





EPA-600-R-16-236Fa
December 2016
www.epa.gov/hfstudy

Hydraulic Fracturing for Oil and Gas:
Impacts from the Hydraulic
Fracturing Water Cycle on Drinking
Water Resources in the United States

Office of Research and Development
U.S. Environmental Protection Agency
Washington, DC 20460



This page is intentionally left blank.




Disclaimer

This document has been reviewed in accordance with U.S. Environmental Protection Agency policy
and approved for publication. Mention of trade names or commercial products does not constitute
endorsement or recommendation for use.

Preferred citation: U.S. EPA (U.S. Environmental Protection Agency). 2016. Hydraulic Fracturing
for Oil and Gas: Impacts from the Hydraulic Fracturing Water Cycle on Drinking Water

Resources in the United States. Office of Research and Development, Washington, DC. EPA/600/
R-16/236Fa.




Contents

03 T ) 1= 0] (T, ix
LISE Of FIGUIES ccuetiiciisissmsisssssssssssssssssss s ssssssss s ssass st st AR AR xii
LISt Of TEXE BOXES cucuciisiusmsmmsssssmsssssssssssssssssssss s ssssss st s e a R xvii
List of Acronyms /ADDBreviations ... s xix
o ] £ U . Xxiv
Authors, Contributors, aNd REVIEWET'S ... s s sssssssssssssssssssssssssssssssssmssnssns XXV
ACKNOWIEAGEIMENLS.....couiiiecsisisissssssssssssss s SA SRR R XXXi
Executive Summary ceasssrs s ————— ES-1
Drinking Water Resources in the United STAtes ... sssssssesssssssssssssssssssssssssssssssssssssans ES-4
Hydraulic Fracturing for Oil and Gas in the United States..... ES-5
Approach: The Hydraulic Fracturing Water CYCLE ...eereernneessmeessessssessssesssssssssessssssssssssessssssssssssssssssssess ES-9
Water Acquisition
Water ACQUISItION CONCIUSIONS ..vuurueereereeeesssesseessesssessssssssssssssssssssss s sssssssssssssssssssssssssssssssssssssssssssssssssssssssans ES-18
Chemical MIXING ..o ss s bbb bbb s s ES-18
Chemical MiXing CONCIUSIONS. ... bbb s ES-26
ATATZE2 110 05 =Tot o) o TN
Well Injection Conclusions
Produced Water HANAIINE .....cocovveeeneennerneineerneeinesisess s seessessseessesssesssesssssssssssesssssssessssssssssssssssssssssssssesssssssesssesssesssssssees
Produced Water Handling CONClUSIONS ... ssssssssssssssssssssssssssss
Wastewater DiSp0oSal and REUSE ... sssssssssssssssssssssssssssssssssss s ssssssssans
Wastewater Disposal and ReUSE CONCIUSIONS ...ouerememrenmenminmininsinsssssssssssssssssssssssssssssssssssssssssssssssssssssans
Chemicals in the Hydraulic Fracturing Water CYCle......ssessssssssssssssssssssssssssssssses
Chemicals in the Hydraulic Fracturing Water Cycle Conclusions
Data Gaps and UNCEITAINTIES. ... reerrereerreerseerreessees s sees s seessesssesssesssesssesssesssesssesssesssesssessssssssssssssesssesssesssesssesssesssees
REPOTT CONMCIUSIONS covurturrerreseesserssssssssssssssessssssssssesssssssesssesssssssssssssssssssesssesssessssssssssssssssssasssssssasssesssssssssssssssssssesssesssesssessness

Chapter 1. Introduction

I N 7= e <=4 101 o U P
007 € T Y- (PR
1.3 SCOPE ceeueureueeeeeessereesesses e es e s s s s s s s AR R £ R £ EA R R AR SRR SRR R AR R e
1.4 Approach
1.4.1 EPA Hydraulic Fracturing Study Publications
1.4.2 Literature and Data Search Strategy ...
1.4.3 Literature and Data Evaluation STrategy ......ceernesnmsessmesssmesssessssessssssssssesssssssssssssssssesssens
1.4.4 Quality Assurance and PEEr REVIEW ......innesesesssssssssssssssssssssssssssssssssssssssssssssses
1.5 OTANIZATION e ieeieeeeeeeeeseesersses s sses s s s s s s s s s R
1.6 INEENAEA USE ..o sees s sees s e s e s e s e s e s bR




Chapter 2. Drinking Water Resources in the United States.........ccummnmnmnmsmnmmssss 2-1

2N 13 ) - o PPN 2-1
/20 S § Xt oY LU o o) o P 2-3
2.2 Ground and SUrface Water RESOUICES .......ouerererreesseesseesseessesssesssesssesssesssesssesssesssssssssssssesssesssesssesssesssessssssaes 2-3
2.2.1 Groundwater Resources ........c.....
2.2.2 Surface Water Resources
2.3 Current DIinKing Water SOUICES ...rriirnessesssessesssesssssssesssssssssssssssssssessssssssssssssssssssssssssesssssssssssssssssssessssssnes 2-9
2.3.1 Factors Affecting How Water Becomes a Drinking Water SOUICE .......coeneenneenserneerseeesenenens 2-11
2.4 Future Drinking Water SOUICES ...t sssssssssssssssssssssssssssssssssses 2-13
2.5 Proximity of Drinking Water Resources to Hydraulic Fracturing Operations .......eeeseens 2-14
2.5.1 Lateral Distance between Public Water System Sources and Hydraulic Fracturing......... 2-14
2.5.2 Vertical Distance between Drinking Water Resources and Hydraulic Fracturing ............ 2-16
2 T 010 s Tod 1D ) (o) 3PN 2-18
Chapter 3.

Abstract
3.1 Introduction
3.2 What is Hydraulic FraCturing? ... ssssssssssssssssss 3-3
3.3 Hydraulic Fracturing and the Life 0f @ Well......ecsessessessseesssesssessssessssesssssssssssssssssssssssssens
3.3.1 Site Preparation and Well Construction
3.3.2 HYdraulic FLaCtULINE ..c.ceeeeseesseeessesseesseessssssesssssssesssesssssssssssssssssssssssssssssssssssssssssssssssssesssesssesssssssssssssssses
3.3.3 Fluid Recovery, Handling, and Disposal or Reuse

334 Oil aNd GAS PrOAUCION c.oueeeeeeeeeseeeeseeseeseesessesses s sesssesssesssesssesssesssessss s sasssans
3.3.5 Site ANd WEIL CLOSUT....uveerieereeeeesseeseeseessesssssssessssssssssssssssssssssssssssssssssssssssssesssssssssssssssssssssssssssssssssssssssssseses

3.4 How Widespread is HydrauliC FraCtuUring?.......oinninssssssssssssssssssssssssssssssssssssssssssssssssans 3-25
341 Number of Wells Fractured per Year
3.4.2 Hydraulic Fracturing Rates........

3.5 Trends and Outlook for the Future
3.5.1 INQTUTAL GAS ourrveeeeeiseeseesssssssssse s s st s s st s ssesssessssssss s s s s s s s s s
3.5.2 ) PP

3.6 CONCIUSIONS. couteuieeeeneeseeserssessete et sees s ss bbb es s s R e b R R s b

Chapter 4. Water Acquisition

2N 33 0 = o PPN

4.1 Introduction......

4.2 Types of Water Used
421 SOUTCE .eereeneeseeseeeeeseesseesseesseesseesseessees s s e R R R R R R R AR
4.2.2 QUALIEY cevreureeueeseesseessessssssses s sses st sess s ss s s s E R R AR AR
4.2.3 PrOVISIOMIIIG ..coveeieueuieereesesserseeses et seesses s es e s bbb R bR R bR

4.3 Water USe Per WEll ... s sssssssssssssss st s s sssssssssssanes
43.1 Hydraulic Fracturing Water Use in the Life Cycle of Oil and Gas ......coeeeneeneenseeneerseerseeenens 4-10
4.3.2 National Estimates and Variability in Water Use Per Well for Hydraulic Fracturing.......4-11

iii



4.4 Hydraulic Fracturing Water Use and Consumption at the National, State, and County

SCAL e eteereeeseeee et sees s ees e s s RS RRR R RS R R R R R RS R R R R SRR E SRR R SRR R SRR E SRR RS R eeen 4-13
4.4.1 National and State SCAle...... e —————————— 4-13
4.4.2 COUNLY SCALE oottt b s 4-15

4.5 Potential for Impacts by LOCAtION....isss s ssssssssssssssssssssssssssssnes 4-21
4.5.1 T EXAS . rveuseeuseeesseessreesseessseesssesssseessseesseeessesessesssses s s ee s £ R AR EE SRR E RS RS £ E SRR R R SRR SRR AR R R 4-21
4.5.2 C0lorado aNd WY OIMING ...cceeeeeeeeneensesssssssessssssssssssssssssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 4-31
4.5.3 Pennsylvania, West Virginia, and Ohi0 ......ceeneissessssssssssssssssessssssssssssssssees 4-35
4.5.4 North Dakota and MONTANE ......cccceerneeeeessessseessesssesssssssesssesssesssesssesssesssesssesssessssssssssssssessssssssssssssseses 4-40
4.5.5 Arkansas and LOUISIANG ... eeeeesmeeseesseesseessessssessseesssessssessssssssssssssessssssssessssasssssssssssssssssssssssasssssssnses 4-42

4.6 CRAPLEr SYNTNESIS ..ot e 4-45
4.6.1 MajJOT FINAINGS .vvurrereeneeerssessssisssssssssssssssssssssssssssssesssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssneses 4-45
4.6.2 Factors Affecting Frequency or Severity of IMPacts.......coeenennensensensesesssssssesssesssessees 4-47
4.6.3 L0 4101 =YD 1 = 4-49
4.6.4 000) 4 1 10 5 (o) o L3000 4-50

Chapter 5. Chemical MIXiNgG.....ccoummmmmsmmnmmmssssssssssssssssssssssssssssss s sssssssasasssssses 5-1

