.

•

Clay stabilizers: Prevents swelling of clays which could block pore spaces.
It is important to note that fracturing fluids may differ from one geologic formation to

another and that not all chemical types will be used in every fracturing operation. Typically, no
more than one chemical of each type will be used. A generic breakdown of the fracturing fluid
constituents is depicted in the figure below.
18

27

Generic composition of hydraulic fracturing fluids. Mostly water and sand, although the small remainder is made up of
several different chemicals that are used to control desired fluid properties.

The importance of Flowback Fluids

The concern for surface water quality, however, arises mainly from the fluids that come out of
the well after the fracturing operation is finished, as opposed to the fluids that are pumped into
the well. Fluid return rates vary. Estimates can be anywhere from 10% to 70% or more, with an
average recovery rate of 25%28. Fluid return takes place during the 2 to 8 weeks following the
completion of the fracturing operation, however, the majority of fluid return occurs within four
days after the fracturing operation is finished.
As flowback fluids emerge from the well, they are often stored in on-site lined pits. The pits are
lined with plastic of unspecified thickness, and are allowed to remain in such lined pits for up to
45 days after fracturing operations cease. Some circumstances, however, may permit fluids to
remain in the pits for longer durations29. The fluids may then be transported to an underground
injection well, an industrial treatment plant, or to publicly owned treatment works (abbreviated
POTWs).

27

(New York State Department of Environmental Conservation Division of Mineral Resources 2009)

28

(New York State Department of Environmental Conservation Division of Mineral Resources 2009, 6-57)

29

(New York State Department of Environmental Conservation Division of Mineral Resources 2009)
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While some of the chemical additives may also be present in flowback fluids, the constituents of
the flowback fluids have a different overall composition than the constituents of fracturing fluids.
For this reason, reuse of fracturing flowback fluids is generally not done, as the flowback fluids
will not contain the same desired properties. The flowback fluids may contain substances that
were not part of the fracturing fluids. New compounds can form due to reactions between
additives, and substances mobilized from within the shale formation can be brought to the
surface. Conversely, some of the heavier constituents, particularly the dense non-aqueous phase
liquids (DNAPLs), of the fracturing fluids will remain in the ground30.

Fluid types typically

found in flowback fluids are:

•

Dissolved salts

•

Metals

•

Suspended solids

•

Mineral scales

•

Bacteria

•

Friction reducers

•

Iron-based solids

•

Acidic gases

Please reference Appendix I to see the concentrations of different chemicals found in flowback
fluids from a series of samples.
Due to the large quantities of flowback fluids that flow out of the well, the quantities of
chemicals may be significant, even if the concentration is low. For comparison purposes, more
than 99% of raw wastewater entering a waste water treatment plant consists of freshwater
water31, but it is clearly incorrect to assume that wastewater can be released into the environment
on this basis.

30

(Carluccio 2010)

31

(Town of Greenfield, Massachusetts 2009)
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The image below shows a comparison of the more prevalent metals found in flowback fluids. It
is evident that Calcium and Barium are the most prevalent. Sodium is depicted in the second
graph below, as it is considered a measure of salinity.

Metals Found in Flowback
35,000
30,000

mg/L

25,000

Minimum
Concentration

20,000

Median
Concentration

15,000
10,000

Maximum
Concentration

5,000
0

Prevalent metals found in flowback fluids. Mostly alkaline earth metals, dominated by calcium and barium.

One of the biggest concerns with flowback fluids that is frequently cited is salinity.

The

Marcellus Shale Formation has an oceanic geological history, and thus contains brine beneath the
surface. This brine has a significantly higher salinity than the open ocean, and is brought to the
surface during fracturing operations. The graph below depicts a comparison between the salinity
content of flowback fluids and the salinity of the ocean.
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Salinity Measures of Flowback
350,000
300,000
Minimum
Concentration

mg/L

250,000

Median
Concentration

200,000
150,000

Maximum
Concentration

100,000

Ocean
Concentration

50,000
0
TDS

Sodium

Chloride

Salinity measures in flowback fluids. Can be significantly higher than in the ocean.

Challenges in Treating Hypersaline Fluids

The following treatment methods are often used to treat high saline waters, but few treatment
methods are capable of treating salinities as high as undiluted flowback fluids. The chart below
shows the different desalination techniques along with the levels of salinity they can accept.

Technologies Used to Treat Saline Influent
Technology

Maximum Feed TDS
(mg/L)

Energy Use (KWh/100
bbl)

Capacitive Deionization

5,000

20

Electrodialysis Reversal

7,000

60

Electrodialysis

40,000

--

Reverse Osmosis

35,000

15-30

Evaporation

100,000

400

Membrane Distillation

250,000

600-700

Crystallizer

300,000

1000-1300
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Techniques used to treat high salinity influent. Few techniques are capable of treating salinity levels found in flowback fluids.
Techniques used to treat the highest salinities require very large amounts of energy.

It can be seen from the table that the only viable means of desalinization are crystallizer and
possibly membrane distillation. Even with these two options, there remains the possibility of
oversaline influent, as the maximum TDS concentration in flowback fluids exceeds the
maximum feed for these methods. Additionally, these methods are both highly energy intensive,
rendering them undesirable.

Pennsylvania has 2 industrial waste treatment plants that are

designed specifically to treat high salinity influent, but these plants have reached their capacity33.
Moreover, POTWs are not equipped to handle the concentration and type of chemicals
associated with flowback fluids. Thus, treatment of flowback fluids can become somewhat of a
challenge.
The Importance of Considering Mismanagement

In addition to difficulties in treating flowback fluids, it is important to consider the discharges in
the event of an accident or poor site management. Due to loose regulation and enforcement of
lined pits and other fracturing operations, there remains the possibility for the integrity of the
lining to become compromised, or for water to overflow during rainstorms, thereby discharging
flowback fluids into the environment. Additionally, there have been numerous instances of
spillage and mismanagement of flowback fluids before transporting them to the lined pits34.
Possibilities for flowback fluid spills include above-ground discharges from hoses or pipes used
to transport flowback fluids from the wells to on-site pits, in addition to spillages from truck
collisions, vandalism, deliberate illegal discharge, or equipment failure35.

Methods and Materials: GIS Analysis of Potential River Water Contamination
The Number of Wells

The project utilizes SWAT to assess potential water contamination, entering areas where well
permits have already been granted as point sources. 23 well permits have been granted for

32

(Vidic n.d.)

33

(Delaware Riverkeeper Network n.d.)

34

(Delaware Riverkeeper Network n.d.)

35

(New York State Department of Environmental Conservation Division of Mineral Resources 2009)
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Delaware County, NY36; and 9 permits have been granted for Wayne County, PA, though this
number is in flux37. These figures have been used to determine the number of wells to include in
each county for the different scenarios.

Different wells will not contribute identically to

pollutant loading in the Delaware River at the mouth of the study area. It is for this reason that it
is important to identify a location within the catchment for each well.
The location of the wells will determine which sub-watershed the flowback fluids are likely to
affect. We have assumed that the flowback fluids will be discharged into the nearest reach, or
the point in the nearest tributary that is nearest to the well site. This provides a worst-casescenario for the State of New Jersey, as we are assuming a greater discharge into the
environment than is likely to be the case given the number of wells we have assumed. The
proximity of the reach to the outlet of the overall catchment will have an effect on the level of
contamination that occurs as the Delaware River enters New Jersey.
Assumptions made during model runs include:
•

25% flowback rate for each well

•

Median concentrations for each contaminant.

•

All wells are treated identically in terms of water input and flowback output

•

Flowback fluids cease discharging one year after the fracturing operation has ceased.

•

Flow out of the well is constant during the one year time period.

Selection of Contaminants to Model

Due to the large number of chemical constituents in flowback fluids, and to the fact that each
model run can only accommodate three conservative metals at a time, it has been made necessary
to wisely select which constituents to model. Apart from two constituents that have received
attention from the media and state government, the decision was made on the basis of two
factors. The first factor is the LD50, or the potency of the constituent, and the second factor is
the actual concentration in flowback fluids. While the concept of concentration in flowback
fluids is self-intuitive, the concept of an LD50 warrants further elaboration.
36

(NYSDEC 2011)

37

(PADEP 2011)
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LD50 means the lethal dose for 50% of the organisms tested. The LD50 is typically tested on
rodents, and is measured in units of milligrams of substance per kilogram of organism body
weight, in order to correct for differences in size. The median lethal dosage for a particular
organism can be computed by multiplying the LD50 by body weight. Substances with a lower
LD50 are more potent and thus more dangerous, because it takes a lower dosage of that
substance to be fatal. For instance, a substance with an LD50 of 2 mg/kg is 10 times as potent as
a substance with an LD50 of 20 mg/kg.
The concentration in flowback has been divided by the LD50 for each contaminant. This has
provided a ranking for the chemicals are likely to be most dangerous. Concentration has been
divided by LD50, because the intent is that a higher quotient results in a higher ranking (lower
LD50s and higher concentrations will produce higher quotients). This division is only used to
generate the ranking in order to decide which chemical constituents to include in the model, but
is not used in the model itself.
Total dissolved solids, despite a higher LD50, has been modeled due to its excessively high
concentration and due to the fact that it has been cited as a major concern for water quality. 4Nitroquinoline 1-oxide (abbreviated 4NQO) has been modeled even in the absence of LD50 data,
due to concerns regarding its high carcinogenicity.

