
 

 

 

June 1, 2020 

VIA FEDERAL ERULEMAKING PORTAL 
Office of NEPA Policy and Compliance 
U.S. Department of Energy 
1000 Independence Avenue SW 
Washington, DC 20585 
 
Re: DOE NEPA/NG Procedures, RIN 1990-AA49 

To Whom it May Concern: 

The United States Department of Energy (“DOE”) proposes to update its National Environmental 
Policy Act (“NEPA”),1 implementing procedures regarding authorizations issued under Section 3 of the 
Natural Gas Act (“NGA”).2 This update would categorically exclude all approvals and disapprovals of 
new authorizations or amendments of existing authorizations to export natural gas as well as any 
associated transportation of natural gas by marine vessel.  

DOE invited public comments on the proposed changes on May 1, 2020, with a commenting 
deadline of June 1, 2020.3 The Delaware Riverkeeper Network and Maya van Rossum, the Delaware 
Riverkeeper (collectively, “DRN”), submit the following comments for DOE’s consideration. 

As an initial matter, DRN requests that DOE extend the public comment period an addition sixty 
(60) days, to close on Friday, July 31, 2020. DOE should take into account the devastating effects of the 
coronavirus pandemic on the public’s ability to fully and fairly engage in the rulemaking process. 
Hardships endured by members of the public affect their access to time and resources that had been 
previously freely available. This rulemaking must not be rushed without adequate input from the 
public, which can only be provided if accommodations are made during this unprecedented global 
pandemic.  

 

                                            
1 42 U.S.C. §§ 4321–4370h. 
2 15 U.S.C. § 717b. 
3 National Environmental Policy Act Implementing Procedures, 85 Fed. Reg. 25,340 (proposed May 1, 2020) (to be 
codified at 10 C.F.R. Part 1021). 
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I. DOE’s NGA Authority 

The NGA provides that DOE “shall” authorize exports to non-Free Trade Agreement countries 
“unless . . . it finds that the proposed exportation . . . will not be consistent with the public interest.”4 
The NGA thus charges DOE with “assur[ing] the public a reliable supply of gas at reasonable prices,”5 
while simultaneously granting DOE the “authority to consider conservation, environmental, and 
antitrust questions.”6  

At the same time, the Federal Energy Regulatory Commission (“FERC”) has the “exclusive 
authority to approve or deny an application for the siting, construction, expansion, or operation of an 
LNG terminal.”7 An LNG terminal “includes all natural gas facilities located onshore or in State waters 
that are used to receive, unload, load, store, transport, gasify, liquefy, or process natural gas that 
is . . . exported to a foreign country from the United States . . . .”8 Based on its interpretation of Supreme 
Court precedent regarding the purposes of the NGA, FERC has exercised its Section 3 authority only as 
to LNG facilities that “have pipelines connecting the facility with either the interstate or an intrastate 
grid.”9 

II. NEPA’s Requirements 

NEPA has two primary aims: (1) it obligates an agency to “consider every significant aspect of 
the environmental impact of a proposed action”; and (2) it “ensures that the agency will inform the 
public that it has indeed considered environmental concerns in its decisionmaking process.”10 The 
“action-forcing” portion of NEPA relevant to this proposed rulemaking is Section 102: 

The Congress authorizes and directs that, to the fullest extent possible: (1) 
the policies, regulations, and public laws of the United States shall be 
interpreted and administered in accordance with the policies set forth in 
this chapter, and (2) all agencies of the Federal Government shall— 

. . . .  

(C) include in every recommendation or report on proposals for legislation 
and other major Federal actions significantly affecting the quality of the 
human environment, a detailed statement by the responsible official on— 

(i) the environmental impact of the proposed action, 

                                            
4 15 U.S.C. § 717b(a). 
5 United Gas Pipe Line Co. v. McCombs, 442 U.S. 529 (1979). 
6 NAACP v. Fed. Power Comm’n, 425 U.S. 662, 670 n.4, n.6 (1976); see also Sierra Club v. U.S. Dep’t of Energy (Freeport II), 
867 F.3d 189, 202–03 (D.C. Cir. 2017). 
7 15 U.S.C. § 717b(e)(1). 
8 15 U.S.C. § 717a(11). 
9 Shell U.S. Gas & Power, LLC, 148 FERC ¶ 61,163 (Sept. 4, 2014), Emera CNG, LLC, 148 FERC ¶ 61,219 (Sept. 19, 2014); see 
also FPC v. Hope Nat. Gas Co., 320 U.S. 591, 610 (1944), and Phillips Petroleum Co. v. Fed. Power Comm’n, 347 U.S. 672 
(1954). 
10 Baltimore Gas & Elec. Co. v. Nat. Res. Def. Council, Inc., 462 U.S. 87, 97 (1983) (first quoting Vermont Yankee Nuclear 
Power Corp. v. Nat. Res. Def. Council, Inc., 465 U.S. 519, 553 (1978), and then citing Weinberger v. Catholic Action of Haw., 
454 U.S. 139, 143 (1981)). 
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(ii) any adverse environmental effects which cannot be avoided should the 
proposal be implemented, 

(iii) alternatives to the proposed action, 

(iv) the relationship between local short-term uses of man’s environment 
and the maintenance and enhancement of long-term productivity, and  

(v) any irreversible and irretrievable commitments of resources which 
would be involved in the proposed action should it be implemented.11 

“[B]y focusing the agency’s attention on the environmental consequences 
of a proposed project, NEPA ensures that important effects will not be 
overlooked or underestimated, only to be discovered after resources have 
been committed or the die otherwise cast.”12  

 “Major Federal actions” requiring preparation of an EIS include projects and programs entirely 
or partly financed, assisted, conducted, regulated, or approved by Federal agencies.13 The Council on 
Environmental Quality (“CEQ”) is an agency within the Executive Office of the President and has 
promulgated regulations implementing NEPA.14 CEQ regulations direct Federal agencies to adopt their 
own regulatory procedures to supplement CEQ regulations.15 DOE’s NEPA regulations are found at 10 
C.F.R. Part 1021. CEQ regulations describe the process by which a Federal agency must decide whether 
to prepare an EIS.16 First, a Federal agency must determine whether the proposed action is one which 
normally requires an EIS or whether the proposed action is categorically excluded by the Federal 
agency’s supplemental NEPA regulations.17 If the proposed action does not belong in either category, 
CEQ regulations direct the Federal agency to “prepare an environmental assessment [(“EA”)]” and to 
“involve environmental agencies, applicants, and the public, to the extent practicable, in preparing” the 
EA.18 CEQ regulations direct the Federal agency to “make its determination whether to prepare an 
[EIS]” based on the EA.19 If the Federal agency “determines on the basis of the environmental 
assessment not to prepare an [EIS],” then it should “[p]repare a finding of no significant impact,” also 
known as a FONSI.20  

In this proposed rulemaking, DOE seeks to categorically exclude all “[a]pprovals or disapprovals 
of new authorizations or amendments of existing authorizations to export natural gas under section 3 
of the Natural Gas Act and any associated transportation of natural gas by marine vessel” from the 
requirement to prepare an EA or EIS.21 A categorical exclusion (“CE”) is a “category of actions which do 
not individually or cumulatively have a significant effect on the human environment and which have 
been found to have no such effect in procedures adopted by a Federal agency in implementation of 
these regulations . . . and for which, therefore, neither an environmental assessment nor an 
                                            
11 42 U.S.C. § 4332. See also Robertson v. Methow Valley Citizens, 490 U.S. 332, 348–49 (1989). 
12 Id. at 349. 
13 40 C.F.R. § 1508.18(a). 
14 40 C.F.R. §§ 1500-1508. 
15 40 C.F.R. § 1507.3. 
16 40 C.F.R. § 1501.4. 
17 40 C.F.R. § 1501.4(a). 
18 40 C.F.R. § 1501.4(b). 
19 40 C.F.R. § 1501.4(c). 
20 40 C.F.R. § 1501.4(e). 
21 Tracked Proposed Revisions, DOE-HQ-2020-0017, RIN 1990-AA49. 
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environmental impact statement is required.”22 “Categorical exclusions, by definition, are limited to 
situations where there is an insignificant or minor effect on the environment.”23 In deciding whether 
an action meets this definition, an agency should consider “the unique characteristics of the applicable 
geographic areas, the degree to which effects on the quality of the environment [are] controversial or 
the risks were unknown, the degree to which the CEs might establish a precedent for future actions 
with significant effects or represent[] a decision in principle about future considerations, the degree to 
which the actions might affect endangered species, and whether there exist[] cumulative impacts from 
other related actions.”24  

DOE justifies this proposed CE by improperly narrowing the scope of approvals and 
disapprovals of new authorizations and amendments of existing authorizations to export natural gas 
under section 3 of the Natural Gas Act. It does this by relying on the Supreme Court’s decision in 
Department of Transportation v. Public Citizen,25 and the D.C. Circuit’s decision in Sierra Club v. Federal 
Energy Regulatory Commission (Freeport I).26 In Public Citizen, the Supreme Court held that “where an 
agency has no ability to prevent a certain effect due to its limited statutory authority over the relevant 
actions, the agency cannot be considered a legally relevant ‘cause’ of the effect.”27 In Freeport I, the D.C. 
Circuit held that FERC’s NEPA analysis of the redesign of a liquefied natural gas (“LNG”) facility did not 
need to include an evaluation of the environmental consequences of exporting natural gas because “the 
Department of Energy, not the Commission, has sole authority to license the export of any natural gas 
going through” the facility.28  

Based on these cases, DOE asserts that it “need not review potential environmental impacts 
associated with the construction or operation of natural gas export facilities because DOE lacks 
authority to approve the construction or operation of those facilities.”29 DOE also states that the only 
potential environmental impacts resulting from the exercise of its NGA Section 3 authority “occur at or 
after the point of export.”30 DOE’s conclusions are wrong for two reasons: (1) DOE is required to 
consider the direct and indirect effects of natural gas export authorizations because it has the statutory 
authority to deny such authorizations on the basis that the authorization would pose too great a harm 
to the environment; and (2) DOE’s view of the environmental impacts of natural gas export is too 
narrow and excludes the indirect effects of such action. 

A. DOE Section 3 Authority and its Effect on the Scope of DOE’s NEPA Analysis 

The environmental effects of increased production of natural gas due to a NGA Section 3 
authorization to export a specified amount of natural gas from a specified location fall within the scope 
of the required NEPA analysis. Because these effects are typically significant and vary from application 
to application, DOE’s proposal to categorically exclude authorizations to export natural gas under NGA 
Section 3 is improper. 

                                            
22 40 C.F.R. § 1508.4. 
23 Sierra Club v. Bosworth, 510 F.3d 1016, 1027 (9th Cir. 2007) (quoting Alaska Ctr. For Env’t v. U.S. Forest Serv., 189 F.3d 
851, 859 (9th Cir. 1999)). 
24 Id. (citing 40 C.F.R. § 1508.27(b)). 
25 541 U.S. 752 (2004). 
26 827 F.3d 36 (D.C. Cir. 2016). 
27 541 U.S. at 770. 
28 827 F.3d at 47. 
29 National Environmental Policy Act Implementing Procedures, 85 Fed. Reg. 25,340, 25,341–42 (proposed May 1, 2020) 
(to be codified at 10 C.F.R. Part 1021). 
30 Id. at 25,342. 
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In a companion case to Freeport I, the D.C. Circuit rejected petitioners’ argument that FERC 
should have considered the increased production of gas for export and the increased cost of domestic 
gas that could prompt greater reliance on coal in its NEPA analysis of a liquefied natural gas terminal.31 
The court reasoned that these effects could not occur “unless a greater volume of liquefied natural gas 
is shipped from the Terminal and enters the international marketplace” which “the Department of 
Energy alone has the legal authority to authorize.”32 Accordingly, petitioner “remain[ed] free to raise 
these issues in a challenge to the Energy Department’s NEPA review of its export decision.”33 Later, the 
petitioner in that case did challenge DOE’s NEPA review of its export decision.34 In Freeport II, the D.C. 
Circuit considered DOE’s Addendum to Environmental Review Documents Concerning Exports of 
Natural Gas from the United States (“Addendum”)35 and its Life Cycle Greenhouse Gas Perspective on 
Exporting Liquefied Natural Gas from the United States (“Life Cycle Report”)36 as a part of DOE’s “hard 
look” NEPA analysis of its Section 3 export authorization for the Freeport LNG Terminal in Texas.37  

In a third D.C. Circuit case, Sierra Club v. Federal Energy Regulatory Commission (Sabal Trail),38 
the court clarified that “the fact that a second agency’s approval was necessary before the 
environmental effect at issue could occur” was not sufficient to break the causal chain between an 
agency action and an environmental effect, but rather an agency must have “no legal authority to 
prevent the adverse environmental effects . . . .”39 This means that, for an environmental effect to be 
outside the scope of DOE’s NEPA analysis, DOE must be “forbidden to rely on“ the potential harm of 
those effects “as a justification for denying” an export authorization.40 The question is not “What 
activities does [DOE] regulate?” but rather “What factors can [DOE] consider when regulating in its 
proper sphere?”41 In evaluating FERC’s NGA Section 7 authority to approve applications to construct 
and operate interstate pipelines, the D.C. Circuit held that “[b]ecause FERC could deny a pipeline 
certificate on the ground that the pipeline would be too harmful to the environment, the agency is a 
‘legally relevant cause’ of the direct and indirect environmental effects of pipelines it approves.”42 
Similarly, here, because DOE can deny an export authorization on the ground that the export of a certain 
amount of natural gas would be too harmful to the environment, it is a legally relevant cause of the 
direct and indirect environmental effects of pipelines it approves.  

B. Environmental Effects of Natural Gas Export 

Direct effects of natural gas export include the environmental impacts at or after the point of 
export. With regard to an LNG terminal, FERC typically evaluates the upland operations in its own NEPA 
analysis, which it completes as the “lead agency” for a natural gas export operation.43 However, FERC 
has made clear that not all points of export will be subject to its Section 3 jurisdiction, specifically when 

                                            
31 Sierra Club v. Fed. Energy Regulatory Comm’n, 827 F.3d 59, 68 (D.C. Cir. 2016). 
32 Id. 
33 Id. at 68–69. 
34 See Sierra Club v. U.S. Dep’t of Energy (Freeport II), 867 F.3d 189 (D.C. Cir. 2007). 
35 79 Fed. Reg. 48,132 (Aug. 15, 2014). 
36 79 Fed. Reg. 32,260 (June 4, 2014).  
37 Id. at 197. 
38 867 F.3d 1357 (D.C. Cir. 2017). 
39 Id. at 1373. 
40 Id. 
41 Id. 
42 Id. 
43 15 U.S.C. § 717n(b)(1); see also Freeport I, 827 F.3d at 41. 
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those facilities do not connect to a pipeline.44 Accordingly, when an export facility does not meet FERC’s 
interpretation of an “LNG terminal,” DOE must evaluate the direct environmental impacts of that 
facility, as it is located “at” the point of export. Each of these facilities will be unique and may have a 
substantial effect on the environment. A failure to analyze the impacts of such a facility in the absence 
of FERC jurisdiction will result in a regulatory gap. Thus, a categorical exclusion for all NGA Section 3 
export authorizations is inappropriate.  

DOE in its proposed rule also neglects to consider the indirect effects of authorizing natural gas 
exports. Indirect impacts caused by “reasonably foreseeable” future actions are recognizable under 
NEPA and must be considered throughout the NEPA process. Natural gas exports will increase U.S. gas 
production.45 Thus, an approval for export of a specified amount of natural gas has a measurable impact 
on production, and is a legally-relevant cause of that increased production. As the D.C. Circuit explained 
in the context of a Section 7 pipeline approval, “[b]ecause FERC could deny a pipeline certificate on the 
ground that the pipeline would be too harmful to the environment, the agency is a ‘legally relevant 
cause’ of the direct and indirect environmental effects of pipelines it approves.”46 Here, too, because 
DOE could deny an application for authorization to export natural gas based on environmental 
concerns, DOE’s approval is a legally-relevant cause of upstream gas production. In this respect, the 
approval for export from a specific site is similar to the construction of a logging road in Thomas v. 
Peterson,47 a case that discussed the appropriate scope of a NEPA analysis. In that case, the Ninth Circuit 
reasoned: 

The location, the timing, or other aspects of the timber sales, or even the 
decision whether to sell any timber at all affects the location, routing, 
construction techniques, and other aspects of the road, or even the need 
for construction. 

. . . . 

The Forest Service argues that the sales are too uncertain and too far in the 
future for their impacts to be analyzed along with that of the road. This 
comes close to saying that building the road now is itself irrational. We 
decline to accept that conclusion. Rather, we believe that if the sales are 
sufficiently certain to justify construction of the road, then they are 
sufficiently certain for their environmental impacts to be analyzed along 
with those of the road.48 

In sum, if the production of natural gas is sufficiently certain to justify an export authorization, then it 
is sufficiently certain for DOE to analyze its environmental impacts, as required by NEPA. 

That an export authorization for an increased amount of natural gas will necessarily lead to 
additional demand for natural gas, with consequences for its price, production, and use, is eminently 

                                            
44 See Shell U.S. Gas & Power, LLC, 148 FERC ¶ 61,163 (Sept. 4, 2014), Emera CNG, LLC, 148 FERC ¶ 61,219 (Sept. 19, 2014; 
see also Congressional Research Service, Liquefied Natural Gas by Rail: Policy Issues (Nov. 18, 2019) (describing “virtual 
pipelines” created by transporting LNG via trucks and rail cars) (attached). 
45 See NERA Economic Consulting, Macroeconomic Impacts of LNG Exports from the United States (“NERA Study”)  51–52, 
fig. 30 (2012). 
46 Sabal Trail, 867 F.3d at 1373. 
47 753 F.2d 754 (9th Cir. 1985). 
48 Id. at 760. 
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foreseeable. The D.C. Circuit has recently held that such “generally applicable economic principles,” as 
the relationship between the price of a good and its production and consumption, are “sufficiently ‘self-
evident’” to “require ‘no evidence outside the administrative record.’”49 The results of generally 
applicable economics are all the more foreseeable here, as DOE performed an export study in 2012.50 

The Council on Environmental Quality’s (“CEQ’s”) regulations implementing NEPA provide 
illustrations of indirect effects that are closely analogous to those at issue here: “growth inducing effects 
and other effects related to induced changes in the pattern of land use, population density or growth 
rate[.]”51 Like impacts on gas production and use, growth-inducing effects and induced changes in the 
pattern of land use reflect responses—generally market-based—to changes in the supply of, and 
demand for, various resources. Further reflecting the need to consider such impacts, the regulations 
include economic as well as environmental impacts among those that an agency must consider.52   

For that reason, courts have consistently required that agencies extend the ambit of their 
analysis to include effects akin to upstream production and downstream consumption. The Eighth 
Circuit has addressed circumstances that closely parallel those here, holding that when an agency 
approves a rail-line extension that would result in “an increase in availability and a decrease in price” 
of coal, NEPA demands that the agency examine the environmental “effects that may occur as a result 
of the reasonably foreseeable increase in coal consumption.”53  In Mid-States, the agency's decision 
enabled an increase in the supply of coal to the domestic market; here, as described below, DOE’s 
Section 3 authorizations will cause an increase in demand for natural gas. In Mid-States, that decision 
had foreseeable effects on the price of coal, its production, and its use. 

DOE’s Section 3 authorizations have foreseeable impacts on natural gas's price, production, and 
use. In Mid-States, the Eighth Circuit held that the agency could not responsibly or lawfully ignore those 
effects under NEPA.54  Likewise, neither could DOE do so here. Other Circuits have reached similar 
conclusions. When authorizing a runway that would expand capacity and “spur demand,” the Ninth 
Circuit has held that the Department of Transportation must examine the increased usage that will 
result from that demand.55 The First Circuit has refused to let an agency construct a causeway and port 
without examining the “industrial development” that would be enabled by that construction.56 Those 
cases establish that when an agency takes an action that will increase demand for a resource, it cannot 
ignore the effects of that increased demand. 

 Additionally, DOE must consider the cumulative effects of actions similar to the proposed action, 
whether existing or reasonably foreseeable. Cumulative impacts include “impact[s] on the environment 
which result from the incremental impact of the action when added to other past, present, and reasonably 
foreseeable future actions regardless of what agency (Federal or non-Federal) or person undertakes such 

                                            
49 Airlines for Am. v. Transp. Sec. Admin., 780 F.3d 409, 410-11 (D.C. Cir. 2015) (finding standing based on “basic proposition 
that ‘increasing the price of an activity . . . will decrease the quantity of that activity demanded in the market’” (alteration in 
original) (quoting Branton v. FCC, 993 F.2d 906 (D.C. Cir. 1993))). 
50 2012 LNG Export Study, 77 Fed. Reg. 73,627 (Dec. 11, 2012). 
51 40 C.F.R. § 1508.8(b) (2019). 
52 Id. 
53 Mid-States Coal. for Progress v. Surface Transp. Bd., 345 F.3d 520, 549-50 (8th Cir. 2003) (requiring that agency address 
air pollution resulting from increased coal use). 
54 Id. 
55 Barnes v. U.S. Dep't of Transp., 655 F.3d 1124, 1138-9 (9th Cir. 2011). 
56 Sierra Club v. Marsh, 769 F.2d 868, 877-79 (1st Cir. 1985). See also Friends of the Earth v. U.S. Army Corps of Eng'rs, 109 F. 
Supp. 2d 30, 39-40 (D.D.C. 2000) (invalidating agency decision approving casino, without considering economic 
development that would result). 
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other actions.”57 “Cumulative impacts can result from individually minor but collectively significant 
actions taking place over a period of time.”58 Cumulative impacts include “coincident effects (adverse 
or beneficial) on specific resources, ecosystems, and human communities of all related activities, not 
just the proposed project or alternatives that initiate the assessment process.”59 A cumulative effects 
analysis focuses on resource sustainability, and has expanded geographic and time boundaries.  In the 
specific context of Section 3 natural gas export authorizations, DOE should consider all pending natural 
gas export authorization applications before it in order to appropriately assess the cumulative impacts 
of its actions. 

While DOE created an Addendum to Environmental Review Documents Concerning Exports of 
Natural Gas from the United States,60 that document did not “specifically project where or to what 
extent the impacts of increased production might occur in response to any particular amount of 
exports.”61 NEPA does not allow agencies to consider only those effects whose specifics are known and 
certain. As the Eighth Circuit held, “when the nature of the effect is reasonably foreseeable but 
its extent is not . . . [an] agency may not simply ignore the effect.”62 Indeed, where an action’s effects are 
not precisely known, the Council on Environmental Quality's regulations suggest that the action is 
more—not less—likely to warrant an environmental impact statement.63  

NEPA’s implementing regulations provide detailed instructions as to how such uncertainty is to 
be addressed in an environmental impact statement.64 That the precise location of natural gas 
production is unknown, therefore, does not render such production unforeseeable, or allow DOE to 
dismiss its effects as insignificant. “It is well recognized that a lack of certainty concerning prospective 
environmental impacts cannot relieve an agency of responsibility for considering reasonably 
foreseeable contingencies.”65 Rather, “[a]t the threshold stage of the NEPA inquiry . . . an agency must 
determine, to the extent feasible, whether the sum of all reasonably foreseeable effects, discounted by 
the probability of their occurrence, represent a ‘significant’ effect on the environment.”66 If so, the 
“agency must issue an EIS analyzing the probabilistic facets of the prospective environmental impact.”67 

Analysts, experts, and modelers use the location of interstate transmission gas lines as a 
predictor of where gas production will take place. The reality of the industry is that there is a direct 
relationship between the siting and construction of well pads and the location of existing or proposed 
interstate pipelines. These pipelines then lead to natural gas liquefaction facilities, where the gas is 
                                            
57 40 C.F.R. § 1508.7 (emphasis added). 
58 40 C.F.R. § 1508.7. 
59 COUNCIL ON ENVIRONMENTAL QUALITY, EXECUTIVE OFFICE OF THE PRESIDENT, CONSIDERING CUMULATIVE EFFECTS UNDER THE NATIONAL 
ENVIRONMENTAL POLICY ACT at v (Jan. 1997). 
60 79 Fed. Reg. 48,132 (Aug. 15, 2014). 
61 Freeport II, 867 F.3d at 195. 
62 Mid-States Coal. for Progress, 345 F.3d at 549-50 (when agency permits rail extension that will increase “availability of 
coal,” it may not ignore “the construction of additional [coal-fired] power plants” that may result merely because agency 
does not “know where those plants will be built, and how much coal these new unnamed power plants would use”). 
63 See 40 C.F.R. § 1508.27(b)(5) (intensity depends upon “[t]he degree to which the possible effects on the human 
environment are highly uncertain or involve unique or unknown risks”); see also Found. on Econ. Trends, 756 F.2d at 154-
55 (It is not “sufficient for the agency merely to state that the environmental effects are currently unknown,” because 
uncertainty is “one of the specific criteria for deciding whether an [environmental impact statement] is necessary”). 
64 40 C.F.R. § 1502.22(b) (specifying how the agency should proceed when “the information relevant to reasonably 
foreseeable significant adverse impacts cannot be obtained because the overall costs of obtaining it are exorbitant or the 
means to obtain it are not known”). 
65 Potomac Alliance v. U.S. Nuclear Reg. Comm'n, 682 F.2d 1030, 1036-37 (D.C. Cir. 1982). 
66 Id. 
67 Id. 
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liquefied for export. DOE could use this information to determine the probable location of upstream 
environmental impacts. As an example, DRN attaches a region-wide analysis of the impacts of natural 
gas development in the Marcellus Shale formation, as well as a more specific watershed-based analysis 
of the potential impacts of natural gas development in the Delaware River Basin.68,69 

Accordingly, the scope of environmental impacts caused by a DOE Section 3 approval includes 
existing and reasonably foreseeable shale development/production that would be advanced, induced 
and supported if a specific amount of natural gas was authorized for export. The reasonably foreseeable 
actions—the environmental and community impacts of which must be considered—include the 
construction, operation and maintenance of the shale gas wells that will be the source of the gas 
ultimately exported—both the new wells that would be constructed and the production that would be 
induced at pre-existing wells by the proposed export. The analysis of impact for these gas wells must 
include the associated access roads, gathering lines, compressor stations, water quality effects, water 
pipelines, water consumption and water disposal, truck traffic, and other supporting infrastructure 
which is necessary for the construction, development, and operation of these wells.  

IV. Conclusion 

 DOE should not promulgate the proposed rule categorically excluding approvals or disapprovals 
of new authorizations or amendments of existing authorizations to export natural gas under Section 3 
of the NGA. Not only is it contrary to NEPA and governing case law, it runs the risk of creating a void in 
the review of environmental harms of LNG export facilities where FERC does not exercise jurisdiction. 
Instead, it should continue to evaluate NGA Section 3 export authorizations on a case-by-case basis to 
determine whether an EIS or EA is appropriate in accordance with NEPA. 
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68 CNA Analysis & Solutions, Potential Environmental Impacts of Full-development of the Marcellus Shale in Pennsylvania 
(Sept. 2016). 
69 CNA Analysis & Solutions, The Potential Environmental Impact from Fracking in the Delaware River Basin (Aug. 2015). 
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Figure 1.  Alaska LNG Shipment on Flatbed Rail Cars 

 
Source: Federal Railroad Administration, Office of Technical Oversight, slide presentation.  
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Figure 2. Insulated Rail Cars Proposed for LNG 

 
Source: Courtesy of Chart Industries. 
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Abstract 

Unconventional natural gas development using hydraulic fracturing has spurred a 
rapid expansion of natural gas extraction in Pennsylvania from the Marcellus Shale 
formation in particular. Further, the gas reserves in the Marcellus Shale could 
support significantly more gas development. We did a conditional analysis 
investigating the potential impacts to Pennsylvania’s land, forests, water, air, and 
population if development of the Marcellus Shale should continue until all of the 
technically recoverable reserves are exhausted. We developed a geospatial analysis 
methodology to identify the most likely future well locations, and derived impacts 
per well or well pad from published literature or data sets. Our primary output is an 
atlas: a set of maps that puts the potential impacts of the projected natural gas 
development into useful spatial context. The maps cover several categories of 
impacts including land use changes, forest fragmentation, population living in 
proximity to well pads, air emissions, water withdrawals, and wastewater generation. 
These maps, and the data developed to generate them, will be useful to policy-
makers, decision-makers, and others concerned about managing the impacts of 
Marcellus shale gas extraction in Pennsylvania. 
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Executive Summary 

Unconventional natural gas development using hydraulic fracturing has spurred a 
rapid expansion of natural gas extraction in Pennsylvania especially in the Marcellus 
Shale formation. Through the almost nine years of unconventional gas development 
in Pennsylvania, the Commonwealth has witnessed significant changes to energy 
costs, employment, communities, and the environment. While the price of natural gas 
has led to fluctuations in the rate of development, the significant quantity of gas 
reserves in the Marcellus Shale could support significantly more gas development in 

coming years.  

The activities associated with unconventional natural gas development including 
drilling, land disturbance, water withdrawals, material handling and waste 
management, and operation of equipment have clear potential impacts to 
environmental resources and human health. The actual impacts and outcomes of 
these activities can vary considerably depending on industry practices, technology 
changes, and regulation, but in general they are proportional to the level of 
development.  Improved practices, regulation, and monitoring can assist in managing 
impacts as they are occurring, but the overall level of impact will depend on the total 
amount of development that will occur. While many studies have investigated 
environmental impacts of gas development as it happens, relatively few consider the 
long range impacts of what might happen as development continues. In this study, 

we ask:  

What would be the potential environmental impacts from natural gas 
development activities in Pennsylvania if the Interior Marcellus Shale 

resources were fully developed?  

To answer this question, we developed a geospatial analysis methodology to identify 
the most likely future well locations based on the locations of existing wells relative 
to spatial data layers describing the shale characteristics, terrain, infrastructure, and 
hydrology of the region. We combined the probability surface generated from this 
analysis with recent estimates of total recoverable reserves and average production 
per well to determine how many wells could be developed and their most likely 
locations. We computed potential impacts based on the well (or well pad) numbers in 
a given geographic unit, and we derived impacts per well or well pad from published 
literature or data sets. With information on well locations and level of impact per 
well, we analyzed the spatial characteristics of impacts of natural gas development. 
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The scope of this study is limited to investigating potential impacts of additional well 
development in Pennsylvania in the Interior Marcellus1 shale play. It does not 
consider other shale plays such as the Utica Shale. This study does not examine the 
full range of potential impacts from all activities associated with the natural gas 
sector2, does not consider all potential impact pathways (e.g. accidental wastewater 
discharges), and it does not project possible environmental and human health 
outcomes based on the impacts.  

For the Commonwealth of Pennsylvania, we estimated the following potential 
impacts associated with this study’s projections of well development of the 
Marcellus Interior Shale formation: 

• Well development – We estimated that 47,600 additional wells could be 
developed on 5,950 well pads over the next 30 years if the Interior 

Marcellus’s technically recoverable resources were fully developed.  

• Land use change – The construction of natural gas infrastructure (well pads, 
gathering pipelines, and access roads) to support projected well development 
would result in about 94,000 acres of land disturbance. Over half (about 
51,000 acres) of the land disturbance would impact agricultural land, while 

about 28,000 acres would constitute the clearing of forest cover.  

• Forest change – Of the 28,000 acres of forest that would be cleared, we 
found that 12,700 acres were core forest areas (over 100 meters from the 
nearest forest edge). Additionally, over 88,000 acres of core forest would be 
fragmented by road and pipeline development and converted to edge forest. 
Thus, over 100,000 acres of core forest would be lost due to the combined 

effect of clearing and fragmentation. 

• Population in proximity to well pads – We estimated that the current 
population in Pennsylvania living within one-half mile of a well pad is about 
100,000, and, based on our projections, this number could increase to 
639,000. Similarly, we estimate that the population living within one mile of a 
well pad could increase from about 311,000 today to over 1.8 million at full 

build-out. 

                                                   
1 The Interior Marcellus is the primary gas-producing portion of the Marcellus formation, with 
over 95 percent of its gas reserves. 

2 For example, this study does not consider the impacts associated with construction and 
operation of interstate gas transmission pipelines. Other potential impacts such as road traffic 
or groundwater contamination are not well suited to analysis using the methods employed for 
this study.  
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• Air emissions – The additional well development would result in greater
emissions of NOx, VOCs, and CH

4
 from activities related to well pre-

production and production, and compressor stations for moving gas through
gathering lines. When the play nears full development (i.e., ongoing emissions
from producing wells reach their peak), the annual average air emissions
could reach 37,000 tons per year for NOx, 22,500 tons per year for VOCs, and

388,000 tons per year for methane.

• Water use, withdrawal, and consumptive use – We determined that the
projected natural gas development in the Marcellus would require 242 billion
gallons of water in total, in order to mix frac fluid for the hydraulic
fracturing process. Averaged over 30 years, this is a water use rate of 34
cubic feet per second or 22 million gallons per day. We found that roughly
200 billion gallons of fresh surface water would be withdrawn to support this
development, and that 167 billion gallons would be used consumptively and

would not re-join the hydrologic cycle after hydraulic fracturing injection.

• Wastewater generated – We estimated that 84 billion gallons of wastewater

would be generated from projected natural gas development in Pennsylvania.
Wastewater includes drilling fluid waste, plus flowback and produced
water/brine recovered from the shale after frac fluid injection and during gas

production.

These metrics offer a sense of the scale of the total statewide impacts of natural gas 
development through full development of the Interior Marcellus Shale. But these 
aggregated metrics do not tell the full story of the impacts, which have important 
geographic variations. Thus, the primary output of this research is an atlas: a set of 
maps that puts the impacts of the projected natural gas development into useful 
spatial context. These maps, and the data developed to generate them, present useful 
information to policy-makers, decision-makers, and other researchers concerned 

about managing the range of impacts of shale gas extraction in Pennsylvania. 

The maps can be downloaded in sets corresponding to each chapter of this report at: 

www.cna.org/PA-Marcellus 

Section Break.

http://www.cna.org/PA-Marcellus
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brine/produced 
water 

Wastewater recovered during gas production consisting of 
frac fluid and contaminants from the shale formation. 

consumptive use 
The portion of water use for fracking that is not recovered 
from shale. 
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Forest of high ecological value more than 100 meters from 
other land use types, or infrastructure such as roads 

edge forest 
Forest adjacent to (less than 100 meters) other land use 
types, or infrastructure such as roads 

flowback 
Wastewater consisting primarily of frac fluid recovered in 
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frac fluid 
Fluid composed of water, sand, and chemicals injected at 
high volume into wells during the hydraulic fracturing 
process in order fracture gas-bearing shale 
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Type of pipeline used to move gas from producing wells 
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(esp. shale) using high-pressure injection of liquid. 

lateral 
The horizontal portion of the well drilled in the shale 
formation. 