2 01 iU PSP 5-1

LS 70 S 01 oY L5 U o) o 10000 5-3

5.2 Chemical MiXiNg PIOCESS ....cieeneenernseinsssnsesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssanees 5-4

5.3 Overview of Hydraulic Fracturing FIUIAS ... sssssssans 5-8
5.3.1 Water-Based Fracturing FIUIAS......coeneneeeeseeseeseessssssssssssssssssssssssssssssssssssssssssssssssssssssssessees 5-12
5.3.2 Alternative Fracturing FIUIdS......csssssssssssssssssssssssssssssssssssssssssens 5-13
5.3.3 1 0 Lol c) PP 5-14
5.3.4 PrOPPANTS oouctetreeeresseesseessessse s ss e es s bbb bbb RS SEaEEERREEERERERRRR R 5-16
5.3.5 Example Hydraulic Fracturing FIUIAS .......coeeneeeeeseenernseessssnsssssssssesssessessssessesssessssssssssssssnes 5-16

5.4 Frequency and Volume of Hydraulic Fracturing Chemical USE .......connmenmenmiennennernnesnsssnseessesneeens 5-17
5.4.1 National Frequency of Use of Hydraulic Fracturing Chemicals ... 5-20
5.4.2 NatioNWIde Ol VEISUS GAS oeuueesreerseerseesseessseessessssessssessssssssssssssssssessssassssssssssssssssssessssessssessssasssssssssssssssess 5-24
5.4.3 State-by-State Frequency of Use of Hydraulic Fracturing Chemicals.......ccccounennenncnecennenn. 5-25
5.4.4 Volume of Chemical USE......ii s ssssssssssss 5-26
5.4.5 Chemical Composition of Hydraulic Fracturing Fluids and Additives. ..., 5-28

5.5 Chemical Management and Spill Potential.......c 5-31
5.5.1 R3] 0] i U 5-33
5.5.2 HOSES QN LINES coocvurcveierieseeesseeseesssesssssssssssssss s sssses s ssssssssssses s s sssesssssssssssssssssssssssssssssssssssssenes 5-37
5.5.3 2] 1=) 416 (=) PPN 5-38
5.5.4 1Y B2 01 L] [ P PP 5-39
555 High-Pressure Fracturing PUMPS... e eeeresseesssessssssssessssessssssssssssssssssssssesssssssssssssessssesssnas 5-39
5.5.6 Surface Wellhead for Fracture Stimulation .......eesesssessessssssssssssssssssses 5-39

5.6  Overview of Chemical SPillS DAta ... ssssssssssssssssssssssssssssssssssssans 5-41
5.6.1 EPA Analysis of Spills Associated with Hydraulic Fracturing.........cccooeoneoneseeseessseseeseenns 5-41
5.6.2 Estimated Spill Rate and Other Spill Reports and Data........ceennenensensesseesseesseesseesseenns 5-45

5.7 Spill Prevention, Containment, and MitiatiOn .....eeeneeeeersmeessmeesssessseesseesseessseessssssssssssssssssssssssssssssaas 5-46

iv



5.8 Fate and Transport of Spilled Chemicals

58.1 POLENtial Pathis ... s st s e
5.8.2 Physicochemical Properties of Organic Hydraulic Fracturing Chemicals .......ccoueeenreesreenees 5-50
5.8.3 Mobility of Organic Hydraulic Fracturing Chemicals ......ceeneessesseseeseesssessssssesnnns 5-52
5.8.4 Transformation PrOCESSES .....eiereseeesessssssssssss s sss s sesssssssssessssssssssssssssssssens 5-56
5.8.5 Fate and Transport of Chemical MIXTUIES ......coeenerneerneesseesseesseessesssesssssssesssesssesssesssessssssssssssssnes 5-57
5.8.6 Site and Environmental CONAItIONS .....c.vveeeereeereesreesseesseesseeseeseessessesssesssessssssssssssssssssssssesssssssessessees 5-58
5.8.7 Peer-Reviewed Literature on the Fate and Transport of Hydraulic Fracturing
L0 B o) 1 PP 5-58
5.8.8 Potential and Documented Fate and Transport of Documented Spills.......couuneenmeenneerneennens 5-59
5.8.9 Challenges with Unmonitored and Undetected Chemicals.......ceemeemeeseeesseeesseessneessnees 5-62
5.9 Trends in the Use of Hydraulic Fracturing Chemicals .......ienessessessssssssssssssssssssssnnes 5-63
5,10 SYNTNESIS. cictiitrierreesseesseesseessersersees e ses s ss bbb s s s es s s R R R
5.10.1  Summary of Findings
5.10.2  Factors Affecting the Frequency or Severity of IMPaCts ......cccoereessreesseeeseessmeessssesssssessseeens 5-66
5.10.3  UNCEITAINTIES coruuierueerseesseeesseeeseesssesssesssessssessssessssessssessssssssssssssssssessssass st sssssses s s ssssssssssssssssessssessasassans 5-67
5.10.4  COMNCIUSIONS.ccicuuierriereesseeessecsssessssessssssssssssssssssass st s ss s ss s ssses s s s s e R R R E R 5-69
Chapter 6. Well INJeCtioN.....cccomimnmsmmsmsmssssssssssssssssssssssss s ssssssssssssssssssssssssssssssassssssssssssssssssssssssasasasassnssses
2N 13 = o PPN
ST S 0510 oY L5 U o o) o 1P
6.2 Fluid Migration Pathways Within and Along the Production Well
6.2.1 OVerview Of Well CONSEIUCLION ... iuuieereesreesreessersessessesssesssessesssesssssssessssssss s sssesssssssssssssssssesans
6.2.2 Factors that can Affect Fluid Movement to Drinking Water ReSources ........oeeneeennens 6-16
6.3 Fluid Migration Associated with Induced Fractures within Subsurface Formations........ccoccouueen. 6-38
6.3.1 Overview of Subsurface Fracture GrowWth ... 6-40
6.3.2 Migration of Fluids through Pathways Related to Fractures/Formations........ccoueneeenens 6-44
6.4 SYNENESIS i s
6.4.1 Summary of Findings
6.4.2 Factors Affecting Frequency or Severity of IMPACES .....cocenenennennessseseesessssesssssesssssssesssssees 6-73
6.4.3 UNCETEAINTIES .ovreeeeeuseemseeesensseessress e sssessssee s s ses s ses e s s s RS Es e s R bR R 6-75
6.4.4 L000) 4 101 LT3 [0 ) 4100 6-77

Chapter 7. Produced Water Handling

WX 0 2] 0 = Lo OO TT T

7.1 Introduction
7.1.1 DO INTEIONS . eeeeeeeeeeen ettt es s s s R R R AR

7.2 Volume of Hydraulic Fracturing Flowback and Produced Water .......coissnnssssssssssssssssissnns 7-5
7.2.1 Flowback of Injected Hydraulic Fracturing FIUId .......cocrrmrenrersercrecrssecessesessesessesenns
7.2.2 Produced Water VOIUMES. ... eemeereesseesssessesssessssssssssssssssessssesssssssssssssssssssssssessssessssesssssssssssssesess

7.3 Chemical Composition of Produced Water ........nnininnsssssssssssssssssesssssssssssssssssssssssssssssans
7.3.1 Determination of Produced Water Composition..........
7.3.2 Factors Influencing Produced Water Composition
7.3.3 Produced Water Composition During the Flowback Period .......eeeneeneeenneesnnens 7-12




7.3.4 Produced Water COMPOSITION ....ccuereerreerreerreesseesseesseesseessesssesssessessssssssssssssssssesssesssesssesssssssesssssssesssssnes

7.3.5 Spatial Trends in Produced Water Composition

7.4 Spill and Release Impacts on Drinking Water RESOUICES. ... ermeermeeseerseesssessmssssmsssssssssessssessssesssseees 7-25
7.4.1 Produced Water Handling and Spill Potential.........nnssessesssessessssssseeens 7-25
7.4.2 SPIIIS Of PrOAUCEA WALET ....oueereeeeereeeseeseeseesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 7-26

7.5 Roadway Transport of Produced WALer ... ssssssssssssssssssssssssssssssns 7-40

7.6 SYNENESIS it R
7.6.1 Summary of Findings
7.6.2 Factors Affecting the Frequency or Severity of Impacts ..o 7-43
7.6.3 UNCEITAINTIES vt s 7-43
7.6.4 L000) 416 1S3 [0 ) 41N 7-44

Chapter 8. Wastewater Disposal and Reuse.........ccunnnmmmssssssssssssssssss
2N 13 0 = Vo PPN

S 00 N 0o o o 16 ot (o) o PP

8.2 Volumes of Hydraulic Fracturing Wastewater

8.2.1 National LeVel ESTHIMALE ....c.vveccererceecsretssesesessssssessesssssssssesssssssssssssssssessessssssessessessssssesssssssssessessssssessesas
8.2.2 Regional/State Level EStIMAtes ....iinssssissssssssssesssssssssssssssssssssssssssssss s sssssssssnns
8.2.3 Estimation Methodologies and ChallENES ........ccoueeeeeenererseesssssssssssssesssesssesssssssessssssssssssans 8-8
LS TS TATAV: U] WA V2= =Y ol 04 4 = = Lo ) o 11 o L of ST 8-11
8.3.1 BT R Xy 2= L) PV 8-11
8.3.2 Constituents in RESIAUALS ..o ssese s ssssse e ssssssessessssssssesssssssssssssssssssssessssssssesesnes 8-13

8.4 Wastewater Management Practices and Their Potential Impacts on Drinking Water
RESOUICES .uvtitiisisss s bR

8.4.1 UNderground INJECTION ... eseeseeseeseesesssesssssssssssss s sess s sesssesssssssessssssssssssssssssssssssssssssssssssssssssees
8.4.2 Publicly Owned TreatmMent WOTKS ......oeenesesssessssessesssesssssssssssssssssssssssssssssssssssssssssans
8.4.3 Centralized Waste Treatment Facilities ...
8.4.4 Wastewater Reuse for Hydraulic Fracturing ...
8.4.5 Storage and Disposal Pits and Impoundments