Radium has been cited as a potential

concern, but has not been modeled owing to the fact that the concentration of radium has not
been provided in units of mass. The SWAT model relies on units of mass for contaminant
modeling.
Apart from TDS and 4NQO, the contaminants that are to be modeled include chromium, barium,
strontium, and lithium. It is unclear which form of chromium has been found in the flowback
fluids, but LD50 data has been found for the more potent form, Chromium VI, in order to
provide a more conservative estimate.
We only used median concentrations of the contaminants, which we estimated using publically
available data.38 The table below displays the loading used for each scenario, values in the
“Loading” column show the total amount of each contaminant that was inserted into each
county’s watershed for the initial fracking phase of 1 year for the 10 year model period.

38

The natural gas industry claims such information is confidential under a trade secrets law

25

Daily Loading into Nearest Reach
Scenario

Contaminant

Loading (kg/day/county)

Barium
77.17
Chromium
0.06
Lithium
1.04
Low bound
Strontium
86.20
Total dissolved solids
10,872.80
NQO2
1,622.52
Barium
236.66
Chromium
0.19
Lithium
3.19
Middle
Strontium
264.35
Total dissolved solids
33,343.26
NQO2
4,975.73
Barium
463.03
Chromium
0.36
Lithium
6.24
Upper bound
Strontium
517.20
Total dissolved solids
65,236.81
NQO2
9,735.12
Table presents the loadings of contaminants under three different scenarios

Obtaining and Interpreting SWAT Output Files

The next step was to convert the output files from the SWAT simulations from a quantity to a
concentration. Special attention must be given to units. SWAT output files provide contaminant
loading in kilograms. This must be converted to milligrams per liter, as the degree of water
contamination is measured in units of concentration. This step involves the conversion of flow
rate to a total quantity.
After having obtained the concentration downstream, dilution factors for each of the three
scenarios were obtained. This is the factor by which the Delaware River is capable of diluting
flowback fluids.
Lastly, a cursory analysis has been done on the degree to which sub-basin outlets are
contaminated. As flow rates and proximity to gas wells are likely to be lower, and thus sub26

basins are more likely to be in peril. Knowing which sub-watersheds are likely to be most
impaired can help identify sources of pollution.

Results and Discussion: Projected Downstream Water Contamination
Dilution of Flowback Fluids

Contamination of the Delaware River as it enters New Jersey is noticeable, but even in the worst
case scenario, the waters will not be contaminated to the point of being in violation, unless there
are other significant sources of pollution that are already taking place. Other sources of pollution
would require a much more detailed investigation. They have not been modeled in this study
due to time and resource limitations. The graph below depicts the downstream concentrations of
the contaminants that were modeled.

Downstream Changes in Water Quality
Concentration (mg/L)

20
18
16
14
12

Lower Bound

10

Median Bound

8

Upper Bound

6
4
2
0
Barium

Chromium

Lithium

Strontium

TDS

4NQO

Increases in downstream water contamination in Port Jervis, NY caused by upstream fracturing operations. TDS
has the highest concentration due to its high concentration in flowback fluids. Metals have lower concentration, but
it is importantly noted that this does not correlate to TDS being the biggest threat.

It can be seen clearly that the contaminant with the greatest concentration downstream is total
dissolved solids. Contaminants have been assumed to behave the same way in the SWAT
model, and all wells have been assumed to have discharge with the same constituents in the same
concentrations, so the concentrations downstream are proportional to the concentrations in
flowback fluids. Regardless of proportionality, the important question is: To what extent are the
27

Delaware River waters able to ddilute
ilute the pollutants?

The dilution factors for each of the

scenarios are depicted below.

Dilution Factor of Flowback Fluids Downstream
30,000

Dilution Factor

25,000

20,000

15,000

10,000

5,000

0
Lower Bound

Median Bound

Upper Bound

This graph shows the factor by which the Delaware River is capable of diluting the flowback fluids. This depends on the
amount of flowback fluids, given that the cchanges in the volume of the Delaware River are negligible.

Comparison to Maximum Contaminant Levels (MCLs)

With the information given above, it is easy to infer that the biggest issue is total dissolved
solids, however, it is insufficient to simply provide information on the concentration of
contaminants without some connection to how close it brings the river to being in violation
USEPA limits. The graph below shows the increase in contamination downstream with respect
to the maximum contaminant levels (M
(MCL).

The y-axis
axis represents contamination as a

percentage of the MCL for each contaminant for which an MCL exists.
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Relative Contribution to Water Contamination
% of Maximum Contaminant Level (MCL)

8
7
6
5

Lower Bound

4

Median Bound

3

Upper Bound
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1
0

Barium

Chromium

TDS

This graph shows the severity of contamination resulting from hydraulic fracturing, expressed as a percentage of the MCL.
While TDS has a higher concentration, it is not the biggest concern. Even though barium is a bigger concern, the contamination
is still a small percentage of the MCL.

It can be seen that while barium is not found in high concentrations, it is found in higher
concentrations as a proportion of the MCL due to its potency.

Nevertheless, none of the

chemicals for which an MCL exists will pose a substantial threat, unless baseline barium levels
are near the MCL of 2 mg/L. If the Delaware River is only barely meeting drinking water
standards, then it is possible that hydraulic fracturing operations may push the river over the
limit, and require more extensive treatment. Chromium contamination will be negligible, even if
it is the more potent form that exists in flowback fluids.
While the comparison of chemical concentrations to MCLs has shown that the effects will be
minimal, the USEPA does not establish MCLs for every potential contaminant. For instance,
4NQO is present in considerable concentrations, but there is no MCL established, and minimal
data exists regarding its potency. Thus, it is impossible to determine how much of a threat this
chemical can pose. For instance, if it has a similar potency to benzene, then the Delaware River
waters will be severely contaminated.
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Effects Further Upstream

While it is likely that the Delaware River will not be significantly contaminated as it enters New
Jersey, this is not the case for the sub-basins upstream.

Some sub-basins will have only

moderately elevated contamination, but in one sub-basin, hydraulic fracturing operations alone
may place the waters in violation of EPA standards. This is due mainly to reduced streamflow in
that sub-basin. The tables below show the contamination of the outlets of the sub-basins.
Conditions may be even worse further upstream than they are at the outlets.
Contamination Levels of Upstream Sub-Basins
LOWER BOUND (mg/L)
Sub
Basin
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
OUTLET

Sub Basin
1
2
3
4

Barium
0
0
0
0
0.02
0
0
0
0.01
0
0.01
0.10
0
0.0719
0.01
0.04
0.09
0.02
0.40
0.07

Barium
0
0
0
0

Chromium
0
0
0
0
1.4E-05
0
0
0
7.2E-06
0
6.3E-06
0.0001
0
0.0001
1.0E-05
0.0000
0.0001
1.49217E-05
0.0003
5.86937E-05

Lithium
0
0
0
0
0.0002
0
0
0
0.0001
0
0.0001
0.0013
0
0.0010
0.0002
0.0005
0.0012
0.0003
0.01
0.00098526

Strontium
0
0
0
0
0.02
0
0
0
0.01
0
0.01
0.11
0
0.08
0.01
0.04
0.10
0.02
0.45
0.08

MEDIAN BOUND (mg/L)
Chromium
Lithium
Strontium
0
0
0
0
0
0
0
0
0
0
0
0
30

TDS
4NQO
0
0
0
0
0
0
0
0
2.57
0.38
0
0
0
0
0
0
1.30
0.19
0
0
1.13
0.17
13.6
2.0
0
0
10.1
1.51
1.8
0.28
5.2
0.77
12.9
1.9
2.7044 0.40
56.6
8.5
10.3
1.54

TDS
0
0
0
0

4NQO
0
0
0
0

5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
OUTLET

Sub Basin
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
OUTLET

0.06
0
0
0
0.03
0
0.02
0.30
0
0.2204
0.04
0.11
0.28
0.06
1.23
0.07

Barium
0
0
0
0
0.11
0
0
0
0.06
0
0.05
0.58
0
0.4317
0.08
0.22
0.55
0.12
2.43
0.14

4.5E-05
0
0
0
2.3E-05
0
2.0E-05
0.0002
0
0.0002
3.2E-05
0.0001
0.0002
4.72476E-05
0.0010
5.86937E-05

0.0008
0
0
0
0.0004
0
0.0003
0.0040
0
0.0030
0.0005
0.0015
0.0038
0.0008
0.02
0.00098526

0.06
0
0
0
0.03
0
0.03
0.33
0
0.25
0.04
0.13
0.31
0.07
1.38
0.08

UPPER BOUND (mg/L)
Chromium
Lithium
Strontium
0
0
0
0
0
0
0
0
0
0
0
0
8.5E-05
0.0015
0.12
0
0
0
0
0
0
0
0
0
4.3E-05
0.0007
0.06
0
0
0
3.8E-05
0.0007
0.05
0.0005
0.0078
0.65
0
0
0
0.0003
0.0058
0.48
6.1E-05
0.0011
0.09
0.0002
0.0030
0.25
0.0004
0.0074
0.61
8.95349E-05
0.0016
0.13
0.0019
0.03
2.71
0.000111185
0.001927
0.16

7.87
0
0
0
3.97
0
3.48
41.6
0
31.0
5.7
15.9
39.4
8.2921
173.5
10.3

1.18
0
0
0
0.59
0
0.52
6.2
0
4.63
0.84
2.37
5.9
1.24
25.9
1.54

TDS
0
0
0
0
15.42
0
0
0
7.78
0
6.80
81.6
0
60.8
11.1
31.1
77.3
16.2241
341.7
20.2

4NQO
0
0
0
0
2.30
0
0
0
1.16
0
1.02
12.2
0
9.07
1.65
4.64
11.5
2.42
51.0
3.01

The above tables depict levels of contamination of sub-basins. Sub-basins in moderately elevated peril are highlighted in yellow,
and those in severe peril are highlighted in orange. It is clear that the effects will be greater upstream. Sub-basin #19 is clearly
the most sensitive.
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This map provides a visual representation of
the sub basins highlighted in the chart above.
Modeling Assumptions