Maxent Maximum Entropy (geospatial analysis technique) 
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unconventional 
natural gas 
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and technologies (e.g., hydraulic fracturing, horizontal 
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water withdrawal 
The portion of the water used for fracking that is 
withdrawn directly from surface water sources.  

well pad The location from which wells are drilled 
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Introduction 

Since 2007, Pennsylvania has become a major natural gas producing hub due to 
technology advances that have facilitated gas extraction from the Marcellus Shale 
play, which underlies portions of Pennsylvania, West Virginia, New York, Maryland, 
and Ohio. The unconventional natural gas development (UNGD) technology that has 
enabled this shift is high-volume hydraulic fracturing (HVHF) paired with horizontal 
drilling on well pads with multiple wells per pad. Hydraulic fracturing uses a high-
volume injection of “frac” fluid (water, sand, and added chemicals) to fracture the 
shale formation, which generally holds gas tightly. Horizontal drilling has allowed 
each well to travel along the shale layer for several thousand feet, and the ability to 
drill multiple wells per well pad has increased the speed and efficiency of gas 
extraction. The net result is that the Marcellus play, which as recently as 2006 was a 
small player in gas production, now accounts for over 20 percent of total U.S. dry gas 

production [1].     

Unlike several declining shale plays in other parts of the country, the Marcellus Shale 
play still has a large portion of its reserves available, and can support continuing 
development [2]. The pace of development will largely be tied to economic factors. 
The price of natural gas has a significant effect on development activity, as 
demonstrated by the recent declines in drilling activity in 2015 due to low gas prices. 
So does the marginal cost of production, which varies regionally across the Marcellus 
by a factor of three or more [1]. Economic factors in Pennsylvania (such as workforce 
development) and the role of the natural gas industry in the Pennsylvania economy 
will also influence development going forward. Over the long term, these economic 
forces will significantly influence the pace and timing of development, but the 
ultimate determinant of the amount of gas that could be developed is set by the 
amount of gas reserves and the technology available to recover the gas (subject to 

applicable restrictions and regulations pertaining to gas development).  

According to the U.S. Energy Information Administration’s (EIA) estimates, the 
Marcellus Shale contains over 144 trillion cubic feet (Tcf) of technically recoverable 
reserves, of which over 65 Tcf are considered proven reserves [3], and of which most 
are in Pennsylvania. Over 11 Tcf has been produced in Pennsylvania through the end 
of 2014, and over 8,800 wells have already been drilled. Taken together, these 
statistics indicate that tens of thousands more wells would be needed to fully 
develop the Marcellus Shale resources in Pennsylvania.  
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Inevitably, UNGD results in some potential impacts to the environment across the 
landscape of development due to the activities needed to support the phases of 
development. Land must be cleared and developed in order to build the well pads, 
roads, and pipelines necessary to access the gas. During production, HVHF requires 
water to mix frac fluid, and produces volumes of wastewater along with gas that 
must be handled. Equipment that is necessary to run gas development operations 
(drilling rigs, pumps, trucks, compressors, and other equipment) produces air 
emissions, dust, and noise. All of these activities necessary for UNGD have impacts 
to land cover (including forests), watersheds, air, and human populations [4-22]. 
Some of these impacts can be mitigated more easily than others, and regulations, 
industry practices, and simple probability (large variations well-to-well) can have a 
large effect on the level of impact, or the risk of certain impacts occurring. The 
outcomes associated with these impacts are largely tied to the density and pace of 
natural gas development, and the underlying conditions and vulnerability of the 
affected areas’ resources. But in order to understand these impacts, it is first 

necessary to understand the activities that cause them.   

This analysis begins to answer the question: What happens if the Marcellus Shale is 
fully developed? 

Understanding this report 

We present this analysis as one projection of what the impacts of full development of 
the Marcellus Shale may look like across the landscape of Pennsylvania. This study is 
not intended to be a comprehensive examination of all potential impacts of gas 
development, but rather is meant to be a starting point and useful guide that can 
help identify impact categories where more in-depth analysis may be warranted. The 

geographic breadth of this study limits the depth of the impact analysis.  

Our methodology is relatively straightforward: Determine the number of wells 
required to fully develop the technically recoverable shale resources in the Interior 
Marcellus, and estimate the most likely well pad locations associated with this level 
of development. Then, using the projected numbers and locations of the wells and 
well pads, estimate the level of impacts using available data and scientific literature. 
In general, we multiply data on “per well pad” impact by projected number of well 
pads to estimate overall impact, and disaggregate results using useful geographic 

delineations (counties and watershed boundaries).  

The metrics used to evaluate the impacts of gas development can be most easily 
explained by using the Burdens > Impacts > Outcomes framework advanced by 

Krupnick et al. [23] to discuss potential environmental impacts of fracking. Burdens 
are the numeric quantification of different activities that may have a potential 
impact. Impacts are the resulting effects of these activities on an environmental 
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resource. Outcomes refer to the secondary or indirect impacts on measures of 
environmental health that are generally not solely tied to a given impact (i.e. they 
depend on other factors such as the current condition of the resource). Figure 1 
shows how this research effort fits within this framework. The foundation of this 
analysis is the well projections and associated well pad locations calculated for the 
full development of Interior Marcellus Shale. From this basis, the environmental 

burdens, impacts, and outcomes may be computed.  

Figure 1.  This analysis and environmental burdens, impacts, and outcomes. 

 
This report is best understood as primarily a calculation of the location and 
magnitude of environmental burdens associated with gas development. That is, the 
metrics used relate primarily to activities (e.g., land disturbance, water withdrawal, 
air emissions), but not necessarily to the direct impacts or outcomes that may result 

from these activities.  

Where possible, we investigate the impacts of these burdens on applicable 
resources—for example, forest cover lost as a portion of existing forest cover. In this 
study, we do not evaluate the potential outcomes associated with the impacts. For 
example, the loss of forest cover could potentially reduce the population of a 
particular bird species, or air emissions could increase the prevalence of respiratory 
illness. While burdens (and some impacts) can be calculated in a relatively 
straightforward manner based on the well and well pad projections, assessing 
outcomes requires a much greater understanding of the current state of 
environmental resources and potentially affected communities, and the mechanisms 
by which stressors (burdens and impacts) may influence outcomes. These types of 
evaluations are not within the scope of this study. Though we do note there is a 
growing body of literature investigating connections between gas development and 

these types of outcomes (see, for example [5, 8, 12-13]). 

The burdens and impacts examined in this report are also not a comprehensive list 
of potential impacts. The impacts investigated are those that can be reasonably 
calculated in a straightforward manner based on the well projections. We aim to 
present a set of useful impact metrics that can support decision-making and more 

detailed future analyses, potentially including investigations of probable outcomes.   

Well projections 

•Calculated based on 
reserves and per well 
productivity 

Well pad 
locations 

•Calculated using 
Maximum entropy 
analysis 

Environmental 
Burdens 

•Numerical metrics 
showing magnitude 
of an activity with 
potential env. impact 

•Calculated based on 
well location, impact 
per well/well pad 

Impacts 

•Effects of burdens on 
existing resources 

•Contextual 
comparisons 

•Some included in this 
study 

Outcomes 

•Consequences from 
impacts on 
environmental 
resources 

•Not part of this study 
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Specifically, we ask: What will be the approximate level of environmental burdens to 
land resources, forests, water, air, and the population of Pennsylvania that can be 
reasonably expected based on projections of the numbers of wells and well pads 
needed to fully develop the Marcellus Shale? We investigate particular impact metrics 
such as land area needed for infrastructure, forest and core forest loss, water 
withdrawals, wastewater generated, populations living in close proximity to wells, 
and air emissions. The impacts investigated tend to be those that can be reasonably 
estimated based on the well development numbers and locations using average per-
well factors (from peer-reviewed literature or publicly available data sources), or 
additional geospatial analysis or modeling. In general, these impacts reflect average 
conditions for activities necessary for well development (e.g., building well pads, 

water withdrawals to mix frac fluid, or running compressors to pump natural gas).  

This analysis does not investigate some other potential impacts often associated with 
gas development, because of data limitations or difficulty assessing impacts at such 
a large spatial scale. Some impacts such as groundwater contamination (associated 
with well-casing failures, surface spills of wastewater fluids, etc.) are difficult to 
investigate because the probabilistic nature of the impact cannot be directly tied to 
well locations without overly simplistic assumptions. Other impacts such as 
wastewater treatment and discharge, and community impacts such as truck traffic 
cannot be investigated easily because they require knowing information about 
natural gas operations (e.g., wastewater disposal method and location, preferred 
routes) that cannot easily be determined for long-range projections of well 
development. Finally, some impacts such as erosion and pollutant loading impacts 
associated with land development are not investigated because the analysis required 

is too complex and time-consuming to be completed at this geographic scale.  

The primary output of this analysis is a series of maps displaying potential impact 
from a full development of the shale in several impact categories. We present the 
information in relevant geospatial context, recognizing that the impacts do vary 
considerably across Pennsylvania in relation to the relative intensity of gas 
development and existing condition of local resources. Specifically, we map the 
impacts by county or watershed (see Figure 2) depending on the nature of the 
impact. For instance, air emissions and population data are collected at the county 
level, while water withdrawal impacts are associated with watersheds. For mapping 
watershed impacts, we use Hydrologic Unit Code 10 (HUC-10) watershed boundaries 
from the United States’ Geological Survey’s (USGS’s) Watershed Boundary dataset. In 

Pennsylvania, there about 330 HUC-10s, with an average size of 162 square miles.  

The maps can be downloaded in sets corresponding to each chapter of this report at: 

www.cna.org/PA-Marcellus.   

http://www.cna.org/PA-Marcellus
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Figure 2.  The Marcellus Shale formation and Pennsylvania counties (top), and 
watersheds (bottom). This analysis focuses on potential future 
development within the Interior Marcellus portion of the formation only.  
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Projected Natural Gas Development 

This chapter presents the current landscape of the Marcellus Shale play in order to 
predict how it may change in the future in response to the expansion of natural gas 
extraction. In particular, we focus on the potential development in the Interior 
Marcellus Shale Assessment Unit, since 95 percent of the shale’s reserves are 
estimated to fall within this boundary [24], and 98 percent of the new wells 

developed in the region since 2011 have been within this boundary.3  

For this report, we focused our analysis to determine where this development would 
most likely occur through Pennsylvania to realize full extraction of natural gas 
reserves. We then modeled the extent of potential infrastructure (gathering pipelines 
and access roads) necessary to support these well pads in the DRB. We did not assess 
impacts from additional infrastructure needed to support natural gas extraction that 
is not directly tied to individual well pads.4 Additionally, we did not assess other 
types of pipeline infrastructure (e.g., interstate and intrastate transmission pipelines, 
or intermediate collector pipelines to connect to several gathering pipelines) that 
may be developed beyond the gathering lines that bring the gas from the well pad to 

the nearest connection to the existing pipeline network.  

Methods, data sources, and assumptions 

Well location modeling 

To predict the most likely locations for the placement of future wells in 
Pennsylvania, we used the same approach as in our previous analysis of the Delaware 
River Basin [4], which is based on methodology employed by Johnson et al. (2010) 

                                                   
3 The other assessment units (Western Margin and Foldbelt) are generally thinner and less rich 
in gas. Additionally, there were not a sufficient number of existing wells in these areas to 
complete the geospatial analysis necessary for well location modeling.   

4 For example, equipment storage sites, industrial wastewater treatment plants, centralized 
wastewater impoundments, quarries, water withdrawal sites, and other supporting 
infrastructure not associated with individual well pads.  
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[18]. Briefly, we combined geospatial analysis and maximum entropy (Maxent) 
modeling using historical well location data and geological and environmental data 
layers for the Marcellus Shale. This method produced a probability surface in which 
each pixel contained a value that denoted the likelihood for development. We then 
determined the projected well pads’ locations across the surface by using spatial 
averaging to center the locations on the highest Maxent value neighborhoods, and 
used exclusion distances to ensure adequate average well pad spacing.5 While a full 
description of the methodology can be found in our previous report [4], we present 

below the assumptions, data sources, and updates that we used for this analysis:  

• Well development will occur at eight wells per well pad on average, based on 
recent trends of development in the state. New well pads would be built to 

accommodate each new set of wells. All wells drilled are horizontal wells.  

• Development continues until all technically recoverable reserves for the 
Interior Marcellus (144 trillion cubic feet) are exhausted, at an estimate of 1.9 
Billion cubic feet (Bcf) estimated ultimate recovery (EUR) per well. Both values 
are based on EIA estimates for the Marcellus Shale. We did not include 
development outside of the Interior Marcellus (e.g., in the Foldbelt or Western 

Margin Marcellus) or in other shale plays such as the Utica.  

• For this analysis, “build-out” or “full development” are terms that refer to the 
condition when the EIA estimate of technically recoverable reserves in the 
Interior Marcellus play has been exhausted. We assume that build-out will 
occur over 30 years. We do not explicitly factor in economics (natural gas 
price projections, costs of development, etc.) in determining extent of 

development.  

• Well spacing was based on an average lateral length of 5,000 feet and lateral 
spacing of 600 feet with eight horizontal wells per well pad, consistent with 

average Marcellus wells in 2014 [26].  

• Well pad location exclusions followed PA regulations [27]:  

o Buildings — 500 ft (GIS address points [28]); 

o Streams and Wetlands — 300 ft; (NHDPlus v2 flowlines, NHDPlus v2 

waterbodies [29]); 

o Outside 100-year floodplains (FEMA flood hazard layer [30]);  

                                                   
5 This methodology differs from that of a previous analysis [25], which used fixed or grid 
spacing for estimating well pad locations. The spatial averaging of Maxent values helps place 
the well pad in the center of a favorable development zone.   
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o Protected areas (USGS Gap Analysis Program Protected Areas 

Database, class 1 and 2 [31]). 

• UNGD development with HVHF is not currently permitted in the portion of 
Pennsylvania within the Delaware River Basin (primarily affecting Wayne and 
Pike counties). For this analysis, we assumed that development would be 
permitted in this area, in order to analyze potential impacts to the Delaware 

River Basin. 

Key parameters  

The projections of the ultimate number of wells and well pads across the Marcellus 
are sensitive to several key assumptions. Notably, the number of wells per well pad, 
the estimated EUR per well, overall reserves estimate, and the number of horizontal 
versus vertical or directional wells drilled all affect the overall well numbers. Average 
well pad spacing (a function of lateral length and wells per pad), and exclusion areas 
will impact well locations. We also assume that all future well development will use 
HVHF with horizontally drilled wells. Although vertical and directional wells are still 
drilled in the Marcellus, nearly all new Marcellus wells in Pennsylvania are drilled 

with horizontal drilling [2]. 

We used an assumption of eight wells per well pad on average as reflective of typical 
development practice over the time horizon of this study (roughly 30 years). This is 
higher than the current average, but there is a clear upward trend in both the number 
of well pads with multiple well drilling, and the number of wells drilled on multi-well 
pads [32]. Also, recent analysis has found that nearly all new development is 
completed with multiple wells per pad [2]. Figure 3 presents the trend of well pad 
development in the Marcellus Shale and shows that the average number of wells on a 
multi-well pad has increased from fewer than three wells per pad in 2008 to almost 
six wells per pad in 2013. Further, there are already instances of well pads with 16 or 
more wells drilled. The number of wells per pad can have a significant influence on 
the level of impacts for several impact categories (e.g., land disturbance, forest 
fragmentation, population affected), and less influence for others (e.g., water 
withdrawal, air emissions). With more wells per pad, fewer well pads get developed 
across the landscape, given the same total number of wells. Previous studies [4, 18] 

have investigated how impacts differ depending on the number of wells per pad.  
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Figure 3.  Average number of wells drilled per well pad in the Marcellus Shale from 
2005 to 2013. After UNGD with hydraulic fracturing started in PA in 2007, 
drilling multiple wells per pad has become common, and the trend is still 
increasing.  

 
Source: Based on data from [32]. 
 

Based on recent EIA estimates [24], we assumed an average EUR per well of 1.9 Bcf. 
This value is lower than current average EUR estimates for wells drilled in the past 
few years, which range from approximately 4 to over 6 Bcf per well [3, 33].6 But the 
current wells are drilled in some of the most favorable locations, and this analysis, 
which takes a longer-term view, includes projected drilling in the future when many 
of the most productive areas would have been fully developed. Development outside 
of these “sweet-spot” areas currently targeted has a lower expected per-well 
productivity (by initial production, and correspondingly, EUR) [34].  In any case, the 
EUR estimate is used only to project number of wells that would be needed to 
exhaust the current estimate of technically recoverable resources.  (We do not project 

expected gas production by county or watershed in this report.)  

                                                   
6 In some ‘sweet spot’ areas, there are reports of much higher per well recovery (over 10 Bcf). 
Additionally, some wells are being drilled with much longer laterals (over 9,000 ft), which also 
increases per well recovery.  
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We also use EIA estimates for assumed technically recoverable resources as 144 Tcf 
for the entire Interior Marcellus (including areas outside Pennsylvania, but only 
where drilling is permitted). Technically recoverable resources are unproven, and 
represent an estimate of the portion of total gas in place (excluding production to 
date) that can be extracted with current technology. As shown in Figure 4, the 
technically recoverable resources are larger than the economically recoverable 
resources and the proven reserves (which EIA estimates at 65 Tcf of gas for the 
Marcellus). Resource estimates can and do change in response to better information 
about production from across the shale, more geological data, and changes in 
technology that allow more recovery (HVHF is an example). And, economically 
recoverable resources can expand as technology improves over time (lowering 
development costs), or in response to gas price changes. Since both economics and 
technology may change over time, it is reasonable to use technically recoverable 

resources as an estimate for this type of full development or build-out analysis. 

Figure 4.  Resource categories for various gas-in-place estimates used in industry 

 
Source: US Energy Information Administration, 2014 [35].  
 

There may be considerable debate about the “best” EUR or reserves estimates to use 
for this type of analysis, and many organizations have their own values they use to 
support their own analyses. We have selected the EIA estimates of these values 
because they are the most widely accepted, are publicly available, and are 
transparent with respect to methodology and limitations. We recognize that changing 
the estimates could significantly change outcomes. Of course, our well placement 
methodology is flexible enough that it would be a relatively simple change to 
increase or decrease the estimate of total wells projections, and investigate the 

differences in potential impacts.  
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Infrastructure modeling 

In addition to well pads, we considered other natural gas infrastructure required to 
support development, which at a minimum includes roads to move equipment and 
materials to and from the well pad, and gathering pipelines which move gas 
produced at the well pad to market. To model the roads and gathering lines, we used 
the least-cost path-optimization approach, which is a common approach for siting 
and analyzing linear infrastructure. This methodology was used in our earlier study 
of the DRB, and we provide further detail in that report. [4] Briefly, to perform this 
modeling, we first developed a cost surface for Pennsylvania by combining a variety 
of geospatial layers7 relevant to routing, and assigning a cost to the values associated 
with each layer. We used this cost surface with the “Least Cost Path” tool in ArcGIS 
10.2 to determine the most efficient route from each of the projected well pads to 

the existing infrastructure.8 

Results 

Based on the EIA estimate of technically recoverable resources divided by the EIA 
average total production per well, and subtracting the number of existing Marcellus 
wells, we get the number of new wells expected, which is over 66,000 for the entire 
Interior Marcellus. In our modeling, Pennsylvania accounts for 72 percent of these 
expected wells (47,600). Based on a scenario of 8 wells per pads, this amounts to 
5,950 well pads that may be developed throughout the Commonwealth to 
accommodate these new wells. 

Based on our infrastructure modeling, we found that 5,832 miles of gathering 
pipeline and 1,342 miles of road would be developed to support full build-out of the 
Marcellus Shale in Pennsylvania based on our projections of well pad locations. The 
infrastructure modeled only includes roads/pipelines needed to connect well pads to 

                                                   
7 These geospatial layers, including slope, land use, roadways, streams, floodplains, and 
protected lands, are used in least-cost optimization to reflect the relative difficulty of building 
infrastructure through or across these landscape features. For example, building on flat land is 
easier than building on steep slopes, and crossing wetlands is more difficult than crossing 
pastures. In general, the least-cost “path” will be the most efficient path to minimize distance 
while avoiding terrain features that are difficult to cross.  

8 We modeled the least-cost path for each well pad independently, but in (the many) cases 
where pipeline or road infrastructure followed the same path, we assumed they could share a 
road/pipeline (i.e., we did not double count this length). Modeling the infrastructure build-out 
in sequence, well pad by well pad, or centralized planning of intermediate collector lines could 
result in slightly lower distances per well pad, but likely would not change results significantly.  
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the nearest (or least costly to reach) point in the existing road or pipeline network. 
The analysis does not consider additional infrastructure needed to support 
increasing gas production on regional or statewide basis such as interstate or 
intrastate gas transmission pipelines. Note that these projections are intended to 
illustrate the potential scale of infrastructure with a reasonable estimation of spatial 
extent and are not meant to predict exact locations.  

We have developed a variety of maps to present the statewide results of projected 
natural gas development, in order to provide spatial context for our discussions. 
Table 1 gives an overview of these maps. The discussion section provides 

descriptions and information that will help readers understand each map.  

Table 1. Well Projections Map Index.                                                                       
Access maps at www.cna.org/PA-Marcellus 

Map Title 
1.1 Probability surface for well pad development in the Interior Marcellus 
1.2 Projected well pad development locations 
1.3 Projected well development by county 
1.4 Projected well development by watershed 
1.5 Projected well development density 
1.6 Projected natural gas infrastructure by county 
 

Discussion 

Map 1.1 – Probability surface for well pad 
development in the Interior Marcellus 

This map shows the probability surface generated by the Maxent program based on 
existing well locations, and ‘environmental variables’ including shale characteristics, 
existing infrastructure, land use, and terrain. The surface has 30-meter resolution 
and uses a color scheme to depict the relative likelihood of development (i.e., Maxent 
value) based on the environmental variables, with “cooler” colors denoting areas with 
a lower probability of development, and “warmer” colors denoting those with a 
higher probability of development. These probabilities are based on the 
characteristics of the underlying geospatial layers at existing Marcellus wells 
developed from 2007 to 2013. The Maxent surface was developed for the Interior 
Marcellus play only. We have also included the boundaries of the full extent of the 
Marcellus formation. These boundaries will be included in all maps generated from 
this analysis for spatial context. The two major hotspots for existing drilling are in 

the southwest and northeast portions of the Marcellus Shale in Pennsylvania.  

http://www.cna.org/PA-Marcellus
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Map 1.2 – Projected well pad development locations 

This map shows the location of projected additional well pads that would be 
developed in the Pennsylvania portion of the Interior Marcellus Shale through full 
development of EIA technically recoverable resources. We determined the projected 
well pad locations from the probability surface by using spatial averaging to center 
the locations on high Maxent value “neighborhoods” instead of particular individual 
pixels with high probability scores. The 5,950 well pads are divided into color-coded 
quintiles based on their Maxent value, to illustrate the relative suitability of each 
location. The existing Marcellus wells in the state are also depicted on the map, in 
grey, for reference. 

Map 1.3 – Projected well development by county 

This map shows the number of projected additional wells that would be developed in 
the Pennsylvania portion of the Interior Marcellus Shale through build-out by county. 
We developed well projections based on the projected well pad locations (see Map 
1.2) with an average of eight wells per pad. The bars show the number of 
horizontally drilled to date, and then the projected number of additional wells 
broken into five groups (quintiles) ranging from most likely (red) to least likely (blue) 
as determined from the Maxent probability score.  

Map 1.4 – Projected well development by watershed 

This map shows the number of projected additional wells that would be developed in 
the Pennsylvania portion of the Interior Marcellus Shale through build-out by HUC10 
watershed. We developed well projections based on the projected well pad locations 
(see Map 1.2) with an average of eight wells per pad. 

Map 1.5 – Projected well development density 

This map, like Map 1.4, shows the number of additional wells to be developed in each 
watershed based on the projections in this study. In this case, the map shading 
shows the additional wells normalized to watershed area in terms of wells per  
square mile. This map shows the relative density of well development independent 
of watershed size. (Large watersheds can accommodate more well pads, which might 
skew the perception of where development is most intense, absent this correction.) 
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Map 1.6 – Projected natural gas infrastructure by 
county 

This map shows the amount of projected road and gathering pipeline infrastructure, 
in miles, that would be developed in Pennsylvania to support natural gas 
development to build-out. We used least-cost path optimization to model the 
gathering pipelines and access roads that could be developed to connect the 
projected well pads to existing infrastructure in the state. The map includes the 
existing pipeline infrastructure in the state, in red, for reference and context (the 
existing road infrastructure is too dense to provide meaningful information). Within 
each county, we also present the average miles of infrastructure developed to 
support a well pad in the county, which is a function of the proximity or density of 
existing infrastructure. The values show first the average miles of pipeline per well 

pad, and then the average miles of road per well pad. 

General discussion 

To begin the study, we examined potential well development across the full extent of 
the Interior Marcellus. Evaluation of the probability surface shows two distinct areas 
with a concentrated high probability of development: one in the northeast region of 
Pennsylvania (around Tioga, Bradford, and Susquehanna counties), and the other in 
the southwest region of the state (around the Pittsburgh area). These two areas are 
consistent with a majority of the existing shale gas development seen in the 
Marcellus region. There are several other smaller hotspots, and large regions with 

somewhat lower potential for development.  

The probability surface and well projection estimates are subject to several 
important caveats. By necessity, the reserves estimates represent a snapshot in time; 
they are constantly changing based on new information collected from drilling 
productivity and geological review. It is likely these estimates will continue to 
change, but we have elected to use the most recent EIA data available at the time of 
the study. Since this a long-range analysis, we also assume no regulatory constraints 
(other than those listed in the methods section)9 or economic constraints when 

developing the probability surface.  

Our projections show that 12 counties could each see development of over 2,000 
new wells to support full extraction of the resources in the Interior Marcellus. Many 
of these counties are located within the current hot spots, but a few, such as Potter, 

                                                   
9 For example, this analysis does allow development in the Delaware River Basin, and in state 
forests, which are locations that currently have moratoriums on new development.  
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Elk, and Armstrong counties, are not experiencing as much development today and 
thus would see larger increases in development, albeit possibly not until the current 
hot-spots are nearly fully developed. Even with the updated assumptions used in the 
modeling for this analysis, it is worth noting that our results for Wayne County 
(2,328 potential wells) are still very consistent with those from our previous analysis 
(2,424 potential wells) that focused on the Delaware River Basin. 

We project well pad locations to support the calculation of impacts, but they should 
not be interpreted as explicit predictions of where wells will actually go. Although 
high-resolution spatial data allows fairly precise well pad siting, this analysis is most 
useful for identifying which portions of the Marcellus Shale may be most suitable for 
development (relative to all the others). Actual locations of wells depend on many 
site-specific factors, not the least of which is a legal lease contract to perform drilling 
on a property. Furthermore, the projected well pad locations should not be used to 
estimate impacts at small scales, such as for individual parcels or neighborhoods. 
Further, our modeling of the natural gas infrastructure was based on a standard GIS 
approach to provide a representative picture of this development, and carries the 
same caveat as the well pad locations. The actual routes could depend on additional 

site-specific factors, such as lease holds and applicable laws and regulations. 

We found that the average length of pipeline developed to support well pads varied 
widely across the state, owing to the extent of existing infrastructure in place. 
Counties in northeast Pennsylvania showed an average length of about 1.5 miles of 
pipeline per pad, which is consistent with previous studies on pipeline development 
[36-37]. However, the counties in the southwestern part of the state showed much 
lower averages of a half-mile or less per pipeline. Examination of the existing pipeline 
infrastructure supports these results, as the pipeline network is much denser in 
southwest Pennsylvania, reducing average distance needed to connect to it. This 
produced a statewide average of pipeline length per pad of around 1 mile. The 
average length of road per well pad was much more consistent across the state, not 
deviating much from about 0.2 miles per pad, likely owing to the dense network of 

road infrastructure already in place. 

Of course, there are several caveats to keep in mind related to the infrastructure 
modeling. The infrastructure modeled only includes the well pads, gathering 
pipelines, and roads that are necessary, at minimum, for unconventional gas 
development. In the next section, land cover impacts are limited to these 
infrastructure types, and do not include other facilities such as equipment storage, 
or centralized waste processing facilities. The routes selected by the least cost path 
analysis do not consider the suitability of the existing roads or pipelines for handling 
the traffic or gas volume from the new wells. Rather they consider the most efficient 
route to the nearest (or least costly to reach) existing road or pipeline. A longer path 
could be necessary if there are access, capacity, or usage issues with the nearest 
road/pipeline. Also note that the roads and especially pipeline data may not be 



 

 

  

 

  17  
 

completely up to date if they are available at all [38], so shorter paths could exist in 
areas that have had recent road or pipeline construction. Finally, planning pipeline or 
road layouts for several well pads at a time (if a single company operated them, for 
instance) could result in different infrastructure development patterns (total length 

could be shorter or longer).  

In general, our estimates for gathering pipeline length are lower than some other 
estimates such as the 25,000 miles estimated by former PA Department of 
Environmental Protection (DEP) secretary John Quigley [38], or the 10,000 miles 
estimated by the Nature Conservancy for a similar number of well pads (based on an 
average of 1.65 miles per well pad) [36]. One potential explanation is that our 
infrastructure modeling reflects regional differences in existing pipeline density. 
Further, the other estimates may include some other intermediate gathering and 

transmission pipeline infrastructure beyond the immediate gathering pipelines.  

There are several ways this analysis could be revised and extended in the future. The 
maximum entropy analysis in particular is flexible, and can be updated to include 
more recent data, and additional data layers not included in this study. Simply 
repeating the analysis will a larger set of existing wells to ‘seed’ the model should 
result in improved projections. Similarly, updated maps of underlying layers such as 
gas pipeline infrastructure, and roads could affect the relative probability of 
development where there has been rapid change in the past few years.  

There are several possibilities for other data layers to include in the maximum 
entropy modeling. As more Marcellus wells are drilled, improved maps of shale 
richness (e.g., total gas in place) and well productivity are being generated by the gas 
industry and academics. These could be helpful to add additional weight to 
development in known hot-spots. We did not include such maps as a data input to 
the maximum entropy analysis, as there was no authoritative data source, the maps 
available (e.g., investor presentations from the gas industry) vary widely in their 
estimates, and the geospatial data sets are either not publicly accessibly or not well-
documented. We also did not consider the presence of other shale plays in the region 
(e.g., the Utica), but it is likely the ability to access multiple plays influences the 
likelihood of drilling. Finally, leasehold data could be included in the maximum 
entropy analysis to identify areas with particular likelihood for drilling.   

While these data sets could improve the projections, we intentionally limited the 
maximum entropy analysis to layers reflecting physical parameters of the shale, land 
surface, and infrastructure that are publicly available and not subject to rapid change. 

In general, the marginal information gained for Maxent analysis decreases as more 
input layers are added. As the available data sets improve, and become more widely 
accessible, these additional factors plus economic and regulatory considerations 

could be explicitly included in follow-on studies.  
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Impact on Land Cover  

When assessing the environmental impacts of natural gas development, one of the 
most unavoidable aspects of such development is the impact on land cover. A typical 
well pad may cover three to five acres of land to support the well-drilling and 
hydraulic process, which includes the well site and room for supporting equipment, 
onsite water and wastewater storage (impoundments and/or closed tanks), and 
adjacent disturbed areas (e.g., land for regrading and leveling the well pad). In 
addition to the well pad, development of land to support natural gas extraction 
requires access roads to the site and gathering or feeder pipelines to transport the 
extracted gas from the site to the existing transmission infrastructure [14, 36-37, 39]. 
The resulting land disturbance from this development can present both short- and 
long-term risks to the use of the land, depending on the remediation and reclamation 

procedures used [40-41].  

One issue associated with the development activities from natural gas extraction in 
the Marcellus Shale is the impact on forests [14, 18, 39-40]. Pennsylvania’s dense 
forest cover provides the region with a variety of ecosystem services, such as carbon 
sequestration, clean air, aquifer recharge, and recreation/eco-tourism [42]. 
Furthermore, forest cover in the region is home to a variety of different plant and 
animal species that rely on the forest for their habitat. The edge transition from non-
forest to forest area creates a habitat that tends to favor generalist species over rare 
or vulnerable species, and an increase of edge forest can promote the spread of 
invasive species [40]. 

Another issue of interest focuses on the relationship between land and water. 
Clearing of forests and other natural land cover for natural gas infrastructure and 
subsequent conversion to impervious cover or compaction of soil in construction 
right-of-way can change the hydrologic behavior of the landscape, leading to more 
runoff and erosion and less groundwater infiltration. Impervious cover (or more 
broadly, changes in the perviousness of the landscape) can be used to assess impacts 
on water quality, since it represents how much water can infiltrate the soil versus 
how much will run off into nearby streams [43]. Stream quality in a watershed will 
generally become impacted once impervious cover reaches above 10 percent, though 
some studies have shown impacts to streams above as little as 2 percent [44]. Stream 
crossings by road and pipeline infrastructure can also have an impact on flow 
characteristics in the stream, sediment loads, and water quality, and on the health 

and movement of aquatic species [45-48]. 
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To assess the potential impacts of natural gas development on land cover in 
Pennsylvania, we combined our projections of natural gas well and infrastructure 
development in the state with a suite of GIS tools and methodology. We used the 
projected well pad locations and supporting infrastructure to survey the impacts to 
current land cover, and the potential for forest fragmentation. Then, to give context 
to the amount of area impacted, we compared the total disturbance area to the 

amount of existing developed land. 

Methods, data sources, and assumptions 

Before the infrastructure to support natural gas extraction—e.g., well pads, gathering 
pipelines, and access roads—can be constructed, the land must be cleared. In the 
previous chapter, we documented how the natural gas infrastructure locations were 
modeled as points for well pads, and linear features for roads and pipelines. To 
determine the land area affected by disturbance from these activities, we used the 
“Buffer” tool in ArcGIS to map the spatial extent of the well pads and pipeline and 

road rights-of-way.  

We then used this footprint to extract the impacted land cover values from the 2011 
National Land Cover Dataset (NLCD) raster. “Land disturbance” refers to all land that 
falls within this footprint. By contrast, for the purpose of this study, “new clearing” 
refers to all land cover types within this footprint except for developed land (open 
space, low density, medium density, or high density), which has already been cleared. 
For this analysis, we considered the land necessary for initial development of the 
infrastructure including the construction rights-of-way necessary for equipment 

access to build the roads and pipelines.  

Given the prevalence of forest cover in Pennsylvania (approximately 60 percent of 
total land cover) and the potential for impact, we extended our land cover analysis to 
focus on the extent of potential forest fragmentation caused by this disturbance. To 
assess this impact, we generated a baseline core forest raster from the NLCD raster 
using the Landscape Fragmentation Tool v2.0 [49] and applied a forest edge width of 
100 meters. After we generated the baseline condition, we assessed the potential 
impact from natural gas development by applying an additional 100-meter buffer to 
the projected spatial footprint of gas infrastructure (i.e., well pads and road and 
pipeline rights-of-way) to determine the changes in core and edge forest due to new 

edge effects. 