8.4.6 Other Management Practices and ISSUES .......c.umemenmrenmsenmssnmssssssssinssssss s ssssssssssssssssssssssssssssns
8.4.7 Management of Solid and Liquid ReSIAUALS......co..rereereereereeeenseenseessesssesssesseessessseesseessesssssssssssssses

8.5 Potential Impacts of Hydraulic Fracturing Wastewater Constituents on Drinking Water
2Ty 0] Do o 1

8.5.1 Bromide, lodide, and Chloride
8.5.2 Radionuclides
8.5.3 1 =Y =) £SO T
8.5.4 Volatile Organic COMPOUNGS......ccueeeeeeeseesssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssans

8.5.5 Semi-Volatile Organic Compounds
8.5.6 0Oil and Grease

8.6 SYNTNESIS it s
8.6.1 SUMMATY Of FINAINES coureeureesreeseeeseeesseessnesssessssessssesssssesssessssessssssssessssesssssssssssssssssssssssssssssssssssssessssessasessanes
8.6.2 Factors Affecting the Frequency or Severity of IMpacts ... 8-70
8.6.3 UNCEITAINTIES vt s 8-73

Vi



8.6.4 (00 o3 LD 3 10) o K3 8-75

Chapter 9. Identification and Hazard Evaluation of Chemicals across the Hydraulic
Fracturing Water Cycle

N 151 0 ¢ ot ST

1520 SN 01 oo 6 10 (ot o) o 1000 PP

9.2 Overview: Hydraulic Fracturing and Potential Impacts on Human Health .....coooenecennecenneennn. 9-5

9.3 Identification of Chemicals Associated with the Hydraulic Fracturing Water Cycle.......cccouuernenn. 9-8
9.3.1 Chemicals Used in Hydraulic Fracturing FIUIdS.......ceenenesesscsseessesssssssssssssssssssesnns 9-9
9.3.2 Chemicals Detected in Produced Water .......sssssssssssssssssssssssssenes 9-11

9.4 Toxicological and Physicochemical Properties of Hydraulic Fracturing Chemicals.....c..cccouuuee. 9-11
9.4.1 Reference Values (RfVs), Oral Slope Factors (OSFs), and Qualitative Cancer
L0011 1§ (o U (o) o V-3 9-13
9.4.2 Estimating Toxicity Using Quantitative Structure Activity Relationship (QSAR)
LY 06 (=3 1 o= 9-17
9.4.3 Chemical Data Available from EPA’s Aggregated Computations Toxicology Resource
(ACTOR) Database.....ceuuueemeeseeermessesssesssesseesseessesssesssesssesssesssesssesssssssesssssssssssssssssssssssssssssss s s s sss s s ssssssssssnsans 9-19
9.4.4 Additional Tools for Hazard EValUation.......cneneneeeeseesneesseessesssesssesssesssesssesssesssesses 9-20
9.4.5 PhysicOChemiCal PrOPEIrtIES ...oieieiesiesseesssssssssssessssssssssssssssssssssssssssssssssssssesssessssssssssssssssssssssses 9-21
9.4.6 Summary of Available Toxicological and Physicochemical Information for Hydraulic
Fracturing CheMICALS. ... cereceseesseesseeesseessesssssss s ssses s s ses s ssssessssesssses s s st s ss s ss s e ssssssas

9.5 Hazard Identification of Hydraulic Fracturing Chemicals
9.5.1 Chemicals Used in Hydraulic Fracturing FIUIdS.......cessesssssesesssssssssssssssssnns
9.5.2 Organic Chemicals in Produced WaLter ... ssssssssssssssssssssnns
9.5.3 Inorganic Chemicals and TENORM in Produced Water ... 9-38
9.5.4 Organochlorine Pesticides and Polychlorinated Biphenyls (PCBs) in Produced Water.9-44
9.5.5 MELhANE N SEIAY GAS oottt s bbbt

9.5.6 Disinfection Byproducts (DBPs) Formed from Wastewater Constituents
9.5.7 Chemicals Detected in Multiple Stages of the Hydraulic Fracturing Water Cycle.............. 9-48

9.6 Hazard Evaluation of Selected Subsets of Hydraulic Fracturing Chemicals Using Multi-Criteria
Decision Analysis (MCDA): Integrating Toxicity, Occurrence, and Physicochemical

9.6.1 Overview of the MCDA Framework for Hazard Evaluation

9.6.2 Selection of Chemicals for Hazard Evaluation in the MCDA Framework.......ccocouevenienneneen. 9-53
9.6.3 Calculation Of MCDA SCOTES....oineesrsisssnsssssssssssssssssssesssssssssssssssssssssssssssssssssssssssssssssssssassssssssasesas 9-57
9.6.4 Total Hazard POtential SCOTE ... sssssssssssssssssssssssssssssssssssssssssssssssans 9-58
9.6.5 MUECDA RESULLS .ovurreueeneereesrisssessssssssssssssssssssssssss s s s sssssssssssssssssssssssssssssssssssssssssss s s ssssssnsans 9-59
9.6.6 Limitations and Uncertainty of the MCDA FrameworK ........enenenenesnenessseesseesnens 9-77
9.6.7 Application of the MCDA Framework for Preliminary Hazard Evaluation.........ccccoeeneeene. 9-78

Lo 74 1 1 L=

9.7.1 Summary of Findings

9.7.2 Factors Affecting the Frequency or Severity of IMpacts ..o 9-81
9.7.3 L0 4 T00= =V 0Lt 9-82

9.7.4 Conclusions

vii



9.8.1 Calculation of Physicochemical Property Scores (MCDA Hazard Evaluation) ... 9-84
9.8.2 Example of MCDA Score CalCulation. ... sssssssssssssssssssssssssssssns 9-85
Chapter 10.  SYNENESIS .o e 10-1
gL 0T U U m o) o PPN 10-3
10.1 Factors Affecting the Frequency or Severity of IMPacCtS....ceemeernmeessmeesssesseessssssssesssssssssssssssssessanas 10-4
10.1.1  Water ACQUISTEION couceeceeeeceeesee et seeses et sess s sesssesse s s s s es s s s s s s 10-4
10.1.2  Chemical Mixing and Produced Water Handling.........coucunnenenenenenessesssssessesssessessesees 10-8
10.1.3 Wl INJECHON ceeuiereereeseeseeseesesssssse st sess s sess s s s s s s s b 10-13
10.1.4  Wastewater DiSp0Sal and REUSE ...t sseesseessessssessssssessssssssssssssssans 10-21
T0.1.5  SUMIMATY ctturiurrereesserssessessesssssssessssssesssesssesssesssesssesssssssssssasssssssssssssssesssssssssasssssssssssssssesssesssesssesssasssnsssssssnssnns 10-23

10.2 Uncertainties and Data GAPS ....cirinininsissssssssssssssssssessssssssssssssssssssssssssssssss s s ssssssssssssans 10-24
10.3 Use Of thiS ASSESSIMENT ...cvurevuierisssirssssssssssss s s Ess b R 10-28
Chapter 11.  RefEreNCEeS ... sssssssssssasassssssssssssssssasassssssssssssssssasassssssssssssssssasassssnss 11-1

viii



List of Tables

Table ES-1. Water use per hydraulically fractured well between January 2011 and February 2013......... ES-13
Table ES-2. Chemicals reported in 10% or more of disclosures in FracFocus 1.0. .....ceneneeennsennnns ES-20

Table ES-3. Available chronic oral reference values for hydraulic fracturing chemicals reported
in 10% or more of disclosures in FracFOCUS 1.0. ... ES-43

Table 1-1. The five factors and accompanying criteria used to evaluate literature and data cited
LT 00 R FTY X1y 10 =) 0 L T 1-11

Table 2-1. Summary of drinking water sources in the United States in 2010.....cc.ccoeermeneeereeeseerreesreesseesseesseens 2-10

Table 3-1. Estimated number of new wells hydraulically fractured nationally by year from
VATTOUS SOUTCES. ..vureeusersserssesssesssesssesssssssssess s st sesssesssesssesssesssesssesssesssssssesssessse s s 3-29

Table 4-1. Estimated proportions of hydraulic fracturing source water from surface water and
BIOUINIAWALET . c.vrvureeuseeseesseeseeesesssssssessseessssssessseessesssesssesssesssesssesssesssesasesssesssessesssesssaessaessesssasssesssesssesssesssesssesssesssesssesssesasesssesssessasssnses 4-6

Table 4-2. Percentage of injected water volume that comes from reused hydraulic fracturing
wastewater in various states, basins, and PlayS.... i ————————————_—————_———. 4-7

Table 4-3. Average annual hydraulic fracturing water use and consumption in 2011 and 2012
compared to total annual water use and consumption in 2010, DY COUNLY. ...ouereerreenreenmeesseesserssesseesseessenssenssens 4-16

Table 4-4. Estimated brackish water use as a percentage of total hydraulic fracturing water use
in the main hydraulic fracturing areas of Texas, 201 L....————— 4-23

Table 5-1. Examples of common additives, their function, and the most frequently used
chemicals reported to FracFocus for these additiVes. ....essesssssssssssssssssssssssssssssssssees 5-11

Table 5-2. Classes and specifically identified examples of tracers used in hydraulic fracturing

Table 5-3. Chemicals identified in the EPA FracFocus 1.0 project database in 10% or more
disclosures, with the percent of disclosures for which each chemical is reported as an ingredient

in an additive and the top four reported additives for which the chemical is used. .....coormrermerreeerseeessneens 5-21
Table 5-4. Example list of chemicals and chemical volumes used in hydraulic fracturing.........c..coeceseeeees 5-26
Table 5-5. Fluid and additive composition by maximum mMass PErCENt. ....cmmmesmesssessessessssssesssesseens 5-29

Table 5-6. Examples of typical hydraulic fracturing equipment and its function

Table 5-7. The 20 chemicals reported most frequently nationwide for hydraulic fracturing based
on the EPA FracFocus 1.0 project database, with EPI Suite™ physicochemical parameters where
available, and estimated mean and median volumes of those chemicals where density was