It is important to note the assumptions that have been made in order to obtain these results. First,
the SWAT model does not distinguish between environmental behaviors of different chemicals.
It is assumed that all chemicals have equal tendencies to bioaccumulate, evaporate, or bind to
soils and sediments. Secondly, while consideration has been given to the location within the
watershed in order to determine the nearest reach, distance from that reach has not been taken
into consideration. Thus, wells that are different distances away from the same reach are
assumed to have equal loading into the river.
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Potential Impact 3: Air Quality Degradation
Introduction: Potential Air Quality Impacts of Shale Gas Extraction
Air quality degradation may also be a concern, given New Jersey’s close proximity to New York
and Pennsylvania. Air emissions are released during the “drilling, completion and gas production
phases” of operation of a multi-well pad.39 These emissions come from one of four sources:40

1) Combustion from engines, compressors, line heaters and flares
2) Short-term venting of gas constituents which are not flared
3) Chemicals in the additives used for hydraulic fracturing and which remain in the flow
back water to be potentially deposited in onsite or off site impoundments
4) Emissions from truck activities.

The emissions include both criteria pollutants and non-criteria pollutants. Criteria pollutants are
regulated by the EPA through its National Ambient Air Quality Standards and include sulfur
dioxide (SO2), nitrogen dioxide (NO2), particulate matter that is less than or equal to 10
micrometers (PM10), particulate matter that is less than or equal to 2.5 micrometers (PM 2.5)
and carbon monoxide (CO).41 Non-criteria pollutants are not regulated by the EPA, but instead
are often regulated by states and include various volatile organic compounds and hazardous air
pollutants.42

Ground level ozone production may also lead to air quality degradation in New Jersey because
ozone and its precursor pollutants can be transported “into an area from sources hundreds of
miles away.”43 Ground level ozone is produced when the toxic and volatile organic compounds,
as well as fugitive natural gas “mix with nitrogen oxides from the exhaust of diesel-fueled,
mobile and stationary equipment.”44

39

(New York State Department of Environmental Conservation Division of Mineral Resources 2009, 6-59)
Note: List copied verbatim (New York State Department of Environmental Conservation Division of Mineral
Resources 2009, 6-60)
41
(New York State Department of Environmental Conservation Division of Mineral Resources 2009, 6-58, 6-97)
42
(New York State Department of Environmental Conservation Division of Mineral Resources 2009, 6-61)
43
(New Jersey Department of Environmental Protection 2008, Ozone 1)
44
The Colorado Department of Public Health and Environment, 2007, among other sources as cited by (Colborn, et
al. 2010, 4,5)
40
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There are also numerous health effects associated with exposure to ozone including premature
lung aging and, with extended exposure, asthma and chronic obstructive pulmonary diseases.45
Children and individuals who spend time outdoors, in addition to the aged are particularly
vulnerable groups.46

Additional ozone exposure is a concern for New Jersey because the EPA already considers the
entire State a moderate 8-hour ozone non-attainment area.47 Areas are designated to be in
“moderate” non-attainment when their design value, the three year average of “the fourth highest
daily maximum 8-hour average concentration recorded each year,” is between 0.092 parts per
million (ppm) and 0.106 ppm.48 The EPA’s ozone standard is 0.075 ppm.49

Methods for Air Quality Analysis
A literature review was undertaken to identify studies that have examined the air quality impacts
associated with shale gas drilling. These include chapter 6 of the New York Department of
Environmental Conservation’s Draft Supplemental Generic Environmental Impact Statement,
which assesses the production of criteria and non criteria pollutants during all stages of natural
gas extraction and processing at Marcellus Shale well pads in New York.50 It is important to
note that although this study is comprehensive, it did not attempt to assess the formation of
ozone due activities associated with Marcellus shale gas extraction.51 Despite this short-coming,
the New York State Department of Environmental Conservation is far ahead of the Pennsylvania
Department of Environmental Protection. The PADEP has yet to conduct a comprehensive
environmental assessment of shale gas drilling, although it has “deployed pilot Air Emission
Monitoring Networks throughout the State.”52
Studies that identify natural gas drilling as a primary cause of ozone production in areas that
would otherwise be in ozone attainment are also beginning to be published. One such study is
the Wyoming Department of Environmental Quality’s assessment of air quality in Sublette

45

(Colborn, et al. 2010, 5)
Islam et al. 2007, Tager et al. 2005 and Triche et al. 2006, as cited by (Colborn, et al. 2010, 5)
47
(New Jersey Department of Environmental Protection 2008, Ozone 10)
48
(New Jersey Department of Environmental Protection 2008, Ozone 10)
49
(New Jersey Department of Environmental Protection 2008, ozone 9)
50
(New York State Department of Environmental Conservation Division of Mineral Resources 2009, ch. 6)
51
(New York State Department of Environmental Conservation Division of Mineral Resources 2009, 6-65)
52
(Ubinger, et al. 2010, 33)
46

34

County, WY.53 The first regional study that assesses ozone increases due to shale gas drilling
was also published in November 2010. Finally, the first peer reviewed comparative lifecycle
assessment of electricity produced from shale gas, as opposed to coal, conventional natural gas
or diesel oil is being published this month (April 2011).54 Due to time constraints, this study will
not be examined in this paper.

I used the results of these studies in conjunction with natural gas extraction levels in
Pennsylvania and New Jersey-specific data on air quality and prevailing winds to estimate air
quality degradation in New Jersey. Only shale gas extraction in Pennsylvania is taken into
account because as seen in the table below, much more natural gas is being extracted in
Pennsylvania than in New York. Furthermore, the level of Marcellus natural gas production
decreased between 2008 and 2009 in New York.

Total Marcellus Shale Natural Gas Production in New York and Pennsylvania 55
New York
Producing
Production
Wells
(Mcf)
January 2008 to December 2008 (1 year)
15
64,063
January 2009 to December 2009 (1 year)
16
56,147
July 2010 to December 2010 (6 months) no new data
no new data
Time period

Pennsylvania
Producing
Production (Mcf)
wells
213
9,770,775
447
62,744,334
1,215
271,754,708

Total Marcellus Shale gas production in New York and Pennsylvania (both vertical and horizontal wells), Mcf =
thousand cubic feet

Horizontal drilling has become an increasingly important means of producing natural gas in
Pennsylvania, as seen in the table below. In 2008, nine horizontal wells (4.2% of the producing
wells) yielded 388,061 Mcf of shale natural gas (4.0% of the total). 56 By the second half of
2010, however, 632 horizontal wells (just over half of the total producing wells) produced 83.2%
53

(Wyoming Department of Environmental Quality 2009)
http://www.sustainablefuture.cornell.edu/news/NatGas-CSeq/attachments/20110315-Howarth-SantoroIngraffea.pdf
55
“Statewide Data Downloads by Reporting Period,” Datasets downloaded: “January-December 2008 (Annual Oil
and Gas),” “January-December 2009 (Annual Oil and Gas),” “July-December 2010 (Marcellus Only, 6 months),”
accessed April 2011 at
https://www.paoilandgasreporting.state.pa.us/publicreports/Modules/Production/ProductionHome.aspx,
February 2011, and New York Department of Environmental Conservation Marcellus Shale Databases, accessed
April 2011 at http://www.dec.ny.gov/cfmx/extapps/GasOil/ Note: I only included production data from producing
Marcellus wells in the table above.
56
I calculated this percentage using data on natural gas wells retrieved from “Statewide Data Downloads by
Reporting Period,” Dataset downloaded: “January-December 2008 (Annual Oil and Gas),” accessed April 2011 at
https://www.paoilandgasreporting.state.pa.us/publicreports/Modules/Production/ProductionHome.aspx Note: I
only included production data from producing Marcellus wells.
54
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of all Marcellus Shale natural gas in Pennsylvania. 57 Thus, the increase in Marcellus Shale gas
production in Pennsylvania is largely due to the utilization of horizontal wells and hydraulic
fracturing technology.

Marcellus Shale Production in Pennsylvania58
Time period

Producing Wells
Total
% horizontal
wells

January 2008 to December 2008 (1 year)
January 2009 to December 2009 (1 year)
July 2010 to December 2010 (6 months)

213
447
1,215

4.2%
24.8%
52.0%

Production (Mcf)
Total
% production
from horizontal
wells
9,800,000
4.0%
62,700,000
39.8%
271,800,000
83.2%

Marcellus Shale gas production in Pennsylvania is increasing largely as a result of horizontal drilling. Mcf =
thousand cubic meters.