We also performed an analysis to compare the total new land cleared for gas 
infrastructure to existing developed land, in order to put the area of development 
into context. We estimated existing developed area from 2011 NLCD by computing 
the total of the developed land cover categories for low-, medium-, and high-density 



 

 

  

 

  21  
 

development (NLCD codes 22, 23, and 24), which represent most urban and suburban 

development areas (though not transportation or open cleared land).  

To evaluate land cover burdens associated with Marcellus gas infrastructure 

development, we used the following assumptions: 

• Each well must be located on a well pad, and each well pad must be 
connected via road to an existing road, and via gathering pipeline to the 
existing natural gas pipeline network in PA (exclusive of distribution or 
“downstream” pipelines that bring natural gas directly to homes and 

businesses).  

• Each well pad occupies 3.5 acres. 

• Each gathering pipeline requires a 30-meter right-of-way, and each access 

road requires a 10-meter right-of-way.  

• Core forest represents forest patches that lie 100 meters inward from the 

nearest non-forest land cover (i.e., the forest edge). 

• Potential new stream crossings were identified as intersection points between 
the modeled gathering pipeline and access road routes and Pennsylvania 
streams in the National Hydrography Dataset Plus version 2 (NHDPlus v2) 

database [29]. 

The baseline results are presented using both the county and HUC10 watershed 
boundaries, but the impacts on forest and stream crossings are presented only for 

watershed boundaries. 

The assumptions for development area reflect the area generally needed for initial 
construction of infrastructure. After construction, some of this area may be partially 
returned to existing uses during operation, or at the conclusion of development. This 
report does not examine the evolution of the landscape through the development 
period as it responds to varying rates of development and varying remediation and 
reclamation practices. Instead, this report focuses on the direct area impacted by 

construction of well pads, gathering pipelines and roads. 

It is important to note that many of these infrastructure types do not cover the full 
range of land development activities associated with gas development, and they do 
not consider the estimates of additional area needed for equipment storage, 
centralized impoundments, wastewater treatment facilities, mining and quarry areas 
for soil/sand/gravel, earth moving (cut and fill) outside of the rights-of-way, landfill 

areas, or other areas needed to otherwise support natural gas development.  
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Results 

Based on our projections of well pad development and associated supporting 
infrastructure, we generated Pennsylvania-wide estimates of land cover burdens. 
Figure 5 shows the results of our analysis at the statewide level. We found that just 
under 95,000 acres of land could be disturbed by construction of natural gas 
infrastructure in the state, about 28,000 acres of which would constitute the clearing 
of forest cover. However, over 100,000 acres of core forest could be lost as a result 
of the combined effect of clearing and fragmentation due to the creation of new 

forest edges.    

These estimates are similar to, but slightly lower than previous Pennsylvania 
estimates of forest disturbance. The Pennsylvania Energy Impacts Assessment [18] 
completed by the Nature Conservancy found that for 60,000 wells, direct forest 
clearing would be between 38,000 acres (10 wells per pad) and 61,000 acres (six wells 
per pad). They estimated that additional core forest loss from fragmentation would 

be between 91,000 acres (10 wells per pad) and 147,000 acres (six wells per pad).  

Figure 5.  Pennsylvania statewide land cover impacts from natural gas 
development including land disturbance by initial land cover type and 
core forest loss due to land disturbance and core to edge forest transition 
due to fragmentation. 

 
 

While these figures are informative for comparisons to other shale gas basins or 
across industries, the importance of the impacts within Pennsylvania is difficult to 
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discern from the statewide figures. For example, the 28,000 acres of forest cleared 
only represents 0.2 percent of the total forest cover in Pennsylvania. Breaking these 
impacts down to the county or HUC10 watershed level offers a more informative 
picture of where these impacts may be concentrated. Table 2 gives an overview of the 
maps generated for this impact category. The discussion section provides 
descriptions and useful information for understanding each map. 

We also found that in many counties affected by natural gas development, the 
construction of new gas infrastructure could affect an area comparable to or larger 
than all existing developed land (e.g., residential, commercial, industrial land uses).10  

Table 2. Land Cover Impacts Map Index.        
Access maps at www.cna.org/PA-Marcellus   

Map Title 
2.1 Land disturbance by county 
2.2 Land disturbance by watershed 
2.3 Forest cleared by watershed 
2.4 Core forest loss by watershed 
2.5 Existing developed area versus new clearing for gas infrastructure 
2.6 Stream crossings by watershed 
 

Discussion 

Map 2.1 – Land disturbance by county 

This map shows the total amount of land disturbed from natural gas development by 
county. This metric represents the total area of land, in acres, that would underlie 
well pads or rights of way for pipelines or roads. In this map, we use pie charts to 
represent the breakdown of the land cover impacted from natural gas development 
in each county. For visibility on the map, we combined the 11 land cover 

classifications from the NCLD dataset into broader groups, as shown in Table 3. 

                                                   
10 We excluded Developed Open Space (NLCD code 21), which primarily includes undeveloped 
parcels and transportation.  

http://www.cna.org/PA-Marcellus
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Table 3. Land cover groupings by 2011 National Land Cover Dataset 
classifications. 

Grouping NLCD Classifications 
Forest 41 – Deciduous Forest; 42 – Evergreen Forest; 43 – Mixed Forest 

Grassland/ 
Wetland 

71 – Grassland Herbaceous; 52- Shrub/Scrub; 90 – Woody Wetlands;   
95 – Emergent Herbaceous Wetlands 

Agriculture  81 – Pasture/Hay; 82 – Cultivated Crops 

Developed 
21 – Developed Open Space; 22 – Developed Low Intensity;           
23- Developed  Medium Intensity; 24 – Developed High Intensity;           
31 – Barren Land 

 

Map 2.2 – Land disturbance by watershed 

This map shows the total amount of land disturbed from natural gas infrastructure 
development by HUC10 watershed. This metric (shown in shading on the map) 
represents the total area of land, in acres, that would underlie well pads or rights of 
way for pipelines or roads at the time of initial construction. In this map, we also use 
bar charts to represent the breakdown of the impacted area by land cover type 

(according to the 2011 NLCD) in each watershed with over 100 acres of disturbance.  

Map 2.3 – Forest clearing by watershed 

This map shows the total amount of forest projected to be cleared from natural gas 
infrastructure development by HUC10 watershed. This metric represents the total 
area of forest, in acres, that would underlie well pads or rights-of-way for pipelines 
or roads at the time of initial construction. We presented this impact at the HUC10 
watershed level due to the role that forest cover plays in preserving water quality. 

Map 2.4 – Core forest loss by watershed 

This map shows the impact of forest fragmentation as core forest lost from natural 
gas development by HUC10 watershed. This metric, shown in the shading, represents 
the total area of core forest, in acres, that could be lost due to construction of well 
pads or rights-of-way for pipelines or roads. Within each watershed on the map we 
also label the percentage of total pre-development core forest that would be 
impacted (for cases where this value exceed 1 percent). Note that this loss in core 
forest area comprises both forest that is cleared for infrastructure (i.e., direct losses 
shown in Map 2.3) and the indirect losses resulting from core to edge forest 

conversion along the road and gathering pipeline rights-of-way.  
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Map 2.5 – Existing developed area versus new 
clearing for gas infrastructure construction 

This map puts the land disturbance area associated with gas infrastructure 
development in context relative to total existing urban and suburban developed area 
by watershed. We computed the existing developed area in each watershed by 
summing the developed low-density, medium-density, and high-density land cover 
areas (NLCD codes 22, 23, 24) from the 2011 NLCD dataset. These estimates include 
most urban and suburban developed area in residential, commercial, and industrial 
land uses, but exclude most undeveloped open space and land use for 
transportation. The map compares the total land needed for initial construction of 
natural gas infrastructure with these existing developed areas.11 Yellow bars indicate 
the relative amount of land clearing for initial gas infrastructure construction by 
watersheds. The shading indicates the ratio of new gas infrastructure clearing area 
compared to existing developed area; a value of 1 indicates that the new 
infrastructure for gas development will occupy an area equal to all existing 

development in the watershed. 

Map 2.6 – Stream crossings by watershed 

This map shows the projected number of new stream crossings associated with 
construction of road and pipeline infrastructure. Each stream crossing represents the 
intersection of the modeled gathering pipeline or road routes and streams in the 
USGS NHDPlus v2 database. Stream crossings within 250 feet of each other were 
treated as one crossing. On the map, the blue bars show the relative numbers of 
crossings by watershed, and the shading indicates the density of new stream 
crossings in units of crossings per 100 square miles. (The average watershed area of 

162 square miles is on the same order of magnitude.)   

General discussion 

Our results showed that the construction of well pads and associated infrastructure 
to support shale gas development would have an impact on the land cover of 
Pennsylvania of over 100,000 acres, affecting primarily agricultural land (54 percent 

11 This is purely to give context to the scale of impacted area on a watershed basis, and is not 
meant to imply that the land use types for gas infrastructure are similar in character to general 
urban/suburban development. 
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of disturbed land) and forest land (30 percent). This assessment of land disturbance 
only accounts for the well pad and rights-of-way for gathering pipelines and access 
roads to support those well pads. It does not account for additional construction that 
could occur to support natural gas development, such as new transmission pipelines 
that may be needed to help move gas to market, or new compressor stations to 
support gas transmission through the pipeline network. This construction could be 
expected to add to the footprint of development and cause additional land cover 

impacts to the state.  

Land-cover change from shale gas development is unavoidable, and disturbance can 
be significant at build-out. The loss of forest cover, in particular, can have significant 
impacts at the watershed level, such as degraded water quality and a loss of 
biodiversity from disappearing flora and fauna that cannot tolerate “edge effects.” 
For instance, we found that some Pennsylvania watersheds could lose over 5 percent 
of the existing core forest. Furthermore, remediation procedures to restore 
vegetation on the impacted land often do not replace mature forest cover, both 
because of the need to maintain access to gathering lines and use roads, and because 

mature forests take a long time to grow. 

Many of the environmental impacts and outcomes related to land cover changes are 
difficult to understand at this level of analysis because they are highly dependent on 
how the changes occur over time, something we did not investigate in this study. It is 
relevant to note that the land cover changes will not occur all at once, but build over 

time as development continues. This analysis only considers total area within  

Further study related to these impacts could include: 

• Investigating effects of timing or rate of development and remediation and 

reclamation practices used on land cover over time  

• Estimating potential erosion and sediment loadings associated with land 
clearing and infrastructure development over time, subject to varying 

assumptions of development rate and management practices  

• Assessing vulnerability of species to the changes in forest area, loss of core 

forests, or potential water quality effects.  
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Impact on Population  

The distance from active well pads has been shown to correlate with certain health 
and environmental risk factors. Distance from activity is often used as a primary 
discriminator for determining dose intensity in public health studies. As a result, 
knowing the potential population within several distances of the proposed well pads 
is useful for evaluating potential impacts to Pennsylvania residents. In this study, we 
do not assess the likelihood of particular health outcomes occurring for populations 

within the specified distances. 

We report the populations living within two distances of well pads: one-half mile and 
one mile. These distances represent a close to moderate distance from well pads, and 
a moderate to farther distance, respectively. Several health studies have used similar 
distances to divide experimental groups when investigating variations in health risk 

factors related to natural gas extraction [13, 19, 50-52].  

The maps in this section should be read only as reporting the population (based on 
the 2010 Census) within the specified distances from well pads through full 
development of the Interior Marcellus play. These maps do not account for potential 
or projected population growth, or population living within the specified distance of 
other gas infrastructure such as roads, pipelines, equipment yards, compressor 

stations, or wastewater treatment facilities.  

Methods, data sources, and assumptions 

We evaluate the population within two distances of Marcellus Shale well pads, one 
mile and one-half mile, using 2010 census block data for Pennsylvania [53]. Unlike 
our previous analysis for the DRB ([4]), which has a moratorium on natural gas 
development, there are existing Marcellus well pads in many parts of the 
Commonwealth. We analyzed the population within each county within the specified 
distance for “Current” Marcellus well pads, for “Additional” well pads developed 

through build-out, and population “Outside” the specified distance.  

We used a buffer method in ArcGIS to compute the areas within the specified 
distances, and intersected these areas with the Census population blocks to 
determine population affected. Our previous report, The Potential Environmental 
Impact from Fracking in the Delaware River Basin [4], has a full description of 
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methodology associated with computing the population living within a given distance 
of projected well pad locations. In brief, the following assumptions and data sources 

were used. 

• Population estimates were computed from 2010 census, census block data 
(2010 Census Bureau – SF1 data [53]), which is the finest resolution available. 
Population is assumed to be distributed with constant density within each 
census block to make population estimates where a portion of the census 

block falls outside the designated distance from a well pad location.  

• Existing well pad locations were computed based on commercially available 

well location data (IHS, 2014 [54]) through September 2014.12  

• Projected well pad locations from this analysis were used to determine 
“Additional” area. We only counted new area affected, and did not double-

count area within the specified distances of existing well pads. 

• Total population estimates reflect the sum of “Current” and “Additional” 

population within the designated distances. 

Results 

Based on the well pad locations generated for this analysis, and county-level data on 
population in U.S. census blocks, we estimated Pennsylvania-wide impact estimates 
for area and population within one-half and one mile of well pads. For area, we found 
1,813 square miles within one-half mile of existing wells, and 6,354 square miles 
after all projected wells are included. The corresponding values are 4,680 and 14,450 

square miles for the one-mile distance from well pads.  

Figure 6 shows the Pennsylvania population estimated to be living within these 

distances both currently and at our projection of full development. 

                                                   
12 Only wells designated as being drilled in the Marcellus play and having a status of “Active” or 
“Inactive” (not “Abandoned”) were used. 
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Figure 6.  Pennsylvania statewide population within 0.5 and 1 mile of current or 
projected Marcellus well pad locations at full development. Roughly six 
times more people will be within these distances by full development 
relative to the current numbers. 

 
 
On a statewide basis, the population living within one-half mile of a well pad would 
increase from 100,600 to 639,000. The population living within one mile would 
increase from 311,000 to 1.8 million. These calculations are based on 2010 census 
data. For context, Pennsylvania’s population in the 2010 census was 12.7 million, and 

its estimated 2015 population is 12.8 million [55].   

The scale of the affected population is difficult to discern from the statewide figures 
alone. Mapping these impacts on a county basis offers a much clearer picture of 
where the populations near gas development live. Table 4 gives an overview of the 
maps generated for this impact category. The discussion section after Table 4 

provides descriptions and useful information for understanding each map. 
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Table 4. Population Impacts Map Index.                
Access maps at www.cna.org/PA-Marcellus 

Map Title 
3.1 Area within 0.5 mile of well pads 
3.2 Area within 1 mile of well pads 
3.3 Population within 0.5 mile of well pads 
3.4 Population within 1 mile of well pads 
 
 

Discussion 

Map 3.1 – Area within 0.5 mile of well pads 

This map shows the portion of county area within one-half mile of existing and 
projected well pads by county. The brown shading indicates counties that have 
existing or projected well development. The light tan overlay shading indicates the 
areas within a half mile of existing or projected well pad locations. The area of each 
county with existing or projected Marcellus Shale development is represented as a 
pie chart, broken into three categories. First, in yellow, is the portion of the county 
area within one-half mile of an existing well pad, labeled “Current” in the legend. 
Second, in dark red, is the additional area that will fall within one-half mile of 
projected well pads built through build-out. This is additional area that does not 
double-count any area within the half-mile distance of existing well pads, and is 
labeled “Additional” in the legend. The sum of the yellow and red sections represents 
the total percentage of the county area within one-half mile of well pads. Finally, the 
light blue section of the pie charts is the remaining portion of county area that is 
outside the one-half-mile distance through the end of development. It is labeled 

“Outside” in the legend.  

Map 3.2 – Area within 1 mile of well pads 

This map shows the portion of county area within one mile of existing and projected 
well pads by county. The legend and pie charts are the same as in Map 3.1 to enable 

comparisons, except that in all cases, the relevant distance is one mile.  

Map 3.3 – Population within 0.5 mile of well pads 

This map shows the 2010 population within one-half mile of existing and projected 
well pads by county. The shading indicates the raw population total by county living 
within one-half mile at build-out. The population of each county with existing or 

http://www.cna.org/PA-Marcellus
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projected Marcellus Shale development is shown with a pie chart, indicating the 
percentage of the county population in three categories. First, in yellow, is the 
portion of the population living within one-half mile of an existing well pad, labeled 
“Current” in the legend. Second, in dark red, is the additional portion of the 
population that will fall within one-half mile of projected well pads built through 
build-out. This is “Additional” population, and does not double-count any population 
within the half-mile distance of existing well pads. Finally, the remaining portion of 
the population, shown in light blue, is that which is “Outside” of the one-half-mile 

distance all the way through build-out condition. 

Map 3.4 – Population within 1 mile of well pads 

This map shows the 2010 population within one mile of existing and projected well 
pads by county. The shading by county is scaled identically to Map 3.3 in order to 
allow comparisons between the maps. The definitions for the pie chart are also the 
same as in Map 3.3, except that in all cases, the relevant distance is one mile instead 

of one-half mile.  

General discussion 

These results present an estimate of population within certain radii of well pad 
locations. These population estimates are based on 2010 U.S. census data [53], and 
do not account for future population change. Further, this assessment only considers 
distance from well pads—the primary location for most natural gas development 
activity—and not other types of gas infrastructure. 

This analysis is best interpreted as a way to understand the number of Pennsylvania 
residents that will experience natural gas development first-hand close to their 
residences. We can conclude that the number of Pennsylvania residents within these 
one-half-mile and one-mile radii of well pads will increase significantly—roughly six-

fold—over the population currently living within this proximity of existing well pads.  

We also see regional patterns in the impacts on population. The largest such impacts 
in terms of pure numbers are in the southwest portion of the state, an area that 
already has significant existing gas development and, importantly, has a relatively 
high population density. By contrast, the counties in the northeast portion of the 
Commonwealth project tend to have most “coverage” of the county’s land area 
within the specified distances. For instance, in Map 3.1, almost all of Bradford, 
Susquehanna, Washington, Greene, and Armstrong counties could be within one mile 
of a well pad at some point during the development period. As a result, the portion 
of these county’s populations living within the specified distances is extremely high. 
Due to the lower population density of these counties, the raw total population 
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affected in the northeast portion of the state is lower than that in the southwest 

region of Pennsylvania.  

This information could be useful for several types of follow-on analysis, including 
economics and public health. In terms of economics, proximity to well pads may 
indicate how much of the population could be affected by economic impacts from 

development (e.g., property value change, royalties). 

While many studies show some correlation between distance from well pads and 
certain health risk factors, we did not attempt to connect these results to potential 
health impacts. Some potential follow-on health-related risk analyses could include, 
for example, potential groundwater contamination, or exposure to particular air 
pollutants. Or, public health studies could be used to estimate how incidence of 
certain health outcomes might change. We note that doing so would require a fuller, 
more detailed understanding of the specific nature of various gas development 
activities and facilities, and the intensity, duration, and frequency of potential health 

risk stressors associated with each. .  
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Impact on Air Emissions 

Unconventional natural gas development is an industrial process that involves a host 
of machinery and operations to extract natural gas from shale deposits. Shale gas 
operations release a variety of criteria pollutants that can degrade local air quality, 
including nitrogen oxides (NO

x
); sulfur oxides (SO

x
); particulate matter (PM); and 

volatile organic compounds (VOCs), such as formaldehyde, benzene, toluene, 
ethylbenzene, and xylene (BTEX) [51-52, 56-58]. These emissions stem from diesel-
powered equipment used for the well pad construction, drilling, hydraulic fracturing, 
and production processes. In addition, significant emissions can also arise from 
combustion-powered compressor stations that compress natural gas to keep it 
flowing through the pipeline system. Further, these activities could contribute to 
climate change due to greenhouse gas (GHG) emissions from shale gas development, 
which stem from the leakage of natural gas (i.e., methane, or CH

4
) at various points 

throughout the development cycle, from extraction to processing and transmission. 

For this analysis, we calculated the potential contributions to NO
x
, VOC, and methane

 

emissions from projected natural gas development in Pennsylvania. We used the data 
from the Marcellus Shale Air Emissions Inventory [59] from the PA DEP to develop 
per-well emissions factors to apply to our projections. We also use DEP data to 
estimate the emissions contributions from additional compressor stations needed to 
support this development. We then present the emissions estimates from projected 
development at the county level across the state, along with the relative increase 
from emissions in the state today. We did not analyze the potential for any more 

localized impacts on air quality, as this was beyond the scope of the study. 

Methods, data sources, and assumptions 

To assess the impacts to air quality, we applied relevant values from the PA DEP 
2014 natural gas emissions inventory and professional literature to our build-out 
scenarios in order to calculate the emissions associated with natural gas 
development at the county level. We used an average development rate scenario to 
illustrate the impacts of development on air quality. This provides the average pace 
of development and shows the potential variation in emissions that could be 
expected from natural gas development activities in each county. We do note that in 
reality there would likely be considerable yearly variations in development per 
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county as operators focus on the more favorable locations first. We then developed a 
final year emissions estimate to represent the cumulative impact of ongoing 
emissions from natural gas production and the compression needed in order to bring 

it to market. 

To estimate the number of new compressor stations required to support our 
projected natural gas development, we used a data extract from the PA DEP listing of 
the midstream compressor stations in their 2014 inventory [59]. This extract 
included 509 facilities, which, PA DEP explained, included both gathering and 
transmission compressor stations. We used GIS analysis to classify any stations 
within 0.1 mile of a transmission pipeline as a transmission station and eliminate it 
from the list. This resulted in 320 gathering stations, or 1 compressor station for 
about every 9 well pads in Pennsylvania. Applying this ratio to our well pad 
projections, we estimate that 661 compressor stations will be developed to support 

natural gas development. 

We developed emission factors to apply to our projected natural gas development 
based on either the 2014 PA DEP natural gas emissions inventory or values from 
scientific literature. We classified development into three phases: pre-production, 
production, and gathering. Table 5 shows the emissions factors for NOx, VOC, and 
methane for each of these phases. Pre-production represents the emissions from 
drilling, hydraulic fracturing, and completion of the well. We developed this factor 
using the reported emissions from “drill rigs” and “completions” in the natural gas 
emissions inventory. Production represents the ongoing production of natural gas 
from the well. We developed this factor for NOx and VOC based on the study by 
Livovitz et al. [60]. For methane emissions, we used a recent study by Goetz et al. 
[61]. Finally, gathering represents the collection of natural gas from multiple well 
pads and compression of this gas to deliver it to transmission pipelines. We 
developed this factor based on the average emissions from the gathering stations in 
the seven counties within Pennsylvania that are most representative of UNGD: 
Bradford, Butler Greene, Lycoming, Susquehanna, Tioga, and Washington. These 
counties contain 75 percent of the UNGD in Pennsylvania through 2014, and would 
be most representative of the facilities used to support development moving 

forward. 
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Table 5. Emissions factors used in this study to evaluate air quality impacts from 
projected natural gas development 

Emissions Factor (tons/yr) 
Development Phase NOx VOC Methane 
Pre-production (per well) 6.97 0.37 1.08 
Production (per well) 0.59 0.62 8.44 
Gas gathering and compression 
(per compressor station) 

18.03 6.83 170.09 

Source: Pre-production [59], Production [60-61], Gathering [59]. 
a. Pre-production includes drilling, hydraulic fracturing, and completion of the well.

For the air quality analysis, we assumed the following to generate the annual 

emissions: 

• Well development occurs at a constant rate over a 30-year build-out within
each county. Overall, this amounts to a statewide development of 1,587 wells

per year.

• Compressor station development also occurs at a constant rate over a 30-
year build-out, which amounts to development of 22 compressor stations per
year. We apportioned these compressor stations geographically based on the

total expected development in each county.

• First-year emissions from new well development equal pre-production
emissions plus one half of production emissions (to simulate development

over the course of the year).

• First-year emissions from new compressor stations equal one half of average
annual gathering emissions to simulate development over the course of the
year.

• Annual emissions from existing infrastructure equal production emissions
from existing wells plus gathering emissions from existing compressor
stations

• Wells have a 20-year lifetime for production13 and compressor stations go

offline in conjunction with and in proportion to well retirement.

13 Although most gas production of Marcellus wells tends to be in the first three to five years, 
the lifetime of the well can extend further and depends on a variety of factors. For example, 
data from the PA DEP show that over half of the unconventional wells drilled in 2007 are still 
active, and over 80 percent of those drilled in 2008 are still active. 
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• Total annual emissions equal pre-production plus production plus gathering

and compression emissions.

Results 

Using our projections of wells and compressor stations, we generated estimates of 
annual emissions of NOx, VOC, and methane from projected natural gas 
development in Pennsylvania. The contributions to these emissions from the 
different phases of natural gas development will change over time, as shown in 
Figure 7. Based on our 30-year build-out scenario, the pre-production phase 
contributes the majority of NOx emissions for the first 12 years, after which 
emissions from the production phase become the primary contributor. However, the 
pre-production phase contributes very little to the overall VOC and methane 
emissions from development. These graphs also illustrate the cumulative impact that 
ongoing emissions from production and gathering contribute to overall emissions 

from development.  

We find that given constant development rate, emissions tend to “peak” and plateau 
for several years. We use these “peak” annual emissions rates as the primary metric 
for mapping analysis, as they reflect the highest combination of pre-production, 

production and gathering emissions during the development period.14  

14 This peak will likely be lower than true peak emissions during the development period, as 
yearly development will not occur at a constant rate. Individual county peaks may be even 
higher if development is particularly concentrated over a short time period. 



 

 

  

 

  37  
 

Figure 7.  Cumulative NOx, VOC, and methane emissions from projected natural 
gas development over a 30-year build-out. Pre-production is the largest 
contributor to NOx emissions until Year 13, when ongoing emissions 
overtake it. Production is the largest contributor to VOC and methane 
emissions from the onset of development. 
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Figure 8 shows the statewide results from the peak emissions years against the 
emissions from the 2014 PA DEP natural gas emissions inventory. Based on our 
analysis, during the peak emissions years, annual NOx emissions will have increased 
by 1.5 times, VOC emissions will have increased by 3.6 times, and methane emissions 
will have increased 3.1 times relative to the reported emissions data from the natural 

gas sector in Pennsylvania in 2014. 
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Figure 8.  Pennsylvania annual statewide emissions from projected natural gas 
development activities (when ongoing production and compressor 
emissions reach their peak):        (a) Methane, (b) VOC and NOx. 

Source: Baseline: PA DEP (2014) [59]; Projected: CNA. 

For additional context, we have generated a series of maps that depict how the 
average year of development and final year of development would impact emissions 
at the county level. Table 6 gives an overview of the maps generated for this impact 
category. The discussion section provides descriptions and useful information for 

understanding each map. 

(a) 

(b)
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Table 6. Air Emissions Impact Map Index.        
Access maps at www.cna.org/PA-Marcellus 

Map Title 
4.1 NOx emissions from projected development 
4.2 VOC emissions from projected development 
4.3 Methane emissions from projected development 
 
 

Discussion 

Map 4.1– NOx emissions from projected development 

This map shows a peak year of NOx emissions from projected natural gas 
development by county. This metric represents the NOx emissions from new 
development plus the cumulative emissions from ongoing natural gas production 
and compressor stations to support this production. We compared the projected 
NOx emissions for each county to the current county NOx emissions from the 2014 
PA DEP natural gas emissions inventory, and the result is depicted by the shading on 
the map. Bar charts also indicate the yearly emissions for 2014, and the projected 

values in order to compare both current and projected future emissions regionally.  

Map 4.2 – VOC emissions from projected 
development 

This map shows a peak year of VOC emissions from projected natural gas 
development by county. The layout of the map is the same as Map 4.1, with all values 

now depicting VOC emissions. 

Map 4.3 – Methane emissions from projected 
development 

This map shows a peak year of methane emissions from projected natural gas 
development by county. The layout of the map is the same as Map 4.1, with all values 

now depicting methane emissions. 

http://www.cna.org/PA-Marcellus
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General discussion 

Overall, we found that projected natural gas development could lead to significant 
increases in NOx, VOC, and methane emissions across the state. We found that of the 
counties currently experiencing natural gas development, 25 would increase their 
NOx, VOC, and methane emissions profile compared to the 2014 emissions 
inventory. Further, five counties that did not report natural gas sector emissions in 
2014 would have new emissions. Although we focused only on the county-level 
impacts for this study, it should be noted that more localized or concentrated 
development in subsections of each county could present a larger potential for 
reduction in air quality than what is presented here. Recent studies have attributed 

this localized development to a variety of airborne health risk factors [13, 51-52, 62]. 

One interesting result from this analysis compared to our previous look at the 
Delaware River Basin [4] is the contribution to NOx emissions from compressor 
stations. In the DRB analysis, the cumulative effect of compressor station build-out 
accounted for a majority of the overall emissions profile from natural gas 
development. In this analysis, however, ongoing production represents a larger 
cumulative contribution than compressor stations. The explanation for this finding 
lies in the emission factors used to represent compressor stations. In our previous 
work, we relied on literature values for NOx emissions from compressor stations that 
were based on the facility’s permitted “potential to emit” value, which indicate the 
maximum amount of emissions the facility is permitted to emit by the PA DEP. Those 
values ranged from 46 to 90 tons per year of NOx. For this study, we obtained the list 
of compressor stations and actual emissions inventory data collected by the PA DEP 
to produce the emission factor based on the average observed NOx emissions, which 
were not available to us for the DRB study [4]. The emission factor used for this 
study was 18.03 tons per year. While the potential to emit values still represents an 
upper bound of emissions, these results should provide a more accurate 

representation of projected emissions in Pennsylvania.15  

Figure 9 shows the effect that the emissions rate assumption has on total annual 
emissions. The annual emissions data reported to PADEP in 2014 are compared to 
the projected annual emissions using three different emissions rate data sources. 
First, the emissions factor used in this study. Then, the potential ranges of values are 
shown for the measured data by Goetz et al. [61], and for the potential to emit values 

in the permits. 

                                                   
15 It is worth noting that a recent study using a mobile laboratory to measure emissions from 
Marcellus Shale facilities in Pennsylvania obtained a median value of 10.6 tons per year, with a 
maximum observed value of 51.5 tons per year, for NOx emissions from eight compressor 
stations [61]. 
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Figure 9.  Uncertainty in statewide Marcellus annual NOx emissions due to emissions 
factor used for natural gas gathering compressor stations. Annual 
emissions reported to PADEP for 2014 are shown for comparison. (Emissions 
attributed to pre-production and production are the same for all cases at 
29,300 tons.) 

 
Source:  CNA, based on data from: PA DEP [59], Goetz et al., 2015 [61] 
 

Given that NOx and VOC are the precursors to ozone formation, a potential by-
product of increased development is an increase in ozone formation for the 
impacted counties. A recent study found that natural gas development in the Barnett 
Shale contributed to an increase in ozone pollution in the Dallas-Fort Worth area [63]. 
Ground-level ozone is a primary component of smog, which can cause respiratory 
illness and other decreases in lung function. Due to its potential to cause harm to 
human health, the EPA monitors ozone, and this pollutant is subject to national 
ambient air-quality standards (NAAQS). The Pittsburgh-Beaver Valley region (i.e., 
Allegheny County and the surrounding counties) has struggled in the past with air 
quality issues related to ozone and even received a non-attainment status for ozone 
[64]. Projected development in this area could further contribute to these air quality 

issues. 

Some potential follow-on analysis possibilities include scenario or contextual 
analysis. For example, a study could investigate effects of timing or rate of 
development in order to refine and evaluate the air quality impacts in each county 
over time.  Or, a different study could compare the projected air quality impacts 
from gas development to air quality impacts from other sectors in order to 

determine the impact on total emissions in each county and state-wide. 
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Water and Wastewater Impact 

Water and wastewater management is a significant part of the unconventional 
natural gas extraction process. Hydraulic fracturing requires a significant amount of 
water to mix the “frac fluid” that is pumped into the horizontal wells at high 
pressure in order to fracture the shale and release gas. Most of the water needed to 
mix the frac fluid is withdrawn from nearby surface water resources, though some of 
the water needs are met through recycling of wastewater, groundwater, and other 

sources (e.g., purchase from municipal water providers).  

After injection, most of the frac fluid remains in the shale formation, but some 
returns to the surface along with the gas. The early portion of the water that returns 
in the first 10–30 days is known as flowback. Later, additional wastewater known as 
“produced water” or “brine” returns with the gas for as long as the gas well is 
producing, and roughly in proportion with gas production. Both flowback and 
produced water are types of wastewater with high concentrations of dissolved solids 
(salts), metals, volatile organic compounds, and, in some cases, radioactive materials. 
Some of these contaminants may originate as additives in frac fluid, but many are 
picked up from the shale formation itself. The final type of wastewater is drilling 
fluid recovered after drilling the wells. (There are also several types of solid waste, 
including drill cuttings, and solids settled out from flowback or produced water, but 

they are not part of this analysis.) 

In this analysis, we analyze the volumes of water and wastewater associated with the 
projected development of gas wells in the Interior Marcellus. Notably, we focus on 

four key metrics related to natural gas water management: 

• Water use: the total volume of water used for mixing the frac fluid that is 

injected into the shale during hydraulic fracturing 

• Water withdrawal: the volume of water used to mix frac fluid that is 

withdrawn from surface water resources 

• Consumptive use: the volume of water in the frac fluid that remains in the 

shale after injection 

• Wastewater generation: the volume of wastewater produced from the wells as 

either flowback or produced water plus used drilling fluid. 
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All of these metrics are important as they can be used for different impact 
assessments. Water use is important to report, as it is the total volume of water 
needed for hydraulic fracturing regardless of source. In theory, all of this water could 
be taken from local streams, but in many cases, other water sources are used 
including groundwater and recycled wastewater (either from the natural gas industry 
or from municipal or industrial wastewater sources). For this reason, water 
withdrawal is reported as the average quantity that would be taken from local 
streams. After frac fluid injection, some portion of the water used for fracking comes 
back as wastewater, and can potentially return to the watershed (after some level of 
wastewater treatment).  But the consumptive use - or the portion of frac fluid does 
not return - is important to understand as it indicates the (minimum) amount flow is 
reduced in the watershed. Finally, it is important to understand the volume of 
wastewater generated that must be managed due to the potential risks associated 

with the high concentrations of water pollutants it natural gas wastewaters[4].  

All of these metrics refer to water volumes, but considering the large number of 
wells involved, and the long period of well development, reporting volumes for these 
metrics would result in very large numbers that are difficult to put into context. 
Instead, we report these metrics in terms of average flow rate—that is, volume per 
unit of time. We assume a 30-year development period as the unit of time, so all of 
the metrics are expressed as the average volume over that period. We use the U.S. 
Geological Survey’s preferred unit of flow, cubic feet per second (cfs) to report these 
metrics in the results. We also report the 30-year statewide total volume in billions of 

gallons. (1 cubic foot equals 7.48 gallons.) 