A2 11 = o) (PP 5-54
Table 6-1. Failure rates of vertical wells in the Wattenberg field, Colorado........ccocouenenseneeneeneeseeseeseeneens 6-20
Table 6-2. Results of studies of PA DEP violation data that examined mechanical integrity failure

= L 6-30
Table 6-3. Comparing the approximate depth and thickness of selected U.S. shale gas plays and

COAlbed MELNANE DASINS. ..ceeuieeeeeeeeeer s s s s E bR SRR 6-46
Table 6-4. Modeling parameters and scenarios investigated by Reagan et al. (2015)....coueenmeeenmeeermeesseeennes 6-57

Table 7-1. Data from one company’s operations indicating approximate total water use and
approximate produced water volumes within 10 days after completion of wells.........ccooenecrrerneerneennernnennn. 7-6

ix



Table 7-2. Additional short-, medium-, and long-term produced water estimates. ........ccoueereerreerseessersseenns 7-7

Table 7-3. Flowback water characteristics for wells in unconventional reservoirs

Table 7-4. Long-term produced water generation rates (gal/day per well) for wells in
UNCONVENTIONAL FESEIVOITS. coureeureeueesrerseereereesseesseesseesseesseessesssesssesssesssesssesssesssesssesssesssesssessssssssssesssesssesssesssesssesssesssesssesssesssesses 7-9

Table 7-5. Compiled minimum and maximum concentrations for various geochemical

constituents in produced water from shale gas, tight gas, and CBM produced water........cooeenreeesseeens 7-17
Table 7-6. Examples of compounds identified in produced water that can be components of

hydraulic fracturing fIULd. ... s e 7-22
Table 7-7. Summary of produced water release VOIUMES. ... sssssssssssssssssssssssssns 7-37
Table 8-1. Estimated volumes (millions of gal) of wastewater based on state data for selected

years and numbers of wWells producing flUid. ... ss s sssssees 8-9
Table 8-2. Estimated percentages of wastewater managed by practice and by state. ....c..ccouonenseneesiennens 8-16
Table 8-3. Management practices for wastewater from unconventional oil and gas resources................ 8-17
Table 8-4. Distribution of active Class IID wells across the United States. ..., 8-24
Table 8-5. Number, by state, of CWT facilities that have accepted or plan to accept wastewater

from unconventional 0il anNd gas ACHIVILIES. ... bbb s ssnees 8-30
Table 8-6. Estimated percentages of reuse of hydraulic fracturing wastewater. ..., 8-36
Table 9-1. Sources of selected RfVs, OSFs, and qualitative cancer classifications. .......ccoueneneeneeneeseeneens 9-15

Table 9-2. Chemicals reported to FracFocus 1.0 from January 1, 2011 to February 28, 2013 in

10% or more disclosures, with the percent of disclosures for which each chemical is reported.

Chronic oral RfVs, TOPKAT LOAEL estimates, and availability of ACToR data are shown when

AVALLADIE. cooeo eSS 9-25

Table 9-3. List of OSFs and qualitative cancer classifications available for all carcinogenic
chemicals reported to FracFocus 1.0 from January 1, 2011 to February 28, 2013 in 10% or more
QISCIOSUIES. c.uveurreueesersreeseeesessssessssssses s ssss s s s s s s R RS AR AR AR 9-28

Table 9-4. List of a subset of organic chemicals that have been detected in produced water, with
respective chronic oral RfVs, TOPKAT LOAEL estimates, and availability of ACToR data shown
WHEIN AVAIIADIE. ..ottt R 9-32

Table 9-5. List of OSFs and qualitative cancer classifications available for a subset of organic
chemicals that have been reported in Produced Water. ... 9-36

Table 9-6. List of inorganics and TENORM reported in produced water, and respective chronic
oral RfVs and OSFs When available. ... ssssssssss s sssssssssssssssess 9-39

Table 9-7. List of qualitative cancer classifications available for inorganics and NORM that were
rePOTted iN PrOAUCEA WALET. oovvececereesseeseessss s sss s sess s s bbb s ARt 9-42

Table 9-8. List of organochlorine pesticides and PCBs that were reported in produced water, and
their respective chronic oral RfVs, TOPKAT LOAEL estimates, and availability of data in EPA’s
ACTOR AAtADASE. c.cvueeeeeineisssissssssesssss s sesssesssssssesssesssssssssssssssssssssssssssssssssssssssssssss st sesssesssesssesssesssesssesssssssnsssssssssssssssesssssssssanes 9-44

Table 9-9. List of OSFs and qualitative cancer classifications available for organochlorine
pesticides reported iN ProAUCEA WaLET ... sse s s s s s sans 9-46

Table 9-10. List of 45 chemicals on EPA’s list that were used in hydraulic fracturing fluids and
detected in produced water and have an RfV or OSF available.......nnnssssessssssesseenees 9-48




Table 9-11. Thresholds used for developing the Toxicity Score, Occurrence Score, and

Physicochemical Properties Score in this MCDA frameWoOTK. ......cnenenenessssssssssssssssssssssns

Table 9-12. Data on the selected subset of chemicals in hydraulic fracturing fluids used for input

INTO @ NONCANCET MDA ... bbb bbb e e e e R R bbb bbb bbb

Table 9-13. Data on the selected subset of chemicals in hydraulic fracturing fluids used for input

RO W Iz or b Lor=) o\ 03 D VT

Table 9-14. Data on the selected subset of chemicals detected in produced water used for input

RO W J= 10 o) o Lor=1 o Lod =) ol LY (00 D PR

Table 9-15. Data on the selected subset of chemicals detected in produced water used for input

RO W Iz or b Lor=) o\ 03 D VT

Table 10-1. Literature estimates of mechanical integrity failure rates resulting in contamination

of groundwater or failure of all well barriers, potentially exposing the groundwater. ........c.coueneeereeennens 10-15

Xi



List of Figures

Figure ES-1. General timeline and summary of activities at a hydraulically fractured oil or gas

PIOAUCTION WELL .ottt es s bbb SRR R R b ES-6
Figure ES-2. Locations of approximately 275,000 wells that were drilled and likely hydraulically

fractured between 2000 and 2013, ... s ES-8
Figure ES-3. The five stages of the hydraulic fracturing Water CyCle. ... ES-10

Figure ES-4. Water budgets illustrative of hydraulic fracturing water management practices in
the Marcellus Shale in the Susquehanna River Basin between approximately 2008 and 2013 and
the Barnett Shale in Texas between approximately 2011 and 2013. ....eneeneennsrneennernnseessessesssesseesns ES-14

Figure ES-5. Generalized depiction of factors that influence whether spilled hydraulic fracturing
fluids or additives reach drinking water resources, including spill characteristics, environmental

fate and transport, and SPill reSPONSE ACHIVITIES. ...vwurerrmreenerseerseerserssesssss s sesssses s ssssssssesssssssssssssssssssssssssssess ES-25
Figure ES-6. Potential pathways for fluid movement in a cemented Well. ... ES-29
Figure ES-7. Examples of different subsurface environments in which hydraulic fracturing takes

PLACE. ettt ee e es s es s s s s R RS RRR R R R S R R R R EE R eEE SRR SRR SRR SRR SRR SRR R SRR SRR R AR AR AR ES-31
Figure ES-8. Changes in wastewater management practices over time in the Marcellus Shale area

OF PENNSYIVANIA. wvueereereseeseeeisssiss et s s s s s s s s s s s s bbbt ES-41
Figure 1-1. Conceptualized view of the stages of the hydraulic fracturing water cycle. ......cconreermeereeenna. 1-5
Figure 2-1. Geographic variability in drinking water sources for public water systems. ......c.ccuuuunnirnninns 2-10

Figure 2-2. The location of public water system sources having hydraulically fractured wells
AU 01 0 0 40 (PP 2-15

Figure 2-3. Separation distance between drinking water resources and hydraulically fractured
INEETIVALS T11 WEILS covureueeereeee et cteetsssessss st ses s s bR R R R AR R e 2-17

Figure 3-1. Conceptual illustration of the types of oil and gas reservoirs and production wells

USEd IN NYATAULIC fTACTUIIIIZ civeureeueesseeesseessseeesseessseessssssseesssessssessssessssessssessssesssssessessssessssassssass e ss s ssses s s s sssasssssssssssnssssenes 3-6
Figure 3-2. Major shale gas and oil plays in the contiguous United States. ..., 3-8
Figure 3-3. Major tight gas plays in the contiguous United States. ... 3-9
Figure 3-4. Coalbed methane fields and coal basins in the contiguous United States. .......ceeseeeseeeseeens 3-10
Figure 3-5. General timeline and summary of activities that take place during the preparation

and through the operations of an oil or gas well site at which hydraulic fracturing is used........ccocusuenne 3-12
Figure 3-6. Surface water being pumped for oil and gas development. ... 3-14
Figure 3-7. lllustration of well construction showing different types of casing and cement. ......cccoccerueen. 3-15
Figure 3-8. Sections of well casing ready for installation at a well site in Colorado.........coeenmeenneerneenneenne 3-16
Figure 3-9. Aerial photograph of two hydraulic fracturing well sites and a service road in

Springville Township, PENNSYIVANIA. ...oceeeeeeeseerrmeesseessesssssesssesseessessseesssesssses s sssssssssssssssssssssssssssssssssssssssssssssessssas 3-17
Figure 3-10. Aerial photograph of hydraulic fracturing well sites near Williston, North Dakota. ............ 3-18

Figure 3-11. Well site with equipment (and pits in the background) in preparation for hydraulic
fracturing in Troy, PENNSYIVANIA. ... eeenesnsesnssssssssssssssssssssssssssssssssssssesssssssesssesssssssssssssssssssssssssssssssssssssssssssssssssseses 3-19

Figure 3-12. Three wellheads on a multi-well pad connected to the piping used for hydraulic
fTACTUTING INJECTION. cuueeurieueeeee ettt sees s ssss s es s RS R R AR R bt 3-20