Finally, the number of active horizontal wells has also increased dramatically over the last two
years, which suggests that more production is likely to come online in the near future.
According to the PADEP Data Dictionary, active wells are wells that are producing gas, but still
may not be fully constructed. This was noted several times in the comments section for wells
that the PADEP categorized as “active” but did not categorize as “producing.” Producing wells
are a subset of active wells that have produced reported quantities of gas.59

Active Horizontal wells in Pennsylvania Marcellus Shale 60
Time period
Active Wells
January 2008 to December 2008 (1 year)
153
January 2009 to December 2009 (1 year)
1,002
July 2010 to December 2010 (6 months)
4,092
The number of active horizontal wells increased by a factor of 6.5 between
2008 and 2009 and by a factor of 4 between January 2009 and December 2010.
57

I calculated this percentage using data on natural gas wells retrieved from “Statewide Data Downloads by
Reporting Period,” Dataset downloaded: “July-December 2010 (Marcellus Only, 6 months),” accessed April 2011
at https://www.paoilandgasreporting.state.pa.us/publicreports/Modules/Production/ProductionHome.aspx,
updated February 2011. Note: I only included production data from producing Marcellus wells in the table above.
58
“Statewide Data Downloads by Reporting Period,” Datasets downloaded: “January-December 2008 (Annual Oil
and Gas),” “January-December 2009 (Annual Oil and Gas),” “July-December 2010 (Marcellus Only, 6 months),”
accessed April 2011 at
https://www.paoilandgasreporting.state.pa.us/publicreports/Modules/Production/ProductionHome.aspx,
updated February 2011. Note: I only included production data from producing Marcellus wells in the table above.
59
(Pennsylvania Department of Environmental Protection 2011)
60
Numerous Pennsylvania DEP databases on natural gas production levels in various years, accessed April 2011 at
https://www.paoilandgasreporting.state.pa.us/publicreports/Modules/Production/ProductionHome.aspx,
updated February 2011
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Literature Review: Criteria and Non-Criteria Pollutants
Chapter 6 of the New York Department of Environmental Conservation’s Draft Supplemental
Generic Environmental Impact Statement assesses the production of criteria and non criteria
pollutants during all stages of production at Marcellus Shale well pads in New York.61 The
authors used the AERMOD model to determine if emissions of these pollutants, which occur at
various phases of the well development and gas production process, are in compliance with
“Federal and New York State ambient air quality standards (AAQS) and other ambient
thresholds.”62

The pollutants and sources that were included in the AERMOD model are

outlined in the table below.

Sources of Criteria and Non-Criteria Pollutants
Pollutant63
Source
Engines for drilling
Compressors for drilling
Engines for hydraulic
fracturing
line heaters
offsite compressors
flowback gas flaring
gas venting
mud-gas separator
gycol dehydrator

SO2

NO2

PM10 &
PM2.5

CO

Non-criteria
combustion
emissions

X
X

X
X

X
X

X
X

X

X
X
X
X

X
X
X
X

X
X
X
X

X
X
X
X

X
X
X
X

X

H2S and other
gas constituents

X
X
X

This table outlines various equipment or processes in the drilling, completion or gas production stages of natural
gas production in the Marcellus shale and their pollutants.

The authors, however, did not use AERMOD to estimate the “secondary formation of pollutants
such as ozone.”64 As of 2009 (the year the report was published), no models that simulate the
production of ozone from precursors generated from a single source had been endorsed by either
the EPA or the NYDEC.65 They also did not take truck traffic into account because according to
the Clean Air Act’s Title II, mobile sources are “specifically exempt from permitting

61

(New York State Department of Environmental Conservation Division of Mineral Resources 2009, ch. 6)
(New York State Department of Environmental Conservation Division of Mineral Resources 2009, 6-65)
63
(New York State Department of Environmental Conservation Division of Mineral Resources 2009, 6-95)
64
(New York State Department of Environmental Conservation Division of Mineral Resources 2009, 6-65)
65
(New York State Department of Environmental Conservation Division of Mineral Resources 2009, 6-65)
62
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activities.”66 The New York City Department of Environmental Protection’s Rapid Impact
Assessment concluded, however, that 800 to 2,000 truck trips are required for completion of
numerous activities associated with constructing and operating a single successful natural gas
well.67
The NYDEC’s modeling inputs included operational data, such as the size of wastewater
impoundments (15m by 45 m to 150m by 150m) and emissions sources, types and rates.68 The
NYDEC also assumed that up to ten wells per well pad could be completed in a given year and
that well pads would be at least 1,000 meters apart.6970

The AERMOD model then recorded

annual and short term simulated emissions at the boundary of the well pad and at ten meter
increments.71
The results of the modeling indicate that most ambient air quality standards and Prevention of
Significant Deterioration (PSD) increments for criteria pollutants will be met, “with the
exception of 24 hour PM10 and PM2.5.”72 However, the PM10 and PM2.5 concentrations met
the EPA standard at 80 meters and 500 meters away from the well pad, respectively.73
According to the AERMOD model, concentrations of non-criteria pollutants also fall
precipitously at a small distance from the well pad. The non-criteria pollutants that do not meet
NYDEC’s standards are outlined in the table below, along with the distance necessary to meet
the NYDEC’s guideline concentrations.

66

(New York State Department of Environmental Conservation Division of Mineral Resources 2009, 6-63 to 6-64)
(New York City Department of Environmental Protection 2009, 47)
68
(New York State Department of Environmental Conservation Division of Mineral Resources 2009, 6-59 and 6-62)
69
(New York State Department of Environmental Conservation Division of Mineral Resources 2009, 6-53)
70
(New York State Department of Environmental Conservation Division of Mineral Resources 2009, 6-72)
71
(New York State Department of Environmental Conservation Division of Mineral Resources 2009, 6-67)
72
(New York State Department of Environmental Conservation Division of Mineral Resources 2009, 6-84)
73
(New York State Department of Environmental Conservation Division of Mineral Resources 2009, 6-85)
67
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Non-Criteria Pollutants: Distance from Impoundments
Necessary to meet NYDEC Short-term Guideline Concentrations
(SGCs) and Annual Guideline Concentrations (AGCs)74
Pollutant
On-Site SGCs

On-site AGCs

Off-site SGCs

Off-site AGCs

Heavy Naphtha
Methanol & Glutaraldehyde
Glutaraldehyde

Distance
(meters)
140
<15
100

Acrylamide, formaldehyde & heavy
naptha
Heavy Naphtha
Methanol & Glutaraldehyde
Glutaraldehyde

<15
>1000
340
765

Acrylamide, formaldehyde & heavy
naptha
Methanol

165
30

The table above summarizes non-criteria pollutants that do not meet the NYDEC
standards, and the distance from well pads at which these standards are met.

Analysis: Criteria and Non-Criteria Pollutants
The AERMOD model demonstrates that all criteria and non-criteria pollutants meet either the
EPA’s national ambient air quality standards or the NYDEC’s standards at a very short distance
away from the well pad. Only concentrations of heavy naphtha are high enough to cause the air
over 1,000 meters from the well pad to exceed NYDEC standards. Clearly, these pollutants will
not travel to New Jersey in any great concentrations if they do not travel further than 1,000
meters in high concentrations. New Jersey, therefore, will not experience a rise in either criteria
or non-criteria air pollutant concentrations due to shale gas extraction in Pennsylvania.

Literature Review: Ozone Production from Shale Gas Extraction
The Wyoming Department of Environmental Quality has determined that oil and gas drilling
activities are the primary cause of elevated ozone levels in Sublette County, Wyoming. The
Boulder Monitor in Sublette County recorded ozone levels higher than the new EPA standard of
0.075 parts per million (ppm) in 2005, 2006 and 2008.75 In all instances, the Boulder monitor
recorded high ozone levels in conjunction with climatic conditions that minimized the
probability that the ozone had originated outside the area and been transferred via the wind.

76

The Boulder station recorded the highest 8-hour average ozone level (112 ppb – almost 50%
74

(New York State Department of Environmental Conservation Division of Mineral Resources 2009, 6-104)
(Wyoming Department of Environmental Quality 2009, VI)
76
(Wyoming Department of Environmental Quality 2009, VI)
75
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higher than the EPA Standard of 75 ppb) between the days of February 19 and February 23,
2008.77

The Wyoming Department of Environmental Quality ruled out traditional causes of ozone such
as dense urban populations and commuter traffic because Sublette County because the
surrounding area has a population density ranging between two and ten people per square mile
and the nearest highway is located 80 miles south of the Boulder monitor.78 Instead, it concluded
that about “94% of Volatile Organic Compound (VOC) emissions … and 60% of the NOx
emissions are attributable to oil and gas production and development.”79 This production and
development included the installation of 1,500 wells between 2004 and 2008 and a doubling of
natural gas production in Sublette County between 2000 and 2008, from 448 billion cubic feet to
1,143 billion cubic feet. 80 Oil production also increased from 3.3 million barrels per year to 7.7
million barrels per year between 2000 and 2008.81

The study conducted by the Wyoming Department of Environmental Quality touches on the
local air quality impacts of natural gas drilling however, no attempt was made to assess the
regional impacts of this activity. Environ International Corporation recently completed the first
regional air quality impact analysis of shale gas extraction.82 The analysis predicted regional
ozone impacts of drilling in the Haynesville Shale, which for the sake of the study, was defined
to underlie the following eleven counties in Texas and Louisiana.83 The total area of these
counties is 9,097 square miles.

77

(Wyoming Department of Environmental Quality 2009, VI)
(Wyoming Department of Environmental Quality 2009, VI)
79
(Wyoming Department of Environmental Quality 2009, VII)
80
(Wyoming Department of Environmental Quality 2009, VII)
81
(Wyoming Department of Environmental Quality 2009, 25)
82
(Kemball-Cook, et al. 2010, 9357)
83
(Kemball-Cook, et al. 2010, 9358)
78
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Haynesville Shale Counties/Parishes

Kemball-Cook, et al. predicted that future natural gas wells in the Haynesville
Shale will be in the highlighted area.

