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Presentation Outline

Very brief overview of why it 1s necessary to protect brackish
groundwater

Very brief overview of upstream (e.g. oil and gas field field) sources of
groundwater degradation during oil and gas development

Make the case for the need of clear robust state regulatory criteria to
protect groundwater during oil and gas development

Provide an example (Pavillion Field) why these criteria are necessary




Groundwater resources are vital for economic
development and the well being of citizens

Public supply, 12 percent

Domestic, 1 percent

Groundwater is the primary
source of water for about %2 of
the U.S. population.
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High-efficiancy washer and dryer

Livestock, 1 percent

43% of irrigation water comes
from groundwater.

Alan Cresser, USGS

Wild Rose Fish Hatchery, Waushara Count

Mining, 1 percent

Aln Cresshr, USGS

Pumpjack in Gove County, Kansas

Figure from Maupin et al. (2014)
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Decreasing freshwater availability is causing an increased demand
for direct and treated use of deeper brackish groundwater

The USGS (2017)
defines brackish water
as water having
between 1,000 and
10,000 mg/L total
dissolved solids
(TDS).

Advances in membrane technology that have reduced the cost
of desalination of brackish water.

Treated use: In
2010,there were 649
desalination

plants in U.S.

67% municipal
18% industry
9% power

6% other.
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Protecting fresh and
brackish groundwater
resources will only get more
important in the future with
climate change

Figure from Roy et al. 2012

‘Water Supply Sustainability Risk Index (2050)
Climate Change Effects
B Exlreme (412)
B High (608)

‘Water Supply Sustainability Risk Index (2050)
No Climate Change Effects
B Extreme (29)
I High (271)
Moderat= (821)




There is an obvious need to protect fresh and brackish
groundwater resources from all sources of degradation
including those associated with oil and gas development.

Causes and potential causes of degradation of groundwater resources
include:

* Disposal of o1l and gas wastewater into fresh and brackish aquifers
(1,142,Class II disposal wells with aquifer exemptions)

* Thousands of on and off pad spills of product and wastewater

* Seepage of wastewater from jm{)}oundments and pits (In 1984, there were
at least 122,000 unlined pits in U.S.).

* “Beneficial” use (disposal of wastewater using aquifer recharge, irrigation,
and road spreading.

* Injection of stimulation fluids vertically near formations containing fresh
and brackish groundwater

* Injection of stimulation fluids into formations containing fresh and
brackish groundwater.

PSC



“Beneficial” use (e.g., disposal of wastewater using
aquifer recharge, irrigation, and road spreading)

Analytical limitations for
compound 1dentification

Unknown physiochemical
and degradation properties
for many compounds

Unknown toxicological
properties for many
compounds

Need for field-based
exposure assessment

First, Let’s Find o

TR0

Llf V\/hat‘s IN It

Figure from DiGiulio and Shonkoff 2017

PSLC



Injection of stimulation fluids vertically near
formations containing fresh and brackish groundwater

[gymun;n;n |
ience &lecnologg

The Depths of Hydraulic Fracturing and Accompanying Water Use
Across the United States

Robert B. Jackson,*"** Ella R. Lowry,” Amy Pickle,! Mary Kang," Dominic DiGiulio,"
and Kaiguang Zhao*

High volume hydraulic fracturing

* 6% fractured within 3000 ft of surface
* 39% fractured within 2000 ft of surface
e 1.3% fractured within 1000 ft of surface

Targeted Rock Formation




Injection of stimulation
fluids into formations
containing fresh and
brackish groundwater
(focus of this talk)

oy Drihking \‘Na‘ier
and Targeted Rock Formation

Targeted Rock Formation

Figure from EPA 2016
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Groundwater protection starts with a clear, robust,
regulatory definition of protected groundwater.

Under the Safe Drinking Water Act (SDWA), the federal definition for
protected groundwater during o1l and gas development 1s an Underground
Source of Drinking Water (USDW).

An USDW is basically defined in 40 C.F.R. 144.3 as an aquifer that
currently or could supply drinking water, contains less than 10,000 mg/L
total dissolved solids, and is not an exempted aquifer.

But

The Energy Policy Act (EPAct) of 2005 stated that “underground injection

of fluids or propping agents (other than diesel fuel) pursuant to hydraulic
fracturing operations” was not underground injection in the SDWA.