Xii



Figure 3-13. Water tanks (blue, foreground) lined up for hydraulic fracturing at a well site in

CENTTAL ATKAIISAS. .urevureeseerseeseessesesssessssssssess s s ssses s s s s s £ R R8RSR R SRR RS R R 3-22
Figure 3-14. A pit on the site of a hydraulic fracturing operation in central Arkansas. ... 3-23
Figure 3-15. Locations of the approximately 275,000 wells drilled and hydraulically fractured

DetWeen 2000 and 2013 eeeeeeerseeseeessseeseessssesssssssesss s sssesssssssssess e s s e R RS REERERRE AR R 3-26
Figure 3-16. Landsat photo showing hydraulic fracturing well sites near Frierson, Louisiana. ......ccc...... 3-27
Figure 3-17. Landsat photo showing hydraulic fracturing well sites near Pinedale, Wyoming.............. 3-28
Figure 3-18. Primary U.S. energy production by source, 1950 t0 2015....eneenneenmernnernssnssessessesssssseeenns 3-32
Figure 3-19. U.S. production of oil (left) and gas (right) from hydraulically fractured wells from

2000 O 20715, eeeueeuseeesseeesseeessessseessseesssessssessssessssessssessseesssesessessssessssessssesssseesseeesseLEsseEE A AEE S LEESHLER SRR ER AR R R R R R 3-33
Figure 3-20. Location of horizontal wells that began producing oil or natural gas in 2000, 2005,

016 U7/ 1 /PP 3-34
Figure 3-21. Natural gas prices and drilling activity, United States, 1988 t0 2015. ....coeerreerrmeersmersseeesseeens 3-35
Figure 3-22. Historic and projected natural gas production by source (trillion cubic feet). ....couurrnnee. 3-35
Figure 3-23. Production from U.S. shale gas plays, 2000-2014.......coneneenmernmernmernsesnsesnsesseesseessssssssssesssssssssses 3-36
Figure 3-24. Crude oil prices and drilling activity, United States, 1988 t0 2015. ....cccomermernrrrmrermersssessesseenns 3-37
Figure 3-25. Historic and projected oil production by source (million barrels per day).......conirinnnens 3-37
Figure 3-26. Production from U.S. tight oil plays, 2000-2014........ccornrnmeenmeenmernerseerseesnseseesseesseessesssesssssssssssssses 3-38
Figure 4-1. Median water volume per hydraulically fractured well nationally, expressed by well

tYPE aNd COMPIELION FEAT. ooureurrerrereesssessissssssesssssssss s ssss s s s s s s s s s s s s e 4-12
Figure 4-2. Average annual hydraulic fracturing water use in 2011 and 2012 by county. ....cccouuuvnrrrrnnees 4-18

Figure 4-3. (a) Average annual hydraulic fracturing water use in 2011 and 2012 compared to
total annual water use in 2010, by county, expressed as a percentage; (b) Average annual
hydraulic fracturing water consumption in 2011 and 2012 compared to total annual water

consumption in 2010, by county, eXpressed as @ PEICENTAZE. ....orwurreerrersemsssmsssesssssssssssssssessssssesssesssssssesssessssssees 4-19
Figure 4-4. Locations of wells in the EPA FracFocus 1.0 project database, with respect to U.S. EIA

Shale Plays ANd DASINS. .. s s ssssssss s s s s s s s e 4-22
Figure 4-5. Major U.S. EIA shale plays and basins for TeXas. ... 4-22

Figure 4-6. Average annual hydraulic fracturing water use in 2011 and 2012 compared to (a)
fresh water available and (b) total water (fresh, brackish, and wastewater) available, by county,

EXPIESSEA AS @ PEICEINTAZE. .eurreureereeserserseerseesseesseesseessesssesssesssesssesssesssesssesssesssesssesssesssesssesssesseessesssasssesssasssesssssssssssesssssssessesns 4-26
Figure 4-7. (a) Estimated annual surface water runoff from the USGS; (b) Reliance on

groundwater as indicated by the ratio of groundwater pumping to stream flow and pumping. .............. 4-27
Figure 4-8. Percentage of weeks in drought between 2000 and 2013 by COUNLY. ...veeeeereeemeermeesmeessesesenens 4-29
Figure 4-9. Major U.S. EIA shale plays and basins for Colorado and Wyoming. .........ccenenmeenseenssenseenns 4-31
Figure 4-10. Major U.S. EIA shale plays and basins for Pennsylvania, West Virginia, and Ohio................ 4-35
Figure 4-11. Major U.S. EIA shale plays and basins for North Dakota and Montana. ... 4-40
Figure 4-12. Major U.S. EIA shale plays and basins for Arkansas and Louisiana. ..., 4-43

xiii



Figure 5-1. Representative hydraulic fracturing site showing equipment used on-site during the

ChemiCal MIXINE PIOCESS. ...ouerererssersssessssssss s sess s sess s sesssess s s s sse s s b bR s s 5-5
Figure 5-2. Overview of a chemical mixing process of the hydraulic fracturing water cycle. ......ccouueerrueenn. 5-6
Figure 5-3. Example hydraulic fracturing fluid decision tree for gas and oil wells. .......ccoennnsrnnrrnninene. 5-9
Figure 5-4. Example hydraulic fracturing fluids. .....sssssssssssssssssssssssssssssssssssss 5-17

Figure 5-5. Estimated median volumes for 74 chemicals reported in at least 100 disclosures in
the FracFocus 1.0 project database for use in hydraulic fracturing from January 1, 2011 to

FEDTUATY 28, 201 3coeieeeeeeeteetsees st ss s ss s sssssesssessse s sss s E R R R R R R AR R AR 5-28
Figure 5-6. Typical hydraulic fracturing equipment [ayouL. ... sssssssssssssessssssseses 5-33
Figure 5-7. Metal and high-density polyethylene (HDPE) additive UNits. ....ccooeeneeenmeernmeessmeesseesseesseesseeens 5-35
Figure 5-8. Hoses and lines at a Site iN ATKANSAS. ....ceeenernernsesnsssseesssssseessesssesssesssesssssssssssesssssssssssssssesssessssssssnss 5-37
Figure 5-9. Multiple fracture REadS. ... sssssssssesssssssssssesssssssssssssssssssssssssssssssssssssssssssssssssesssnes 5-40
Figure 5-10. Percent distribution of the causes of SPIlLS. ... ssssessseesssess 5-42
Figure 5-11. Percent distribution of the sources of Spills. ... ————— 5-43
Figure 5-12. Distribution of the number of spills for different ranges of spill volumes. .......ccoccovvuerreerrrnnenn. 5-43
Figure 5-13. Total volume of fluids spilled from different SOUICES......cunenmeenreneenenenesnessesssessessssssssssnes 5-44
Figure 5-14. Number of spills by environmental reCeptor. ... 5-45

Figure 5-15. Fate and transport schematic for a spilled hydraulic fracturing fluid

Figure 5-16. Histograms of physicochemical properties of organic chemicals used in the

MY ATAULIC fTACTUTTIIE PrOCESS e eeuseesseeeseessseesssesssessssessssassssessssesssessssessssessssessssessssessssesssessssessssassssesssssssessssessssassssassssssssnssssnees 5-52
Figure 5-17. Fate and Transport Spill EXample: Case L. .....enernernserneesseesseesseesseessesssesssesssesssesssesssesssessnes 5-60
Figure 5-18. Fate and Transport Spill EXample: Case 2. .....eneenernesnssnessesssessesssesssssssesssssssssssesssessssssssses 5-61
Figure 5-19 Fate and Transport Spill EXample: Case 3. ..emmresessessessesssssssssssssssssessssessssesssssssssssssssess 5-62
Figure 6-1. Schematic cross-section of general types of oil and gas resources and the

orientations of production wells used in hydraulic fracturing. ... 6-6
Figure 6-2. Overview of Well CONSIIUCTION. ... sssssssssssssssssssssssssans 6-8
Figure 6-3. The various stresses to which the casing will be eXpoSed. ......ooeeneenrerneernmeessmesessseeseesseeens 6-10
Figure 6-4. Potential pathways for fluid movement in a cemented wellbore. ..., 6-17

Figure 6-5. Hydraulic fracture planes (represented as ovals), with respect to the principal
subsurface compressive stresses: Sy (the vertical stress), Sy (the maximum horizontal stress),
and Sy (the minimum horizontal STrESS). . ————————— 6-41

Figure 6-6. Vertical distances in the subsurface separating drinking water resources and
hydraulic fracturing AEPTRS. . b bbb R 6-45

Figure 6-7. Conceptualized depiction of potential pathways for fluid movement out of the

production zone: (a) induced fracture overgrowth into over- or underlying formations; (b)

induced fractures intersecting natural fractures; and (c) induced fractures intersecting a

012 00 TCT=1 o) LN £ 10 1 PP 6-53

Figure 6-8. Induced fractures intersecting an offset well (in a production zone, as shown, or in
overlying formations into which fracture growth may have 0ccurred). ... 6-59

Xiv



Figure 6-9. Well communication (@ frac Nit)....neeeeseessssessesssesssesssesssesssssssesssessssssssssssssssssssssnss

Figure 7-1. Generalized examples of produced water flow from five formations

Figure 7-2. Typical produced water volume for a coal bed methane well in the western United

Figure 7-3. TDS concentrations measured through time for injected fluid (at 0 days), and
produced water samples from four Marcellus Shale gas wells in three southwest Pennsylvania
L0000 L = 7-13

Figure 7-4. Total radium and TDS concentrations measured through time for injected (day 0),
and produced water samples Greene County, PA, Marcellus Shale gas wells. ... 7-14

Figure 7-5. (a) Increasing chloride (Cl) and (b) decreasing DOC concentrations measured
through time for samples from three Marcellus Shale gas wells on a single well pad in Greene
COUNLY, PA. ettt sttt ssss st ssse s s s s R E 8RR AR AR AR 7-15

Figure 7-6. Data on radium 226 (open symbols) and total radium (filled symbols) for Marcellus
Shale wells (leftmost three columns) and other formations (rightmost three columns). .....couniuinnirnnnens 7-21