The analysis utilized data obtained from Texas and Louisiana state regulatory agencies detailing
current drilling and production figures.84 The authors then used the current figures, as well as the
development rate of the Barnett Shale formation close to Dallas-Fort Worth, which between the
years of 2001 and 2008 developed at a fast pace due to favorable market conditions, to calculate
three different growth scenarios for the Haynesville Shale: low, moderate and aggressive.85
(The authors considered the growth rate observed the Dallas-Fort Worth area to be
“aggressive.”86) Under the low growth scenario, the authors held the number of drilling rigs in
2009 (95 rigs) constant through 2020.87 Under the moderate growth scenario (half the growth
observed in the Dallas-Fort Worth Area between 2001 and 2008), the number of rigs increased
from 95 in 2009 to 133 in 2012 and rose to 200 in 2018.88 Under the aggressive growth scenario,
the number of rigs increased from 95 in 2009 to 200 in five years time.89 The authors decided to

84

(Kemball-Cook, et al. 2010, 9357)
(Kemball-Cook, et al. 2010, 9358)
86
(Kemball-Cook, et al. 2010, 9358)
87
(Kemball-Cook, et al. 2010, 9358)
88
(Kemball-Cook, et al. 2010, 9358)
89
(Kemball-Cook, et al. 2010, 9358)
85
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limit growth to 200 rigs because this number is “close to the maximum number of drill rigs that
have operated simultaneously in the Barnett Shale.”90
The authors used the number of drill rigs for each growth category, the “average drilling
duration of 63 days for spuds occurring in the Haynesville Shale,” and an increasing drilling
success factor for Haynesville Shale to calculate the number of new, active wells that would
come online each year.9192 They then used production decline curves to pinpoint annual
production rates for each well, which were then summed to obtain projections of natural gas
production in the Haynesville shale in any given year for any given production scenario.93 The
authors applied VOC, NOx and carbon monoxide emission rates for natural gas production in the
area to these total production estimates to obtain inputs for the Comprehensive Air-quality
Model with Extensions (CAMx).94
For 2012, the number of wells in the Low and High scenarios is 1,568 and 2,181, respectively.95
The total production in the Haynesville Shale is about 1,677 billion cubic feet under the 2012
Low Scenario and 4,000 billion cubic feet under the 2012 High Scenario.96 The following
diagrams illustrate CAMx output for the Haynesville 2012 Low and High Scenarios for both
average and maximum increases in the 8 hour ozone level.97
Results A and C98 assess the average and maximum projected increase in daily maximum eight
hour ozone levels associated with the Haynesville Shale Low Scenario for natural gas production
(1,568 active wells, 1.67 billion Mcf produced). As seen in the CAMx model output below,
additional ozone concentrations are low in Model Result A, with only a 3.8 parts per billion
(ppb) ozone average increase in a localized area (De Soto and Red River Counties). Almost all
ozone increases occur within the eleven counties in which Kemball-Cook et al. assumed drilling
would take place.

90

(Kemball-Cook, et al. 2010, 9358)
(Kemball-Cook, et al. 2010, 9358)
92
(Kemball-Cook, et al. 2010, 9358)
93
(Kemball-Cook, et al. 2010, 9359)
94
(Kemball-Cook, et al. 2010, 9360)
95
(Kemball-Cook, et al. 2010, 9358)
96
Estimated using the chart found at (Susan Kemball-Cook 2010, 19)
97
(Kemball-Cook, et al. 2010, 9361)
98
(Kemball-Cook, et al. 2010, 9361)
91
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Average Projected Increase in Ozone Concentrations (Haynesville Low
Scenario)

Haynesville 2012 Low Scenario, average difference in the 8 hour daily maximum
ozone level is 3.8 parts per billion (ppb)99. Effects are localized.

Kemball-Cook et al. do not provide the distances over which daily maximum ozone
concentrations increase due to the shale gas extraction modeled. Therefore, we used a more
detailed map of the area (below) in an attempt to calculate these distances in all scenarios by
matching the counties and cities in the map below and other maps of Oklahoma and Texas
(found in the appendices) to the counties identified in the CAMx output. Hall Summit, which is
located in Red River Parish, LA was always used to calculate how far given ozone
concentrations travel beyond the area of highest ozone concentration. Hall Summit was selected
because this area consistently has the highest ozone concentrations in all CAMx outputs. We
then calculated the distance between different cities to get a better idea of the how far ozone of a
99

(Kemball-Cook, et al. 2010, 9361)
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certain concentration spreads in the CAMx model outputs.

100

In the CAMx model, under

Scenario A (above) a 2ppb ozone increase extends north, from Red River Parish and beyond
Shreveport. The distance the 2pbb ozone concentration spreads north for approximately 60
miles.101 Shreveport notably, is located in Caddo County, which is one of the eleven counties
where Kemball et al. assumed drilling would occur.102

Map of Northern Louisiana

Hall Summit experiences the highest ozone concentration
increases in all CAMx scenarios, as seen in the CAMx model
output on pages 39-45 .103

The maximum daily eight hour ozone concentration increase associated with the Low level of
natural gas production in 2012 is 8.9 ppb (Model Result C on the next page). As seen by looking
at the CAMx output and the map below it, the highest ozone concentrations occur predominantly
in Red River Parish. This 4ppb increase spreads north for about 60 miles, but is confined to the
11 counties in which Haynesville Shale natural gas extraction is occurring.104105 Areas around
Dallas, which is 208 miles away from Hall Summit, experience an ozone increase of 1 ppb.

100

All distances are calculated using the flight distance function at Travel Math, accessed April 2011 at
http://www.travelmath.com/
101
The distance between Vivian, LA, located in the Northwestern corner of Caddo Parish and Hall Summit in Red
River Parish is 62 miles.
102
(Kemball-Cook, et al. 2010, 9358)
103
The map was retrieved from (Parish Maps Louisianna 2011)
104
As seen by comparing the CAMx output to the map found on page 37 (Kemball-Cook, et al. 2010, 9358)
105
The distance between Vivian, LA, located in the Northwestern corner of Caddo Parish and Hall Summit in Red
River Parish is 62 miles.
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Maximum Projected Increase in Ozone Concentration (Haynesville Low
Scenario)

Haynesville 2012 Low Scenario: Maximum difference in the 8 hour daily maximum
ozone level is 8.9 ppb. Affects are more widespread.

Modeling results B and D assess the average and maximum ozone increases associated with the
2012 Haynesville High Scenario (2181 active wells, 4 billion Mcf of natural gas produced).106
Result B demonstrates that the average increase in maximum eight hour ozone on a daily basis is
6.9 ppb. All of Caddo, De Soto and Red River parishes, as well as a county in Texas will
experience an increase of 4 ppb ozone. This increase in ozone concentration spreads north for
approximately 60 miles.107 All of these counties, however, fall within the Haynesville shale gas
production zone. Ozone levels will not increase in Dallas.

106

(Kemball-Cook, et al. 2010, 9361)
The distance between Vivian, LA, located in the Northwestern corner of Caddo Parish and Hall Summit in Red
River Parish is 62 miles.
107
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Average Projected Increase in Ozone Concentration (Haynesville High
Scenario)

2012 Haynesville Shale High Scenario: Average increase in maximum eight hour ozone on a daily
basis is 6.9 ppb.

Result D demonstrates that the maximum increase in eight hour ozone concentrations under the
2012 High Scenario will be 16.7 ppb. The area experiencing a 6 ppb increase in ozone levels
will span about 116 miles west from the heaviest ozone concentrations.108 The model also
predicts 3 ppb increase in Oklahoma counties that border Arkansas, and are roughly 275 miles
from the highest concentrations in Red River Parish (Louisiana).109

108

Hall Summit, LA and Jacksonville, TX are 116 miles apart (Travel Math 2011). Hall Summit is located in Red
River Parish (the county in Louisiana with the highest ozone concentration). Jacksonville, TX is the most Western
portion of Texas that will be exposed to 6-8ppb ozone.
109
275 miles is the distance between Tahlequah, OK (In Cherokee County – the northernmost county in the CAMx
output that experiences an increase of 3 ppb ozone) and Hall Summit (Red River Parish, LA).
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Maximum Projected Increase in Ozone Concentrations (Haynesville High
Scenario)

2012 Haynesville Shale High Scenario: Maximum increase in eight hour ozone on a daily
basis is 16.7 ppb.

Analysis: Ozone Production from Shale Gas Extraction
The Wyoming Department of Environmental Quality’s report on ozone levels in Sublette County
concluded that oil and gas extraction in the area are the predominant causes of ground level
ozone production. Hydraulic fracturing is necessary to induce natural gas production in Sublette
County.110 Hydraulic fracturing, or other types of “formation stimulation,” is also used in both
vertical and horizontal Marcellus wells.111 Therefore, it is conceivable that ozone is also being
produced from natural gas extraction in the Marcellus Shale. The level of total Marcellus natural
gas extraction in Pennsylvania between July 2010 and December 2010, however, was 271.7
billion cubic feet, which is less than one fourth the level of natural gas extraction in Sublette
County in 2008. Even if the Pennsylvania Marcellus gas production rate between February 2011
and July 2011 remains constant, total Pennsylvania production between July 2010 and July 2011
(543.4 billion cubic feet, theoretically) would still be less than half the total production in
Sublette County.
110
111

Furthermore, Marcellus natural gas extraction, although somewhat

(Jacquet 2009, 25)
(Pennsylvania Department of Environmental Protection n.d., 1)
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concentrated in certain areas, is spread throughout the State of Pennsylvania, the area of which is
approximately 46,000 square miles, as opposed to being concentrated in one county (the area of
Sublette County is 4,883 square miles). Therefore, it would be incorrect to assume that shale gas
drilling in Pennsylvania will produce ozone levels similar to those observed in Wyoming. It is
also impossible to determine the degree to which oil drilling in Sublette County contributed to
the rise in ozone levels, relative to natural gas drilling.