Methods, data sources, and assumptions 

In this report, we use four major metrics for water use for fracking. They relate to 
the major water management stages for unconventional gas development with 
hydraulic fracturing. 

For calculation of water and wastewater impacts, we assume that: 

• Well development will occur at eight wells per well pad on average. Each well 

is fracked once, and there is no-re-stimulation.16 

• All wells within a HUC-8 have the same water use.  

                                                   
16 Some wells can be re-stimulated (or-refracked) to boost or prolong gas recovery. There has 
been limited re-fracking to date, and few data exist on the amount of water needed. We have 
not included re-fracking in this analysis.  
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• Well development occurs at a constant average rate over a 30-year 
development period. We report water use as an average flow rate for each 
HUC-10 watershed. The volume is estimated based on the number of wells 
and the water use per well, and the rate is calculated by dividing the time 
associated with development—in this case, 30 years. This rate shows the 
average pace of development, but there may be considerable yearly and 

monthly variations in water use.  

• Eighty percent of water use is met by surface water withdrawals, and 20 
percent of water use is met by water reuse, including recycled frac fluid, and 
other sources. 

• All surface water withdrawals for wells are taken from the same HUC-10 as 

the well pad location.  

• Sixty-nine percent of frac fluid water volume remains in the shale, and is 

considered consumptive use.  

• Thirty-one percent of frac fluid water volume returns to the surface as 

wastewater.   

Water use per well 

We estimated water use from Gallegos et al. (2015) [65], who analyzed water use for 
fracking by HUC-8 watershed for major U.S. shale plays including the Marcellus. The 
data were reported as average water use per well, including horizontal, vertical, and 
directional wells. Because of this averaging, these data under-estimate average usage 
for horizontal wells [66], which use much more water than vertical wells. Gallegos et 
al. do report the number of horizontal, vertical, and directional wells in each HUC-8 
watershed, and we used these data to estimate ‘adjusted’ water use for horizontal 

wells only.17  

                                                   
17 We adjusted the average water use per well based on Gallegos et al.’s reported averages of 
300 m3 for vertical wells and 2,000 m3 for directional wells. For HUC8 watersheds with fewer 
than 50 percent horizontal wells, we averaged the adjusted horizontal well estimate with the 
Marcellus average per well reported by Kondash and Vengosh [66], using the percentage of 
horizontal wells as the weighting factor. (e.g., if 37 percent of wells were horizontal, we used 
63 percent as the weight for the Marcellus average reported by Kondash and Vengosh). To 
avoid overestimates, we also limited the maximum water use per well for the adjusted values 
to the maximum value for HUC-8s with at least 90 percent horizontal wells (roughly 5.6 million 
gallons. 
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Figure 10 shows side-by-side comparison of the unadjusted and adjusted Gallegos et 

al. data by HUC-8, on a per well basis. 

Figure 10.  Estimates of per well water use by HUC-8 watershed. Gallegos et al. (2015) 
estimates (left), and adjusted (right) to consider only horizontal wells.  

 
Source: Data from Gallegos et al. (2015); Maps created by CNA. 
 
 

We note that Figure 10 shows that the adjusted data are much more consistent per 
across the formation once the vertical and directional wells are excluded. The overall 
average water use for the projected wells is 4.9 million gallons, which is near or 
slightly above the reported average water use for some previous studies [67-69]. We 
believe that this is reasonable, considering that water use per well has been trending 
upward slightly, mostly because lateral length is increasing. Kondash and Vengosh 
also reported on data from Chesapeake Energy, which indicated average use of 5.6 
million gallons; this closely matches several of the highest HUC-8 averages in terms 
of water use per horizontal well (see Figure 10). The range is 2.7 to 5.7 million 

gallons 

Water withdrawal, consumptive use, and wastewater 

We base our estimates of water withdrawal, consumptive use, and wastewater 
generation on literature values for these figures in relation to total water use for 
fracking. Specifically, we gathered the most recent estimates [66] for the portion of 
total water use met by new water withdrawals from fresh surface water, and the 
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relative proportion of injected frac fluid that remains in the shale (consumptive use) 

versus returns as flowback or brine wastewater.  

We assume that most of the water demand for hydraulic fracturing will be met by 
surface water withdrawals. Trends in the industry are towards more reuse of natural 
gas wastewaters for water supply, and there has been some interest in non-
traditional sources such as municipal wastewater treatment plant effluent or mine 
drainage waters. For this study, consistent with the previous CNA study for the 
Delaware River Basin, we assume that 80 percent of the total water use for fracking is 
met by surface water withdrawals, which accounts account for wider availability of 
recycled wastewater as more wells are developed. This percentage is slightly below 
figures by other research on the topic [68-69], though comparable to recent data 
published by the Susquehanna River Basin Commission [70]. Transporting water is a 
significant cost, so we assume that all wells will be supplied by surface water 
withdrawals from within the same watershed (i.e., HUC-10) as the well pad site. At 
this level of analysis, we make no assumption about the stream order within the 
watershed from which the withdrawal is taken. Finally, we assume that the 80 

percent factor is constant across the study area.  

For determining the fate of the injected water in the frac fluid, we used recent 
research by Kondash and Vengosh (2015) [66]. Early analysis of unconventional 
drilling in the Marcellus Shale had indicated that only a small portion, perhaps 10-15 
percent, of water injected as frac fluid would return to the surface as natural gas 
wastewater. But these analyses were mostly focused on the flowback fluid, which can 
be measured easily as it returns over the first 30 days after hydraulic fracturing. 
Kondash and Vengosh, by contrast, accounted for more of the produced water which 
comes up the well in small quantities along with produced gas for 10 years or longer. 
Taking this longer view, Kondash and Vengosh calculated that 31 percent of the 
average injected frac fluid volume would return as wastewater. The remaining 69 
percent is “consumptive use” as it is not recovered from the shale. Since our study 
covers a long time horizon, we use these figures to calculate consumptive use and 
volume of wastewater generated. We assume that these percentages remain constant 

across the study area.18  

                                                   
18 We did investigate Pennsylvania Oil and Gas wastewater reporting data for geographic trends in 
wastewater volume, but we found insufficient data to clearly indicate geographic differences. In 
many cases, we could not connect water use per well from FracFocus with wastewater records. 
Additionally, the wastewater reporting data were often incomplete due to omissions or, more likely, 
because not enough time had passed since drilling and fracking to collect, process, and report 
wastewater volumes. 
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Results 

The results for this chapter are focused on four key water and wastewater metrics, 
including water use, water withdrawal, consumptive use, and wastewater generation.  

As mentioned previously, we report these water impacts both in terms of total 
statewide volumes, but also in terms of average flow rates over the development 
period. We use cubic feet per second for all water metrics to allow comparisons with 

streamflow, and thousands of gallons per day for wastewater.   

Statewide, we determined that the development of the roughly 48,000 additional 
wells in the Marcellus would result in an average water use rate of 34 cfs over 30 
years, or 242 billion gallons in total. Figure 11 shows the corresponding values for 
water withdrawal (200 billion gallons), consumptive use (167 billion gallons), and 

wastewater generation (84 billion gallons).  

Figure 11.  Total water and wastewater impacts for Pennsylvania associated with 
hydraulic fracturing of projected wells through full development of the 
Marcellus Shale. The average rates and total volume are shown on the left 
and right axes, respectively, for water use, surface water withdrawals, 
consumptive use, and wastewater generation.  

 
 
As in previous chapters, the statewide totals do not present the full picture of these 
impacts. For water-related impacts, it is most appropriate to analyze the impacts by 
watershed. But since water flows from one watershed to another, it is not sufficient 
to simply assess the impacts of natural gas development solely within the watershed 
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the development occurs. We have generated four categories of maps to give greater 

understanding and context to this analysis.   

• Volume/Flow-rate – Standard analysis of water-related impacts in each HUC-
10 watershed based only on development within the watershed, expressed as 

average-flow over the development period.  

• Specific or Area-averaged flow – measures the ‘intensity’ of water use by 
dividing the flow computed for each watershed by watershed area. This will 

show where development will be most concentrated.  

• Cumulative flow – presents a more comprehensive view of the water impacts 
by including both the impacts within each watershed and the total impact from 

all watersheds upstream. This is particularly relevant to consumptive use. 

• Contextual analysis – compares the flow-rates calculated in this analysis to 

existing water usage. 

 

Table 7 presents an overview of the water and wastewater maps by metric and 
category. Not all categories of map are relevant for all of the metrics. Maps 5.1–5.4 
present the water use, withdrawal, consumptive use, and wastewater generation by 
HUC-10 watershed in terms of average flow rate. Maps 5.5 and 5.6 present area-
averaged or “specific” flow rates for water use and water withdrawal. Since assessing 
the water use in each watershed individually does not present the full picture of how 
water flows between watersheds, we created Maps 5.7 and 5.8 to show cumulative 
water use and consumptive use for each watershed including the upstream usage. 
Finally, in Map 5.9, we compare consumptive use for hydraulic fracturing relative to 

all other consumptive uses, this time at the larger HUC-8 watershed scale.  

 

Table 7. Water and wastewater maps by metric and category. 

Metric 
Volume/ 
Flow-rate 

Area-averaged 
flow 

Cumulative 
flow 

Contextual 
analysis 

Water Use Map 5.1 Map 5.5 Map 5.7  
Water Withdrawal Map 5.2 Map 5.6   
Consumptive Use Map 5.3  Map 5.8 Map 5.9 

Wastewater 
Generated Map 5.4    
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Table 8 introduces the maps generated for this category. The following discussion 

section offers commentary on how to read and interpret each map. 

Table 8. Water and Wastewater Impacts Map Index.      
Access maps at www.cna.org/PA-Marcellus 

Map Title 
5.1 Water use by watershed 
5.2 Water withdrawal by watershed 
5.3 Consumptive water use by watershed 
5.4 Wastewater generation by watershed 
5.5 Specific water use  
5.6 Specific water withdrawal  
5.7 Cumulative water use 
5.8 Cumulative consumptive use 
5.9 Consumptive use relative to existing consumptive uses 
 

Discussion 

Map 5.1 – Water use by watershed 

This map shows projected water use for hydraulic fracturing by HUC-10 watershed. 
The water use metric represents total water use volume for hydraulic fracturing by 
all projected wells within each HUC-10 through build-out, expressed as flow rate in 
cubic feet per second (cfs). The rate represents the average water use rate over the 
full build-out time frame, assumed to be 30 years. This metric does not include water 

uses for anything other than fracking (e.g., for drilling fluid or site preparation).  

To generate this map, we used well projection numbers on a HUC-10 basis and the 
adjusted estimates of water use per well, which are computed from Gallegos et al. 
[65] on a HUC-8 basis. Therefore, the differences in the results by HUC-10 reflect 
differences in projected number of wells developed, and geographic differences in 

the average amount of water used for hydraulic fracturing.  

Map 5.2 – Water withdrawal by watershed 

This map shows the projected freshwater withdrawal for hydraulic fracturing 
through build-out by HUC-10 watershed. This metric represents total freshwater 
withdrawal volume for hydraulic fracturing by all projected wells within each HUC-10 
through build-out, expressed as flow rate in cubic feet per second. The freshwater 
withdrawal rate is less than total water use rate because we assume that 20 percent 

http://www.cna.org/PA-Marcellus
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of the total water use for hydraulic fracturing is met by other water sources, 

primarily wastewater reuse, instead of freshwater withdrawal.  

Map 5.3 – Consumptive use by watershed 

This map shows the projected consumptive use associated with hydraulic fracturing 
through build-out by HUC-10 watershed. This metric represents the volume of 
hydraulic fracturing fluid left within the shale for all projected wells within each 
HUC-10 through build-out, expressed as flow rate in cubic feet per second. The 
consumptive water use rate is less than total water use rate because a portion of the 
injected fluid returns to the surface as wastewater.  

We assume a standard fixed relationship across the Marcellus for percentage of the 
total water used for hydraulic fracturing that is left in the shale as consumptive use. 
Based on figures from Kondash and Vengosh [66], we assume that consumptive use 

is, on average, 69 percent of total water use for hydraulic fracturing.  

Map 5.4 – Wastewater generation by watershed 

This map shows the projected wastewater generation associated with hydraulic 
fracturing through build-out by HUC-10 watershed. This metric represents the 
volume of natural gas wastewaters returning from the shale after fracking for all 
projected wells plus drilling fluid wastewater within each HUC-10 through build-out, 
expressed in thousands of gallons per day. The wastewater generation rate for 
flowback and produced water is equal to total water use rate minus the consumptive 
use rate (water from the injected fluid left in the shale), or simply 31 percent of the 
total water use rate. We added another 185,000 gallons per well for drilling 
wastewater, slightly higher than the amount in previous research [71] to account for 
increasing lateral length.  

This metric indicates the total volume of wastewater that must be handled within 
each HUC-10 watershed. This analysis does not consider how the wastewater is 
managed, treated, recycled, transported, or discharged. Separate analyses would be 
needed to determine how different wastewater treatment or disposal methods may 
affect water quality, human health, or ecological outcomes. The map does show 
currently (as of April 2016) permitted facilities for handling oil and gas wastewaters, 

for context. 

Map 5.5 – Specific water use 

This map, similar to Map 5.1, shows water use for hydraulic fracturing by HUC-10 
watershed. The water use metric is identical to the one in Map 5.1, but is normalized 



 

 

  

 

  52  
 

to the area of the watershed. The metric is presented as water withdrawal in cubic 
feet per second per 100 square miles. We use 100 square miles to make the numbers 
easier to comprehend, and because HUC-10 watersheds are on the order of 100 
square miles in area. We could also present this metric as a depth over the 
watershed. For conversion, 1 cfs per 100 square miles (for a year) is equivalent to a 
depth on the watershed of 0.136 inches, or 3.45 millimeters, per year.  

In Map 5.1, the largest watersheds typically also show the highest water use because 
they contain more well pads due to their size. Normalizing by watershed area 
removes this issue, and Map 5.5 shows the watersheds with high water use because 

they have a high relative density of development.  

Map 5.6 – Specific water withdrawal 

This map, similar to Map 5.2, shows freshwater withdrawal associated with hydraulic 
fracturing by HUC-10 watershed. The water withdrawal metric is identical to the one 
in Map 5.2, but is normalized to the area of the watershed. The metric is presented as 

water withdrawal in cubic feet per second per 100 square miles. 

In Map 5.2, the largest watersheds typically also show the highest water withdrawal 
because they contain more well pads due to their size. Normalizing by watershed 
area removes this issue, and Map 5.6 shows the watersheds with high water 

withdrawal because they have a high relative density of development.  

(Note: We do not show similar maps for consumptive use or wastewater generation 
because the relationship between the direct flow rate map and area-averaged map is 

similar to those for water use and water withdrawal.) 

Map 5.7 – Cumulative water use 

This map shows cumulative projected water use for hydraulic fracturing by HUC-10 
watershed. The water use metric represents total water use volume for hydraulic 
fracturing by all projected wells within each HUC-10 through build-out plus the water 
use for all upstream HUC-10s, expressed as flow rate in cubic feet per second (cfs). 
This metric shows the cumulative upstream water use on an average basis through 

build-out.  

This map is similar to Map 5.1, but adds all of the upstream water use to the water 
use for each HUC-10. This map shows water use in more HUC-10 watersheds than 
Map 5.1 because the water use is traced farther downstream until all water use for 
hydraulic fracturing is captured. In some cases, the watersheds are outside of 
Pennsylvania. This metric does show total upstream water use for hydraulic 
fracturing on an average basis, but the metric may not be meaningful with respect to 
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streamflow because alternate water sources and return flow (after wastewater 
treatment) are not taken into account. A more physically meaningful cumulative 

water use metric is the consumptive use, which is shown in Map 5.8.  

The map also labels the average daily water use by major river basin. (Note that the 
Upper Ohio includes the cumulative flow from both the Allegheny and Monongahela.) 
Based on current data, these estimates appear reasonable; the Susquehanna River 
Basin Commission reported total water use of 15.4 cfs for 2012, and 13.2 cfs for 

2013 [70], closely matching the 13.9 cfs reported for this study.  

Map 5.8 – Cumulative consumptive use 

This map shows cumulative projected consumptive use associated with hydraulic 
fracturing by HUC-10 watershed. This metric represents total consumptive water use 
volume associated with hydraulic fracturing by all projected wells within each HUC-
10 through build-out plus the consumptive use for all upstream HUC-10s, expressed 

as an average flow rate in cfs.  

This map is similar to Map 5.3, but adds all of the upstream consumptive use to the 
consumptive use for each HUC-10. It shows, on an average basis, the potential 
reduction in streamflow at the outlet point of each HUC-10 watershed. This map 
shows consumptive use in more HUC-10 watersheds than Map 5.3 because the water 
use is traced farther downstream until all water use for hydraulic fracturing in the 
Marcellus formation in Pennsylvania is captured. In some cases, the watersheds are 
outside of Pennsylvania due to the flow of rivers across state boundaries. Actual 
consumptive use could be higher or lower depending on how water is sourced and 
how wastewater is handled (recycling versus treatment with effluent disposal versus 
deep well injection). The consumptive use will also vary considerably over time and 

space due to variations in development rate.  

For context, the total cumulative consumptive use for gas development at Pittsburgh 
is roughly 10.9 cfs (Allegheny plus Monogahela). Pittsburgh’s municipal water 
supplier, PWSA, treats roughly 70 million gallons per day, or 108 cfs of potable water 
supply. Assuming a typical consumptive use rate of 10 percent for municipal supply, 
Pittsburgh’s consumptive use for water supply is roughly 10.8 cfs (i.e., almost exactly 
equal to the average consumptive use for hydraulic fracturing upstream of 
Pittsburgh). Map 5.9 shows similar comparisons statewide, but for all existing 

consumptive water uses including agricultural and industrial use.  

(Note: We did not generate similar maps to Maps 5.7 and 5.8 for water withdrawal or 
wastewater generation. The water withdrawal map would be similar to Map 5.7, and 
would not account for possible return flow after wastewater treatment. A cumulative 
wastewater generation map would not be especially instructive unless we assumed 
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that all wastewater is returned to the same watershed in which it was produced, and 

is not reused or transported to other watersheds for treatment.) 

Map 5.9 – Consumptive use by watershed relative to 
existing consumptive uses 

This map shows projected consumptive use for hydraulic fracturing on a HUC-8 
basis, and relative to all other existing consumptive uses. We acquired the baseline 
consumptive use data by HUC-8 from Caldwell et al. (2013) [72], which is based on 
2005 USGS water use data disaggregated to HUC-8 scale, and accounts for end use 
specific and geographically specific consumptive use factors relative to reported 
water use. These data would predate water usage related to UNGD with HVHF, but 

also do not account for changes in water use over the past decade. 

The map shading indicates the total volume of consumptive water use associated 
with hydraulic fracturing by all projected wells within each HUC-8 through build-out, 
expressed as an average rate over 30 years. Using the vertical bars, we indicate the 
ratio of this consumptive use associated with fracking over the total estimated 
consumptive use for each HUC-8 as a percentage. This metric can be read as either 
the ratio of UNGD consumptive use to existing (2005) consumptive use, or the 
amount by which consumptive use would increase over existing usage in the HUC-8 

due to UNGD.  

This map puts the consumptive use for hydraulic fracturing in context with existing 
consumptive uses. In some areas of Pennsylvania, water use for fracking could 
dramatically increase overall consumptive use. In other areas (even with similar 
average usage for fracking), the existing consumptive use is much higher and the 

ratio is lower.  

General discussion 

The analysis presented considers four primary volumetric water and wastewater 
metrics presented on an average basis over a 30-year development period. This 
analysis considers only the total volumes of water and wastewater associated with 
hydraulic fracturing, presented as an average rate over a 30-year development 
horizon.  

For at least four reasons, this analysis does not capture the full potential impacts of 
water and waste management associated with natural gas development. First, there 
are additional water uses and wastes that are not included in this analysis. Some 
additional water use is associated with indirect uses such as site preparation, 
materials processing and quarrying, and equipment washing. [68] Other waste 
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streams including spent lubricants and solid wastes such as drilling cuttings are not 

considered in this report. [16] 

Secondly, the well development rate, and by extension the water use rate will vary 
geographically and temporally. The pace of development will likely correlate with 
energy prices, ability to sign leases, ability to permit and construct natural gas 
infrastructure, and other factors. The pace of development in turn affects flow rates 
associated with all phases of water management. The freshwater withdrawal rate 
could be several times higher than the average rate during peak periods [4], which 
can increase potential impacts on streams. Likewise, the consumption rate and 

wastewater generation rate will increase.  

Thirdly, there may be variability in the water use rates from well to well19, and there 
may be changes over time due to evolving industry practices and regional 
development characteristics. Recently, water use per well has been increasing as 
average lateral length and the number of fractures per well has increased [70] 
(though primarily in “hotspot” areas with especially rich gas deposits). In addition, 
seasonal variations in drilling and hydraulic fracturing activity may play a large role 
in timing of withdrawals. Also, as development continues, more wastewater will be 
available for reuse, which could lower the portion of water use met by freshwater 
withdrawal for wells developed later. Finally, re-fracking is not included in this 
analysis, but could raise water usage in some areas of the play. Capturing these 
temporal aspects of water management is beyond the scope of this study, and would 
require a methodology for projecting well development on a year-by-year (or even 

month-by-month) basis.  

Fourth, there is potential for movement of water and wastewater across watersheds. 
We assume that the demand for water withdrawal is met within the same HUC-10 as 
the well pad. This is generally a reasonable assumption, but in some cases may not 
be correct. Given costs to permit and develop new water withdrawals, it is possible 
that an existing, permitted water withdrawal location in an adjacent HUC-10 may 
make more sense for a particular well pad or operator. Our analysis focuses only on 
wastewater generation by watershed, as significant quantities of natural gas 
wastewaters (and other wastes) are routinely transported even across major river 
basin boundaries [16], and a full examination of wastewater disposal scenarios was 

beyond the scope of this study. 

                                                   
19 The data we used had a range of per well water use (averaged over each HUC-8) from 2.7 to 
5.7 million gallons per well, an average of 4.9, and a median of 5.0.  The total water use we 
computed for the projected 47,600 wells is 242 billion gallons based on the average computed 
for each HUC-8. If all wells used water at the highest end of the range, the total water use 
would be 270 billion gallons, an 11 percent increase.  
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Overall, this analysis generates projections of water and wastewater volumes, but 
does not investigate the context of the source (or receiving waters). That is, this is an 
analysis of environmental “burdens”, but not “impacts”. We present the water 
volumes in terms of flow rates, which is useful for supporting additional research. 
Specifically, this analysis does not put the magnitude of withdrawals and wastewater 
volumes into context by comparing them to the available streamflow in the 
watershed. Just as there can be significant variations in the rates of water use and 
wastewater generation, the actual impacts of water withdrawals on stream flow are 
highly dependent on the location of withdrawal, and the natural variability in the 
flow of the source waters. Withdrawing water in the spring from the mainstem of the 
Susquehanna River may have a negligible impact on flow, while withdrawing from a 

small headwater stream during late summer could have a substantial impact.  

Similarly, we report only the wastewater volumes associated with development, and 
do not investigate potential impacts on water quality. Disposal of treated natural gas 
wastewaters can raise the concentration of certain pollutants (e.g., dissolved solids, 
barium, strontium, bromide) with potential ecological and human health effects. Our 
previous report on the Delaware River basin [4] investigated the potential impacts of 
water usage on available flow, and disposal of treated wastewater on the in-stream 
concentrations of pollutants for three case study watersheds, and found that the 
level of impact did vary (often by an order of magnitude) with development rate, in-

stream flow, and stream order.  

There are several ways this analysis could support additional studies. Examining the 
effects of water withdrawals on available flow is a logical extension. The wastewater 
impacts, however, may be of particular concern, especially given the potential risks 
to drinking water supplies. [5, 73-78] The method of wastewater management (e.g., 
on-site reuse of wastewater, treatment at a centralized wastewater facility, or 
exporting wastewater for disposal via deep well injection) is important; each has very 
different consequences for water quality. Investigating potential water quality 
impacts and key vulnerabilities (ecosystem and human health) for various 
wastewater management scenarios could be a useful topic for future analysis, and 

informing policy. 
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Conclusion 

Unconventional natural gas development using hydraulic fracturing has spurred a 
rapid expansion of natural gas extraction in Pennsylvania due to the presence of the 
Marcellus Shale—which, though rich in gas, could not be economically developed 
with traditional drilling methods. Through the almost nine years of unconventional 
gas development in Pennsylvania, the Commonwealth has witnessed significant 
changes to energy costs, employment, communities, and the environment. While the 
price of natural gas has led to fluctuations in the amount of development, the 
quantity of remaining gas reserves in the Marcellus Shale could support significantly 

more gas development in coming years.  

In this study, we ask, “What would be the environmental burdens associated with 
natural gas development activities in Pennsylvania if the Interior Marcellus Shale 

resources were fully developed?”  

Specifically, we investigate the potential impacts to Pennsylvania’s land, forests, 
water, air, and population if development of the Marcellus Shale were to continue 

until all of the technically recoverable reserves were exhausted.  

One significant difficulty with investigating potential future impacts of gas 
development is determining where those impacts may occur. To address this 
challenge, we developed a geospatial analysis methodology to identify the most likely 
locations of potential future wells, based on finding geologic, environmental, and 
land use conditions similar to where wells have already been drilled. Using the 
probability surface generated from this analysis and recent estimates of total 
recoverable reserves and average production per well, we determined how many 
wells would be developed until reserves are depleted, and their most likely locations. 
That is, we developed one set of “projections” of well numbers and locations through 
(what is currently estimated) as build-out condition. These are not formal predictions 
of wells and their locations, just one possible configuration identified as likely based 

on current information on gas development in the Interior Marcellus Shale.  

With information on well locations and level of impact per well, we analyze the 
spatial characteristics of impacts of natural gas development. For the most part, we 
compute these impacts based on the well (or well pad) numbers in a given geographic 
unit, and impacts per well or well pad derived from published literature or data sets. 
We also apply additional geospatial and mathematical analysis techniques to 

estimate several of the impacts, as appropriate. 
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The primary output of this research is an atlas: a set of maps that puts the impacts 
of the projected natural gas development in useful spatial context. These maps, and 
the data developed to generate them, present useful information to policy-makers, 
decision-makers, and other researchers concerned about managing the range of 
impacts of shale gas extraction in Pennsylvania. We strive to present the impacts 
using straightforward, relevant metrics useful for comprehension and supportive of 
follow-on analysis. At this time, the metrics are focused on environmental burdens 
and impacts (e.g., land areas, emissions, volumes, and flow rates) that can be 
reasonably and directly estimated from the well and well pad projections. This 
analysis does not address the potential “outcomes” resulting from the impacts (e.g., 
endangered species populations, water pollutant concentrations, and human health 

outcomes).  

Key findings 

For the Commonwealth of Pennsylvania, the key impacts we determined to be 
associated with the full development of the Marcellus Interior shale formation 

include: 

• Well development – We estimated that 47,600 additional wells could be 
developed on 5,950 well pads over the next 30 years if the Interior 

Marcellus’s technically recoverable resources were fully developed.  

• Land use change – The construction of natural gas infrastructure (well pads, 

gathering pipelines, and access roads) to support projected well development 
would result in almost 100,000 acres of land disturbance. Over half (about 
51,000 acres) of the land disturbance would impact agricultural land, while 

about 28,000 acres would constitute the clearing of forest cover.  

• Forest change – Of the 28,000 acres of forest that would be cleared, we 

found that nearly 13,000 acres were core forest (patches of forest at least 
300 feet from a forest edge). An additional 89,000 acres of core forest would 
be fragmented by the projected gas infrastructure development, resulting in 

a conversion to edge forest. 

• Population in proximity to well pads – We estimated that the current 
population in Pennsylvania living within one-half mile of a well pad is about 
100,000, and this number could increase to 639,000 based on our 
projections. Similarly, we estimate that the population living within one mile 
of a well pad could increase from about 311,000 today to over 1.8 million at 

full build-out. 



 

 

  

 

  59  
 

• Air emissions – The additional well development would result in greater 
emissions of NOx, VOCs, and CH

4
 from activities related to well pre-

production, and production, and compressor stations for moving gas through 
gathering lines. When the play nears full development (i.e., ongoing emissions 
from producing wells reach their peak), the average air emissions per year 
could reach 37,000 tons for NOx, 22,500 tons for VOCs, and 342,000 tons for 

methane.  

• Water use, withdrawal, and consumptive use – We determined that the 
projected natural gas development in the Marcellus would result in an 
average water use rate of 34 cfs over about 30 years, or 242 billion gallons in 
total in order to mix frac fluid for the hydraulic fracturing process.  We found 
that roughly 200 billion gallons of fresh surface water would be withdrawn to 
support this development, and that 167 billion gallons would be used 

consumptively and would not re-join the hydrologic cycle after injection. 

• Wastewater generated – We estimated that 84 billion gallons of wastewater 
would be generated from projected natural gas development in Pennsylvania. 
Wastewater includes drilling fluid waste, plus flowback and produced 
water/brine recovered from the shale after frac fluid injection and during gas 

production. 

All of these metrics offer a sense of the scale of the total statewide impacts of 
natural gas development through full development of the Marcellus Shale. But these 
aggregated metrics do not tell the full story of the impacts, which have important 
geographic variations. The maps accompanying this work show these variations and 
can help identify areas of comparatively higher and lower impacts. Readers are 

encouraged to view and download these maps at: www.cna.org/PA-Marcellus 

We do not provide an opinion on the overall significance of these impacts—we leave 
that to policy-makers and decision-makers with local knowledge of the impacted 
areas to decide. But this analysis takes the initial step of looking at the long-term 
future of natural gas development in Pennsylvania. Development appears likely to 
continue over the coming years, and will continue to have some level of 
environmental impact wherever development occurs. Tolerance for and management 
of these impacts will be a continuing area of debate among policy-makers, regulators, 
land owners, the natural gas industry, and the general public. This analysis provides 
information that any of the relevant stakeholders—especially policy-makers—may 
consider as they decide how gas development is to be managed and regulated over 

the coming decades. 
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Abstract 

This study aims to model the landscape of the Marcellus Shale region to predict how 
it may change in the future in response to the expansion of natural gas extraction, 
and, in particular, what impact this may have on the Delaware River Basin (DRB). Our 
approach combined geospatial analysis and statistical modeling to create a 
probability surface that predicts the most favorable locations for the placement of 
future wells based on the location of existing wells. Using the probability surface and 
an estimate of the number of wells that would be needed to fully exploit the shale 
resource, we estimated the future landscape of development in the Interior Marcellus 
Shale and DRB. Using affected subwatersheds and counties as study areas, we then 
investigated potential impacts associated with land cover, water and wastewater 
management, water quality due to changes in land cover, air emissions, and health 
risk factors. The results are intended to help decision-makers and the public 
understand the scale of the potential impacts. 
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Executive Summary 

Hydraulic fracturing, or “fracking,” combined with horizontal drilling, has opened up 
natural gas fields that were previously thought to be inaccessible; however, this 
activity has the potential to impact the regional environment. To date, there has been 
no systematic analysis to evaluate multiple impacts of fracking in an integrated way. 
Published research has predominantly looked at individual environmental impacts 
associated with fracking in a subset of wells. Few studies have considered multiple 
impacts, and no study has provided a reasonably complete, integrated regional 
environmental assessment of fracking. We aim to help fill this knowledge gap and 
inform the public debate concerning fracking by providing comprehensive, long-term 
estimates of a set of environmental impacts of natural gas fracking in the Interior 
Marcellus Shale. This play, which covers parts of Pennsylvania, New York, West 
Virginia, Maryland, and Ohio, is now considered to be the second-largest gas field in 

the world. 

This research project models the potential natural gas development of the Marcellus 
Shale to predict what environmental impacts this expansion may have on the 
Delaware River Basin (DRB). The DRB—which spans Pennsylvania, Delaware, New 
Jersey, and New York—contains one part of the Interior Marcellus Shale play where 
fracking has been under a moratorium, by the Delaware River Basin Commission. 
(The State of New York has separately banned hydraulic fracturing after 
implementing a five-year moratorium). For this reason, the DRB is a good candidate 
for a prospective analysis of potential impacts.  

Our approach combines geospatial analysis and statistical modeling to create a 
probability surface that predicts the most favorable locations for the placement of 
future wells based on the locations of existing wells. Using the probability surface 
and an estimate of the number of wells that would be needed to fully develop the 
shale resource, we estimated the future landscape of development across the Interior 

Marcellus Shale. 

We then investigated the potential impacts of this development on land cover, water 
and wastewater management, water quality, air emissions, and health risk factors in 
three DRB sub-watersheds. Our calculations were designed to give reasonable upper 
bounds on each of these potential impacts. Based on our analysis, we offer the 
following key points to help stakeholders and decision-makers evaluate the potential 

impacts of natural gas development: 
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• If the moratoriums on fracking were lifted, there could be as many as 4,000 

wells fracked in the Interior Marcellus within the DRB in future years, 
requiring between 500 – 1,000 well pads. 

• Development of natural gas infrastructure including well pads, and rights-of-
way for access roads and natural gas gathering lines, results in 17-23 acres of 

land cover disturbance per well pad. In watersheds we studied, this land 
cover disturbance could reduce forest cover directly by 1-2 percent, and 

result in a 5-10 percent reduction in core forest area. 

• Water withdrawals during periods of maximum well development could 
remove up to 70 percent of water if taken from small streams during low-

flow conditions, and less than 3 percent during normal flow conditions. 

• Discharge of wastewater effluent from fracking could raise in-stream 
concentrations of some key contaminants (notably barium and strontium) up 
to 500 percent above reference values during maximum development periods 
at low-flow conditions, if all wastewater were treated to Pennsylvania effluent 

standards. 

• Land cover conversions could increase erosion rates up to 150 percent 
during the initial development phase and up to 15 percent in a post-
development state, despite affecting less than 3 percent of land cover in 

affected watersheds we studied. 

• The installation of multiple compressor stations (needed to transport gas 
away from wells through pipelines) in the DRB could as much as double 
nitrogen oxide emissions in the impacted counties (compared to present-day, 

county-wide emissions).  

• In the DRB, roughly 45,000 people would live within one mile of the 

projected well pad locations, a distance that has been related to health risk 

factors in scientific literature. This population would predominantly reside in 
Wayne County, PA, where nearly 60 percent of the county’s population (over 

30,000 people) may be affected. 