Figure 7-7. Produced water spill rates (spills per active wells) for North Dakota from 2001 to
2015 (APPENAIX SECHION E.5). ottt ssss st sesssssssesssessssssssssssssssssssssssssssssssssssssssssssssssssesssesssesssesssesssnsssnes 7-31

Figure 7-8. Number of produced water releases in North Dakota by cause for 2014 and 2015
(APPENIX SECHION E.5).eeieeeeeeeeseeseisesssssssse st ssess s sess e s s s s sss s s s s s s s s bbb 7-32

Figure 7-9. Distribution of spill causes in Oklahoma, pre-high volume hydraulic fracturing years
0f 1993-2003 (left) and in the EPA study of spills on production pads (right)......ccemenmeesmeesseeeseeens 7-33

Figure 7-10. Distribution of spill sources in Oklahoma, pre-high volume hydraulic fracturing
years of 1993-2003 (left) and in the EPA study of spills on production pads (right).......ccccoueemeerneerseeneenne 7-33

Figure 7-11. Volumes of 2015 North Dakota salt water releases by cause (leftmost 13 boxes in
red), and all causes (1ast bOX N BIUE). ... 7-34

Figure 7-12. Volumes of produced water spills reported by the EPA for 2006 to 2012 by cause
(the five left most boxes in red), source (the second five boxes in yellow), and all spills (blue)............... 7-35

Figure 7-13. Median, mean, and maximum produced water spill volumes for North Dakota from
20071 10 20715, reeeeeuseeesseeesseeessessssessssessssesssessssasssseesssess st sesesses s s sAER s R SRR E AR RS ER AR R AR 7-36

Figure 7-14. Schematic view of transport processes occurring during releases of produced
22 L1 =) PP 7-40

Figure 8-1. Wastewater (i.e., produced water and fracturing fluid waste) and produced gas
volumes from unconventional (as defined by PA DEP) wells in Pennsylvania from January 2010

ENTOUZN JUNE 20 L6. ooeereereeereeseesseesssessssssss st sssesssesssessse s s s s E SRRt 8-5
Figure 8-2. Wastewater quantities in the western United States (billions of gal per year). ....ccocrmeeerreeenn. 8-7
Figure 8-3. Schematic of wastewater management SLratEZIES. ....cnernernmernserssesseesseesseesseesseesseessesssesssssssesses 8-14

Figure 8-4. Percentages of total unconventional wastewater (as defined by PA DEP) managed via
various practices for the second half of 2009 through the first half of 2014 ... 8-21

Figure 8-5. Management of wastewater in Colorado in regions where hydraulic fracturing is
DEING PEITOITNEM. .ottt e 8-22

Figure 8-6. Oil and gas wastewater volumes discharged to POTWs from 2001-2011 in the
Marecellus Shale. (“Conventional” is indicated by the authors as non-Marcellus wells and
described as vertically drilled to shallower depths in more porous formations.) ......eneneeneeeseeennns 8-27

XV



Figure 8-7. Map showing Pennsylvania surface water designated as potable water supplies and

UPSETEAIN CWTS. oottt ssses e es e s s s s R R SRR s AR 8-32
Figure 8-8. Lined evaporation pit in the Battle Creek Field (Montana). .....emeenesssmessseesseesseesseeens 8-42
Figure 9-1. Fate and transport schematic for a hydraulic fracturing-related spill or release. .....cccuuerrueenn. 9-6

Figure 9-2. Percentage of hydraulic fracturing-related chemicals (out of 1,606 total) with at least
one data point in €ach ACTOR data Class. .....oeeenernernesnsesssesseesssssssessssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 9-20

Figure 9-3. Overall representation of the selected toxicological, physicochemical, and occurrence
data available for the 1,606 hydraulic fracturing-related chemicals identified by the EPA. .....cccoevvnveneee 9-22

Figure 9-4. Availability of toxicity data (chronic oral RfVs/OSFs, TOPKAT LOAEL estimates, and
relevant data on ACToR) for subsets of chemicals used at various frequencies in hydraulic
fracturing fluids, as determined based on the number of disclosures in the EPA FracFocus 1.0
project database

Figure 9-5. Overview of the MCDA framework for hazard evaluation. ........ceneneemesseeseesseesseeens 9-53

Figure 9-6. The subsets of chemicals selected for hazard evaluation using the noncancer MCDA
framework included 42 chemicals used in hydraulic fracturing fluids and 29 chemicals detected
TN PIOAUCEA WALET . courverereeeesetseeessssssss s ssssssss s ss s bbb RS R R AR R e 9-55

Figure 9-7. The subsets of chemicals selected for hazard evaluation using the cancer MCDA
framework included 10 chemicals used in hydraulic fracturing fluids, and 7 chemicals detected
TN PTOAUCEA WALET . ..cureeurerrereeeetseeeseeesees s seessessse s ssse s s bbb RS R SRR R R AR b 9-56

Figure 9-8. Noncancer MCDA results for 42 chemicals used in hydraulic fracturing fluids
(national analysis), showing the Toxicity Score, Occurrence Score, and Physicochemical
Properties Score for €ach ChEMICAL ... st s s s 9-65

Figure 9-9. Noncancer MCDA results for 36 chemicals used in hydraulic fracturing fluids in
Texas (state-specific analysis), showing the Toxicity Score, Occurrence Score, and
Physicochemical Properties Score for each chemical. ... ssesssssssssessssssses 9-66

Figure 9-10. Noncancer MCDA results for 20 chemicals used in hydraulic fracturing fluids in
Pennsylvania (state-specific analysis), showing the Toxicity Score, Occurrence Score, and
Physicochemical Properties Score for each chemical.........nnenenee s sssesssesaes 9-67

Figure 9-11. Noncancer MCDA results for 21 chemicals used in hydraulic fracturing fluids in
North Dakota (state-specific analysis), showing the Toxicity Score, Occurrence Score, and
Physicochemical Properties Score for each chemical......ncneesse e sesseesssessssesssesenas 9-68

Figure 9-12. Cancer MCDA results for 10 chemicals used in hydraulic fracturing fluids, showing
the Toxicity Score, Occurrence Score, and Physicochemical Properties Score for each chemical. ........... 9-71

Figure 9-13. Noncancer MCDA results for a subset of 29 chemicals detected in produced water,
showing the Toxicity Score, Occurrence Score, and Physicochemical Properties Score for each

(0] 1 Tc) 0L (7 | TP 9-74
Figure 9-14. Cancer MCDA results for 7 chemicals detected in produced water, showing the
Toxicity Score, Occurrence Score, and Physicochemical Properties Score for each chemical..................... 9-77

Figure 10-1. Water budgets representative of practices in (top) the Marcellus Shale in the
Susquehanna River Basin in Pennsylvania and (bottom) the Barnett Shale in Texas. ... 10-7

Figure 10-2. Fate and transport schematic for a spill of chemicals, hydraulic fracturing fluid, or
PTOAUCEA WALET. w.cureureeureeaeesseessesssessesssessssssesssesssesssesssesssesssesssesssesssesssesssesssesssesssesssesssesssesssssesssesssesssesssesssesssesssesssssssesssssssessnes 10-11

Figure 10-3. Separation in measured depth between drinking water resources and hydraulically
fractured INTEIVALS 1N WEILS. . eeeeeeeeeeeeeer s s s s e e e s R R s s n e n s 10-20

Xvi



List of Text Boxes

Text Box ES-1. DrinKing Water RESOUICES. ... reeeeeeeessresssmessssssssessssesssssssssssssssssssssssessssessssssssssssssssssesssssssssasssssssnees ES-5
Text Box ES-2. Hydraulically Fractured Oil and Gas Production Wells.........connnnennenenensensessesseeens ES-7

Text Box ES-3. The EPA’s Study of the Potential Impacts of Hydraulic Fracturing for Oil and Gas on
DrinKing Water RESOUTCES. ...emeeenmsessmssssssssssssssssssssssssssssssssssssessans

Text Box ES-4. FracFocus Chemical Disclosure RegIStIY.....sssssssssssssssssens

Text Box ES-5. County-Level Water Use for Hydraulic Fracturing

Text Box ES-6. Examples of Hydraulic Fracturing FIUIdS. .....ccsssssssssssssssssesssssssans

Text Box ES-7. Chemical MixXing EQUIPIMENT. ... ieueemeeeeeeseeesseesssesssesssses s sssssssssssssessssssssessssessssessssssssssssssssssassssssess ES-23
Text BOX ES-8. FTaCture GrOWLN. ..ttt ssse s s ES-28
Text Box ES-9. Produced Water from Hydraulically Fractured Oil and Gas Production Wells................ ES-34
Text Box ES-10. On-Site Storage of Produced WAL .....eeenmreseesessssessseesssssssssssssssssssssesssssssssssssssssssess ES-36
Text Box ES-11. Hydraulic Fracturing Wastewater Management. ... ES-39
Text Box 1-1. Regulatory Protection for Drinking Water RESOUICES. .......oeneeneennernsernserseesseesseesseessesssesssesssesses 1-7
Text BoX 2-1. The HYArologiC CYClE. ... sssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssesssesssssssees 2-4
Text Box 2-2. El Paso’s Use of Higher Salinity Water for Drinking Water.......oeeeenessseesssesssseess 2-11
Text Box 3-1. Hydraulic Fracturing: Not New, but Different and Still Changing. ........ccconmenneennsenneenneenneenn. 3-4
Text Box 3-2. “Conventional” Versus “Unconventional.” ... eeessssssssssessssssssssssssssssess 3-7

Text Box 4-1. Using the EPA’s FracFocus 1.0 Project Database to Estimate Water Use for

HydrauliC FraCtUIING. ..o ssssssss s st bbb s s 4-20
Text Box 4-2. Hydraulic Fracturing Water Use as a Percentage of Water Availability Estimates. ............ 4-25
Text Box 4-3. Case Study: Water Profile of the Eagle Ford Play, TeXas.......esssssseseens 4-30
Text Box 4-4. Case Study: Impact of Water Acquisition for Hydraulic Fracturing on Local Water