The Haynesville study only focuses on ozone produced from natural gas extraction, and
therefore, should be a better indicator of ozone production in the Pennsylvania Marcellus shale.
Given the largely localized increases in ozone concentration due to shale gas drilling, we decided
to only compare the extraction rates in northeastern Pennsylvania to the extraction rates used in
the Haynesville Shale simulation. As seen in the map below, Northeastern Pennsylvania is one
of the two areas of the Pennsylvania Marcellus Shale that is being heavily exploited. 112

It is

much closer than the other area, located in the Southwestern corner of Pennsylvania. The
distance between Pittsburgh and Camden (directly across the river from Philadelphia), for
instance, is 260 miles.113 Conversely, the distance between is Elmira, New York (just over
Pennsylvania’s northern border, as seen in the map below) and Worthington, NJ (located on the
Delaware, due east of East Stroudsburg, PA) is only 117 miles and the distance between
Williamsport, PA and Newark, NJ is 152 miles.114

112

(Nick 2011)
(Travel Math 2011)
114
(Travel Math 2011)
113
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Natural Gas Production in Northeastern PA Constitutes 2/3 of Marcellus
Shale Gas Production In PA

New Jersey is much more likely to be exposed to higher ozone concentrations due to drilling in the northeastern
no
portion of Pennsylvania as opposed to the southwestern portion of Pennsylvania.

The
he map of Pennsylvania found in Appendix 3 was used to
o determine which counties lie within
the boxed off region. The current natural gas production occurring in each of these counties is
detailed below.

Using data retrieved from the Pennsylvania Department of Environmental

Protection, we were able to determine that two
two-thirds of the natural gas that was extracted in the
State between July 2010 and December 2010 came from the counties in Northeastern
Pennsylvania.
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Marcellus Natural Gas Production in Northeast Pennsylvania115
County

Bradford
Clinton
Lycoming
Sullivan
Susquehanna
Tioga
Wyoming
Total

Active
Wells
1344
18
248
93
337
382
87
2,509

Producing Wells

Production (Mcf, July December 2010)

169
12
37
0
109
128
4
459

65,814,714
1,032,768
11,502,520
0
60,812,632
37,062,332
3,176,864
179,401,830

Estimated Annual
production (Mcf)116
131,629,428
2,065,536
23,005,040
0
121,625,263
74,124,665
6,353,728
358,803,660

Area
(square
miles)
1,161
888
1244
452
832
1137
405
6,119

County-Specific production levels in the Northeastern Pennsylvania. Estimated annual production was obtained by
multiplying the July-December 2010 production by 2. I am assuming the rate of production will remain the same.

As seen in the table below, the estimated annual production in Northeastern Pennsylvania is over
four times lower than the Low Scenario for Haynesville shale in 2012 and is ten times lower than
the High Scenario for Haynesville shale in 2012.117

The producing wells in Northeastern

Pennsylvania are also much more spaced out than either the Low or High Scenarios in the study,
as seen in the column entitled “Producing Wells Per Square Mile.”

However, there are about 2,500 active Marcellus shale wells in Northeastern Pennsylvania.
According to the PADEP Data Dictionary, active wells are wells that are producing gas. These
wells may not be fully constructed (as was often noted in the comments section of wells that
were classified as “active” in the PA DEP data.) Producing wells are a subset of active wells that
have produced reported quantities of gas.118 If all of the active wells begin producing sizeable
quantities of gas, the wells per square mile in Northeastern PA would increase substantially. The
density of drilling operations in Northeastern Pennsylvania will then be over twice as high as that
seen in the Low 2012 Scenario for Haynesville Shale and almost twice as high as the High 2012
115

Pennsylvania DEP County Marcellus Shale Gas Production Databases, accessed April 2011 at
https://www.paoilandgasreporting.state.pa.us/publicreports/Modules/Production/ProductionHome.aspx,
February 2011
116
I assumed the rate of natural gas production would remain the same and doubled the 6 month production
number.
117
Haynesville production scenarios were estimated using the chart found at (Susan Kemball-Cook 2010, 19), I
calculated the NE PA annual production scenario (July 2010-July 2011) by doubling the latest 6 month production
figure (July 2010-January 2010), which I calculated using data from the Pennsylvania DEP County Marcellus Shale
Gas Production Databases, accessed April 2011 at
https://www.paoilandgasreporting.state.pa.us/publicreports/Modules/Production/ProductionHome.aspx,
February 2011
118
(Pennsylvania Department of Environmental Protection 2011)
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Scenario for Haynesville Shale.

However, the associated production level, assuming the

production per well remains the same, would only be about half the High Scenario for
Haynesville in 2012 (1,961,000,000 Mcf).

Comparison of Northeast PA production and Hayneville Shale 2012 Production Scenarios
Total Production
(Mcf)119

Annual
Production per
well (Mcf)120

Producing Wells 121

358,803,660

781,707

459

0.08

0.41

Haynesville 2012
Low Scenario

1,677,000,000

1,069,515

1,568

0.17

0.17

Haynesville 2012
High Scenario

4,000,000,000

1,834,021

2,181

0.24

0.24

Northeast PA (July
2010-July 2011)

Producing
wells per
square
mile122

active wells per
square mile123

This table compares yearly production and production density in Northeastern PA to the High and Low Scenarios
for 2012 in the Haynesville shale. MCF = Thousand Cubic Feet

119

Haynesville production scenarios were estimated using the chart found in the Kemball-Cook et al.
supplementary material (Susan Kemball-Cook 2010, 19), I calculated the NE PA annual production scenario (July
2010-July 2011) by doubling the latest 6 month production figure (July 2010-January 2010). I calculated the 6
months total production using data from the Pennsylvania DEP County Marcellus Shale Gas Production Databases,
accessed April 2011 at
https://www.paoilandgasreporting.state.pa.us/publicreports/Modules/Production/ProductionHome.aspx,
February 2011
120
For NE PA, I divided the total projected annual production (see footnote 114 for calculation), by the number of
producing wells in NE PA, which I calculated using data from the Pennsylvania DEP County Marcellus Shale Gas
Production Databases, accessed April 2011 at
https://www.paoilandgasreporting.state.pa.us/publicreports/Modules/Production/ProductionHome.aspx,
February 2011. For the Haynesville production per well figures, I divided the Haynesville production scenarios (see
footnote 114) by the total number of active wells in each scenario, found at (Kemball-Cook, et al. 2010, 9358)
121
Producing wells in the Haynesville Scenarios were retrieved from (Kemball-Cook, et al. 2010, 9358). I calculated
the number of producing wells in NE PA using data from the Pennsylvania DEP County Marcellus Shale Gas
Production Databases, accessed April 2011 at
https://www.paoilandgasreporting.state.pa.us/publicreports/Modules/Production/ProductionHome.aspx,
122
The 11 counties that constitute the Haynesville Shale, as defined by Kemball-Cook, cover an area of 9,097
square miles. The 7 counties in NE PA collectively cover an area of 6,119 square miles. I divided the number of
producing wells by the square miles in each case to derive the producing wells per square mile.
123
According to the PADEP Data Dictionary, active wells are wells that are producing gas. These wells may not be
fully constructed (this was often noted in the comments section of wells that were classified as “active” in the PA
DEP data). Producing wells are a subset of active wells that have produced reported quantities of gas. I divided
the total number of active wells in NE PA (calculated using Pennsylvania DEP County Marcellus Shale Gas
Production Databases, accessed April 2011 at
https://www.paoilandgasreporting.state.pa.us/publicreports/Modules/Production/ProductionHome.aspx,
February 2011.) and divided this by the total square miles of the counties – see footnote 117 square mileage. The
Kemball-Cook study for the Haynesville shale never made a distinction between active and producing wells. I
assumed all active wells were producing wells.
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As mentioned earlier, According to the CAMx model, average daily maximum ozone
concentrations under the Low 2012 Scenario remain increased by 2ppb approximately 60 miles
north of the most intense drilling activity (The area with the highest ozone concentration was
assumed to also be the area where the most intense drilling activity is taking place). The
maximum ozone increase in the Low 2012 scenario is substantially higher than the average
increase (8.9 ppb vs. 3.8 ppb), but the impacts are still fairly localized (4 ppb up to
approximately 60 miles away). There is, however, a 1 ppb increase in eight hour daily ozone
levels in Dallas, 208 miles away.

Intuitively speaking, one would predict that the ozone

production in Northeastern Pennsylvania would not spread this far because both production per
well and the number of wells per square mile are significantly lower than the Haynesville Low
Scenario.

One can also demonstrate this mathematically if one assumes that the distance ozone spreads at a
given concentration (from the area of highest concentration) is contingent upon both the number
of natural gas wells per square mile and the production per well, which are noted in a table on
page 47. The various concentrations observed in the CAMx model output and the distance ozone
spread at a given concentration from Hall Summit (the area where the model predicted the
highest ozone increases would occur), is summarized in the table below.