Of these risks, changes to land cover and associated impacts to area forests, 
hydrology, and water quality appear the most likely to occur and most difficult to 
mitigate completely. The water and wastewater and air quality risks pose some 
significant management challenges, but the actual level of impact is uncertain and 
highly influenced by potential regulation and policy. The health risks require more 
study because a significant number of people in the Upper Delaware River Basin live 
in areas that are close to potential well locations.  
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This report presents an estimate of full natural gas development based on technically 
recoverable resources  in the Interior Marcellus Shale play, and focuses on some of 
the locations where concentrated development can reasonably be expected in the 
DRB portion of the play (if development were allowed). As such, the well 
development projections and associated impact calculations likely would be a 
conservative (high-end) estimate of potential development or impacts. Actual 
development will ultimately depend on laws and regulations, ability to sign leases, 
ability to recover gas, and economics (price of gas, cost of production, well 
productivity, etc.). While regulatory, economic, and other factors may limit the actual 
level of development, policymakers should be prepared to handle the impacts from a 

scenario in which the shale resources could be fully developed. 

This study only investigates the Interior Marcellus shale play, and does not consider 
other shale plays underlying the DRB such as the Utica Shale. This study does not 
examine the full range of potential impact categories that the region may experience, 
does not consider all potential impact pathways (e.g. accidental wastewater 
discharges), and it does not project possible environmental and human health 

outcomes based on the impacts.  

 



 

 

  
 
  

 
vi 
  

 

This page intentionally left blank. 



 

 

  
 
  

 
vii 
  

 

Contents 

Introduction ............................................................................................................................ 1 

Understanding this report ................................................................................................... 3 

Potential Natural Gas Development in the Marcellus Shale .......................................... 7 

Key Findings ........................................................................................................................... 7 
Model Variables ..................................................................................................................... 8 
Well-Location Modeling ........................................................................................................ 9 
Development Scenarios ...................................................................................................... 10 
Results and Study Area Selection .................................................................................... 13 
Discussion ............................................................................................................................. 15 

Impacts on Land Cover ....................................................................................................... 17 

Key Findings ......................................................................................................................... 17 
Methodology ......................................................................................................................... 19 
Results ................................................................................................................................... 20 

Infrastructure Modeling .............................................................................................. 20 
Land Cover Disturbance ............................................................................................. 22 
Forest Fragmentation .................................................................................................. 24 

Discussion ............................................................................................................................. 25 

Impacts on Water and Wastewater Management ........................................................... 27 

Key Findings ......................................................................................................................... 27 
Methodology ......................................................................................................................... 29 
Results ................................................................................................................................... 31 

Water Use and Wastewater Generated ..................................................................... 31 
Wastewater Pollutant Loadings ................................................................................. 37 

Discussion ............................................................................................................................. 42 

Impacts on Water Quality due to Changes in Land Cover ........................................... 45 

Key Findings ......................................................................................................................... 45 
Methodology ......................................................................................................................... 46 
Results ................................................................................................................................... 48 



 

 

  
 
  

 
viii 

  
 

Discussion ............................................................................................................................. 51 

Impacts on Air Quality ....................................................................................................... 53 

Key Findings ......................................................................................................................... 53 
Methodology ......................................................................................................................... 54 
Results ................................................................................................................................... 56 

Criteria Pollutant Emissions ...................................................................................... 56 
Methane Emissions ...................................................................................................... 59 

Discussion ............................................................................................................................. 60 

Health Risks and Affected Population ............................................................................. 63 

Key Findings ......................................................................................................................... 63 
Methodology ......................................................................................................................... 67 
Results ................................................................................................................................... 69 
Discussion ............................................................................................................................. 71 

Conclusions .......................................................................................................................... 73 

Appendix A: Chemicals in Natural Gas Wastewaters ................................................... 77 

Appendix B: Stream Gages ................................................................................................. 81 

References ............................................................................................................................. 84 

 

 



 

 

  
 
  

 
ix 
  

 

List of Figures 

Figure 1.  The extent of the Marcellus Shale play and the Delaware River 
Basin ................................................................................................................... 3 

Figure 2.  Map depicting the Maxent probability surface for the Interior 
Marcellus Shale.. ............................................................................................. 10 

Figure 3.  Map depicting the number of new well pads that could be 

developed in each county based on the “dispersed” scenario 
(15,853) if fracking were allowed across the whole Marcellus.. ........... 12 

Figure 4.  Potential locations for new well pads in the DRB, based on the 
“dispersed” scenario. .................................................................................... 14 

Figure 5.  Imagery depicting several existing well pads and associated 
infrastructure rights-of-way in Susquehanna County, PA. .................... 18 

Figure 6.  Projected gathering pipeline and access road development needed 
to support well pad development.. ............................................................ 21 

Figure 7.  Breakdown of potential land cover disturbance from natural gas 
development in each DRB study area, broken out by scenario 
(“dispersed” or “concentrated”).. ................................................................ 23 

Figure 8.  Percent-change in forest cover and type (core vs. edge) from 
infrastructure development in the DRB study areas, broken out by 
scenario (“dispersed” and “concentrated”). ............................................. 24 

Figure 9.  The fracking water cycle. ............................................................................. 28 
Figure 10.  Sankey diagram of water volumes for the fracking water and 

wastewater management cycle estimated for this study, on a per 
well basis. ........................................................................................................ 31 

Figure 11.  Flow schematic for the Upper DRB, showing locations of study 
areas and reference gages. ........................................................................... 34 

Figure 12.  Withdrawals as percent of available streamflow for selected flow 
metrics, maximum-year development scenario....................................... 35 

Figure 13.  Withdrawals as percent of available streamflow versus flow 
percentile, small stream gages, maximum-year development 
scenario. ........................................................................................................... 36 

Figure 14.  Barium concentration increase versus flow percentile at time of 
effluent discharge .......................................................................................... 42 

Figure 15.  Total upland erosion plus sediment loading, as percent of the 
baseline loading. ............................................................................................ 49 

Figure 16.  Monthly variation in erosion relative to the baseline condition for 
both the Initial Infrastructure and Post-Development condition.. ...... 50 



 

 

  
 
  

 
x 
  

 

Figure 17.  Pollutant emissions from well development (and one compressor 
station) for average-year (left) and maximum-year (right) scenarios, 
relative to total county emissions from the 2011 NEI. .......................... 57 

Figure 18.  Pollutant emissions from well development (and 22 compressor 
stations) for average-year (left) and maximum-year (right) 
scenarios, relative to total county emissions from 2011 NEI. .............. 59 

Figure 19.  Map of the 0.5-mile and 1-mile buffers around well pads 
superimposed on county and study area boundaries. ........................... 68 

Figure 20.  Population within several radii common to health-assessment 
literature.. ........................................................................................................ 70 

Figure 21.  Wayne County residential structures within x distance (ft) of a well 
pad (total and percent of all county residential structures). ................ 71 

 

 



 

 

  
 
  

 
xi 
  

 

List of Tables 

Table 1. Chapter breakdowns of analysis in this report. ........................................ 5 
Table 2. Scenarios used to project well pad development in the Marcellus 

Shale. ................................................................................................................ 11 
Table 3. Projected natural gas development in the DRB, broken down by 

development scenario and assessment units .......................................... 15 
Table 4. Projected infrastructure (gathering pipelines and access roads) 

needed to support natural gas development in the three study 
areas. ................................................................................................................ 22 

Table 5. Projected rates of well development, water use, withdrawal, 
wastewater generation, and effluent for disposal, by study area 
and scenario .................................................................................................... 33 

Table 6. Wastewater concentrations of key contaminants in flowback and 
brine wastewater ............................................................................................ 38 

Table 7. Potential average daily loadings of key contaminants from all 
flowback and brine wastewater and from treated effluent .................. 39 

Table 8. Increase in concentration of pollutants caused by maximum-year 
effluent discharge during the 20 percent–flow condition .................... 41 

Table 9. Changes in hydrology and loadings for each scenario. ......................... 48 
Table 10. Annual emissions estimates for projected natural gas 

development by county (and for one compressor station) in the 
DRB. .................................................................................................................. 56 

Table 11. Potential methane emissions from projected development in the 
DRB, based on methane leakage rates reported from field 
measurement (top-down) studies ............................................................... 60 

Table 12. Health risk factors and impacts cited in literature, versus distance 
from gas development activities. ............................................................... 66 

Table 13. Area within 0.5 mile and 1 mile well pad buffer, by county. ............... 69 
Table 14. Pollutants measured in natural gas wastewaters. ................................... 78 
Table 15. USGS stream gages used in this study. ..................................................... 81 
Table 16. Daily flow statistics for the stream gages used in this study .............. 82 
 



 

 

  
 
  

 
xii 
  

 

This page intentionally left blank. 



 

 

  
 
  

 
xiii 

  
 

Glossary 

Ba Barium 
Bcf billion cubic feet 
BMP Best Management Practice 
BTEX Benzene, Toluene, Ethylbenzene, and Xylene 
CO

2
 carbon dioxide 

Cl 
DRB 

Chloride 
Delaware River Basin 

DRBC Delaware River Basin Commission 
EIA U.S. Energy Information Administration 
EPA U.S. Environmental Protection Agency 
ESRI Environmental Systems Research Institute 
EUR Estimated Ultimate Recovery 
GIS 
GW 

geographic information system 
groundwater 

HUC hydrologic unit code 
JAS July-August-September 
Maxent maximum entropy (modeling technique) 
MGD million gallons per day 
NEI National Emissions Inventory 
NLCD National Land Cover Dataset 
NO

x
 nitrogen oxides 

PADEP Pennsylvania Department of Environmental Protection 
PAH polycyclic aromatic hydrocarbon 
PM particulate matter 
SO

x
 

SO
4
 

Sr 
TDS 
TSS 
TN 
TP 

sulfur oxides 
sulfate 
Strontium 
Total Dissolved Solids 
Total Suspended Solids 
Total Nitrogen 
Total Phosphorus 

UNGD unconventional natural gas development 
USGS U.S. Geological Survey 
VOC 
WW 

volatile organic compound 
wastewater 



 

 

  
 
  

 
xiv 

  
 

This page intentionally left blank. 



 

 

 

 

 
1 
  

 

Introduction 

Hydraulic fracturing, or “fracking,” combined with horizontal drilling, has allowed 
access to natural gas in shale deposits previously thought to be inaccessible. This 
type of unconventional natural gas development (UNGD) has significant implications 
for energy supplies and fuel choice in the American economy. For the first time in 30 
years, coal’s share of power generation dipped below 40 percent in 2012, while gas’s 
share increased. Leading this charge is the Marcellus Shale play, which currently 
accounts for almost 40 percent of U.S. natural gas production and is projected to 
increase [1]. This play, which covers parts of Pennsylvania, New York, West Virginia, 
Maryland, and Ohio, is now considered to be the second-largest gas field in the 
world. 

While these newly accessible resources are transforming the nation’s energy 
economy, the fracking process carries a potential environmental burden in the nature 
and scale of the extraction activities involved—particularly well development [2-7]. 
The amount of water required to fracture a well typically varies from one to five 
million gallons (but can be more depending on well-specific conditions). Much of the 
water that is tapped to inject into the wells contains a variety of chemicals and 
additives to aid in fracturing the shale rock. About 80 percent of the injected water is 
consumed by the process (i.e., remains underground), and the “produced water” that 
returns to the surface must be handled as required by environmental law. The nature 
of well pad development has raised concerns over soil erosion, 
sedimentation/siltation, and eutrophication of nearby streams, as well as ecosystem 
fragmentation. Local air quality could suffer from increased ozone creation, the 
release of volatile organic compounds and toxic chemicals, greenhouse gas emissions 
from fugitive methane releases, and increased airborne particulates from extensive 
diesel engine use. These are potential environmentally hazardous byproducts of the 

fracking process itself. 

While recent years have seen a significant increase in the peer-reviewed literature on 
the various impacts of fracking, substantive data gaps remain [8]. To date, there has 
been no systematic analysis to evaluate the multiple, integrated impacts of fracking. 
Published research has looked predominantly at individual environmental impacts 
associated with fracking in a subset of wells. Few studies have considered multiple 
impacts, and no study has provided a reasonably complete, regionally integrated 
environmental assessment of fracking, or developed the methodology to do so. Thus, 
even with more information, regulators are left attempting to extrapolate study 
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results to their region to assess impacts—and at a time of shrinking government 

budgets and resources. 

One of the primary barriers to conducting this type of research is the difficulty in 
predicting where future natural gas wells will be located. For example, in a recent 
report to Congress, the U.S. Government Accountability Office stated, “The risks 
identified in the studies and publications we reviewed cannot, at present, be 
quantified, and the magnitude of potential adverse effects or likelihood of 
occurrence cannot be determined for several reasons. First, it is difficult to predict 
how many and where shale oil and gas wells may be constructed” [9]. With this 

report, our objective is to correct this critical deficiency in the research.  

The Delaware River Basin (DRB)—which spans Pennsylvania, Delaware, New Jersey, 
and New York—contains one part of the Marcellus Shale play that has not been 
developed (see Figure 1 on the following page); therefore, it is a good candidate for a 
prospective analysis of potential impacts. Due to state and regional regulation, gas 
development is currently limited in the DRB. The State of New York recently 
announced a ban on hydraulic fracturing after investigating its impacts during a five-
year moratorium on the practice. Similarly, in the Pennsylvania portion of the basin, 
no hydraulic fracturing has occurred because the Delaware River Basin Commission 
(DRBC) has had a moratorium in place on the practice for some years. In this 
analysis, we investigate a hypothetical case where no moratorium prevents 

development. 

Furthermore, this analysis focuses on the Interior Marcellus, which is most suitable 
for gas development with hydraulic fracturing. The Western Margin Marcellus is 
generally less than 50 feet thick, and the Foldbelt Marcellus shows the extent of the 
shale formation, but is generally not thought to be deep enough or thick enough for 

development. 

In this report, we summarize the methodology to identify the probable placement 
and extent of future wells in the DRB region of the Interior Marcellus Shale through 
the statistical evaluation of existing well locations in the play. We then demonstrate 
the utility of the well-development projections to evaluate a variety of potential 
environmental impacts to some subwatersheds of the DRB. These impacts include 
land cover disturbance, including forest fragmentation; issues related to water and 
wastewater management; water quality issues resulting from changes to land cover; 
air quality issues; and affected population. Each chapter of the report examines one 
of these impacts in the context of existing basin conditions, as well as relevant 

activities where appropriate, for framing of results.  
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Figure 1.  The extent of the Marcellus Shale play and the Delaware River Basin. This 
study focuses on the Interior Marcellus. 

 
Source: U.S. Geological Survey (Marcellus, DRB), U.S. National Park Service (Terrain 
Basemap) 

Understanding this report 

This report presents an estimate of full natural gas development (based on 
technically recoverable resources) in the Marcellus Shale play, and focuses on some 
of the locations where concentrated development can reasonably be expected in the 
Delaware River Basin portion of the play. As such, the development projections and 
associated impact calculations likely would be a conservative (high-end) estimate of 
potential development or impacts. Actual development will ultimately depend on 
laws and regulations, ability to sign leases, ability to recover gas, and economics 
(price of gas, cost of production, well productivity, etc.). Like the projections for well 
pad development, we calculated potential impacts using several scenarios to give 
reasonable upper bounds of potential impacts. While regulatory, economic, and other 
factors may limit the actual level of development, policymakers should be prepared 
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to handle the impacts from a scenario in which the shale resources could be fully 

developed.   

We project locations to calculate impacts, but they should not be interpreted as 
explicit predictions of where wells will actually go. Although high-resolution spatial 

data allows fairly precise well pad siting, this analysis is most useful for identifying 
which portions of the Marcellus Shale may be most suitable for development (relative 
to all the others). Actual locations of wells depend on many site-specific factors, not 
the least of which is a legal lease contract to perform drilling on a property. 
Furthermore, the projected well pad locations should not be used to estimate 

impacts at small scales, such as for individual parcels or neighborhoods.    

Instead, the level of impacts estimated in this report should be viewed as a first 
iteration of investigating a range of potential impacts. While the impacts selected 
cover a broad range of topics, there are other potential impacts that are not covered 
here (e.g. truck traffic, long-range transmission pipelines, or induced seismicity). The 
selected impacts in this report are suited to analysis using the well pad projections; 
are documented in peer-reviewed literature; and are likely to occur, given current 
trends in the development of the gas sector. We present each potential impact in its 
own chapter with its own analysis, though all depend on the projections of wells and 
well pads. Furthermore, this report only examined the potential for development of 
wells and well pads in the portion of the Marcellus Shale play that underlies the DRB; 
there are other shale formations (e.g., the Utica Shale and Newark Basin) that lie 

beneath that DRB that were not considered in our projections. 

We selected study areas, scenarios, and analysis methods to investigate the range of 
outcomes associated with each impact category. Table 1 outlines the assessment 
unit, development scenarios, and additional analysis scenarios for each section. The 
assessment unit is the geographic area under consideration. For land- and water-
related impacts, we used the drainage areas of defined subwatersheds in the basin 
with extensive projected gas development. For impacts to air quality and human 

health, we used counties as study areas.   

We generated projections for well development for two well pad–density scenarios: a 
concentrated scenario (eight wells per pad = fewer well pads) and a dispersed 

scenario (four wells per pad = more well pads). The land cover changes, water quality 
issues from land cover changes, and health risk are all related to the development of 
well pads (and associated infrastructure). By contrast, the water/wastewater and air 
quality impacts depend primarily on the number of wells. Since the number of wells 
is approximately equal for the scenarios, the well pad density is not important when 
analyzing these impacts and only one scenario was selected. The water and 
wastewater management chapter used the “concentrated” scenario because slightly 
more wells were developed in the assessment units being considered than for the 

“dispersed” scenario. 
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Furthermore, each chapter’s topic required additional analysis dimensions particular 
to the impact to capture the potential consequences. For example, water/wastewater 
and air quality results depend on the rate of well development per year, so we 
investigated scenarios for average yearly development and for maximum 
development within a year. The water quality impacts associated with land cover 
disturbance vary over time, such as during initial infrastructure construction or after 
infrastructure is built and the gas wells are in production. Finally, we investigated the 
affected population affected at six different distances from the nearest well pad, 
which academic literature uses in evaluating certain health risk factors as a function 

of distance from the well pad. 

Table 1. Chapter breakdowns of analysis in this report. Land cover and water 
impacts were considered at the drainage basin level; air and health 
impacts were considered at the county level. 

Report Chapter Topic Assessment Unit 
Development 

Scenarios 
Additional 

Analysis Dimensions 

Land Cover Changes Drainage basin Both • Direct Conversion 
• Forest Fragmentation 

Water and 
Wastewater 
Management 

Drainage basin Concentrated 
• Average Dev. 
• Maximum-Year Dev. 
• Wastewater reuse 

Water Quality Drainage basin Both • Initial Infrastructure 
• Post-Development 

Air Quality County Dispersed • Average Dev. 
• Maximum-Year Dev. 

Health Risks and 
Affected Population County Both • Six distances          

from well pad 
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Potential Natural Gas Development 
in the Marcellus Shale 

 

This chapter presents the current landscape of the Marcellus Shale play in order to 
predict how the landscape may change in the future in response to the expansion of 
natural gas extraction. In particular, we focus on the potential development in the 
Interior Marcellus Shale Assessment Unit (see Figure 1 on page 3), since 95 percent of 
the shale’s reserves are estimated to fall within this boundary [10], and 98 percent of 
the new wells developed in the region since 2011 have been within this boundary. We 
then focus our analysis to determine where this development would most likely 

extend into the Delaware River Basin if the moratoriums on drilling were lifted. 

To predict the most likely locations for the placement of future wells, we used an 
approach combining geospatial analysis and maximum entropy (Maxent) modeling. 
This approach is commonly used in ecological sciences to predict the most probable 

Key Findings 
• Based on Energy Information Administration resource estimates for 

technically recoverable reserves, the Interior Marcellus could see an 
additional 63,000 wells developed in the future. Our analysis did not 
include other portions of the Marcellus, or other shale plays in the 
region.  

• Most of the future development in the Interior Marcellus would be 
expected in Pennsylvania (74 percent), followed by West Virginia (19 
percent), New York (4 percent), Ohio (2 percent), and Maryland (1 
percent), assuming no moratoriums throughout the Marcellus region. 

• Eleven counties in Pennsylvania could each see development of 
over 2,000 additional new wells, including Wayne County in the DRB. 

• Were the moratoriums in the DRB lifted, there could be 
approximately 4,000 wells at full development of the Interior 
Marcellus. This number of wells would require 500 – 1,000 well pads 
depending on the number of wells per well pad. 
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distribution of species based on the environmental conditions of their known habitat 
[11-13]. This approach has also been used previously to predict the location of future 
well pad sites in Pennsylvania’s Marcellus Shale play [14] to assess the impacts of 
habitat disturbance. We expand the use of this model here to the entire Interior 
Marcellus Shale region to project where natural gas development may occur at full 
development of the shale play. 

Model Variables 

For this research, we used geographic information system (GIS) tools (Environmental 
Systems Research Institute [ESRI] ArcGIS 10.2) to process a variety of environmental 
variable layers that are known to be relevant in the siting of natural gas well pads 
[15]. These layers are based on the best available data and include characteristics of 
the shale, itself, and characteristics of the states’ landscapes, such as the terrain and 

infrastructure: 

• Shale characteristics provide insight into the amount of natural gas that may 
be present. The layers depicting the depth and thickness of the Marcellus 
Shale we used for this analysis were developed by the Penn State Marcellus 
Center for Outreach and Research [16]. Shale thermal maturity was based on 

the work of Wrightstone [15] and was obtained from Rystad Energy [17]. 

• Land cover and slope variables, which outline the terrain of the region, can 
help to gauge the relative effort required when developing a well pad. We 
used the National Land Cover Dataset (NLCD) [18] as the land cover variable 
layer. We created the slope layer from the USGS 30-meter national elevation 

dataset [19] using the “Slope” tool in ArcGIS.  

• Distance variables represent the importance of a well pad’s proximity to 
critical infrastructure that supports the extraction process. We used 
geospatial pipeline data from IHS Energy [20] and geospatial road data 
(primary and secondary roads only) from the U.S. Census Bureau [21] to 
represent infrastructure. We then used the Distance tools in ArcGIS to create 

the distance variable layers.  

All layers were sampled to 30 meters and formatted for the Maxent application by 
using the “Extract by Mask” tool in ArcGIS to align all layers to the Interior Marcellus 

boundary. 

We used the coordinates for wells drilled in the Marcellus Shale between 2005 and 
2013 (from Rystad Energy [17]) as inputs for the model, amounting to about 8,000 
well locations. We then used the well locations to estimate the number of unique well 
pad locations as inputs for the Maxent model, since multiple wells can be drilled on a 
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single well pad. We accomplished this by placing a 50-meter buffer around each well 
and taking the center point of any overlapping buffers as the pad location, resulting 

in approximately 3,600 unique pad locations. 

Well-Location Modeling 

We input the well pad locations and environmental layers into the Maxent modeling 
application (Version 3.3.3k [22]) to evaluate the layer values at each of the locations. 
Maxent uses the characteristics of the environmental layers at existing well locations 
to develop a scoring model, which translates these layer characteristics into a 
probability model for future locations. From the 3,600 locations that we input into 
the program, about 2,900 were randomly chosen to build the model; the remaining 
locations were used to validate the model. The program produced a probability 
surface that depicted the most probable locations for well pads. We analyzed the 
probability surface using ArcGIS to evaluate the extent of potential natural gas 

development in the region. 

To begin the study, we examined the full extent of the Interior Marcellus. There are 
other shale plays in the region, but we did not consider them in this analysis.  Figure 
2 shows the probability surface generated by the Maxent program. This analysis is 
based on physical parameters only and assumes no regulatory or economic 
constraints. The surface has 30-meter resolution and uses a color scheme to depict 
the suitability of the region for development based on the environmental variables, 
with “cooler” colors denoting areas with a lower probability of development, and 
“warmer” colors denoting those with a higher probability of development. Evaluation 
of the surface shows two distinct areas with a concentrated high probability of 
development: one in the northeast region of Pennsylvania (around Tioga, Bradford, 
and Susquehanna Counties), and the other in the southwest region of the state 
(around the Pittsburgh area). These two areas are consistent with a majority of the 

shale gas development seen in the region.  

The probability surface also shows potential in Wayne County in northeast 
Pennsylvania, as well as some parts of Broome, Delaware, and Sullivan Counties in 
New York along the NY–PA border. No development has occurred in these areas, as 
they are under moratoriums put in place by the DRBC and New York State. Following 
examination of the full probability surface, we focused on these areas of the Interior 

Marcellus Shale that fall within the Delaware River Basin (Figure 2, inset). 
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Figure 2.  Map depicting the Maxent probability surface for the Interior Marcellus 
Shale. The northeastern and the southwestern parts of Pennsylvania have 
the highest probability of future development. Some drilling could occur 
within the Delaware River Basin if the moratoriums were lifted. 

 
Source: U.S. National Park Service (Terrain Basemap) 

Development Scenarios 

To determine the number of wells that would be needed to fully develop the 
Marcellus Shale, we used the U.S. Energy Information Administration’s (EIA’s) 
estimate [10] of technically recoverable resources: 113.9 trillion cubic feet for the 
Interior Marcellus, divided by the EIA average total production per well (Estimated 
Ultimate Recovery [EUR] of 1.6 billion cubic feet [Bcf] per well). We subtracted the 
number of existing Marcellus wells from this total to get the number of new wells 
expected, which is over 63,000. We then developed two scenarios to model how well 
pads may be developed throughout the region to accommodate these new wells. The 
scenario names, referring to well pad distribution across the landscape, are as 

follows: 
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• Dispersed: Development of four wells per pad (more well pads built) 

• Concentrated: Development of eight wells per pad (fewer well pads built) 

Table 2 shows the number of well pads associated with each scenario. For this 
research, we assumed that new well pads would be built to accommodate each new 
set of wells. These scenarios and estimates are in line with trends in the industry. 
Currently, Marcellus Shale well pads average a bit less than three wells, though the 
trend in this region is toward more wells per pad, and there have been pads here 
with up to 19 wells drilled. These scenarios likely bracket the expected range of 

average wells per pad in the future.   

Table 2. Scenarios used to project well pad development in the Marcellus Shale.       
Each scenario has the same number of wells, but the “concentrated” 
scenario has half as many well pads and twice the spacing between the 
pads. 

Scenario Total Wells Wells Per Pad Well Pads Spacinga 

Dispersed 63,412 4 15,853 367 acres 
Concentrated 63,412 8   7,926 735 acres 
a Spacing was based on an estimated drainage area for each well pad and calculated 
by extending half of the well laterals in one direction, and the other half 180 degrees in the 
opposite direction. We assumed a 4,000-foot lateral length and 500 feet of spacing 
between laterals. 
 

After developing the probability surface and scenarios, we devised a methodology to 
analyze the probability surface and choose the most likely locations for natural gas 
well pads. First, we used GIS tools to exclude areas in the probability map that would 
most likely be prohibited from development (e.g., existing well pad locations, 
wetlands, flood plains, and additional areas based on setbacks from streams, 

reservoirs, and buildings).   

Next, we used a combination of spatial averaging and exclusion techniques in ArcGIS 
to ensure that well pads were sited over “hotspots” on the Maxent surface, and that 
well pads had adequate spacing (see Table 2) to prevent overlapping laterals. When 
completed, this analysis produced a distribution of unique cells on the Maxent best 
suited to well pads across the Marcellus Shale. For example, for the “dispersed” 
scenario, we selected the top 15,853 well pad locations as measured by Maxent 
values. These locations were converted to a set of points representing well pad 
locations across the Marcellus Shale that could be used for further analysis. By 
focusing on the locations within the DRB, we can begin to understand the scope of 

shale gas development if the moratoriums were lifted. 

Based on the “dispersed” scenario, Figure 3 shows a breakdown of the number of 
well pads projected from future development in each county throughout the 
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Marcellus Shale. The inset for this figure also shows the aggregate percent total of 
well pads expected in each state overlaying the Marcellus. As expected, we see a 
majority of potential future development (74 percent) occurring in Pennsylvania, 
based on both the favorable conditions for development and the fact that a majority 
of the Marcellus Shale is found under the state. Furthermore, all 11 of the highest 
developed counties (>500 well pads) are located within Pennsylvania. The highest 

number of wells we found in a county is about 2,900 in Washington County. 

Figure 3.  Map depicting the number of new well pads that could be developed in 
each county based on the “dispersed” scenario (15,853) if fracking were 
allowed across the whole Marcellus. Inset shows the breakdown of new 
well pads by state. Eleven counties in Pennsylvania are likely to 
experience the most shale gas development, including Wayne County, 
PA, in the DRB. 

 
Source: U.S. National Park Service (Terrain Basemap) 
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Results and Study Area Selection 

Figure 4 shows an expanded view of the potential landscape of natural gas 
development in the DRB, based on our development projection using the “dispersed” 
scenario. The well pads are color-coded according to their potential for development, 
again using the warm-to-cool scale to indicate most to least likely. Based on this 
modeling, the DRB potentially could see 500 (“concentrated” scenario) to 1,000 
(“dispersed” scenario) well pads (or about 4,000 wells) developed were the 
moratoriums to be lifted. In either scenario, we expect that a majority of the 

development within the DRB would occur in Wayne County, PA. 

We chose three study areas within the DRB to localize our assessment of potential 
water-related impacts to the environment. Each study area is based on the USGS 
hydrologic unit code (HUC)–10 watershed boundaries and is approximately 160–210 
square miles in size. (For reference, the city limits of Philadelphia cover an area of 
143 square miles.) The study areas are highlighted in Figure 4 and cover areas in 
both New York and Pennsylvania that would most likely be impacted by 
development. We will reference these study areas throughout the following chapters 
when evaluating each of the different impacts. Study Area 1 includes portions of 
Broome (NY), Delaware (NY), and Wayne Counties (PA), and is just downstream of the 
Cannonsville Dam. Study Area 2 includes two adjacent HUC-10s in Wayne County. 

Study Area 3 is primarily in Sullivan County, NY.1   

                                                   
1 The USGS 10-digit Hydrologic Unit Codes for these areas are as follows:  

Study Area 1 – 0204010103;            Study Area 2 – 0204010301 and 0204010302;                          
Study Area 3 – 0204010105. 
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Figure 4.  Potential locations for new well pads in the DRB, based on the “dispersed” 
scenario. We chose from three study areas (blue outline) or four counties 
(green fill) as assessment units for further analysis. 

 
 

For each of the following chapters, we chose assessment units (i.e., drainage areas or 
counties) best suited to quantify and describe the extent of impacts that may be 
expected (see Table 1). For land- and water-related impacts, we used the drainage 
areas of defined subwatersheds in the DRB. For impacts to air quality and human 
health, we used county boundaries. Table 3 shows the extent of natural gas 
development in the DRB that our methodology projects, broken down by these 

different assessment units for reference throughout the report.   
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Table 3. Projected natural gas development in the DRB, broken down by 
development scenario and assessment units. Of the four impacted 
counties in the DRB, Wayne County, PA is projected to experience the 
most development.  

  Dispersed Scenario Concentrated Scenario 
Assessment Unit Area  

(sq mi) 
Well Pads Wells Well Pads Wells 

Study Area 1 212 162 648 90 720 
Study Area 2 162 191 764 93 744 
Study Area 3 178 170 680 79 632 
Wayne Co., PAa 751 590 2,360 303 2,424 
Broome Co., NYa 715 58 232 34 272 
Delaware Co., NY 1,468 204 816 93 744 
Sullivan Co., NY 997 123 492 67 536 
DRB Total 3,150b 975 3,900 497 3,976 
a These numbers reflect only the portion of expected development that would fall within 
the DRB; Wayne Co., PA, and Broome Co., NY, could see development outside of the DRB. 
b This area represents the portion of the DRB that lies above the Interior Marcellus.  Roughly 
one-third of this area has projected well pad development.  

Discussion 

Our results depict a model of potential development in the Interior Marcellus Shale—
and particularly in the DRB—assuming full exploitation of the Shale’s technically 
recoverable resources (as estimated by the EIA). Our goal with this model was to 
provide a projection and spatial context to this development in order to evaluate 
what environmental impacts it could have on the basin (assuming drilling was 
allowed to proceed). Given the importance of shale characteristics to the model, the 
use of additional variables (e.g., total organic carbon, or the inclusion of potentially 

more-accurate proprietary data) could lead to a different projection. 

We estimate that about 4,000 wells could be drilled in the Marcellus Shale within the 
DRB. This projection falls within a wide range of other published and unpublished 
estimates of well development in this region. For example, the National Park Service 
used the overlap of the Marcellus Shale and DRB boundaries with some spacing and 
exclusion assumptions to arrive at an estimate of 16,000 to 32,000 wells that could 
be drilled in the DRB [23]. Kaufman and Homsey estimated the amount of gas that 
could be produced in the DRB by using estimates of reserves and excluding lands 
based on proposed regulations to assess the economic value of shale gas 
development in the region [24]. Their results indicate an estimate of approximately 
2,500 wells drilled in the DRB (based on their production estimates for the DRB and 
applying our assumption that wells have an EUR of 1.6 Bcf), a number in fair 
agreement with our projections. The Nature Conservancy used a similar methodology 
to ours to project the location of potential wells in Pennsylvania, which we estimate 
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from their report includes approximately 350 wells drilled in Wayne County, PA [14]. 
While this estimate is noticeably lower than ours (we project approximately 2,600 
wells in Wayne County), the authors did add a caveat that their results may have 
underestimated Wayne County, based on comments from reviewers. Berman and 
Pittinger recently estimated potential development in New York based on well 
production data in Pennsylvania [25]. Their results indicate that although Broome 
County could see the most development in New York, this development would be 
focused mostly on the western to central portion of the county, with little apparent 
development in the DRB portion. The study also estimates no development in 
Delaware and Sullivan Counties (NY), in contrast with our results. The authors do 
state that the lack of well-production data in New York (due to the moratorium) does 
add uncertainty to this area. These studies demonstrate the variation in potential for 
well development in the region, and the results of our study fall within the range of 

well development that the previous studies have found . 

 

 



 

 

 

 

 
17 
  

 

Impacts on Land Cover  

 

When assessing the environmental impacts of natural gas development, one of the 
most unavoidable aspects of such development is the impact to land cover. A typical 
well pad may cover 3–5 acres of land to support the fracking process, which includes 
the well site, itself, and room for supporting equipment, such as drilling equipment, 
water impoundments, quarries, temporary construction areas, and truck parking [2, 
14, 26]. The well pad site is typically cleared of any previous land cover to produce a 
barren surface to support the extraction activities. In addition to the well pad, 
development of land to support natural gas extraction requires access roads to the 
site and gathering or feeder pipelines to transport the extracted gas from the site to 
the existing transmission infrastructure [27-30]. Figure 5 shows an example of this 
development in Susquehanna County, PA. Development of this supporting 
infrastructure requires clearing land not only for the infrastructure, itself, but also 

Key Findings 
• We analyzed land cover changes in three study watersheds with 

extensive projected gas development. Land converted for each 
well pad, including the pad itself, access roads and the rights-of-
way for gathering pipelines, would directly impact 17-23 acres per 
well pad. Gathering pipelines account for 75 percent of this area.  