Availability in the Upper Colorado RiVEr BaSin.......isessessssssesssssssesssesssssssssssssssssssssssssssssssssans 4-34
Text Box 4-5. Case Study: Impact of Water Acquisition for Hydraulic Fracturing on Local Water

Availability in the Susquehanna RIVET BaSiN. ... ssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnns 4-38
Text Box 5-1. The FracFocus Registry and EPA FracFocus Report..... s 5-18
Text Box 5-2. Confidential Business Information (CBI). ... ssessesssssssesssssssesssssssssns 5-20
Text Box 5-3. SPIllS from StOrage UNIES. ... eeeeeeeesseessmeessmessssssssessssesssssssssesssssssssssssessssessssssssssssssssssassssassssasssssssnees 5-34
Text Box 5-4. Spill from Additive (Crosslinker) Storage Tote. ... 5-34
Text Box 5-5. Spill of Acid from Storage CONTAINET. ..o ssssssesssssssssssssass 5-36
Text Box 5-6. Spill of Gel SIUrry during MiXiNg. .....coeeeenesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssans 5-36
Text Box 5-7. Spill of Hydraulic Fracturing Fluid from Blender ... eeneeesseesssessssessssesseesseessess 5-38
Text Box 5-8. Spill of Fluid from Fracture PUMP......oeeeeeeseesessessessssss e ssesssessssssssssssssssssssesans 5-39
Text Box 5-9. Spill from Frac Head FailUTe......oenniisssissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnns 5-40

xvii



Text Box 5-10. EPA Review of State and Industry Spill Data: Characterization of Hydraulic

Fracturing-Related SPILLS. ... rrineineinenesnesssssssssssssssesssesssesssesssesssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssesssesssessnees 5-41
Text BOX 6-1. The WEll FIle REVIEW. ..cueeeeerreeseersseersseseesseessssssessssessssessssesssssssssssssssssssssssassssssssssssssssssssssssssssssssssssssssas 6-9
Text Box 6-2. DImock, PENNSYIVANIA. ..o 6-11
Text BoX 6-3. Stray Gas MIGTatiOn. ... sessessessesssessessessssssesssssssssesssssssssesssssssssssssessssssss s ssssssssssssees 6-23
Text BoX 6-4. Parker COUNLY, TEXAS. ..coureeessnesssssssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssans 6-26
Text Box 6-5. Pavillion, WYOMING ...ttt 6-47
Text Box 6-6. Monitoring at the Greene County, Pennsylvania, Hydraulic Fracturing Test Site................ 6-54
Text Box 6-7. Well Communication at a Horizontal Well near Innisfail, Alberta, Canada.......ccoeeverrrererenee. 6-63
Text Box 8-1. Temporal Trends in Wastewater Management - Experience of Pennsylvania......c.ccouuee.e. 8-19
Text Box 8-2. Regulations Affecting Wastewater Management. .........oeeeeeemmeessssssssssssssssssssssssssssesseens 8-21
Text Box 8-3. Wastewater Treatment ProCesses. ...

Text Box 9-1. Applying Toxicological Data for Human Health Risk ASSESSMENL. ....vcuureereereeeeeesseeesseessnsessnens 9-5
Text Box 9-2. The EPA’s List of Chemicals Identified in Hydraulic Fracturing Fluids and/or

g e T0 LD ToT=T o B ) PPN 9-9
Text Box 9-3. Toxicity Values for Hydraulic Fracturing-Related Chemicals........ccoonenenennensennenseneeseeneens 9-12
Text Box 10-1. Hydraulic Fracturing and Groundwater Quality Monitoring in California. ..o 10-25
Text Box 10-2. Causal Assessment and Hydraulic Fracturing Water Cycle Activities. .......ccoevreerrersneenn. 10-27

xviii



List of Acronyms/Abbreviations

Acronym Definition

2BE 2-butoxyethanol

ACToR Aggregated Computational Toxicology Resource database
AME Acton Mickelson Environmental, Inc.

AMEC AMEC Environment & Infrastructure, Inc.
ANRC Arkansas Natural Resources Commission

AO administrative order

AOGC Arkansas Oil and Gas Commission

API American Petroleum Institute

ATSDR Agency for Toxic Substance and Disease Registry
AWWA American Water Works Association

BLM Bureau of Land Management

BTEX benzene, toluene, ethylbenzene, and xylenes
CARES Casella Altela Regional Environmental Services
CASRN chemical abstract services registration number
CBI confidential business information

CBM coalbed methane

CCST California Council on Science and Technology
CDC Centers for Disease Control and Prevention
CDWR Colorado Division of Water Resources

CFR Code of Federal Regulations

CICAD Concise International Chemical Assessment Document
CM chemical mixing

CMv commercial motor vehicle

COGCC Colorado 0Oil and Gas Conservation Commission
COWDF Commercial Oil Field Waste Disposal Facilities
CWA Clean Water Act

CWCB Colorado Water Conservation Board

CWT centralized waste treatment

CWTF centralized water treatment facility

DBNM dibromochloronitromethane

DBP disinfection byproduct

DecaBDE decabromodipheyl ether

DfE Design for the Environment

DI Drilling Info, Inc.

DMA dimethylamine

DMR Discharge Monitoring Report

DNR Department of Natural Resources

DO dissolved oxygen

DOC dissolved organic carbon

Xix



DOE U.S. Department of Energy

DOGGR California Department of Conservation’s Division of Oil, Gas & Geothermal Resources
DOI U.S. Department of the Interior

DOJ U.S. Department of Justice

DOT U.S. Department of Transportation

DRB Delaware River Basin

DRO diesel range organics

DWSHA Drinking Water Standards and Health Advisories
ECHA European Chemicals Agency

EERC Energy and Environmental Research Center, University of North Dakota
EIA U.S. Energy Information Administration

EPA U.S. Environmental Protection Agency

EPA OW U.S. Environmental Protection Agency, Office of Water
EPI estimation programs interface

EPWU El Paso Water Utility

ERCB Energy Resource Conservation Board

ERG Eastern Research Group

ESN Environmental Services Network

ESOD erythrocyte Cu, Zn-superoxide dismutase

EWI Energy Water Initiative

FDA U.S. Food and Drug Administration

FOIA Freedom of Information Act

FRS fluids recovery services

GES Groundwater & Environmental Services, Inc.
GHGRP Greenhouse Gas Reporting Program

GNB Government of New Brunswick

GRAS generally recognized as safe

GRO gasoline range organics

GTI Gas Technology Institute

GWPC Ground Water Protection Council

HBCD hexabromocyclododecane

HDPE high-density polyethylene

HF hydraulic fracturing

HHBP Human Health Benchmarks for Pesticides

HISA Highly Influential Scientific Assessment

HPG hydroxypropylguar

HTS high throughput screening

HUC hydrological unit code

IAEA International Atomic Energy Agency

IARC International Agency for Research on Cancer
IHS Information Handling Services

I0GCC Interstate Oil and Gas Compact Commission

XX



IPCC
IPCS
IRIS
IUPAC
KWO
LDEQ
LOAEL
MCDA
MCL
MCLG
MCOR
MGD
MIT
MMCF
MRL
MSC
MTBE
MVR
NAS
NDDMR
NDDOH
NDMA
NDPES
NDSWC
NETL
NGO
NIH
NM 0CD
NM OSE
NOAEL
NORM
NPC
NPDES
NPDWR
NRC
NTP
NYSDEC
0&G
ODNR
DMRM
OECD

Intergovernmental Panel on Climate Change
International Programme on Chemical Safety
Integrated Risk Information System
International Union of Pure and Applied Chemistry
Kansas Water Office

Louisiana Department of Environmental Quality
lowest observed adverse effect level
multicriteria decision analysis

maximum contaminant level

maximum containment level goal

Marecellus Center for Outreach and Research
million gallons per day

mechanical integrity test

million cubic feet

minimum risk level

Marecellus shale coalition

methyl tert-butyl ether

mechanical vapor recompression

National Academy of Sciences

North Dakota Department of Mineral Resources
North Dakota Department of Health
N-nitrosodimethylamine

National Pollution Discharge Elimination System
North Dakota State Water Commission

National Energy Technology Laboratory
non-governmental organization

National Institutes of Health

New Mexico Oil Conservation Division

New Mexico Office of the State Engineer

no observed adverse effect level

naturally occurring radioactive material
National Petroleum Council

National Pollution Discharge Elimination System
National Primary Drinking Water Regulations
National Resource Council

U.S. National Toxicology Program

New York State Department of Environmental Conservation
oil and gas

Ohio Department of Natural Resources

Division of Mineral Resources Management

The Organisation for Economic Co-operation and Development

XX



OEPA Ohio Environmental Protection Agency

OMB Office of Management and Budget

ORB Ohio River Basin

ORD Office of Research and Development

OSF oral slope factor

OSHA Occupational Safety & Health Administration

OSWER Office of Solid Water and Emergency Response

OWRB Oklahoma Water Resources Board

PA DCNR Pennsylvania Department of Conservation and Natural Resources
PA DEP Pennsylvania Department of Environmental Protection
PAH polycyclic aromatic hydrocarbon

PCB polychlorinated biphenyl

PFBC Pennsylvania Fish and Boat Commission

PDL positive determination letter

PMF Positive Matrix Factorization

PMN pre-manufacturing notices

POD point-of-departure

POTW publicly owned treatment work

PPRTV provisional peer-reviewed toxicity value

PVC polyvinyl chloride

PWS public water system

PWSA Pittsburgh Water and Sewer Authority

QA quality assurance

QAPP quality assurance project plan

QC quality control

QSAR Quantitative Structure Activity Relationship

RAHC reasonably anticipated to be a human carcinogen

RBC red blood cells

RfD reference dose

RfV reference value

RO reverse 0smosis

SAB Science Advisory Board

SAIC Science Applications International Corporation

SAR sodium adsorption ratio

SCN thiocyanates

SDWA Safe Drinking Water Act

SDWIS Safe Drinking Water Information System

SEECO Southern Electrical Equipment Company

SGEIS supplemented generic environmental impact statement
SHS MSC statewide health standards for medium-specific concentrations
SMCL secondary maximum contaminant level