Distance over which Ozone of Various Concentrations will Spread
Scenario

Ozone
Increase
(ppb)

Distance
from Hall
Summit
(miles)

Calculated
Distance Ozone
will travel in the
NE Pennsylvania
this year

Calculated Distance
(miles) Ozone will
travel if all active
wells become
producing wells

Haynesville High, Average

4

60

8.52

43.69

Haynesville Low, Average

2

60

20.64

105.77

Haynesville High, Maximum

6 to 8

116

16.48

84.46

Haynesville High Maximum

3

275

39.07

200.24

Haynesville Low, Maximum

1

208

71.54

366.65

The table summarizes calculated distances over which ozone of a given concentration will travel due to natural gas
extraction in NE Pennsylvania this year and in the future. There are two types of ozone concentration increases:
average concentration increases and maximum concentration increases. Distances are calculated using the ratios
of wells per square mile and production per well.

The average distance ozone, at a given concentration, is likely to travel due to natural gas
production in Northeastern Pennsylvania was calculated by multiplying all distances by the ratio
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of wells per square mile and by the ratio of production per well. Ratios were dependent upon the
Haynesville Scenario from which the ozone increase was taken. For instance, the distance over
which average daily maximum eight hour ozone levels will increase by 2 ppb in Northeastern
Pennsylvania

this

year

is:

60

*

((0.08wells/mile^2)/(0.17wells/mile^2))

*

(781,707Mcf/1,069,515Mcf) = 20.64 miles. The production per well and number of wells from
the Haynesville Low scenario were used in this calculation because the 2 ppb increase over 60
miles came from the Haynesville Low Scenario. This is also an average increase over 20.64
miles (as opposed to a maximum increase in daily maximum eight hour ozone) because a 2ppb
increase over 60 miles was recorded in an average daily maximum increase scenario. Our
calculations, as summarized in the table above, demonstrate that the maximum distance ozone
will travel this year will be 71 miles (areas 71 miles away will only see an increase of 1 ppb).
As seen in the table above, if one assumes that all active wells begin producing as much natural
gas, on average, as currently producing wells, the distance ozone at higher concentrations travels
will increase substantially.124 Assuming all active wells will soon produce as much natural gas,
on average, as currently producing wells is not farfetched.

The northeastern corner of

Pennsylvania houses the thickest natural gas deposits in the State, which are represented by the
higher isobars in the map below.125 Furthermore, energy experts “in government, industry and
research organizations” believe that up to 60,000 wells may be drilled in the Pennsylvania
Marcellus Shale by 2030.126 Therefore, if these currently active wells fail to provide large yields,
many more are still likely to be drilled in the vicinity.

124

In order to calculate these new distances I held production per well constant and changed the wells per square
mile to 0.41. See the table on page 47 for an in-depth explanation of my wells per mile calculations.
125
(Considine 2009, 5)
126
(Johnson 2010, 5)
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The Variation in Thickness of Natural Gas Deposits

The Marcellus Shale that underlies Northeastern PA has the thickest gas bearing
layers in the State, and is therefore likely to be one of the most heavily exploited areas.

127

Assumptions Made and Factors Excluded from the Calculations

Several assumptions were made in the calculations. We first assumed that the number of wells
per square mile and the production per well equally affect the ozone produced in a given area
and how far that ozone will spread. We assumed that the chemical make-up of shale gas in the
Haynesville Shale is identical to the chemical makeup of the Marcellus Shale. We also assumed
the topography in Louisiana and Texas to be the same as the topography in Northeastern
Pennsylvania and New Jersey. The Haynesville Shale study never specified where the wells are
located within the eleven counties examined, or if wells are evenly spaced. We assumed there to
be a constant number of wells per square mile in my calculations, although wells appeared to be
most densely clustered in Red River Parish, and the wells per mile in northeastern Pennsylvania
clearly varies (as seen in the map on page 45). We excluded wind speed from my calculations.
We also did not take into account the possibility that production per well in Northeastern
Pennsylvania may rise.
127

(Considine 2009, 5)
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Results and Discussion
The table below summarizes the average and maximum distances that ozone of different
concentration increases will travel due to current and projected natural gas production rates in
Northeastern Pennsylvania.

Summary of Distances Ozone will Travel
Ozone
Increase
(ppb)

Average
or
Maximum
Ozone
Increase

Distance (miles)
ozone will travel due
to shale gas
production in NE
Pennsylvania this year

Distance (miles) ozone will
travel if all active wells
become producing wells

4

Average

8.52

43.69

2

Average

20.64

105.77

6 to 8

Maximum

16.48

84.46

3

Maximum

39.07

200.24

1

Maximum

71.54

366.65

This Table summarizes the distance over which ozone of a given concentration increase will travel.

Under current conditions, no ozone produced during shale gas extraction in Northeastern
Pennsylvania will reach New Jersey on an average day. On an average day, ozone at the
concentration of 2 ppb will travel 20.64 miles. Scranton, one of the cities located on the eastern
edge of the gas production zone, is 41 miles from the closest city in New Jersey (Worthington,
directly across the Delaware River from East Stroudsburg, PA), as seen in the table below. The
Table below summarizes distances between cities in New Jersey and three cities within or close
to the large natural gas production area in Northeastern Pennsylvania, as defined in the map on
page 45. The cities of Chester, Flemington and Ramapo were selected because they are all
located in Northwestern New Jersey and all are home to ozone monitoring stations. Newark was
selected because it is the metropolitan area most likely to be affected and Worthington was
selected because it is on the Pennsylvania border.

Distance between Cities in or near Northeastern PA and Cities in NJ
Cities in New Jersey
Cities in or
near
Northeast
PA

Elmira, NY
Scranton, PA
Williamsport, PA

Chester Flemington
142
149
66
75
125

123
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Newark Ramapo Worthington
166
153
117
91
81
41
152

148

101

This table summarizes the distance between various cities in or near Northeastern
Pennsylvania and cities in New Jersey128.
If all active wells in Northeastern Pennsylvania become producing wells, Worthington may see
an average ozone increase of 4 ppb at most. A 2 ppb average increase will spread for 105 miles,
and could conceivably reach all of these New Jersey cities, especially if wells become active near
Scranton, PA, which is closer to New Jersey than the other two locations. A maximum ozone
increase of 6 to 8 ppb may also be observed in Chester, Flemington, and Worthington, again if
most of the upcoming natural gas development occurs close to Scranton.

Although these values appear small, they still may have an impact on New Jersey air quality if
natural gas production in Pennsylvania increases significantly. The EPA classified the entire
State of New Jersey as a moderate “non-attainment” area in 2008, due to the area’s “design
value” ranging from 0.092 ppm to 0.106ppm.129 (The new EPA ozone standard is 0.075 ppm or
75 ppb.) The design value is calculated by averaging the “fourth highest daily maximum 8-hour
average concentration recorded each year for three years.”130 Design values ranging from 79 ppb
to 86 ppb were recorded at Northwestern and North Central New Jersey monitoring stations
(Chester, Flemington and Ramapo).131 Although these values are lower than the State wide
range, they still exceed the EPA standard. Consequently, even marginal increases in ozone
concentration due to shale gas drilling in counties in Northeastern Pennsylvania could affect
New Jersey air quality.

Shale gas drilling in Northeastern Pennsylvania, however, should only affect New Jersey air
quality in the winter due to a shift in prevailing winds. New Jersey typically experiences
southwesterly prevailing winds, except in the winter when they come out of the northwest, as
seen in the map below. 132133

128

I calculated all distances using the Flight Distance function of Travelmath.com.
(New Jersey Department of Environmental Protection 2008, Ozone 10)
130
(New Jersey Department of Environmental Protection 2008, Ozone 10)
131
(New Jersey Department of Environmental Protection 2008, ozone 7)
132
(Office of New Jersey State Climatologist n.d.)
133
(Nick 2011)
129
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Prevailing Winds in the Winter

Prevailing winds are only from the northwest in the winter. Consequently, New Jersey should only experience
increasedd ozone levels in the winter and not in the spring, summer and fall.

Regional air quality monitoring will be necessary to determine the exact extent to which drilling
causes New Jersey air quality to deteriorate, but the calculations demonstrate that shale gas
extraction in Northeastern Pennsylvania is not currently affecting New Jersey air quality. New
Jersey air quality is, however, likely to degrade in the future if significant numbers of active
wells come online, if production per well rises and if more wells are drilled closer to New Jersey.

Conclusion
This research strived to quantify the potential environmental impacts tha
that shale gas extraction in
New York and Pennsylvania will have on New Jersey. Specifically, three potential impacts were
examined: Delaware River water drawdown, Delaware River water contamination and New
Jersey air quality deterioration. These three areas were selected because a total of 15 million
people depend on the Delaware River for drinking water (approximately 3 million of whom
reside in New Jersey) and New Jersey already has difficulty meeting EPA air quality standards,
particularly for ground-level
level ozone. In the analysis, GIS and water quality models were used to
forecast Delaware River water drawdown and fut
future
ure contamination. Air quality impacts were
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estimated by extrapolation of existing air quality impact assessments, using current shale gas
extraction activity in northeastern Pennsylvania, current air quality in New Jersey and seasonal
wind patterns across New Jersey.
A ‘worst case scenario’ was constructed through the use of various assumptions in order to provide New
Jersey with information that will help it plan for unlikely, yet possible environmental impacts. The
assumptions used included the assumption that natural gas companies would retrieve all of the water

used in the drilling process from the Delaware River or its tributaries, that companies would not
practice waste water recycling and that spills from the containment ponds would occur. Despite
this ‘worst case scenario,’ our results indicate that the Delaware River will not experience a change
in flow rate, although there will be some draw down detected in certain tributaries. Potential
contamination will also be within EPA limits, assuming the River is not already highly
contaminated, although contamination in upstream tributaries will be much more significant.
Some of the contaminants that we modeled, however, do not have EPA standards at this time.
Finally, we found that New Jersey air quality degradation due to ozone produced during the shale
gas drilling process is non-existent at this time, but could pose a problem in the future if shale
gas production in northeastern Pennsylvania increases dramatically.