• Gas infrastructure could directly convert 2–3 percent of the land in 
areas affected by fracking, with most of the impacted area made 
up of agricultural land and forests. 

• Shale gas development could lead to a 1–2 percent loss of total 
forest land in impacted DRB watersheds that we studied, and 
between 5 and 10-percent loss of core forest. 

• The total area of land disturbed in the DRB at the completion of 
gas development in the Interior Marcellus could be 18 – 26 square 
miles. This is about the same area as 570 to 840 Wal-Mart 
Supercenters including their parking lots. 
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for the accompanying right-of-way to accommodate construction equipment and 
future maintenance. The resulting land disturbance from this development can 
present both short- and long-term risks to the use of the land, depending on the 
remediation and reclamation procedures used [26, 31]. Furthermore, the design and 
practices used by pipelines and roads to cross streams and wetlands can adversely 
impact the health of these ecosystems by altering channel geomorphology and 

restricting the movement of fish and wildlife [32-33]. 

Figure 5.  Imagery depicting several existing well pads and associated infrastructure 
rights-of-way in Susquehanna County, PA. This provides an example of the 
potential footprint associated with natural gas development. 

 
Source: ESRI World Imagery Layer from ArcGIS Online (ESRI, DigitalGlobe, GeoEye, i-cubed, 
Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, 
IGP, swisstopo, and the GIS User Community) 
 

One particular issue associated with the development activities from natural gas 
extraction in the Marcellus Shale is the impact on forests [14, 27-28, 31]. The portion 
of the DRB that lies above the Marcellus Shale includes over two million acres of 
forest, and forested land is the dominant land cover in each of our three study areas 
(approximately 65,000–110,000 acres each, which is more than 50 percent of each 
study area). This dense forest cover provides the region with a variety of ecosystem 
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services, such as carbon sequestration, clean air, aquifer recharge, and 
recreation/eco-tourism. These services are in addition to the key role that forests 
play in maintaining the water quality of the Delaware River, which supplies drinking 

water to over 17 million people [24]. 

Furthermore, forest cover in the region is home to a variety of different plant and 
animal species that rely on the forest for their habitat. Forest habitats are divided 
into two primary classes: edge and core forest. Edge forest is generally described as 
the area that is adjacent to the non-forest area, extending inward approximately 300 
feet (or 100 meters) [27-28]. The edge transition from non-forest to forest area 
creates a habitat that tends to favor generalist species over rare or vulnerable 
species, and an increase of edge forest can promote the spread of invasive species 

[31]. 

To assess the potential land cover impacts on the DRB from natural gas 
development, we combined our above projections of natural gas development in the 
watershed with a suite of GIS tools and methodology. We first used least-cost path-
optimization to model the extent of potential infrastructure (gathering pipelines and 
access roads) that could be developed to support these well pads in the DRB. We did 
not account for additional potential construction that could occur to support natural 
gas development (e.g., new transmission pipelines or compressor stations), which 
was beyond the scope of this study. We then performed a buffer analysis using the 
projected well pad locations and supporting infrastructure to survey the impacts to 
current land cover (and further the potential for forest fragmentation) that could be 
expected from development in these areas. Finally, we compared the projected land 
cover impacts to other recognizable development activities to provide context to the 

scale of these impacts. 

Methodology 

To model the infrastructure required to support our projections of natural gas 
development, we used the least cost path optimization approach, which is a common 
approach for siting and analyzing roads and pipelines. To perform this modeling, we 
first developed a cost surface for each study area by combining a variety of 
geospatial layers relevant to routing, and assigning a cost to the values associated 
with each layer. “Cost” in this sense refers to a penalty for following a less-efficient 
route, and we assigned costs to the layers based primarily on the ESRI Pipeline 
Optimization Route Interface [34], with additional input from industry methods and 
reports [35-37]. These layers covered a variety of factors that can impact 
infrastructure route design, such as topography, affected population, and 
environmentally sensitive areas. For example, we assigned a higher cost for 
development on terrain with steep slopes, compared to relatively flat areas. We used 
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this cost surface with the “Least Cost Path” tool in ArcGIS to determine the most 

efficient route from the projected well pads to the existing infrastructure. 

The construction of well pads, gathering pipelines, and access roads to support 
natural gas extraction requires the clearing of land to accommodate this 
infrastructure. To assess both the area and type of land that may be disturbed from 
these activities, we used GIS tools to map the spatial extent of the well pads and 
associated infrastructure. We estimated that each well pad occupies 3.5 acres, each 
pipeline requires a 30-meter right-of-way, and each road requires a 15-meter right-of-
way, based on studies that examined aerial imagery depicting areas with shale gas 
development [14, 29-30]. We used these values to buffer the appropriate features to 
create the spatial footprint of development in each study area. We then used this 
footprint to extract the impacted land values from the NLCD. Furthermore, to 
determine the number of stream and wetland crossings that could occur from 
pipeline and road development, we used the “Intersect” tool in ArcGIS to count the 
number of intersections between the new infrastructure and the stream and wetland 

networks in each of the study areas. 

Given the prevalence of forest cover in the DRB and the potential for impact, we 
extended our land cover analysis to focus on the extent of forest fragmentation 
caused by this disturbance. To assess this impact, we calculated the baseline total 
area of forest in each study area through GIS analysis of the NLCD. We updated this 
dataset with rights-of-way from the existing road, pipeline, and rail networks to more 
accurately depict the baseline condition. To calculate core forest, we used GIS tools 
to generate a 100-meter buffer into the baseline forest from the edges. We refer to 
this 100-meter buffer as “edge forest.” After we generated the baseline condition, we 
assessed the potential impact from natural gas development by applying the same 
spatial footprint as above. We then generated a 100-meter buffer into the forest from 
all new forest edges (i.e., from well pads and along the road and pipeline rights-of-

way) to represent the changes in core and edge forest. 

Results 

Infrastructure Modeling 

Using least-cost path-optimization, we modeled the gathering pipelines and access 
roads that could be expected to support the new well pads in the three study areas. 
Figure 6 shows an example of these results from Study Area 2 (“dispersed” scenario), 
and Table 4 lists the results of all modeling. Note that these projections are intended 
to illustrate the potential scale of infrastructure with a reasonable estimation of 
spatial extent and are not meant to predict exact locations. 
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Figure 6.  Projected gathering pipeline and access road development in 
Study Area 2 to support 191 well pads under the “dispersed” 
scenario. The installation of new gathering pipelines would be the 
primary driver of land disturbance from natural gas development. 

 

 
    Source: National Park Service (background) 
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Table 4. Projected infrastructure (gathering pipelines and access roads) needed to 
support natural gas development in the three study areas. Units = miles. 

   Pipelines Roads 

Scenario Study 
Area 

Well  
Pads 

Total 
Length 

Avg. 
Length 
Per Pad 

Total 
Length 

Avg. 
Length 
Per Pad 

Dispersed 
1 162 184 1.13 30.8 0.19 
2 191 235 1.23 35.6 0.19 
3 170 250 1.47 25.0 0.15 

Concentrated 
1 90 130 1.44 21.3 0.24 
2 93 163 1.75 20.5 0.22 
3 79 162 2.05 12.1 0.15 

 

Our infrastructure modeling results compare favorably to recent retrospective 
studies on Marcellus Shale infrastructure development in Bradford County, PA [29-
30]. For pipelines, the average length to support a well pad dropped by 26 percent 
from the “concentrated” to “dispersed” scenarios, which may be attributed to the 
location of the existing pipelines within the study areas and the relative spread of 
well pad locations. The well pad locations under the “concentrated” scenario are 
already spread out across the study areas, so many of the longest pipelines were 
modeled in this scenario, and the addition of more well pads under the “dispersed” 
scenario served to fill in the area. The average length of road developed per well pad 
was fairly consistent, at about 0.2 miles per pad among the study areas and 
scenarios, likely owing to the network of road infrastructure already in place 

throughout the study areas. 

Land Cover Disturbance 

Using our projections of potential well pads and supporting infrastructure within the 
DRB, we assessed the extent and form of land disturbance that would be observed 
from natural gas development. Figure 7 shows the breakdown of impacted land for 
each study area from natural gas development under the two build-out scenarios.  

We project that each study area could see between 2,500 and 3,300 acres of impacted 
area in the “dispersed” scenario, and between 1,700 and 2,400 acres of impacted area 
in the “concentrated” scenario at well build-out. On average, these impacts represent 
2 to 3 percent of the land area of the study areas. Although a large majority of the 
baseline land cover (more than 59 percent) in each study area is classified as forest 
cover, only Study Area 1 shows forest cover as the most impacted land area (and, 
even then, only slightly more impacted than agricultural land). This finding most 
likely is due to the higher cost associated with developing forest land versus 
agricultural land based on the method that we used to model infrastructure. 
However, a significant amount (28–47 percent) of the impacted land in each study 

area is forested. 
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Figure 7.  Breakdown of total potential land cover disturbance from natural gas 
development in each DRB study area, broken out by scenario 
(“dispersed” or “concentrated”). A majority of the impacted area in each 
study area is agricultural or forested. 

 
 
 

Our modeling revealed that a majority of the land disturbance associated with 
natural gas development would be attributed to gathering pipeline development (74 
percent of the impacted land was due to new pipelines, versus 21 percent from well 
pads and 5 percent from new roads). This makes sense, considering that each new 
well pad would average 1.28 (“dispersed” scenario) to 1.75 (“concentrated” scenario) 
miles of gathering pipeline development, which would directly impact about 15 to 21 
acres of land, respectively, versus 3.5 acres for the well pad, itself. This result also 
explains why, even though the “concentrated” scenario contains only about half as 
many well pads as the “dispersed” scenario, the concentrated scenario shows closer 

to two-thirds as much land cover impact as the dispersed scenario. 

We also determined the number of stream and wetland crossings that could be 
encountered from development of supporting infrastructure. From our GIS analysis, 
we found an average of 115 stream crossings and 130 wetland crossings from new 
pipelines in each study area, and an average of 12 stream and 10 wetland crossings 
from new roads in each study area. We generated these results using the “dispersed” 
scenario; the “concentrated” scenario resulted in about 30–40 percent fewer 
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crossings, due to the reduction in total infrastructure needed to support fewer well 

pads. 

Forest Fragmentation 

The results of our land cover analysis showed that development of natural gas well 
pads and supporting infrastructure would directly impact the extensive forest cover 
present in the DRB. Deforestation activities can also present a variety of indirect 
impacts to a forest’s ecosystem that extend beyond the actual trees that are cleared. 
To evaluate the extent of these additional impacts, we performed a second buffer 
analysis to represent the baseline and impacted core forest in each DRB study area. 

Figure 8 shows the results of this analysis. 

Figure 8.  Percent-change in forest cover and type (core vs. edge) from 
infrastructure development in the DRB study areas, broken out by scenario 
(“dispersed” and “concentrated”). Results show direct conversion of 
about 1-2 percent of total forest, and indirect effects (a shift from core to 
edge forest) of 4–10 percent. 

 
 
From Figure 8, we see that site and infrastructure development can have significant 
impacts on the core forest of the DRB. In the “dispersed” scenario, we found that the 
total forest area cleared for this development amounts to a loss of about 1 to 2 
percent for each study area. This same development could amount to upwards of 
almost 10-percent loss in core forest area. Note that this loss in core forest area 
comprises both forest that is cleared for infrastructure and the resulting conversion 
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from core to edge forest along these rights-of-way (the latter results appearing as the 

net gain of edge forest in Figure 8). 

Discussion 

Our results showed that the construction of well pads and associated infrastructure 
to support shale gas development would have an impact on the land cover of the 
DRB, affecting primarily agricultural and forest lands. Our modeling of the natural 
gas infrastructure was based on a standard GIS approach to provide a representative 
picture of this development. Thus, just as was stated for our projected well pad 
locations, the projected infrastructure is used for calculating impacts, but should not 
be interpreted as explicit predictions of where this infrastructure will actually go. The 

actual locations could depend on additional site-specific factors, such as lease holds 

and applicable laws and regulations. 

Our assessment of land disturbance only accounts for the well pad and rights-of-way 
for gathering pipelines and access roads to support those well pads. We did not 
account for additional construction that could occur to support natural gas 
development, such as new transmission pipelines that may be needed to help move 
gas to market, or new compressor stations to support gas transmission through the 
pipeline network. This construction could be expected to add to the footprint of 

development and cause additional land cover impacts to the area. 

To provide context to the scale of the projected land cover disturbance from natural 
gas development, we compared the impacted land area to other large construction 
projects that have been completed in the region. The projected amount of land 
cleared for development in Study Area 2 could be comparable to building 58 King of 
Prussia Malls, which is one of the largest malls in the United States. The projected 
amount of land cleared for development in Study Area 3 could be comparable in area 

to building 155 Wal-Mart Supercenters with parking lots (about 20 acres each). 

 If we assume that land cover impact stays constant on a per well pad basis, we can 
roughly project the total land cover change for the entire DRB. Based on the average 
of the results for the three study areas, the total land cover impact is 17-23 acres, 
depending on the development scenario. Based on these per-well pad numbers, and 
the number of well pads projected in the DRB, we estimate the total area of DRB land 
cover change as between 18 and 26 square miles. This makes up 0.5 to 0.8 percent of 
the total Interior Marcellus area within the DRB (3150 square miles), but within the 
portion with well pad development projected (950 -1000 square miles), the total land 
cover conversion percentage should be roughly in line with the study area results at 
about 2 percent. Or, to use a prior example, the total land cover change would be 

equal in area to between 570 and 840 Wal-Mart Supercenters including parking lots.  
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Land-cover change from shale gas development is unavoidable, and disturbance can 
be significant at build-out. The loss of forest cover, in particular, can have significant 
impacts on the watershed, such as degraded water quality (for more details, see the 
“Impacts on Water Quality due to Changes in Land Cover” chapter of this report) and 
a loss of biodiversity from disappearing flora and fauna that cannot tolerate “edge 
effects.” Furthermore, remediation procedures to restore vegetation on the impacted 
land often do not replace mature forest cover, in part because of the need to 
maintain access to gathering lines and use roads, and because mature forests take a 

long time to grow.  
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Impacts on Water and Wastewater 
Management 

 

One of the principal ways that unconventional gas drilling differs from conventional 
gas drilling is in its use of water for the extraction process and the amount of 
wastewater produced. There are two primary water uses in the process (drilling 
fluids and “frac” fluid), and three primary types of wastewater generated (waste 
drilling fluid, “flowback,” and brine wastewaters) that must be treated and either 

Key Findings 
• Unconventional natural gas development requires about 4.5 million 

gallons per well, mostly to mix the “frac” fluid injected into the 
shale during hydraulic fracturing. Most of this water does not return 
from the shale after injection during the fracturing process and is a 
consumptive use. 

• The impacts of water withdrawal on streamflow vary widely, 
depending on location, development rate, and flow conditions. 
During maximum periods of well development, the percentage 
reduction in streamflow ranges from over 70 percent during low-
flow conditions to less than 3 percent during median or average 
flow conditions if withdrawals are taken from small streams.  

• Natural gas wastewaters (flowback and brine) are concentrated, 
carrying high loads of dissolved solids, salts, some metals, 
hydrocarbons, and radioactive materials.  

• If all wastewater were treated to meet Pennsylvania’s effluent 
standards and discharged in the study areas, the amount effluent 
produced during maximum-development periods could raise in-
stream concentrations of some contaminants (notably barium and 
strontium) up to 500 percent above background levels during low-
flow conditions. 
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recycled or disposed. Figure 9 illustrates the flows of water and wastewater (WW) 

during the fracking and gas-extraction process.   

Figure 9.  The fracking water cycle. This cycle includes water acquisition 
(withdrawal), mixing into “frac” fluid, injection into the well, recovery of 
wastewater (flowback and produced water) from the well, wastewater 
reuse (recycling), and then wastewater treatment and disposal.   

 
Source: Environmental Protection Agency [38] 
 

Water plays a key role in hydraulic fracturing as the base of the frac fluids that are 
injected at high volume into the shale to fracture it and release tightly held gas. A 
smaller quantity of water is used for drilling the wells before fracking. The bulk of 
the water use is consumptive, because most the frac fluid remains in the ground (and 

wastewater is often reused or sent outside the basin for treatment).  

The main wastewaters include drilling fluids recovered after drilling and frac fluid 
that returns from the shale after hydraulic fracturing. The drilling wastewater is 
often recycled and reused as new drilling fluids or is disposed (in injection wells, 
among other disposal methods). The flowback is composed primarily of frac fluid 
that returns back up the well bore due to the high pressures in the fractured shale in 
the 10–14 days (up to 30+ days) after fracking and before gas production. Following 
the flowback period, as the well is producing natural gas, a smaller amount of 
wastewater continues flowing along with the gas. This wastewater is composed 
mainly of frac fluid, but also picks up pollutants from the shale, notably salts, which 
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earns it the name “brine” (also called “produced water”). After collecting flowback 
and brine, the wastewater can be reused in making new frac fluid, disposed via deep 

groundwater injection, or treated at special wastewater treatment plants. 

Disposal of this flowback and brine wastewater is a significant concern due to the 
high concentrations of dissolved solids (mostly salts), metals, hydrocarbons, and 
radioactive materials [39]. Some particular contaminants of concern include ions 
such as chloride, sulfate, ammonium, and iodide; metals such as barium and 
strontium; solvents and aromatic hydrocarbons such as benzene and formaldehyde, 
and radioactive elements such as radium. Appendix A contains an expanded list of 
chemicals that have been detected in flowback and brine wastewaters, including 
approximate concentrations at which they are found. Even with treatment, 
concentrations of pollutants (especially dissolved solids, salts, and ammonium) in 
wastewater effluent have often been measured at concentrations exceeding water 
quality standards [40]. In addition to potentially harming aquatic life [41], some of 
these chemicals are difficult to remove in drinking water–treatment plants [42] and 
can lead to enhanced formation of disinfection byproducts [43-44] in drinking water, 
which can increase risk of some health effects (including cancer) [45]. Industrial 
wastewater treatment has improved since UNGD started in Pennsylvania, as have 
regulations that now limit Total Dissolved Solids (TDS) effluent concentrations to 
500 mg/L, equivalent to current DRBC discharge regulations [46], yet these limits are 
many times higher than existing water quality in the basin’s special protection waters 

(50–100 mg/L TDS) [47].   

The rest of this chapter investigates the impacts of the hydraulic fracturing water 
cycle for both water and wastewater. First, we computed the volumes of water and 
wastewater for the study areas, and we examined the withdrawal rates in the context 
of the available streamflow. The second portion of the results focuses on the 
pollutant loadings in the hydraulic fracturing wastewater, which we contextualize 

with the ambient loadings of these pollutants carried by the nearby streams.  

Methodology 

UNGD water and wastewater processes are linked, though their environmental 
impacts are manifested rather differently. In this analysis, we compute a median 
estimate of water use and wastewater production on a per-well basis, and then 
multiply by the number of projected wells for each case study area to determine the 
volumes of water withdrawals needed and wastewater generated in each. We estimate 
water usage; wastewater generation and recovery; and reuse rates from publicly 
available databases and peer-reviewed literature. Since the “concentrated” and 
“dispersed” scenarios result in a similar number of wells developed, we consider only 

the “concentrated” scenario in this chapter (as it has slightly more wells).   
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To estimate the impact of the water acquisition, we compare the withdrawal to 
available freshwater flow in the study areas. The water-related impacts are more 
easily judged using expected flow rates than overall volume. Well development is not 
likely to occur at a constant rate, and impacts are magnified during periods of rapid 
development, so we considered two scenarios to explore the range of impact the well 
development rate may have on water availability: 

• Average Development Year: Assumes that development occurs at a constant 

rate over a 30-year build-out.   

• Maximum Development Year: Assumes that 20 percent of well development 

build-out in each study area occurs in one year.2  

The average- and maximum-year scenarios show the range in flow rates for water 

withdrawal and wastewater generation—and, by extension, the watershed impacts.   

To estimate wastewater impacts, we investigated how discharge of treated 
wastewater effluent according to Pennsylvania regulations would raise 
concentrations of five key pollutants in streams. We only consider the flowback and 
brine wastewaters, as the drilling fluids and cuttings are generally disposed as solid 
waste. We multiplied the wastewater flow rates by concentrations of pollutants 
reported in the literature to calculate pollutant loads. The total loading rate of 
contaminants of concern in the various types of wastewater (flowback and brine) is 
estimated after treatment of wastewater (i.e., in wastewater treatment effluent), and 

for cases with and without reuse of wastewater.  

Using local streamflow statistics, we developed an initial estimate of how much these 
loadings would raise concentrations of five key pollutants in the runoff coming from 
each study area, and compared this change to reference concentrations in the basin. 
Since these estimates lack the context of actual location and method of treatment, 
and cover a limited set of pollutants, we recommend future studies with more 
specific scenarios. Furthermore, this study considers only the most likely pollutant 
pathway (wastewater effluent) for water quality impacts [5], but other pathways such 
as spills from trucks or at the drilling site may have impacts [5, 49-50], though often 
at more localized scales. 

                                                   
2 The maximum-year scenario represents an estimate of maximum development that may occur 
in one study area. Based on observations of Baker Hughes rig count data [48], the maximum rig 
densities appear to be about one rig per 20 square miles, or 6–10 per study area. If we assume 
an average completion time of 20 days for wells, then rigs may be able to drill 18 wells per 
year. This would be sufficient to drill about 20 percent of the wells in a study area. For 
consistency, we applied this 20-percent assumption to all of the study areas.  
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Results 

Water Use and Wastewater Generated 

Water needs and wastewater generation are significant for natural gas operations, 
but must be properly compared to overall water availability and put into context by 
existing water uses in the DRB. Figure 10 shows the average per-well volumes of 
water and wastewater expected for projected well development in the DRB.  

Reuse of drilling fluid, flowback, and brine plays an important role in reducing both 
freshwater demand and the volume of wastewater that must be disposed. After 
accounting for reuse, the remaining freshwater withdrawal and wastewater disposal 
volumes are the most important metrics for planning. 

Figure 10.  Sankey diagram of water volumes for the fracking water and wastewater 
management cycle estimated for this study, on a per well basis. “Frac” 
fluid dominates water use, and most is not recovered. Units = million 
gallons per well. 

Figure by CNA via SankeyMATIC  

a Numbers show expected value. Expected range in parentheses.   
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We estimated water use based on FracFocus database records [51] of frac fluid water 
use per well across the Marcellus Shale. We calculated the per-well average water use 
based on 2012 and 2013 data for six counties in northeast Pennsylvania (Bradford, 
Lycoming, Sullivan, Susquehanna, Tioga, and Wyoming). The range represents the 
highest and lowest county average. Adding the water use for drilling fluid (about 
85,000 gallons [52-53]), we compute the average water demand at 4.5 million gallons 
per well. Mantell estimated that alternative sources (such as recycling and reuse of 
flowback) reduce freshwater needs by 10–30 percent [52], and we assumed a median 
of 20 percent. We assumed that this reused water could come from reuse of flowback 
and brine within the study area or other sources (e.g., wastewater treatment plant 

effluent, groundwater, or purchases from public supply) within the DRB. 

Flowback wastewater is generated at a rate of 10–15 percent of the volume of frac 
fluid injected [53-55], while brine production is about 50–100 million gallons per 
million cubic feet of gas produced [52]. The reuse rates of these wastewaters based 
on current industry practices are estimated to be about 90–95 percent for flowback 
and 56 percent for brine [53]. Though we do not include indirect uses in our analysis, 
Jiang et al. [53] estimated that indirect water consumption for well pad preparation 
might account for an additional 0.5 million gallons of water per well, and total 

indirect uses might account for as much as 2 million gallons per well.  

Table 5 displays average daily rates of water use, withdrawal, wastewater generation, 
and wastewater effluent disposal for each study area, based on the per-well factors in 
Figure 10 and the number of wells developed. Note that the DRB total at the bottom 

includes wells not in the three study areas.  

We account for reuse of wastewater (based on literature values of recent industry 
averages) in two ways. “Withdrawal” reflects remaining freshwater need after 
accounting for reuse and alternate sourcing. “Wastewater Generated” includes all 
flowback and brine recovered, but “Effluent Disposal” includes only the remaining 
portion of wastewater that is sent for treatment at industrial wastewater treatment 
facilities. We assume that the disposal volume is treated at wastewater treatment 
plants in the basin (instead of disposed through deep well injection or transported 
outside the basin), so this “disposal” volume can be called wastewater “effluent.” To 
establish the full potential range of impacts, we also consider the case where all 
wastewater is treated and disposed later in this chapter (i.e. no reuse).  
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Table 5. Projected rates of well development, water use, withdrawal, wastewater 
generation, and effluent for disposal, by study area and scenario. Units = 
1,000 gallons per day, except wells per year. 

Study  
Area Scenario 

Wells 
Per Year 

Water 
Use 

Withdrawal 
(Freshwater) 

Wastewater 
Generated 

Effluent 
Disposal 

1 Average 22 270  210 40 6 

2 Average 25 320 250 50 7 

3 Average 23 280  230 50 6 

1 Max.-Year 130 1,610 2,570 270 36 

2 Max.-Year 153 1,900 3,040 320 43 

3 Max.-Year 136 1,690 2,700 280 38 

DRB Average 133 1,650 1,320 270 37 
 

Since water withdrawals are often not constant over a development period, we 
developed a reasonably high-withdrawal scenario. In the maximum–year scenario (20 
percent of wells developed), we further assumed that water withdrawal occurs over a 
limited time window during the well-development process, equal to half of the well 
completion time (roughly 20 days). This doubles the effective withdrawal rate 
because the same amount of water is collected over 50 percent fewer days. Actual 
peak withdrawal rates could be higher if the water needed for each well fracturing is 

collected in only a few days to minimize water storage time onsite.  

The withdrawals are highest in the maximum-year scenario, and it is these rates of 
withdrawal that may have the highest potential impact on flows in the DRB. The 
wastewater flow generated, as expected, is small relative to water use (but at 50,000–
300,000 gallons per day in the study areas, it is still a large volume that must be 

managed).   

Impacts from Water Withdrawal  

The impact of water withdrawals for fracking depends on the rate of extraction and 
the available water resources in the study area. This withdrawal rate is roughly 2.6–
3.0 million gallons per day (MGD) for each study area. To determine the impact of 
these extractions on water availability in the study areas, we compared the water-
extraction rate to water availability using two types of reference stream gages: “small 
stream” and “mainstem.” We obtained all stream gage records from the USGS Surface 
Water Daily Data database [56-57] (see Appendix B for details on the gages used).  

The schematic in Figure 11 shows the relative locations of the two types of reference 
gages. Conveniently, all projected wells are upstream of the stream gage at Port 
Jervis, NY, which is useful for assessing basin-wide impacts. The small stream gages 
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represent smaller headwater drainage basins whose flow depends almost entirely on 
rainfall within the study area. The mainstem gages measure larger rivers flowing 
through the study area that have a significant portion of flow coming from upstream 
of the study area. Notably, the mainstem of the Delaware River flows through Study 
Areas 1 and 3, and water availability is influenced by upstream flows, including 
releases from the Cannonsville and Pepacton Reservoirs. Study Area 2 is different 
than 1 and 3 because it is entirely a headwater area and has no upstream drainage 

area to boost flow to the mainstem gage. 

Figure 11.  Flow schematic for the Upper DRB, showing locations of study areas and 
reference gages. 

 
Note: The schematic is not to scale. Source: CNA. 
 

For all gages, streamflow statistics were calculated including the Q7-10 (lowest seven-
day average flow expected to occur once every 10 years), the 20th-percentile flow 
(sometimes called the Q80), median flow for the summer months (July–August–
September [JAS]), median flow, and average flow per square mile (using the stream 
gages’ contributing area). See Appendix B for these flow metric values. We divide the 
projected water withdrawal by the study area size to put demand on a per-square-

mile basis, allowing a comparison.  
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We calculated water availability by dividing the maximum-year water demand for 
UNGD by the flow metric and expressing the result as a percentage. This is the 
percentage by which flow would be reduced under the listed flow conditions on days 
with water withdrawal (roughly half of days). Figure 12 shows the percentage of flow 
reduction for several flow metrics for both the small stream and mainstem reference 
gages.   

The water availability analysis in the figure suggests that water withdrawals would 
reduce median or average flows by 1–3 percent, but the withdrawals may reduce 
flows 5–70 percent during summer and low-flow periods. Mainstem withdrawals 
would have a less-noticeable effect on flows under a range of flow conditions. By 
contrast, during periods of low-flow, withdrawal rates may noticeably reduce in-

stream flow on small streams. 

Figure 12.  Withdrawals as percent of available streamflow for maximum-year 
development scenario. Shown for several flow metrics for both the small 
stream and mainstem gages. Withdrawals can take a high percentage of 
flow during low flow, when taken from small streams, and a lower 
percentage during average flow or when taken from mainstem rivers. 
(Units = percentage of flow removed.) 

 
Notes: Q7-10 is lowest 7-day average flow experienced on average every ten years. 20% is 
the 20th percentile of daily streamflow. Median (JAS) is the 50th percentile daily flow for the 
months of July, August and September. Median is the 50th percentile of all daily flows. 
Average is the daily average flow.  
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For completeness, we also display the results over the full-flow distribution for the 
small stream gages. In Figure 13, lines show the percentage that flow would be 
reduced versus the flow percentile. The same flow metrics are shown as points along 
the line. The dashed lines represent an additional scenario if the full water demand 
were met with freshwater withdrawal (versus a combination of freshwater and reused 

water as depicted in Figure 10).  

Figure 13.  Withdrawal as percent of available flow versus flow percentile, small 
stream gages, maximum-year withdrawal scenario. At lower flows, the 
percentage of flow removed is higher. Dashed lines show the difference 
if all water needed for hydraulic fracturing were supplied by the streams. 
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Actual impacts would depend on the specific withdrawal location, withdrawal rates, 
and flow at the time of the withdrawal. Some ecosystems are highly sensitive to 
changes in flow regime, including changes to the low-flow magnitude, timing, and 
duration, which this study indicates may be a risk for smaller streams in the study 
areas. Several reviews of environmental flow literature have found that decreased 
magnitudes of low flows can lead to a range of effects on water quality and 
ecosystems, including decreased richness of species, increased densities of 
predators, increased abundance of generalist and highly mobile species, and 
decreased abundance of specialist and cold-water obligate species, among many 

others [58-59]. 

The total water volume needed to develop all 4,000 wells in the DRB is roughly 14 
billion gallons, which, spread evenly over 30 years, is 1.3 million gallons per day. 
This average daily withdrawal amount would be sufficient to meet the domestic 
water needs3 for more than 17,000 people. Of course, the water withdrawals for 
fracking would be roughly 80-percent consumptive, versus about 20-percent 

consumptive for domestic water use. 

Relative to existing water demands in the study areas’ watersheds [61], the UNGD 
water demands would increase water use in the three study areas by a factor of 5 to 

12.  

Wastewater Pollutant Loadings 

Table 6 shows expected concentrations (derived from literature values) of some of 
the key regulated contaminants in the flowback and brine wastewater [41, 43, 62-68] 
and industrial wastewater effluent [40, 43], compared to the effluent discharge limits 
[69] and the reference conditions in the watershed’s streams [41]. The natural gas 
wastewaters contain dozens of pollutants, including salts, metals, hydrocarbons, 
volatile organic compounds, and radioactive compounds, among others[70]. This 
study focuses on five pollutants whose effluent concentrations are regulated from 
treatment plants treating oil and gas wastewater in Pennsylvania. These pollutants 

include Total Dissolved Solids, Chloride, Sulfate, Barium, and Strontium. 

                                                   
3 The average for Delaware, New Jersey, New York, and Pennsylvania is 75 gallons per day, per 
capita [60].   
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Table 6. Wastewater concentrations of key contaminants in flowback and brine 
wastewater. Discharge regulations on effluent concentrations, and 
reference conditions for surface water in the upper DRB are shown for 
context. Units = mg/L. 

Pollutant Flowback Brine Range 
Discharge 
Regulations 

DRB 
Reference 

Total Diss. Solids (TDS) 73,000 205,600 38,500–261,000 500 46.5 

Chloride (Cl) 54,600 99,600 19,600–174,700 250 5.8 

Sulfate (SO4) 51 55 2.4–300 250 5.1 

Barium (Ba) 1,020 33,630        4–84,300 10 0.021 

Strontium (Sr) 1,190 5,230 350–4,800 10 0.025 
 

Since 2010, Pennsylvania regulations [69] require new wastewater treatment facilities 
treating Marcellus Shale wastewater to meet additional standards for TDS, salts, and 
some metals before discharging to streams or conventional treatment plants. The 
newer industrial treatment facilities will have to more-effectively remove salts, 
metals, and other contaminants through advanced treatment technologies (e.g., 
desalination and distillation; reverse osmosis and other membrane processes; 
capacitive deionization [39]) to meet the newer regulations. The reference conditions 

reflect an average for four sites in the Upper DRB measured in 2012 [41].   

These pollutant measures show the concentrated nature of the wastewaters being 
generated relative to the regulatory effluent discharge standards, many of which are 
equivalent to U.S. Environmental Protection Agency (EPA) maximum contaminant 
levels for drinking water. The low concentrations in the reference conditions indicate 
how susceptible the surface waters in the study area are to even small discharges of 
wastewater. The potential environmental effects depend on the loadings of the 
contaminants to surface water in addition to the location and flow conditions at 
point of discharge. Different measures of loading may be appropriate, depending on 

the planning objective.    

The total loading of contaminants in flowback and brine wastewater sets an upper 
bound for the mass of contaminants that must be treated. For the five regulated 
contaminants in Table 6, we calculate the total contaminant loading in wastewaters 
by multiplying flowback and brine generation flow rates by their respective 
contaminant concentrations to compute mass loads, and then sum the flowback and 
brine loads. The process is similar for industrial wastewater effluent (after typical 
wastewater reuse), but we assume that the effluent concentrations comply exactly 

with regulatory limits for discharge (see Table 6, above).   

Table 7 shows the potential average daily loadings of key contaminants from all 
flowback and brine wastewater (“Avg. WW”) and from treated effluent (“Avg. Effl.”). 
The treated effluent volume is lower because it reflects the remaining wastewater 
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volume after much of the original flowback and brine has been recycled. For context, 
the average daily loadings (computed based on the reference concentrations and 
average flow conditions) are shown on the final line for the Delaware River at Port 
Jervis, NY. The river naturally carries some solids and salts at low concentrations, but 

with high flow rates, the river loading is large.  

The same is not true of the metals barium and strontium, which have only trace 
concentrations in the waters of the Upper DRB. In untreated wastewater (the Avg. 
WW scenario), the loadings of barium and strontium can dwarf those in the river, 
indicating significant risk associated with spills. Wastewater reuse reduces volume 
(the difference between Avg. WW and Avg. Effl. flow), and treatment reduces 
contaminant concentrations, which combined reduce average loadings in effluent 

discharged to rivers.  