Question

Did the EPAct just remove Class II requirements for hydraulic fracturing or
in effect legalize degradation of groundwater resources by allowing
hydraulic fracturing in USDWs?
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The Definition of Protected Groundwater Used
by States Should be Equivalent to an USDW

Hydrau"c Fracturing OPerations_ Typical Qil and / or Gas Well Schematic

Well Construction and Integrity
Guidelines

APl GUIDANCE DOCUMENT HF1

FIRST EDITION, OCTOBER 2009

nel

I Conducior plpss

Surface casing

il 7T e L Dl e I

Produclion casing

Lagand

B =oolcasing orpim

Cai raini

“At a minimum, it is recommend that surface casing be set at least 100 ft below the

deepest USDW encountered while drilling the well...If intermediate casing is not

cemented to the surface, at a minimum the cement should extend above any exposed
USDW or any hydrocarbon bearing zone.” (p. 11, 12) (API 2009)
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The Definition of Protected Groundwater Used
by States Should be Equivalent to an USDW

U.S. Department of Energy * Office of Fossil Energy

National Energy Techneology Laberatery

STaTtE OiL AND NATURAL GAS REGULATIONS
DEesiGNED TO PROTECT

WATER RESOURCES

May 2009

GROUNDWATER Pl P——
—  N=TL @ENERGY

“Hydraulic fracturing in oil or gas
bearing zones that occur in non-
exempt USDW's should either be
stopped, or restricted to the use of
materials that do not pose a risk of
endangering ground water and do
not have the potential to cause
human health effects ”(p 40)
(GWPC 2009)
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The Definition of Protected Groundwater Used
by States Should be Equivalent to an USDW

. Stimulated well Existing oil well
LLNL-TR-669645 <2xADSV

EEEEE Recommendations on Model Criteria for v I |
wnen | Groundwater Sampling, Testing, and Carvertionsl H Multileveli
Monitoring of Oil and Gas Development in <3,000 mg/L TDS Groundwater System =
California Monitoring H
Bradley K. Esser’, Harry R. Beller’, Susan A. |
Carroll*, John A. Cherryg' Jan Gillespie", Robert B. ‘ = '
Jackson®, Preston D. Jordan2, Vic Madrid’, Joseph 3,000 - 10,000 ‘ ’
P. Morris®, Beth L. Parker®, William T. mg/L TDS
Stringfellowz, Charuleka Varadharajanz, and |
Avner Vengosh® } 1
*Lawrence Livermore National Laboratory, Livermore, California >10,000 mg/L TDS " . : H

*Lawrence Berkeley National Laboratory, Berkeley, California
*University of Guelph, Guelph, Canada

*California State University, Bakersfield, California

*Stanford University, Stanford, California

“Duke University, Durham, North Carolina

June, 2015

QOil and Gas Reservoir

Final Report
California State Water Resources Control Board

State of California Contract 14-050-250;
LLNL Waork for Others Proposal L1S606

Figure from Esser et al. (2015)

The panel stated monitoring at 10,000 mg/L TDS is appropriate because it aligns
with EPA’s UIC program and is “technically and economically feasible to
desalinate” water at this level of salinity.
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The Definition of Protected Groundwater Used by
States Should be Equivalent to an USDW

In the BLM Rule on hydraulic fracturing, for federal and tribal mineral
rights, the BLM recommended protecting water at 10,000 mg/L stating
that, “Given the increasing water scarcity and technological
improvements in water treatment equipment, it is not unreasonable to
assume aquifers with TDS levels above 5000 ppm are usable or will be
usable in the future...It is foreseeable that a TDS threshold higher than
10,000 ppm may be established under applicable law in the future for
aquifers supplying agricultural, industrial, or ecosystem needs.”” But...

But

The BLM Rule was repealed the rule on 7/25/2017 (BLM 2017) “to
reduce the burden of Federal regulations that hinder economic growth and
energy development.”
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Oil and gas development in USDWs in 17 states and
concentrated in the Rocky Mountain Region

Available online at www.sciencedirect.com Current Opinion in

ScienceDirect Environmental Science & Health
ELSEVIER

The need to protect fresh and brackish groundwater resources
during unconventional oil and gas development

Dominic C. DiGiulio"*, Seth B. C. Shonkoff*** and

Robert B. Jackson®®’

Produced water concentrations < 10,000 mg/L TDS (n = 18,762 of 165,961 Figure from DiGiulio et al. 2018
~11%). Data from the USGS National Produced Waters Geochemical Database P_SE




Definitions of protected groundwater are not equivalent
to USDWs in most oil and gas producing states.

Montana

Wyoming
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Colorado

{New Mexico

West Virginia, Montana, and
Wyoming have language in
regulations which explicitly
removes groundwater protection
during oil and gas development.