SPE Society of Petroleum Engineers

xxii



SRB
SRBC
STO
STRONGER
svoc
SWE
TARM
TBA

TDI

TDS
TENORM
THM
TIPRO
TMDL
TOC
TOPKAT
TPH
TPHWG
TSS

TTC
TTHM
TWDB
TXRRC
UCRB
UIC

UoG
USGAO
USGS
Uws
VES

VOC
WAWSA
WFR
WHO
WOE
WRF
WVDEP
WWTP
WYOGCC

Susquehanna River basin

Susquehanna River Basin Commission

Statoil

State review of oil and natural gas environmental regulations
semi-volatile organic compounds

Southwestern Energy

TerrAqua Resource Management

tert-butyl alcohol

tolerable daily intake

total dissolved solids

technologically enhanced naturally occurring radioactive material
trihalomethane

Texas Independent Producers and Royalty Owners Association
total maximum daily load

total organic carbon

Toxicity Prediction by Komputer Assisted Technology
total petroleum hydrocarbons

Total Petroleum Hydrocarbon Criteria Working Group
total suspended solids

Threshold of Toxicological Concern

total trihalomethane

Texas Water Development Board

Texas Railroad Commission

Upper Colorado River basin

underground injection control

unconventional oil and gas

U.S. Government Accountability Office

U.S. Geological Survey

Universal Well Services

viscoelastic surfactant

volatile organic compounds

Western Area Water Supply Authority

Well File Review

World Health Organization

weight of evidence

Water Research Foundation

West Virginia Department of Environmental Protection
wastewater treatment plant

Wyoming Oil and Gas Conservation Commission

xxiii



Preface

Hydraulic fracturing is a technique used to increase oil and gas production from underground oil-
or gas-bearing rock formations. Since the mid-2000s, the combination of hydraulic fracturing and
directional drilling has become widespread, raising concerns about the potential impacts of
hydraulic fracturing on drinking water resources. This concern is the focus of this report.

In 2010, the U.S. Environmental Protection Agency (EPA) initiated a study of the potential impacts
of hydraulic fracturing activities on drinking water resources. The EPA defined the scope of its
study to focus on the acquisition, use, disposal, and reuse of water used for hydraulic fracturing—
what we call the hydraulic fracturing water cycle. This was done in recognition that concerns raised
about potential impacts were not limited to the relatively short-term act of fracturing rock, but can
include impacts related to other activities associated with hydraulic fracturing.

The EPA’s study included the development of multiple research projects using the following
research approaches: the analysis of existing data, scenario and modeling evaluations, laboratory
studies, toxicological assessments, and five case studies. Throughout the study, the EPA engaged
with stakeholders, including industry, the states, tribal nations, academia, and others, for input on
the scope, approach, and initial results. To date, the study has resulted in the publication of multiple
peer-reviewed scientific products, including 13 EPA technical reports and 14 journal articles.

This report represents the capstone product of the EPA’s hydraulic fracturing drinking water study.
It captures the state-of-the-science concerning drinking water impacts from activities in the
hydraulic fracturing activities water cycle and integrates the results of the EPA’s study of the
subject with approximately 1,200 other publications and sources of information. The goals of this
report were to assess the potential for activities in the hydraulic fracturing water cycle to impact
the quality or quantity of drinking water resources and to identify factors that affect the frequency
or severity of those impacts.

This report is a science document and does not present or evaluate policy options or make policy
recommendations. A draft of this report was reviewed by the EPA’s independent Science Advisory
Board (SAB). Reflecting the complexity of the subject, the expert ad hoc panel formed by the SAB
was the largest ever convened for the review of a scientific product. Combined with over 100,000
comments submitted by members of the public, SAB comments helped the EPA to refine, clarify,
and better support the final conclusions presented in this report.

The release of this final assessment report marks the completion of the EPA’s hydraulic fracturing
drinking water study. The study has already prompted increased dialogue among industry, the
states, tribal nations, the public, and others concerning how drinking water resources can be better
protected in areas where hydraulic fracturing is occurring or being considered. However, there are
data gaps and uncertainties limiting our understanding of the impacts of hydraulic fracturing
activities on drinking water resources. As additional data become available, and with continued
dialogue among stakeholders, our understanding of the potential impacts of hydraulic fracturing on
drinking water resources will improve.
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Executive Summary

People rely on clean and plentiful water resources to meet their basic needs, including drinking,
bathing, and cooking. In the early 2000s, members of the public began to raise concerns about
potential impacts on their drinking water from hydraulic fracturing at nearby oil and gas
production wells. In response to these concerns, Congress urged the U.S. Environmental Protection
Agency (EPA) to study the relationship between hydraulic fracturing for oil and gas and drinking
water in the United States.

The goals of the study were to assess the potential for activities in the hydraulic fracturing water
cycle to impact the quality or quantity of drinking water resources and to identify factors that affect
the frequency or severity of those impacts. To achieve these goals, the EPA conducted independent
research, engaged stakeholders through technical workshops and roundtables, and reviewed
approximately 1,200 cited sources of data and information. The data and information gathered
through these efforts served as the basis for this report, which represents the culmination of the
EPA’s study of the potential impacts of hydraulic fracturing for oil and gas on drinking water
resources.

The hydraulic fracturing water cycle describes the use of water in hydraulic fracturing, from water
withdrawals to make hydraulic fracturing fluids, through the mixing and injection of hydraulic
fracturing fluids in oil and gas production wells, to the collection and disposal or reuse of produced
water. These activities can impact drinking water resources under some circumstances. Impacts
can range in frequency and severity, depending on the combination of hydraulic fracturing water
cycle activities and local- or regional-scale factors. The following combinations of activities and
factors are more likely than others to result in more frequent or more severe impacts:

e Water withdrawals for hydraulic fracturing in times or areas of low water availability,
particularly in areas with limited or declining groundwater resources;

e Spills during the management of hydraulic fracturing fluids and chemicals or produced
water that result in large volumes or high concentrations of chemicals reaching
groundwater resources;

e Injection of hydraulic fracturing fluids into wells with inadequate mechanical integrity,
allowing gases or liquids to move to groundwater resources;

e Injection of hydraulic fracturing fluids directly into groundwater resources;

e Discharge of inadequately treated hydraulic fracturing wastewater to surface water
resources; and

e Disposal or storage of hydraulic fracturing wastewater in unlined pits, resulting in
contamination of groundwater resources.

The above conclusions are based on cases of identified impacts and other data, information, and
analyses presented in this report. Cases of impacts were identified for all stages of the hydraulic
fracturing water cycle. Identified impacts generally occurred near hydraulically fractured oil and
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gas production wells and ranged in severity, from temporary changes in water quality to
contamination that made private drinking water wells unusable.

The available data and information allowed us to qualitatively describe factors that affect the
frequency or severity of impacts at the local level. However, significant data gaps and uncertainties
in the available data prevented us from calculating or estimating the national frequency of impacts
on drinking water resources from activities in the hydraulic fracturing water cycle. The data gaps
and uncertainties described in this report also precluded a full characterization of the severity of
impacts.

The scientific information in this report can help inform decisions by federal, state, tribal, and local
officials; industry; and communities. In the short-term, attention could be focused on the
combinations of activities and factors outlined above. In the longer-term, attention could be focused
on reducing the data gaps and uncertainties identified in this report. Through these efforts, current
and future drinking water resources can be better protected in areas where hydraulic fracturing is
occurring or being considered.

Drinking Water Resources in the United States

In this report, drinking water resources are defined as any water that now serves, or in the future
could serve, as a source of drinking water for public or private use. This includes both surface water
resources and groundwater resources (Text Box ES-1). In 2010, approximately 58% of the total
volume of water withdrawn for public and non-public water supplies came from surface water
resources and approximately 42% came from groundwater resources (Maupin et al., 2014).1 Most
people (86% of the population) in the United States relied on public water supplies for their
drinking water in 2010, and approximately 14% of the population obtained drinking water from
non-public water supplies. Non-public water supplies are often private water wells that supply
drinking water to a residence.

Future access to high-quality drinking water in the United States will likely be affected by changes
in climate and water use. Since 2000, about 30% of the total area of the contiguous United States
has experienced moderate drought conditions and about 20% has experienced severe drought
conditions. Declines in surface water resources have led to increased withdrawals and net
depletions of groundwater in some areas. As a result, non-fresh water resources (e.g., wastewater
from sewage treatment plants, brackish groundwater and surface water, and seawater) are
increasingly treated and used to meet drinking water demand.

Natural processes and human activities can affect the quality and quantity of current and future
drinking water resources. This report focuses on the potential for activities in the hydraulic
fracturing water cycle to impact drinking water resources; other processes or activities are not
discussed.

1 Public water systems provide water for human consumption from surface or groundwater through pipes or other
infrastructure to at least 15 service connections or serve an average of at least 25 people for at least 60 days a year. Non-
public water systems have fewer than 15 service connections and serve fewer than 25 individuals.
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Text Box ES-1. Drinking Water Resources.

In this report, drinking water resources are considered to be any water that now serves, or in the future could
serve, as a source of drinking water for public or private use. This includes both surface water bodies and
underground rock formations that contain water.

Surface water resources include water bodies located on the surface of the Earth. Rivers, springs, lakes, and
reservoirs are examples of surface water resources. Water quality and quantity are often considered when
determining whether a surface water resource could be used as a drinking water resource.

Groundwater resources are underground rock formations that contain water. Groundwater resources are found at
different depths nearly everywhere in the United States. Resource depth, water quality, and water yield are often
considered when determining whether a groundwater resource could be used as a drinking water resource.

Hydraulic Fracturing for Oil and Gas in the United States

Hydraulic fracturing is frequently used to enhance oil and gas production from underground rock
formations and is one of many activities that occur during the life of an oil and gas production well
(Figure ES-1). During hydraulic fracturing, hydraulic fracturing fluid is