Table 7. Potential average daily loadings of key contaminants from all flowback 
and brine wastewater and from treated effluent. Natural gas wastewaters 
are very concentrated, and loadings of key contaminants in the raw 
wastewater (“Avg. WW”) can be similar to the totals carried by the 
Delaware River (“Reference” condition). For the effluent loading scenario 
(“Avg. Effl.”), which includes wastewater reuse, the loadings are greatly 
reduced, though not eliminated. Units = lbs/d, except flow (MGD). 

Scenarioa 
Study 
Area Flow TDS Cl SO4 Ba Sr 

Reference DRBb 3,260 573,400 71,700 62,300 264 305 

Avg. WW 

1 0.040 32,000 23,100 19 2,490 700 

2 0.047 37,700 24,500 20 2,640 740 

3 0.042 33,600 21,800 18 2,350 660 

DRBb 0.245 142,400 127,400 105 13,800 3,870 

Avg. Effl. 
(w. reuse) 
 

1 0.006 25 13 13 0.50 0.50 

2 0.007 30 15 15 0.59 0.59 

3 0.006 26 13 13 0.53 0.53 

DRBb 0.037 154 77 77 3.1 3.1 
a Multiply loadings by 6 for maximum-year, and by 30 (times 365) for total loading. 
b Reference DRB loadings based on average flow at Port Jervis, NY. DRB scenario loadings include all 
wells in the DRB, including those not in the three study areas. 
Note: TDS – Total dissolved solids, Cl – Chloride, SO4 – Sulfate, Ba – Barium, Sr - Strontium 

Finally, we note that the high contaminant concentrations in untreated wastewater 
make wastewater handling a potentially risky activity in case of spills. Comparing the 
average wastewater loads to the reference loads, it is evident that spilling even small 
volumes of untreated wastewater into streams could significantly raise loadings of 
these contaminants (and many others in the untreated wastewater), posing an 
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environmental risk. This study does not investigate spill scenarios, but the sensitivity 
of the basin’s waters to spills may warrant further study.   

Impacts of Wastewater Discharge  

The salts, metals, and other pollutants in the flowback and brine wastewater can 
create significant loads, despite relatively low flow rates, because the pollutants are 
concentrated. The TDS concentration in brine makes it nearly six times saltier than 
seawater (roughly 35,000 mg/L). One way to judge the impacts of the effluent 
discharges in context is to determine how much the wastewater discharge would 
raise concentrations of key contaminants in surface waters.   

Water quality risk is highest when a high effluent flow is discharged during low-flow 
conditions, because there is less water for dilution. We investigated two discharge 
flow scenarios to set a range on the potential water quality changes during a period 
of lower flow—in this case, the 20th-percentile flow (sometimes called the “Q80”). In 
both cases, we assumed that the discharge pollutant concentrations exactly met the 

quality standards in the “Discharge Regulations” column of Table 6 (see page 36). 

The first scenario (“Max. Effl. w reuse”) has the effluent disposal flow from the 
maximum development year (final column from Table 5, page 31) as its flow. This is 
the flow remaining after reuse. The second scenario (“Max. Effl. no reuse”) has the 
total wastewater generated in the maximum development year (sixth column from 

Table 5) as its flow, but it meets the same effluent quality standards.   

Given that potential effluent or discharge locations are unknown, we compute the 
concentration increase caused by diluting the wastewater pollutant loads in the 
reference streamflow on area-averaged basis. We use the small stream–gage statistics 
calculated per square mile to estimate the 20th-percentile flow and multiply by the 
area of the study area to get the flow rate. Table 8 shows the increase in 

concentration the wastewater effluent discharge would cause for the three study 
areas for the five pollutants. The first row of Table 8 shows the reference pollutant 
concentrations for natural flow from Table 6. Comparing the concentration increase 
to these reference concentrations shows the approximate magnitude of the change in 

water quality.  
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Table 8. Increase in concentration of pollutants caused by maximum-year effluent 
discharge during the 20 percent–flow condition. The “Max Effl. no reuse” 
scenario leads to larger increases than the “Max Effl. with reuse” scenario 
because of higher flow. Barium and Strontium concentrations change 
most relative to reference concentrations. Units = MGD for streamflow, 
effluent flow;  mg/L  for reference concentration, concentration increase  

 Study 
Area Streamflow 

Effluent 
Flow 

Concentration Increase  
Scenario TDS Cl SO4 Ba Sr 

Reference Concentrations for DRB:  46.5 5.8 5.1 0.021 0.025 

Max Effl. 
w reuse 

1 22.2 0.036 0.817 0.409 0.409 0.016 0.016 

2 40.2 0.043 0.530 0.265 0.265 0.011 0.011 

3 31.4 0.038 0.605 0.302 0.302 0.012 0.012 

Max Effl. 
no reuse 

1 22.2 0.240 5.412 2.706 2.706 0.108 0.108 

2 40.2 0.283 3.513 1.757 1.757 0.070 0.070 

3 31.4 0.251 4.004 2.002 2.002 0.080 0.080 

Note: TDS – Total dissolved solids, Cl – Chloride, SO4 – Sulfate, Ba – Barium, Sr - Strontium 
 

The Max. Effl. with reuse scenario’s increased concentrations reflect a wide variation 
in percentage changes, with TDS increasing about 1.5 percent over reference 
concentrations in the study areas, and barium and strontium increasing 50–70 
percent. The increased barium loadings are especially of concern, because barium 
accounts for up to 90 percent of eco-toxicity potential in flowback and brine 
wastewaters [71]. The lower the wastewater reuse rate, the higher the potential 
effluent loadings. For barium and strontium, treating all of the wastewater (i.e. no 

reuse) instead results in a 300–500-percent increase over reference concentrations.   

The water quality changes also depend on the flow conditions in the effluent’s 
receiving water due to the dilution effect. Figure 14 illustrates how the increase in 
barium concentration changes depending on the flow conditions at the time of 
discharge. This example considers the same scenarios for Study Area 2. The 

horizontal blue line shows the reference concentration for barium.  

Unsurprisingly, we observe that the concentration increases are much higher during 
lower flows, and the larger discharge volumes of the no reuse scenario result in 
larger changes to concentrations. This general pattern will be reflected for all of the 
pollutants in all of the study areas, though the reference concentrations will be 
different.  
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Figure 14.  Barium concentration increase versus flow percentile, Study Area 2. The 
concentration increases are most substantial for the lower flow 
percentiles. Scenario with no reuse has higher increases. Units = mg/L. 

 

 
 

  

Discussion 

If natural gas development were allowed in the DRB, water resources would be 
affected by both water withdrawals and wastewater discharges. Water withdrawals 
are small relative to total water availability in the basin, but are large compared to 
existing demands in the study areas. The withdrawals could remove a significant 
portion of flow if maximum year withdrawals are taken from smaller streams during 
critical low-flow periods. In this analysis, we compared the withdrawal rate and 
available flow generation on the basis of ‘flow per unit area’ over the area of the 
watershed for the three study areas. While this analysis method is necessary to 
compare relative flows where actual withdrawal location and timing are unknown, in 
reality, the impact would depend on the specific location and flow conditions during 
the withdrawal. On smaller streams, especially, the magnitude of water permanently 
removed for fracking could reduce the flow considerably during high or peak 
withdrawal periods. The duration of the impact is uncertain and would depend on 
how many wells would be served by a particular withdrawal location, and the rate of 

development.   
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Wastewater handling, management, and treatment are important for Marcellus 
wastewaters, notably the flowback and brine, due to the high concentrations and 
potential toxicity of pollutants in the wastewaters. We considered only the impact 
that the discharge of wastewater effluent treated to current Pennsylvania standards 
would have on in-stream concentrations of five pollutants with specific discharge 
limits. Our analysis showed that under these conditions, in-stream loadings of some 
pollutants (notably barium and strontium) could increase between 50 and 500 
percent, depending on what portion of the wastewater is reused versus treated and 
discharged. These effects would be most pronounced on smaller streams and during 
low-flow periods, where the discharge flowrate is a reasonable proportion of the 

ambient flow.  

There are several other potential risk pathways and risks to water quality [50, 72] 
that this study does not consider. Pollutants other than the five included here—as 
well as their degradants or derivatives—may pose additional risks to water quality 
and human and environmental health. The treatment processes needed to meet the 
2010 discharge regulations on TDS, chloride, and sulfate may also treat other salts 
and ionic compounds, and limits on barium and strontium may result in reduced 
concentrations of other metals. Yet, for many of the pollutants found in natural gas 
wastewaters (many of which have no regulatory discharge limits), understanding of 
potential health impacts is still evolving (see the “Health Risks and Affected 
Population” chapter for more discussion of this issue). For instance, iodide and 
ammonium (two chemicals not usually measured in water quality analyses of 
flowback or brine) in Marcellus wastewater effluent have recently been shown to 
impact formation of disinfection byproducts in drinking water, as well as having 
ecologic effects [43-44, 73]. Naturally occurring radioactive materials (NORM) in 
flowback and brine have attracted attention because they are not easily treated and 
do not quickly degrade in the environment, whether in effluent or solid waste 
discharge [74-75]. Additional research on effluent concentrations of a wider range of 
chemicals from wastewater treatment plants meeting the newer Pennsylvania 

standards would be useful in assessing potential impacts of these other pollutants.  

While effluent discharge was the primary water pollution pathway that we included 
in this analysis, there are other documented pollution pathways by which natural gas 
wastewaters could be released. For example, Reaven and Rozell performed a 
probability bounds analysis to determine the likelihood and potential volume of 
water contamination via transportation of wastewater, well casing failure, migration 
through subsurface fractures, wastewater spills at the drilling sites, and wastewater 
disposal [5]. They found that although wastewater disposal (i.e., effluent discharge) 
was by far the most likely pathway with the highest potential contamination volume, 
other pathways could lead to low-probability scenarios with high-contamination 
volumes, especially spills at drilling sites. These “accident” pathways [50] are 
important considerations in a full consideration of UNGD risk, as some spills will be 
nearly inevitable [74]. Pennsylvania’s Department of Environmental Protection has 
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been tracking and reporting permit violations for natural gas operators, and their 
violations data show that many of these pathways are a reality in Pennsylvania, with 
4,006 violations since 2009 (roughly 7,800 wells drilled) [76]. As an example, there 
have been roughly 290 violations at about 240 well sites involving improper 

discharge of UNGD wastewaters to Pennsylvania’s streams [76].  

The next chapter of this report investigates a different category of water quality 
risks: those associated with the changes to land cover we described in the “Impacts 

on Land Cover” chapter. 
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Impacts on Water Quality due to 
Changes in Land Cover  

 

 

Unconventional natural gas development results in landscape disturbance based on 
the need to construct infrastructure to support operations. This report’s chapter 
titled “Impacts on Land Cover” described the potential changes to land cover 
associated with constructing well pads, roads, and gas gathering pipelines. These 
changes to the landscape also change the hydrologic character of the DRB, and can 
affect water quality through changes to sediment and nutrient export. Building 
roads, pipelines, and well pads requires clearing the land, removing topsoil, 
regrading, and compacting soil both in the infrastructure footprint and a right-of-way 
wide enough to install infrastructure. Mitigation measures—such as erosion- and 
sediment-control practices (silt fences, filter socks, and so forth) and remediation 
with planting of cover crops—can limit the loss of soil, but some permanent impact 

due to the initial land clearing and soil compaction is inevitable. 

The full scope of water-quality outcomes resulting from land cover changes depends 
on the location of the infrastructure, the existing watershed conditions, and the 

Key Findings 
• Changes in land cover associated with natural gas infrastructure 

would lead to short- and long-term changes in hydrology and water 
quality. 

• Changes in land cover could increase erosion rates up to 150 percent 
immediately after infrastructure construction and 15 percent in the 
long term. 

• Soil-erosion rates during winter months are up to 25 times higher than 
during summer months. 

• Runoff rates could increase by up to 4 percent, offset by an 
equivalent volumetric decline in groundwater contribution to 
streamflow.  
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mitigation measures put in place by developers. Infrastructure that is built on land 
with high slopes and erodible soils; near or adjacent to stream banks; or 
necessitating the crossing of a stream or disturbance of wetlands will have a larger 
potential for ecological damage, primarily through erosion. The current condition of 
the basin in the three study areas is predominantly forested and agricultural, with 
limited residential and commercial development.   

The previous chapter covered some of the potential impacts of the natural gas 
wastewaters on water quality. This chapter, by contrast, focuses on potential impacts 
on water quality due to the largely unavoidable land cover changes associated with 
UNGD. Such land-use changes often correlate to changes in hydrology, water quality, 
and—by extension—stream health. At the site scale, well pad development has been 
observed to increase sediment and nutrient concentrations, though vegetated stream 
buffers and erosion- and sediment-control practices can reduce loadings [77]. At a 
regional scale, development of well pads has been shown to correlate with increased 

in-stream Total Suspended Sediment loads [4], due to erosion and sedimentation.  

Methodology 

We modeled each of the study areas with the MapShed program developed by Penn 
State University [78]. The water quality calculations were performed with MapShed’s 
integrated GWLF-E model based on the Generalized Watershed Loading Function [79], 
which simulates runoff, sediment, and nutrient loads based on watershed source 
areas. We modeled each of the study areas under three conditions: 

• Baseline: Existing land cover 

• Initial Infrastructure: Well pad, gathering pipeline, and new roads during or 

immediately after installation with minimum mitigation  

• Post-Development: Infrastructure after the hydraulic fracturing operations 

are complete and gas is being produced, with partial remediation 

The Initial Infrastructure condition represents a worst case of erodibility conditions 
that would likely persist from several days to a few months as the well pads, roads, 
and pipelines are constructed. This scenario is useful for setting the upper limit on 
the potential sediment and nutrient loadings, and determining which months of the 
year have conditions most conducive to erosion in the study areas. This scenario also 
assumes that the entire land conversion for infrastructure in a study area occurs at 

once, when, in reality, it would be installed at the pace of development over 30 years.  

The Post-Development condition considers the long-term effects of land-use change 
after all the gas wells have been drilled and are in production. The well pads are 
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partially deconstructed (leaving only a well head, pump, and brine storage), and the 
gathering pipeline rights-of-way are revegetated with cover vegetation (low grasses 
and herbaceous plants); pipelines are operating, and the roads are little changed. We 
assumed (through parameter selection, not direct modeling) that some erosion and 
sediment control best management practices (BMPs) are installed, though not 
optimally, and that the post-development soil would remain somewhat compacted. 
Ultimately, the Initial Infrastructure and Post-Development scenarios should bracket 

a range of conditions reflecting a range of potential remediation cases.  

We also assumed that all land cover changes are permanent, that there are no other 
land cover changes in the study area, and that there are no secondary land cover 
changes (e.g., converting additional forest to farmland to make up for arable area lost 
to gas infrastructure). We also did not include long-distance transmission pipelines 
to move natural gas to market and other appurtenant natural gas infrastructure (e.g., 

centralized storage or wastewater treatment facilities) in this analysis.  

The results presented consider only runoff and streamflow produced within the 
study area (no upstream flow for Study Areas 1 and 3), and only loadings associated 
with land-use and in-stream processes (no point sources, livestock, or septic systems 
are included in the model). The results focus on the hydrologic and loading changes 
on the uplands—that is, the changes in flow or pollutant loadings coming directly 
from changes in the land surface.  

The metrics we used to assess the changes include the following MapShed model 

outputs: 

• Runoff: The volume of water that flows off the land surface and into streams 

during storms 

• Groundwater Recharge: The volume of water that soaks into the ground 

during rain events and contributes to streamflow   

• Erosion: The mass of soil that is dislodged from the land surface by 

precipitation runoff and is carried into streams   

• Sediment: The mass of soil that is deposited on land (generally as dust) that 

gets washed off into streams   

• Nutrients: The mass of nitrogen (Total Nitrogen, or “TN”) and phosphorus 
(Total Phosphorus, or “TP”) compounds washed off the land surface in runoff 

or in groundwater entering the stream4  

                                                   
4 These can contribute to algal growth, which can lower available oxygen in the stream.   
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Results 

The land-use changes associated with UNGD in the DRB affect hydrology, loadings of 
sediments, and (to a lesser extent) nutrients in the study areas. The results vary 
significantly by scenario and condition (Initial Infrastructure versus remediated 
condition). Table 9 indicates changes in hydrology (runoff and groundwater recharge) 
and upland loadings (erosion, sediment, nutrients) for each scenario, expressed as a 
percent change from the baseline total. Only the land surface processes are included 

in the total.     

Table 9. Changes in hydrology and loadings for each scenario. The land cover 
changes result in large increases in erosion and sediment (“Sed.”) loadings 
compared to the baseline, especially for Dispersed scenario/Initial 
Infrastructure (“Initial Infra.”) conditions. The hydrology and nutrient 
loading changes are smaller in magnitude. Units = % change from 
baseline. 

Study 
Area 

Development 
Scenario Condition Runoff GW Erosion Sed. TN TP 

1 

Dispersed Initial Infra. 2.8 -0.17 98 54 6.3 11 

Dispersed Post-Dev. 1.6 -0.09 15 -2.1 -1.6 -5.0 

Concentrated Initial Infra. 1.7 -0.10 67 33 3.7 6.9 

Concentrated Post-Dev. 1.0 -0.09 10 -5.5 -1.8 -4.8 

2 

Dispersed Initial Infra. 3.4 -0.64 138 125 32.0 49 

Dispersed Post-Dev. 1.8 -0.32 16 14 2.6 2.7 

Concentrated Initial Infra. 2.1 -0.43 102 93 23.0 35 

Concentrated Post-Dev. 1.1 -0.27 13 11 1.8 2.1 

3 

Dispersed Initial Infra. 3.4 -0.46 110 96 12.3 20.0 

Dispersed Post-Dev. 1.9 -0.18 14 12 0.7 -1.6 

Concentrated Initial Infra. 1.9 -0.18 66 57 7.2 12 

Concentrated Post-Dev. 1.0 -0.14 8.0 6.8 0.3 -1.1 
Notes: GW = Groundwater recharge 

The hydrologic changes show increases in runoff of 1–3 percent, with reductions in 
groundwater recharge of a few tenths of a percent. On a volume basis, however, 
these changes are nearly equal, so average yearly streamflow is nearly unchanged, 
but flow distribution changes. The flows increase (roughly 1.5 percent) at peak flows, 
and decrease (1 percent or less) across the rest of the flow distribution. In volume 
terms, the groundwater contribution to flow will decrease by somewhere between 70 
(Concentrated scenario, Post-Development conditions) and 145 million gallons per 
year (Dispersed Scenario, Initial Infrastructure conditions) for Study Area 1. The 
corresponding ranges are 140–330 million gallons for Study Area 2, and 90–305 
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million gallons for Study Areas 3. On an area-averaged basis, the approximate range 

of decreased groundwater flow is 0.35–2 million gallons per year, per square mile. 

Table 9 also shows a noticeable change in the erosion and sediment loadings, and 
less significant changes in nutrient loading. Erosion and sediment changes both 
increase suspended sediment loadings in streams, but the sediment loadings are 
much smaller in magnitude. Combining these loadings gives a clearer picture of the 

potential changes in soil volume leaving the landscape. 

Figure 15 illustrates how the combined erosion and sediment loadings change, and 
how the individual land-use changes affect them. Results are shown as a percentage 
of the baseline total load (upland only). Thus, the baseline load equals 100, and 240 
would represent a 140-percent increase. The stacked bars show the relative 
contribution of each existing land cover (forest/wetland, agricultural hay and 
pasture, agricultural row crops, and developed area) and gas infrastructure land 
cover (well pads, pipelines, roads) to the total loading. The largest contribution to the 
erosion and sedimentation impacts are from the pipeline right-of-ways, especially for 
the Initial Infrastructure (“InitInf”) condition. The impacts from roadways are smaller 
in magnitude but are not reduced as much in the Post-Development (“PostDev”) 

condition, as compared to well pads and pipeline rights-of-way.   

Figure 15.  Total upland erosion plus sediment loading, as percent of the baseline 
loading. Increases in erosion and sedimentation are caused mainly by the 
pipeline rights-of-way and are more severe in the Initial Infrastructure 
(“InitInf”) condition than the Post-Development (“PostDev”) condition.                  
Units = percent of baseline. (baseline = 100) 
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The total change in loading also depends on the types of land cover affected by the 
conversion. The relative amount of agricultural versus forest area converted has a 
strong influence on the upland loading results. For example, converting forest area to 
natural gas infrastructure increases loads, while agricultural (and especially 
cropland) conversions may lead to net reductions in some loads, especially nutrients. 
This accounts for much of the variation in the nutrient results in Table 9 (page 46).   

We also found the potential changes to erosion rates vary widely during the year. 
Figure 16 shows the monthly variation in erosion relative to the baseline condition 
for both the Initial Infrastructure and remediated condition. The changes in winter 
erosion predominate and account for most of the total change. The difference is such 
that if the Initial Infrastructure conditions persisted for three months, 25 times more 
erosion would occur if all infrastructure were built in October through December 
versus May through July. 

 

Figure 16.  Monthly variation in erosion relative to the baseline condition for both the 
Initial Infrastructure and Post-Development condition. Most of the increase in 
erosion between baseline and developed conditions occurs in winter 
months.            Units = tons (left axis); percent change (right axis). 
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Discussion 

The land-use changes associated with UNGD in the DRB have the potential to cause 
noticeable changes in hydrology and erosion, despite affecting a relatively small 
proportion of the basin. The Initial Infrastructure conditions result in the highest 
susceptibility of the study area to erosion, noticeably in the winter months. Even in 
the Post-Development condition, the additional roads, pipelines, and well pads do 
not perform the same hydrologic functions as the forests they replace, resulting in 
potentially long-term increases in peak runoff, erosion, and nutrient loading, and 

possible decreases in stream base flow.  

By way of context, in Study Area 2 (178 square miles), the volume of runoff-increase 
and groundwater recharge–decrease both equal roughly 330 million gallons per year 
(0.9 million gallons per day) for the “dispersed” scenario for the Initial Infrastructure 
condition. This yearly volume of water would fill the Empire State Building 1.2 times. 
Also, if the Initial Infrastructure conditions persisted for three months, on average, 
approximately 18,000 tons of soil would be eroded. If piled on top of an average 

suburban house lot (one-quarter acre), the pile of soil would be 45 feet tall.  

The results report only the net changes averaged across the entire case study 
watersheds. The most prominent changes are likely to occur in the upland portions 
of the watersheds and in small streams and ponds adjacent to the infrastructure 
development. Further modeling would be needed to assess potential impacts on a 
smaller scale. Additional land development (for housing, more agriculture, other 
uses) in the watershed may be more likely to cause downstream impacts, as the 
hydrologic and water quality functions of upland streams would start as more 

degraded.   

This analysis is a limited one and does not account for the full range of impacts that 
may result from land-use changes associated with gas development. This analysis 
used the Mapshed model to estimate pollutant changes over the study area using 
typical factors for the types of land covers described. It does not cover the large 
potential variation in parameters such as curve number, soil bulk density 
(compaction), or other soil factors. Furthermore, the model parameters cannot 
directly account for the impact of best management practices, or the impacts that 
may occur were these practices to fail. Pennsylvania data on permit violations 
indicate that erosion- and sediment-control violations at well sites are relatively 
common (roughly 630 violations at 530 well sites since 2009) [76]. The severity of 
these violations is not known, but in some of these cases, the failure (or absence) of 
best management practices for erosion and sedimentation could result in loadings 
closer to the Initial Infrastructure condition than the Post-Development condition 
presented here.  
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In addition, the flow changes and changes to sediment loadings are likely to affect 
the ecological conditions of the watershed. The land cover changes will likely result 
in environmental flow changes (especially increased peak flows and decreased base 
and low flows), which can affect the health and relative distribution of a wide range 

of plant and animal species [58-59].  

We recommend further study to better assess water-quality outcomes using more-
detailed models with greater spatial resolution and more-detailed parameters using 
sampling data from the modeled watershed. For instance, variability in agricultural 
practices can have a strong influence on erosion rates and nutrient export. Further 
study could also compare alternate future land-use changes (e.g., more suburban 
development) with results for land-use change specifically associated with gas 
development. Additional study with a more-detailed case study model could also 
investigate the combined effects of water withdrawal, wastewater effluent disposal, 

and land cover changes.   
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Impacts on Air Quality  

 

 

Unconventional natural gas development is an industrial process that involves a host 
of machinery and operations to extract natural gas from shale deposits. Shale gas 
operations release a variety of pollutants that can degrade local air quality, including 
nitrogen oxides (NO

x
); sulfur oxides (SO

x
); particulate matter (PM); and volatile organic 

compounds (VOCs), such as formaldehyde, benzene, toluene, ethylbenzene, and 
xylene (BTEX) [80]. NO

x
, SO

x
, and PM are subject to national ambient air-quality 

standards, (NAAQS) due to their potential to cause harm to human health and the 
environment [81]. Furthermore, NO

x
 and VOCs are the precursors to ozone, the 

primary component in smog, which can cause respiratory illness [82]. 

Impacts on air quality from industrial emissions occur during each of the stages of 
shale gas development [82]. These emissions stem from the use of diesel-powered 
equipment to prepare well pads and diesel trucks to transport water and supplies to 
and from well pads. The drilling, hydraulic fracturing, and production processes also 

Key Findings 
• Natural gas development could as much as double nitrogen oxides 

(NOx) emissions, compared to current emissions in affected DRB 
counties. 

• The primary source of NOx emissions from natural gas development 
could stem from compressor stations to move the gas through 
gathering pipelines, rather than from well development or 
completion. 

• Compressor stations represent a long-term source of NOx emissions in 
impacted areas, rather than the short-term, intermittent impact from 
well development. 

• Methane leakage from natural gas development in the DRB could 
contribute an additional 0.5–2.2 percent per year to the current 
methane emissions from Marcellus Shale development now 
occurring in Pennsylvania and West Virginia. 
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utilize diesel machinery and contribute to these emissions. In addition, condensate 
tanks and waste ponds at well pad sites can produce emissions. Significant emissions 
can also arise from combustion-powered compressor stations that compress natural 

gas to keep it flowing through the pipeline system.  

While these local risks to air quality would most likely impact the DRB in the short 
term, there is a large field of research that has focused on the potential climate 
change impacts due to greenhouse gas (GHG) emissions from shale gas development 
[80, 82-84]. These GHG emissions stem from the leakage of natural gas (i.e., methane, 
or CH

4
) at various points throughout the development cycle, from extraction to 

processing and transmission. However, the combustion of natural gas to generate 
electricity releases half as much carbon dioxide (CO

2
) as coal, leading many to 

champion the climate benefits of natural gas and term it a “bridge” fuel to the future. 
There is considerable debate as to whether the methane leakage from natural gas 
operations eclipses any of these gains from reduced CO

2
 emissions, especially 

considering that methane has 34 times the greenhouse-warming potential (GWP) of 
CO

2 
(on the 100-year time horizon); on the 20-year time horizon, methane has 86 

times the GWP of CO
2
) [85]. A recent study suggests that methane leakage should be 

below 3.2 percent to realize net climate benefits from the transition [86], while field 
measurements of methane losses have found a range from between 0.3 percent and 

17 percent (see Table 11 below for references).   

In this chapter, we focus on the potential emissions and impacts to air quality in the 
DRB from natural gas development. In particular, we calculated the potential 
contributions to VOC, NO

x
, PM, and SO

x 
emissions from projected natural gas 

development in four DRB counties: Wayne County (PA), Broome County (NY), 
Delaware County (NY), and Sullivan County (NY). We performed this analysis at the 
county-wide scale to compare the results to EPA emission inventories. In addition to 
criteria pollutants, we calculated the potential contribution to methane emissions 
from projected natural gas development in these counties. We did not analyze the 
potential for any more localized impacts on air quality, as this was beyond the scope 

of the study.  

Methodology 

To assess the impacts to air quality, we applied relevant values from the professional 
literature to our build-out scenarios to calculate the emissions associated with 
natural gas development. For ease of comparison with the common emission values, 
we report the calculated emissions at the county level, rather than by study area. 
Furthermore, we used the two development rate scenarios described in Table 1 
(“dispersed” and “concentrated”) to illustrate the impacts of the development rate on 

air quality: 
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• Average Development Year: Assumes that development occurs at a constant 

rate over a 30-year build-out  

• Maximum Development Year: Assumes that 20 percent of total well build-
out in each county occurs in one year (up to a maximum of 200 wells/year, 
which is representative of the highest-developing counties in the Marcellus 

Shale today). 

The average and maximum-year scenarios show the potential variation in emissions 

that could be expected from natural gas development activities in each county. 

To assess the local impacts on air quality that might be expected from shale gas 
development in the DRB, we applied the emissions estimates from a recent study on 
Marcellus Shale development in Pennsylvania [87] to our projected well development 
results. This study provided emissions values for VOCs, NO

x
, PM, and SO

x
 on a per-

well basis during various well site activities, based on data reported from Marcellus 
Shale gas producers. In addition to well development, the study reported the 
contribution from compressor stations that support production. The study estimated 
emissions from compressor stations based on the reported “potential to emit” values 
from permits, which indicate the maximum amount of emissions the facility is 
permitted to emit by the Pennsylvania Department of Environmental Protection. We 
estimated the number of compressor stations in each county by assuming that a 
centralized station would serve all well pads within a 50-square-mile radius, based on 
estimates from Marcellus Shale operators in the New York Department of 
Environmental Conservation’s Draft Supplemental Generic Environmental Impact 
Statement [88]. The study reported the high and low values of the range for each 
pollutant from multiple sites, and we used the average of these values to report 
results. To estimate the impact of the emissions, we compared the calculated 
emissions to the counties’ reported emissions from the EPA 2011 National Emissions 

Inventory (NEI) [89]. 

To assess the greenhouse gas contributions that might result from shale gas 
development in the DRB, we calculated methane leakage as a percentage of the 
natural gas production expected in the DRB. To determine the natural gas 
production, we assumed that all wells would exhibit an average EUR of 1.6 Bcf per 
well (the same EUR value that we used to develop our build-out scenarios, see page 
9), and applied a well decline curve based on a similar EUR [90] to estimate the 
monthly production per well in the DRB. We applied this value to the average number 
of wells that would be developed per month in the two annual scenarios to 
determine annual production. Using these production values, we then applied 
leakage rates based on relevant values from professional literature describing field 
measurements (top-down) of methane leakage (see page 58). We chose to focus on 
top-down studies for this assessment, based on a recent review of methane leakage 
from natural gas systems that found that assessments based on inventories (bottom-

up) tend to underestimate this leakage [91]. 
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For both the methane and non-methane assessments, our well-development results 
from the “concentrated” and “dispersed” scenarios result in similar number of wells 
developed. Thus, only the “dispersed” scenario is considered throughout this 

chapter. 

Results 

Criteria Pollutant Emissions 

Table 10 shows the estimated annual pollutant emissions from shale gas 
development in the DRB, based on average and maximum annual well development 
scenarios. In addition to the number of new wells, we project that 22 new 
compressor stations could be built in the DRB to support transmission of natural gas 
through new gathering pipelines. We present the range of potential emissions 
expected from the two scenarios by evaluating emissions with one compressor 
station in each county, followed by the emissions with all 22 compressor stations 
present in the DRB. In each scenario, NO

x
 emissions would be the largest contributor 

to air pollution in the DRB from this development. 

Table 10. Annual emissions estimates for projected natural gas development by 
county (and for one compressor station) in the DRB. NOx emissions would 
be the largest contributor to air pollution by weight. Units = metric tons, 
unless noted otherwise. 

County Scenario Wells CH4 
(Bcfa) NOx VOC PM SOx 

Wayne  Avg 78 832 441 91 14 5.6 
Broome Avg 8 93 105 34 4.5 1.3 
Sullivan Avg 27 256 197 50 7.2 2.5 
Delaware Avg 16 184 146 41 5.7 1.8 
DRB Avg 129 1,365 889 216 32 11 
Wayne  Max 200 2,081 1,026 190 31 13 
Broome Max 46 483 290 66 10 3.7 
Sullivan Max 163 1,698 850 160 26 11 
Delaware Max 98 1,024 539 108 17 6.8 
DRB Max 507 5,287 2,705 522 84 34 
a Bcf = billion cubic feet. 
 

To determine the extent of these emissions impacts, we compared the projected 
annual emissions from development in each county (plus one compressor station) to 
the total emissions of each pollutant in each county from the EPA’s 2011 NEI. Figure 
17 shows the results of this comparison for the two scenarios of annual well 
development. 
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Figure 17.  Pollutant emissions from well development (and one compressor station) 
for average-year (left) and maximum-year (right) scenarios, relative to 
total county emissions from the 2011 NEI. Natural gas development could 
lead to a significant increase in NOx emissions for three of the four DRB 
counties. 

 
 

We see noticeable potential increases in NO
x
 emissions for three of the four counties: 

Wayne County (PA) and Sullivan and Delaware Counties (NY) could all see greater 
than a 27-percent increase in NO

x
 emissions under the maximum annual-

development scenario. Under the average annual-development scenario, Wayne 
County could still see a substantial increase in NO

x
 emissions (25 percent) from the 

shale industry, but NO
x
 contributions from the other counties were all below 9 

percent. Broome County (NY) did not see a significant increase in NO
x
 emissions in 

either scenario. This is not surprising, since only a small portion of Broome County 

falls within the DRB. 

The contributions to VOC, SO
x
, and PM emissions from annual shale gas development 

did not appear as significant compared to other activities in these counties. None of 
the counties showed a noteworthy increase in either the average year (less than 2 
percent) or maximum year (less than 5 percent) scenarios at the county scale, though 
the individual pollutants, especially VOCs, could have impacts at a local scale (see 

“Health Risk Factors and Affected Population” chapter) . 
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While the emissions attributed to well pad development and well completion 
represent one-time contributions in the year the well was drilled, compressor 
stations will continually contribute to a county’s emissions inventory after they are 
built. With this fact in mind, we determined the annual emissions from well 
development with all 22 compressor stations in place to see the impact on the DRB. 
Based on our projections, the 22 compressor stations would be spread out in the 
DRB counties according to the following breakdown: 12 in Wayne Co. (PA), 5 in 
Sullivan Co. (NY), 3 in Delaware Co. (NY), and 2 in Broome Co. (NY). This breakdown 
corresponds to the expected number of wells projected in each county. Figure 18 
shows the updated annual emissions inventory for the two scenarios with the higher 
count of compressor stations. Note that these projections for new compressor 
stations only account for supporting gathering pipelines, and do not account for any 
additional compressors that may be needed to support larger transmission pipelines 

to carry the natural gas to market.  

With the addition of a full complement of compressor stations, we see significant 
potential increases in NO

x
 emissions for three of the four counties. Wayne County 

(PA) and Sullivan and Delaware Counties (NY) could all now see greater than a 34-
percent increase in NO

x
 emissions under the maximum annual-development scenario. 