Prospects for Future Studies
This study covers effects of hydraulic fracturing procedures in the Upper Delaware River Basin
on the water quantity and quality of the Delaware River as it enters New Jersey from New York.
It is important to note that, due to the breadth of environmental media and possible impacts, this
study is not an exhaustive analysis of all the potential environmental impacts on the State of New
Jersey. For instance, the effects of hydraulic fracturing on aquatic and terrestrial ecosystems,
agriculture, soil resources, and the built environment are all beyond the scope of this study.
Further studies are needed to evaluate the potential effects of hydraulic fracturing on these
aspects of the environment.
While the presence of soil acts as a buffer to receiving water bodies, contamination of soil
resources has another set of problems.

Contamination of soil resources can have many

implications to terrestrial ecosystems, as soil degradation can cause harm to microbial organisms
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that are necessary for terrestrial ecosystems to persist134. Forest ecosystems depend on soil for
nutrients. Contamination of the soil that forest ecosystems depend on will affect the health of the
biotic community.
The above argument can be also applied to agricultural resources. As crops depend on a healthy
soil environment, agricultural health and productivity may be jeopardized if poor soil conditions
exist. This can have a more direct effect on human beings, since humans are dependent directly
on agriculture. This is especially important in the Delaware River Watershed, as 26% of the land
is cropland135. Farmers’ livelihoods are likely to become adversely affected if soil contamination
occurs. Riverside buffers can become compromised if river waters are contaminated. This can
increase pollutant loading in the river downstream.
This study also does not cover the effects on groundwater quality. The quantity of flowback
fluids is considerably less than the quantity of fracturing fluids, which indicates that a potentially
large proportion of the fracturing fluids remains underground and has the potential to
contaminate groundwater.
groundwater.

Water that percolates through the soil can also contaminate

Contamination of groundwater can even affect the Delaware River over longer

time scales.
Non-polar compounds with a high octanol-water partitioning coefficient have a tendency to
bioaccumulate. These chemicals are less likely to remain in the river waters upon entrance to
New Jersey, but it is incorrect to infer a null effect on this sole basis. While such chemicals may
not be found in the water, they may be found in living organisms such as fish, which could
render their consumption by humans unsafe.

Even if amounts discharged are low, such

compounds can accumulate to much higher levels via biomagnifications. The extent to which
this is the case can be assessed in future studies that include testing of aquatic organisms and
ecological modeling.
This study has considered effects on an annual time scale; however, future studies may
investigate the intensity of effects during certain seasons. As this region is characterized by a
humid continental climate, the hydrologic dynamics (namely evapotranspiration and
134

(Hiroki 1992)

135

(Kauffman, Belden and Homsey 2008)
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interception) are likely to be vastly different. During the winter season, temperatures are lower,
which results in reduced evaporation. Interception by leaves in wooded areas will also be
reduced due to the reduced prevalence of leaves on trees during this season. This may imply
more water reaching the ground, and less being evaporated. It is possible that this would result
in greater dilution potential, but it could also serve as a larger vehicle that carries flowback fluids
to the nearest receiving water body; however, future studies can investigate the extent to which
these will be the case.
This study has not considered the effect on underlying rock or on plate tectonics. The risk for
triggering earthquakes falls outside the scope of this project. This should be looked into in future
studies, due to the large amount of pressure that is exerted deep underground.
While this study has examined the potential impacts on water quality as the Delaware River
enters New Jersey, future studies ought to look into the water quality further downstream as well
as upstream in the Delaware River. Effects further upstream and in smaller tributaries are
greater, as seen above, due to greater proximity and reduced dilution. Effects downstream are
also important, as this is where greater population densities are found. Contamination may be
reduced due to greater dilution, unless tributaries entering the Delaware River downstream
originate from areas where hydraulic fracturing is taking place.
Lastly, the next logical step after this study is an assessment of the human health and ecological
risks.

This study has estimated the extent to which water pollutants will increase in

concentration, but it has not estimated the extent to which ecosystems and human health will be
at risk.
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Appendix I: Chemicals Present in Various Flow back Fluids
Minimum
Concentration

Median
Concentration

Maximum
Concentration

Concentration
Units

4-Nitroquinoline-1 oxide

1422

13908

48336

mg/L

Acetone

681

681

681

ug/L

Alkalinity, Carbonate, as
CaCO3

4.9

91

117

mg/L

Gross Alpha

22.41

-

18950

pCi/L

Aluminum

0.08

0.09

1.2

mg/L

Antimony

0.26

0.26

0.26

mg/L

Aqueous Ammonia

12.4

58.1

382

mg/L

Arsenic

0.09

0.1065

0.123

mg/L

Barium

0.553

661.5

15700

mg/L

Benzene

15.7

479.5

1950

ug/L
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-

7445

pCi/L

Bicarbonates

0

564.5

1708

mg/L

BOD

3

274.5

4450

mg/L

Bis(2ethylhexyl)phthalate

10.3

15.9

21.5

ug/L

Boron

0.539

2.06

26.8

mg/L

Bromide

11.3

616

3070

mg/L

Bromoform

34.8

36.65

38.5

ug/L

Cadmium

0.009

0.032

1.2

mg/L

Calcium

29.9

5198

34000

mg/L

COD

1480

5500

31900

mg/L

Chloride

287

56900

228000

mg/L

Chlorodibromomethane

3.28

3.67

4.06

ug/L

Chromium

0.122

5

5.9

mg/L

Parameter Name

Cobolt

0.03

0.3975

0.58

mg/L

Copper

0.01

0.035

0.157

mg/L

Cyanide

0.006

0.0125

0.019

mg/L

Dichlorobromomethane

2.24

2.24

2.24

ug/L

Ethyl Benzene

3.3

53.6

164

ug/L

Fluoride

5.23

392.615

780

mg/L

Iron

0

47.9

810

mg/L

Lead

0.02

0.24

0.46

mg/L

Lithium

34.4

55.75

161

mg/L

Magnesium

9

563

3190

mg/L

Manganese

0.292

2.18

14.5

mg/L

Methyl Bromide

2.04

2.04

2.04

ug/L

Methyl Chloride

15.6

15.6

15.6

ug/L
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Molybdenum

0.16

0.72

1.08

mg/L

Napthalene

11.3

11.3

11.3

ug/L

Nickel

0.01

0.0465

0.137

mg/L

Nitrogen, Total as N

13.4

13.4

13.4

mg/L

Oil and Grease

5

17

1470

mg/L

Phenol

459

459

459

ug/L

Phenols

0.05

0.191

0.44

mg/L

Phosphorus, as P

0.89

1.85

4.46

mg/L

Potassium

59

206

7810

mg/L

Radium (226+228)

3.73

-

51.41

pCi/L

Selenium

0.058

0.058

0.058

mg/L

Silver

0.129

0.204

6.3

mg/L

Sodium

83.1

19650

96700

mg/L

Strontium

0.501

821

5841

mg/L

Sulfate (as SO4)

0

3

1270

mg/L

Sulfide (as S)

29.5

29.5

29.5

mg/L

Sulfite (as SO3)

2.56

64

64

mg/L

Surfactants

0.2

0.22

0.61

mg/L

Tetrachloroethylene

5.01

5.01

5.01

ug/L

Thallium

0.1

0.1

0.1

mg/L

Titanium

0.06

0.06

0.06

mg/L

Toluene

2.3

833

3190

ug/L

TDS

1530

93200

337000

mg/L

Total Kjeldahl Nitrogen

37.5

122

585

mg/L

Total Organic Carbon

69.2

449

1080

mg/L

TSS

30.6

146

1910

mg/L

Xylenes

16

487

2670

ug/L

Zinc

0.028

0.048

0.09

mg/L

136

136

(New York State Department of Environmental Conservation Division of Mineral Resources 2009)
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Appendix II: Pennsylvania Oil and Gas Industry Violations
The table illustrations oil and gas Industry violations of the Pennsylvania Oil and Gas Act of
2007 that the Pennsylvania Department of Environmental Protection Oil and Gas Bureau
documented between January 2007 and September 2010.137 The Oil and Gas Industry used
hydro fracturing in both Vertical and Horizontal Marcellus Shale wells however, non-Marcellus
wells are conventional, shallow oil and gas wells.138

Of these total violations Volz asserted that, “serious pollution related violations that could affect
surface and ground water quality accounted for 6,182 of the 9,370 total violations or 70% of all
violations in the time period.” Furthermore, 3.36% of all horizontal Marcellus wells with one
violation also have other violations, the highest in any well category.139 The Pennsylvania
Department of Environmental Protection databases do not have data on oil and gas well activity
prior to 1998.140 Consequently, it is impossible to calculate the percentage of total wells that
have violated the Oil and Gas Act of 2007.141

137

(Volz 2010, 15)
(Volz 2010, 11)
139
(Volz 2010, 16)
140
(Volz 2010, 17)
141
(Volz 2010, 17)
138
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Appendix 3: County and City Map of Pennsylvania142

142

Map retrieved from http://geology.com/county-map/pennsylvania.shtml, accessed April 2011
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Appendix 4: County and City Map of Eastern Texas143

143

Map retrieved from http://geology.com/county-map/texas.shtml, accessed April 2011
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Appendix 5: County and City Map of Eastern Oklahoma144

144

Map retrieved from http://geology.com/county-map/oklahoma.shtml, accessed April 2011.
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