In fact, NO
x
 emissions could almost double in Wayne County under that scenario, due 

to the addition of 12 compressor stations. Under the average annual-development 
scenario, Wayne County would still see a substantial increase in NO

x
 emissions (66 

percent) from the shale industry, but NO
x
 contributions from the other counties were 

all below 21 percent. Broome County (NY) still did not see a significant increase in 

NO
x
 emissions in either scenario. 
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Figure 18.  Pollutant emissions from well development (and 22 compressor stations) 
for average-year (left) and maximum-year (right) scenarios, relative to 
total county emissions from 2011 NEI. The full complement of compressor 
stations leads to a large increase in NOx emissions in 3 of the 4 DRB 
counties. 

 
 

The contributions to VOC, SO
x
, and PM emissions from annual shale gas development 

did not appear as significant compared to other activities in these counties. Only 
Wayne County (PA) showed any relative emissions higher than 5 percent across these 

pollutants at the county scale. 

Methane Emissions 

Natural gas and petroleum systems represent the largest contributing sector to 
methane emissions in the United States [16]. Table 10 shows the projected methane 
emissions from natural gas development in the DRB. Using the well decline curve for 
a 1.6 Bcf EUR-model well, we estimated the annual production from natural gas 
development in the DRB to be 22.6 Bcf in an average year, and 87.5 Bcf in a 
maximum year. We applied methane leakage rates from the academic/professional 
literature to these production values to estimate the potential methane emissions 

from development in the DRB. Table 11 presents these results. 
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Table 11. Potential methane emissions from projected development in the DRB, 
based on methane leakage rates reported from field measurement (top-
down) studies. Units = Bcf – billion cubic feet. 

  Potential Methane Emissions (Bcf) 

Study Leakage Rate Average Year Maximum Year 

Peischl (2015) [92] 0.3% 0.1 0.3 
Peischl (2015) [92] 1.6% 0.4 1.4 
Peischl (2015) [92] 1.9% 0.4 1.7 
O'Sullivan (2012) [93] 3.6% 0.8 3.2 
Miller (2013) [94] 3.7% 0.8 3.2 
Petron (2012) [95] 4.0% 0.9 3.5 
Karion (2013) [96] 8.9% 2.0 7.8 
Schneising (2014) [97] 9.1% 2.1 8.0 
Caulton (2014) [98] 10.0% 2.3 8.8 
Peischl (2013) [99] 17.3% 3.9 15.1 
Average 6.0% 1.4 5.3 

Applying the average leakage rate from the literature of 6 percent, we estimated 
annual methane emissions of 1.4 Bcf in an average year and 5.3 Bcf in a maximum 
development year. Applying the same methodology to current annual Marcellus Shale 
production, which is about 4 trillion cubic feet, we estimate total Marcellus emissions 
to be 240 Bcf. Thus, shale gas development in the DRB could contribute an additional 
0.5 percent to 2.2 percent per year to the current methane emissions of the Marcellus 

Shale. 

Discussion 

If natural gas development were to proceed in the DRB, there could be varying 
impacts to air quality. Compared to activities that are already occurring in the DRB 
counties, our results suggest that NO

x
 emissions would be the biggest contributor to 

air pollution from shale gas development. By comparison, the projected NO
x
 

emissions in Wayne County, PA, from the average year of natural gas development 
(with one compressor) would be equivalent to adding over 53,000 cars to the road in 

the county that year.5 

                                                   
5 This is based on EPA’s average NO

x
 emissions (0.693 g/mile driven) per year (12,000 miles 

driven) for passenger cars [100]. 
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These counties currently enjoy clean, high-quality air, due to the absence of any 
major emissions sources such as power plants. However, localized development in 
certain parts of each county could still pose a reduction in air quality due to this 
development. Some studies have attributed this localized development to a variety of 
airborne health risk factors (see the “Health Risks and Population” chapter for more 
details and references). The primary contribution to these NO

x
 emissions could come 

from compressor stations, which represent a long-term source of emissions, versus 

the one-time contribution from well-development activities.  

Furthermore, methane releases from natural gas operations are a significant 
contributor to methane emissions in the United States. Each year, if all 1.4 Bcf of 
potential methane leakage could be captured and used to fuel a natural gas power 
plant, roughly 139 gigawatt hours of electricity could be produced6, enough to power 
over 16,000 homes in the area7 for a year. While atmospheric methane does not 
necessarily have significant local effects, it is a powerful greenhouse gas that could 

have impacts beyond the DRB.  

                                                   
6 The EIA estimates that 1,000 cubic feet of natural gas can generate 99 kilowatt-hours of 
electricity [101]. 

7 Average monthly household electricity use in the Middle Atlantic region is 701 kWh [102].  
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Health Risks and Affected Population 

 

 

Of the environmental impacts of unconventional natural gas development, those that 
pose a potential risk to human health often attract the most attention and concern. 
In large part, the link between unconventional Marcellus Shale gas development and 
adverse health outcomes has not been rigorously tracked in a manner that has 
produced conclusive scientific literature [103]. There has been considerable research 
into the potential pathways and risks of exposure, but the potential health outcomes 
depend on type, magnitude, duration, and frequency of exposure to contaminants 
and risk factors [104]. Just as previous chapters noted that there is variation in 
productivity of individual wells, water use, concentrations of wastewater 
contaminants, and air emissions rates, the potential risks to human health may vary 

considerably across the study area, and even from well pad to well pad.    

While it is not possible to use the scientific literature to derive rigorous estimates of 
specific health metrics (e.g., cancer cases above baseline), a number of studies (see 
Table 12) provide some evidence that risk factors and possibly health outcomes 
correlate with distance from primary gas development activities (i.e., well pads). This 

Key Findings 
• More research and better tracking of health impacts are needed to 

reliably project how shale gas development could affect health 
outcomes. Scientific literature has shown that some health risk factors 
are related to distance (e.g., 1 km, 1 mile) from a well pad.  

• Roughly 45,000 people live within one mile of a projected well pad 
location. This population predominantly resides in Wayne County, PA, 
where nearly 60 percent of the county’s population could be 
affected by increased well development.   

• Development of more wells per pad reduces the number of people in 
close proximity (<0.5 mile) to well pads, but potential exposures to 
certain risk factors could be prolonged. 
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analysis quantifies the population within certain distances from well pads as an 

initial estimate of the potential affected population.   

While the link between natural gas development and health outcomes has not been 
rigorously investigated [103], the major potential exposure pathways have been 
explored. Krupnick et al. [50] documented the risk pathways (routine and accidental) 
of UNGD agreed upon by a wide range of experts. Of the 15 consensus risk pathways 
(those with priority for further regulation or voluntary action), 14 involved routine or 
accidental releases (of frac fluid, wastewater, methane, etc.) to air, surface water, or 
groundwater, indicating the potential for human health exposures. Where possible, 
this study considers the risk pathways and accompanying research indicating that 
risks or health outcomes vary with distance from the activity associated with the risk 

pathway.  

Table 12 summarizes some of the risks and health outcomes identified in the 
literature based on distance from natural gas activities (most often associated with 
the well pad). Typically, these studies evaluate risk factors or metrics of health 
risks/outcomes at several distances from primary gas development activities, such as 
the injection well site. The most common distance-threshold for measuring the most 
likely risks is 1,000 meters or a half-mile. To evaluate more general risks, or establish 
a threshold distance for a control population, the selected distances are commonly 
2,000 meters or one mile. For example, a recent study by Rabinowitz et al. [82] 
investigated health outcomes by surveying residents living within one kilometer, 
between one and two kilometers, and more than two kilometers from wells in 
Washington County, PA, regarding health symptoms they were experiencing. Several 
of the studies simply report sampling results for contaminants, including distance 
from the potential (gas infrastructure) source. To capture some of these values that 
might be experienced at the very closest distances, we also consider a distance of 
roughly 1,000 feet or less. Finally, for distances of less than 300 feet, we consider at-
site exposures that residents with well pads very close to their homes might 
experience, as well as oil and gas workers working on a well pad. 

One of the most commonly discussed risk pathways is groundwater contamination 
via casing and cementing failures [50], allowing methane and/or frac fluid and 
flowback to enter the groundwater aquifers overlaying the shale. According to a 
recent analysis of Pennsylvania Department of Environmental Protection violations 
data, unconventional well casing and cementing failures do occur regularly (in about 
2 percent of wells inspected after initial drilling), and appear to occur more often in 
the northeastern part of the Marcellus (8.5 times higher risk than the rest of the 
state) [105]. The likelihood of groundwater contamination by methane from these 
types of failures appears correlated with distance, as Jackson et al. [106] found 
concentrations of methane in groundwater 6–23 times higher within 1 kilometer of 
an unconventional gas well than outside that distance. Other pathways include 
potential for accidents, leaks, or spills of frac fluid or wastewater fluids to infiltrate 



 

 

 

 

 
65 
  

 

into groundwater from the surface. This risk pathway is particularly relevant for 
Broome (NY), Delaware (NY), Sullivan (NY), and Wayne (PA) Counties, whose 

population primarily (77–100 percent) uses groundwater for drinking [60]. 

Krupnick et al. [50] also interviewed experts who identified several risk pathways 
related to air contaminants emitted from activities in the drilling and production 
phases of development. Notably, there are air emissions associated with machinery 
and trucks during drilling and fracking; venting and flaring of methane during 
completion, production, and transport of gas; and emissions of volatile compounds 
from frac fluid and waste fluids (especially when stored in open impoundments). 
Many of these emissions are located near the well pad, but some are much more 
regionalized (truck traffic) or are associated with particular activities that may occur 
away from the well pad (e.g., volatile emissions from fluid or wastewater storage). 
Our analysis primarily considers distance from well pads, but health risks may be 
equally tied to distance from other activities, such as wastewater storage in 

impoundments.  

Volatile air pollutants are of special concern in much of the health literature, and the 
first step in quantifying their risk is detecting their presence. Colborn et al. [107] 
detected dozens of VOCs, polycyclic aromatic hydrocarbons (PAHs), and carbonyls 
within 1.1 kilometers of a well pad, and noted health impacts, including endocrine 
disruption associated with exposures to many of the chemicals. A study completed 
for Forth Worth, Texas [108] detected many of the same chemicals at a slightly 
greater distance. Presence of these chemicals does not equate to health risk if 

concentrations are very low. 

Studies by Macey et al. [109] and McKenzie et al. [7] computed health risks associated 
with exposure to the air pollutants (especially benzene, formaldehyde, and hydrogen 
sulfide) at a few distances from the gas development activities. They found potential 
for slight increases in cancer risk, and toxicity risk based on computing hazard 
indices for the measured concentrations of pollutants for chronic and subchronic 
exposures. More recently, some studies have been seeking evidence these exposures 
might lead to adverse health outcomes. A study by Rabinowitz et al. [110] indicated 
that there may be a relationship between dermal and upper respiratory symptoms 
(reported in health surveys) and distance from well pads. In addition, a study by 
Jemielita et al. [111] found that hospitalization rates in several Pennsylvania counties 
correlated with a number of active unconventional gas wells per square kilometer in 
patients’ zip codes, especially for cardiology- and neurology-related hospital 

admissions.  
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Table 12. Health risk factors and impacts cited in literature, versus distance from gas 
development activities. Abbreviation and symbol definitions, as well as 
color-coding, appear below the table. 

Environmental 
Health Risk 

At-site 
<300 ft 

<1000 ft  ~0.5mi/1km  ~1mi/2km 
 

2 km or 
more 

Studies 

VOCs detected    14 (39/68)a  8 (45/59)b [107], [108] 
  Benzene      [109], [7] 
Carbonyls detected   4 (8/12)a  8 (9/11)b [107], [108] 

  Formaldehyde    [109] 
PAHs detected     3 (12/16)a   [107] 
Hydrogen Sulfide       [109] 
Cumulative excess 
cancer risk – air  

  5-6 per 
million 

5-10 per 
million 

 [7] 

Total Hazard Index – 
air, subchronic 

  0.4 - 5 0.1 – 0.2  [7] 

Total Hazard Index – 
air, chronic 

  0.3 - 1 0.2 - 0.4  [7] 

# health symptoms 
reported 

  3.27 2.56 1.60 [110] 

Dermal symptoms 
(OR) 

   NS Ref. [110] 

Upper respiratory 
symptoms (OR) 

   NS Ref. [110] 

Silica exposure         
(% samples > PEL/REL) 47%/ 79%     [112] 

Noise levels (dB)   Max 102 63 (Max:95) 54 (Max:80) 52 (Max:74)  [113] 

Methane conc. in 
GW (times ref. values)  6+ 6 Ref. Ref. [106] 

VOC- Volatile Organic Compound; PAH – Polycyclic Aromatic Hydrocarbon; IRIS – Integrated Risk Information System; 
ATSDR – Agency for Toxic Substances and Disease Registry; MRL – Minimum Risk Level; GW - Groundwater; 
PEL – Permissible Exposure Limit; REL – Recommended Exposure Limit; OR – Odds Ratio; NS – Not statistically significant 
a Chemicals detected in >50% of samples (# chemical detected/ # tested) [107] 
b Chemicals detected in >90% of samples (# chemical detected/ # tested) [108] 
Concentration exceeds ATDR MRL         Acute level            Intermediate Level            Chronic level 

Excess IRIS cancer risk at              1/10,000              1/100,000               1/1,000,000 level 

Odds ratio (increased likelihood relative to a reference [“Ref.”] population)                   Value times Ref. value  
Chemicals  
detected 
(air) 

Health 
risks (air) 

Health 
outcomes 
(symptoms) 

Exposures 
To Noise & 
Dust 

Ground-
water risks 

No or 
insufficient 
data 

Moderate 
health risk 

Lesser 
health risk 

No 
significant 
health risk 
indicated 

 

Occupational exposures are another category of exposure worth mentioning. Gas 
industry workers are likely to have higher exposures to volatile chemicals, due to 
their proximity to emissions sources. Additional health risks for workers and 

C5 C5 C6 
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4.13 
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residents living close to well pads could result from worksite accidents; exposure to 
airborne silicates (dust) from the mixing of frac sand [112]; and elevated noise levels, 
which have been found to exceed 100 decibels (dB) at well pad sites during hydraulic 
fracturing and that persist at lower levels (roughly 60-80 dB) for 60 days or more [88, 

113-114]. The noise levels decrease as distance from well increases. 

Methodology 

Until more rigorous data on health outcomes, exposure pathways, risk of exposure, 
and expected dosages become available, it is difficult to perform a detailed 
assessment of health impact, especially in a prospective analysis. Furthermore, actual 
risks of exposure depend strongly on both industry practices and regulations. 
Instead, this study identifies the potential population at risk based on distance to 

well pad locations identified in this study.   

This study uses a buffer-analysis method to determine the approximate number of 
people and houses within several distances of the well pad commonly cited in the 
health literature. Using projected DRB well pad locations, we generated circular 
buffer polygons of 1,000 and 2,000 feet; 0.5 and 1 mile; and 1,000 and 2,000 meters 

in GIS software.    

Figure 19 shows a map of the 0.5-mile and 1-mile buffers around well pads 
superimposed on county and study area boundaries. The yellow buffers are for the 
“concentrated” scenario. The red buffers show the additional area affected in the 
“dispersed” scenario (all of the yellow areas are also included). Similar buffers were 

created for 1,000 and 2,000 feet, and 1,000 and 2,000 meters.    

Using the U.S. Census Bureau’s Census Block data (the finest resolution available) and 
the associated 2010 Census housing and population counts, we computed the 
expected population within each buffer distance. We also intersected the census 
blocks with the buffer areas to determine overlap, and we determined population 
and house counts based on an assumption of uniform density within blocks (a 
reasonable assumption, since the blocks are relatively small). Finally, we performed 
additional intersections with county and study area boundaries to determine the 

distribution of potential impacts on populations. 
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Figure 19.  Map of the 0.5-mile and 1-mile buffers around well pads superimposed on 
county and study area boundaries. Most of the population within the 
portion of the DRB with projected gas development would be within one 
mile of a well pad. At smaller distances, a smaller population would be 
affected. Except on a few fringes of the development area, there is not 
much difference between the concentrated and dispersed scenarios. 

 
    Note: NYC WS Watershed – Watershed area of New York City water supply reservoirs. 
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Results 

Hydraulic fracturing gas development with multiple wells per pad results in 
reasonably low overall well pad density, but fairly even distribution across the 
landscape. This even spacing results in large areas within reasonably short distances 
of the nearest wells. Figure 19 (previous page) illustrates the extensive portion of the 
study areas within a mile of the nearest well pad. While the portion of the DRB with 
well pads has few gaps in between well pads, the areas within a certain radius of well 
pads are more important to consider in the context of the portions of the study areas 
and the counties with population in the affected areas. Table 13 shows the area 
within 0.5 mile and 1 mile of the well pads in square miles, and as a portion of the 
study areas and most affected counties. The 0.5- and 1-mile distances are 
representative of the closer and farther distances referenced in the literature (see 
Table 12). As expected, the “dispersed” scenario results in more total area affected, 

because there are more well pads developed.   

Table 13. Area within 0.5 mile and 1 mile well pad buffer, by county. The “dispersed” 
scenario affects a larger area, but at 1 mile, the gap between scenarios 
narrows. Units = square miles, % of county area. 

     Within 0.5 mile Within 1 mile 
County  Scenario Area % Area % 

Wayne County, PA Dispersed 362.1 48% 528.1 70% 

         751 sq. mi. Concentrated 221.6 30% 472.3 63% 

Broome County, NY Dispersed 37.8 5% 68.7 10% 

         715 sq. mi. Concentrated 24.2 3% 56.2 8% 

Delaware County, NY Dispersed 80.4 5% 134.9 9% 

         1,468 sq. mi. Concentrated 52.3 4% 117.4 8% 

Sullivan County, NY Dispersed 130.0 13% 223.9 22% 

          997 sq. mi. Concentrated 72.1 7% 177.7 18% 
 

Figure 20 indicates the population (estimated by 2010 U.S. Census Block data) within 
several radii common to health-assessment literature. The population is shown by 
county and stacked to indicate cumulative population in the DRB. The adjacent bars 
show the difference between the “concentrated” (left) and “dispersed” (right) 
scenarios. Notably, at distances less than 1,000 meters, there is a significant 
difference between the scenarios. At distances of 1 mile or more, there is less 
difference between scenarios. Overall, 40,000–50,000 people live within about 1 mile 
(or 2 km) of the projected well pad locations. 
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Figure 20.  Population within several radii common to health-assessment literature. 
The population living within several distances (cited in health risk literature) 
of well pads depends on development scenario. At smaller distances, 
more people are affected with the “dispersed” scenario. Most of the 
population that could be affected lives in Wayne County, PA. 

 

 
 
 

The majority of the population potentially affected lives in Wayne County, PA. For 
this county, we also assessed the portion of residential buildings within these 
distances using attributed building address points zoned as residential structures. In 
Figure 21, the horizontal axis shows the distance from well pad (in feet), the left axis 
shows total residential structures within that distance, and the right axis shows the 
percentage of the residential structures in Wayne County represented. Note that no 
structures are within 500 feet of any well pad based on exclusions used in siting the 
projected well pads. Roughly 40 percent of the residential structures in Wayne 

County would fall within one mile of a well pad.   

These building level results contrast with the affected population results (slightly 
less than 60 percent of Wayne County’s population of 52,000. The discrepancy may 
be due to more persons per household in the affected area, or some of the residential 

buildings being unoccupied or functioning as seasonal/vacation residences.   
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Figure 21.  Wayne County residential structures within x distance (ft) of a well pad 
(total and percent of all county residential structures). Roughly 40 percent 
of the residential structures in the county would fall within one mile of a 
projected well pad location.   

 
 

Discussion 

Within the portion of the DRB projected to have gas development in this study, 
virtually the entire population falls within roughly one mile (or two kilometers) of the 
potential well pad sites identified. In total, roughly 45,000 people in the basin are 
within this distance, which can be compared to the population of nearby cities such 

as Easton (27,000), Wilkes-Barre (41,000), Bethlehem (75,000), and Scranton (76,000).  

At smaller buffer distances (e.g., 2,000 feet, 0.5 mile, or 1,000 meters) representing 
the areas with most likely health impacts, less of the population is affected. At these 
buffer distances, there is a significant difference in affected population between 
scenarios. A smaller population is in close proximity to the wells in the 
“concentrated” scenario (eight wells per pad). However, the likelihood, dosage, and 
duration of exposure would likely be higher for those living within the smaller buffer 
distances for the “concentrated” scenario, due to the greater intensity and duration 

of gas extraction activities needed to develop eight wells per pad.  

Chemical exposure may be higher still near other infrastructure not explicitly 
considered in this study, including wastewater impoundments or storage facilities, 
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centralized waste-treatment plants, and gas compressors and pumping equipment. 
The longer-lived nature of these facilities and potential to handle material from 
multiple well sites may increase potential exposures for populations living near 
them. There may be some additional exposure to air pollutants, as well, due to 
regional air transport from active gas development areas in other parts of the 
Marcellus Shale, especially in Susquehanna, Bradford, and Wyoming Counties in 

Pennsylvania.   

These estimates of population at risk within the DRB may be an underestimate of 
current and future population. The population estimates are based on the 2010 
Census and include neither population change since that time, nor projected 

population growth through the completion of natural gas development.  

It is important to remember that the well pad locations are not explicit predictions, 
so the exposure risks of specific properties should not be considered based on the 
results or maps presented. Across the study areas and this portion of the DRB, the 
calculated populations within the buffer distances give a reasonable first estimate of 

populations with potential for different levels of exposures should drilling begin.   

Finally, this study does not assess the likelihood of occupational or vehicle accidents, 
spills, or the ability of the existing emergency response and healthcare systems to 
handle potential surges in demand. These questions are important to preparedness 
for local governments, but the projected population affected and maps of affected 

areas do provide a first step in assessing these needs.   
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Conclusions 

This report presents an estimated projection of potential development of natural gas 
within the Delaware River Basin, concentrating on three study areas. The actual level 
of development would depend strongly on the actual production of the wells drilled 
in the DRB and on the price of gas within the energy markets, which can fluctuate 
rapidly. For the three study areas, we assessed potential environmental and health 
impacts using the best current understanding and data on well development. The 
results are intended to help decision-makers and the public understand the scale of 

the potential consequences. 

We project ultimate development of the DRB portion of the Marcellus Shale could be 
as high as 4,000 wells, with development of up to about 500-1,000 well pads (based 
on an average of 8 or 4 wells per pad). This development would be most 
concentrated in Wayne County, PA. These estimates result from geospatial analysis 
performed with publicly available information on land and geological characteristics 

and on actual well-development data.   

If natural gas development occurs as projected, natural gas infrastructure will 
become a widespread and prominent feature of the landscape in the Upper DRB. The 
repercussions of drilling and infrastructure-building activities would cover a broad 
range of issue areas, including forest fragmentation, water withdrawal and 
wastewater discharge, hydrologic and water-quality changes, air emissions, and 
potential health impacts. There may be others that are not included in this report. At 
a basic level, drilling rigs and truck traffic will have temporary effects near any one 
well pad, but over a long build-out, they could become common within the basin. The 
well pads, roads, and pipelines would most likely be long-term (30+ years)—or, in 
some cases, permanent—features of the landscape. Similarly, management of water, 
wastewater, and air emissions can create both short- and long-term impacts to the 

region.  

This report specifically investigated potential consequences associated with land 
cover change, water and wastewater management, surface water hydrology and 
quality, air emissions, and affected population in three study areas across the DRB, 
considering significant projected well development. Key findings include the 

following: 

• Land cover change: We found each well pad would cause on average 17-23 
acres of land disturbance due to construction of well pads, roads, and 
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pipeline rights-of-way. Pipeline construction would cause about 75 percent of 
land disturbance. In the most heavily developed areas that would be fracked, 
2-3 percent of total area would be affected. The land cover types in each case 
study replaced by infrastructure include agriculture (43–63 percent) and 
forests (24–46 percent). By extrapolating results for our study areas, we 
estimate the total area required to fully develop the projected well pads, 

roads, and gathering pipelines in the DRB is between 18 and 26 square miles. 

• Forest fragmentation: Pipelines and roads associated with gas development 
could have a noticeable effect on forest habitat in the study areas. Despite 
only clearing about 1 percent of forested area, the core forest area could 
decline up to 10 percent, while edge forest could increase by up to 8 percent. 
These changes have the potential to alter ecosystems and the relative 

abundance of forest species.   

• Water withdrawal: If current water use and recycling trends hold, roughly 
4.5 million gallons of water withdrawal would be needed for each well. These 
withdrawals would amount to 1.3 million gallons per day if averaged across 
the entire DRB over 30 years, but might reach 10 or more times higher during 
a peak year. Withdrawals during peak years could remove up to 70 percent of 
available flow from small streams during low-flow periods, but a negligible 
portion of flow if the withdrawal occurs on mainstem rivers during average-
flow conditions. 

• Wastewater discharge: Wastewater management would be an important 
issue, due to the high pollutant loadings in untreated flowback and brines. 
The amount of wastewater reuse, and types of treatment and disposal 
methods used for natural gas wastewaters would have a strong influence on 
the pollutant loadings that may enter the basin. If there were no wastewater 
reuse and all wastewater were treated to exactly meet effluent standards, in-
stream concentrations of barium and strontium could increase by up to 500 
percent from baseline concentrations at low-flow periods. Total dissolved 
solids, chloride, and sulfates would see smaller increases. Similar to water 
withdrawals, the magnitude of these consequencess may vary considerably 
by time and location, but these impacts would occur over a duration of 30 

years. 

• Hydrology and surface water quality: Changes in land cover associated with 
infrastructure development could lead directly to hydrologic and water-
quality changes for the DRB. The initial land clearing could leave the 
watershed especially vulnerable to increased upland erosion and 
sedimentation loadings in the short-term (up to 140 percent increase over 
baseline).  Following development, the upland changes in runoff and erosion 
would persist at lower levels (around 15 percent above baseline). The land 
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cover changes would also change hydrology by increasing runoff by 1-3 

percent during peak flow periods, and reducing groundwater recharge.  

• Air quality: Industrial processes associated with natural gas development 
could produce emissions that would degrade the air quality in the DRB. In 
addition to the contributions from well site–development and well 
completion, the installation of compressor stations could present significant 
increases (as much as doubling) in NO

x
 emissions for three of the four DRB 

counties. The contributions to VOC, SO
x
, and PM emissions from annual shale 

gas development did not appear as significant compared to other activities in 
these counties at the county-wide scale (note that this analysis did not look at 
the potential impacts of these emissions at the local level). Development in 
the DRB would contribute methane emissions from leakage throughout the 
process, though small in the context of total emissions from the Marcellus 

Shale. 

• Affected population: Due to the relatively even spacing of the projected well 
pads in the DRB, a large percentage of the population in the affected area 
would live within one mile of the nearest well, which may present certain 
health risks, based on current scientific literature. At full development, about 
45,000 people in the DRB would live within about one mile of the nearest 
projected well pad location. Wayne County, PA would be most affected, with 
30,000 people (nearly 60 percent of its population) potentially living within 
one mile of a well pad. At smaller distances of about a half-mile, roughly 
15,000 to 25,000 people in the DRB could be affected, depending on the 
number of wells per pad. Increasing the number of wells per pad from four 
to eight would reduce the population affected at the closest radii, but may 

result in longer duration of some exposures due to more wells developed.  

Of these findings, change in land cover and associated impacts to forests, hydrology, 
and water quality appear the most difficult to avoid. The wastewater and air quality 
risks could pose significant management challenges. The potential health impacts 

require more study to understand extent and risk levels.  

These findings do not cover the full range of potential impacts that may occur if gas 
development does occur. Instead, the results offer an initial view of the overall level 
and potential range of impacts. The development projections assume a high degree 
of development that may never be reached, but the maximum-year development 
projections for a given year are possible. The scenarios presented focus on 
identifying conditions when the consequences may be highest and on what the 
corresponding level of impact would be, averaged across a study area (either county 
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or watershed).8 In assessing risk, it is this type of information that is most useful for 

planning.  

                                                   
8 Of note, this analysis does not account for the maximum potential impacts to sites that may 
occur within the study areas as a result of locally high development densities, accidents, or 
variations in practices by gas drilling operators. If development begins, the range of potential 
impacts could be expected to vary widely through time and across geography. 
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Appendix A: Chemicals in Natural 
Gas Wastewaters 

The “Impacts on Water and Wastewater Management” chapter investigates a limited 
set of five contaminants that have effluent-discharge concentration limits under 
Pennsylvania regulations[69] for wastewater treatment facilities built after 2010 that 
treat natural gas wastewater. Analyses that have tested water quality of natural gas 
wastewaters have documented the presence of many more potential contaminants. In 
Table 14, we have assembled data from 13 studies on the concentrations of 

contaminants in flowback and brine wastewaters.  

The values for flowback and brine reported reflect the average of median values 
across studies. The range reflects the low and high values reported in either flowback 
or brine wastewater samples reported in the studies. There have also been some 
studies of wastewater treatment plant effluent where effluent discharge 
concentrations have been measured. We include these values in the final column, but 
note that these facilities represent older industrial wastewater treatment plants that 
are not required to meet the 2010 Pennsylvania regulations. For cells left blank, no 

data were available. 
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Table 14. Pollutants measured in natural gas wastewaters. For cells left blank, no 
data were available. Units = milligrams per liter, unless otherwise noted.  

 Pollutant Flowback Brine Range Industrial 
WW effluent 

Pr
im

ar
y 

(re
gu

la
te

d)
 Total Dissolved Solids (TDS) 73,000 205,600 38,500 – 261,000 123,500 

Chloride (Cl) 54,600 99,600 19,600 – 174,700 84,300 

Barium (Ba) 1,017 8,281 4 – 84,300 20 

Strontium (Sr) 1,187 5,225 350 – 4,800 2,005 

Sulfate (SO4) 30 55 2.4 - 300 810 

Ph
ys

ic
al

 a
nd

 N
ut

rie
nt

s 

Turbidity 230 207 11 – 3,330  
pH 6.6 6 4.7 - 7.2  
Specific Conductance 
[µmho/cm] 138,000 300,800 6,800 – 710,000  
Alkalinity 138 70 49 - 327 254 

Acidity   <5 - 470  
Total Organic Carbon  62.8 984 4 – 19,250  
Dissolved Organic Carbon  114 43 5 - 700  
Chemical Oxygen 
Demand 3100 8,530 195 – 71,000  
Biochemical Oxygen 
Demand 100 448 37 - 2070  
Hardness (as CaCO3) 22,100 34,000 630 – 95,000  
Ammonia (NH3 as N) 71 125 29 - 200 68 

Total Kjehldahl Nitrogen  86 116 38 - 200  

Nitrate (as N) 0.02  0 - 1.2  
Nitrite (as N) 1.2  0.06 - 29.3  
Total Phosphorus (as P) 1.3  0 - 8  

Ha
lid

es
 

(s
al

ts
) Bromide (Br) 559 730 108 – 1,200 740 

Fluoride (F)   <0.05 - 50  
Iodide (I) 6.3  0.2 - 19.3 21 

M
et

al
s 

Sodium (Na) 23,500 37,700 10,700 – 95,500 27,300 

Potassium (K) 49 351 2.4 - 351  
Calcium (Ca) 7,280 16,900 1,400 – 23,500 13,950 

Magnesium (Mg) 735 1,410 140 – 1,600 941 

Boron (B) 12.2  3.1 - 97.9  
Chromium (Cr)   0.005 - 151  
Manganese (Mn) 5 9 1.9 - 18.6  
Iron (Fe) 45.1 107 13.8 - 242  
Lead (Pb) 0.01  0 - 0.6  
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 Pollutant Flowback Brine Range Industrial 
WW Effluent 

Hy
dr

oc
ar

bo
ns

 Oil and Grease 24.2  4.6 - 655  
Benzene [µg/L] 150   8 

Ethylbenzene [µg/L] 53   5 

Toluene [µg/L] 622   46 

Xylene [µg/L] 699   32 

Styrene [µg/L] 11    

NORM 
Naturally Occurring 
Radioactive Materials 
[pCi/L]  2460 0 - 18000  

Sources: [39-43, 62-68, 88] 
Notes: µg/L = micrograms per liter; pCi/L = picocuries per liter;                                           
µmho/cm = micromhos per centimeter 
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Appendix B: Stream Gages 

We used the following stream gages operated by the U.S. Geological Survey (USGS) to 
develop streamflow statistics for the chapter of this report titled “Impacts on Water 
and Wastewater Management.” Table 15 identifies the stream gages we used, 
including their record length and drainage area. Table 16 presents several flow 
statistics (especially low-flow statistics) that we used for computing water and 
wastewater impacts. The flows are presented in units of million gallons per day, per 

square mile. 

Table 15. USGS stream gages used in this study. 

Study 
Area 

ID  
(this 
study) 

Type a USGS ID Name Record 
Length 

DA   
(sq.mi) 

1 
1.1 Small 

Stream 01426000 Oquaga Creek at 
Deposit, NY 

1940–
1973 67.6 

1.2 Mainstem 01426500 West Branch Delaware 
River at Hale Eddy, NY 

1912 –
2013 595 

2 
2.1 Small 

Stream 01428750 
West Branch 

Lackawaxen River 
near Aldenville, PA 

1986–
2013 40.6 

2.2 Mainstem 01430000 Lackawaxen River near 
Honesdale, PA 

1948–
2013 164 

3 
3.1 Small 

Stream 01427500 Callicoon Creek at 
Callicoon, NY 

1940–
1982, 
2000–
2011 

110 

3.2 Mainstem 01427510 Delaware River at 
Callicoon, NY 

1975–
2013 1820 

DRB 4 Mainstem 01434000 Delaware River at Port 
Jervis, NY 

1960–
2013 3070 

Source: USGS, compiled by CNA. 
a. Small stream gages have their drainage area (DA) entirely within the study areas; by 
contrast, mainstem gages include some additional upstream area (except 01430000).  
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Table 16. Daily flow statistics for the stream gages used in this study. Units = million 
gallons per day, per square mile. 

ID Q7-10a 5% b 20% c Median 
(JAS)d 

Median 
(50%) 

Average 

1.1 0.017 0.034 0.105 0.147 0.459 1.010 
1.2 0.056 0.106 0.228 0.657 0.566 0.950 
2.1 0.096 0.132 0.287 0.362 0.732 1.379 
2.2 0.053 0.091 0.229 0.279 0.631 1.163 
3.1 0.037 0.071 0.176 0.235 0.511 1.039 
3.2 0.194 0.259 0.362 0.434 0.558 1.058 

4 0.164 0.282 0.366 0.426 0.636 1.061 

Source: USGS, calculations by CNA. 
a. Lowest seven-day average flow expected to occur once every 10 years 

b. Fifth percentile flow. Also referred to as the Q95   
c. Twentieth percentile flow, also referred to as the Q80  
d. JAS = July, August, September 
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