North
Dakota |

South Dakota

Nebraska

IIIinoi?‘n
N ;\\

Oklahoma

Pawered by Bing
© DSAT far MSFT, GeaNames, Navteg

Figure created from information in DiGiulio et al. 2018

Available online at www.sciencedirect.com

ScienceDirect

Current Opinion in

Environmental Science & Health

Fisevien
The need to protect fresh and brackish groundwater resources
during unconventional oil and gas development

Dominic C. DiGiulio", Seth B. C. Shonkoff*** and

Robert B. Jackson®®’
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Why do we care about this? Hydraulic fracturing is
occurring in formations containing USDWs

g % Undorground Sources of Coalbed Methane Fields, Lower 48 States

Drinking Water by Hydraulic

%?37 Fracturing of Coalbed
e moﬁég g

Methane Reservoirs

Has hydraulic

fracturing
occurred in
USDWs?
San Juan yes
Black Warrior yes
Piceance unlikely
Powder River Infrequently
Central likely
Appalachian
Northern yes

. iy o e A . ] o 5 "
Appalachian . { AN
4 ;” 7 P "‘“ \'v »
Arkoma no & TR ¢ 2 \ ®  Coalbed Methane Fields
- . & \ e Py + "-‘v P p Coal Basins, Regions & Fields
5. % AIR A SN e am

Source: Energy Information Administration based on data from USGS and various published studies

Forest Clty Un|lke|y Updated: April 8, 2009
e ves “In many CBM-producing regions, the target coalbeds occur
d Wash L : - ‘. .
Isaan.f.wcas | e within USDW, and the fracturing process injects ‘stimulation
acific Coa es . . . h
Region ! fluids directly into the USDWs.”” (EPA 2004)
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Hydraulic fracturing in coal seems occurs very close
to fresh and brackish groundwater resources.

Step 1 Step 2:

YOll can contaminate Fracture Fluid is Injected into Goalbed Seams Fracture Created
groundwater without :
impacting domestic
water wells (non-
disclosure
agreements).

Hydraulic fracturing is
contaminating
groundwater.

Step 4:

Figure from EPA (2004)
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<EPA

United States
Environmental Protection
Agency

Permitting Guidance for O1l and Gas
Hydraulic Fracturing Activities Using
Diesel Fuels:

Underground Injection Control Program
Guidance #84

Office of Water (4605M)

EPA 816-R-14-001 February 2014

“Direct injection of fluids into or above a USDW...presents an immediate risk
to public health because it can directly degrade groundwater, especially if the
injected fluids do not benefit from any natural attenuation” EPA (2014)
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Frequency of Hydraulic Fracturing in USDWs

* EPA looked at USGS produced water
database to evaluate hydraulic
fracturing into USDWs.

* EPA narrowed search to produced
water samples from tight gas, tight
oil, shale gas, and coalbed methane.

. . Impacts from the Hydraulic Fracturing
e This resulted in 1650 produced water Weiter Cyclaron| DANKing Water

samples from 5 states (AL, CO , ND, Resources in the Unite States
UT, WY). , ————

* 1200 samples had TDS
concentrations < 10,000 mg/L
(~73%).

* Conclusion: “The overall frequency
of this occurrence is relatively low,
but is concentrated in particular
areas of the country” (p 6-50).

Hydraulic Fracturing for Oil and Gas: &F

Alternative Conclusion: Hydraulic fracturing into USDWs is concentrated in
certain areas of the country. The frequency is relatively high in CBM and
unknown in tight gas deposits. Hence, the overall frequency is unknown.




Hydraulic Fracturing into Formations Containing
USDWs and Impact to USDWs: Pavillion, WY Field
Case Study
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Photograph overlooking Pavillion Field




Geologic Basins in the Rocky
Mountain Region (Formation during
Laramide orogeny - Late Cretaceous

through early Eocene)

belt

Greatar Gresn

River Basin

Cord'i""efan

Pavillion, WY Field

a4

Thrust or
reversa fault

50

Figure modified by Finn (2005)



Pavillion, ]

WY Field

Pavillion, WY Field

Major thrust
HA—A- faults-sawtoeth
on upper fault plate
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Center Portlon of the Pav11110n, WY Field

\\ 41X2
Qo ™ .
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Shallow to unknown depth groundwater contamination due to disposal of diesel fuel based
drilling mud and production fluids disposed in 44 unlined pits

Deeper groundwater (700 — 1000 ft) contamination from stimulation fluids. P s-



Geology and Hydrocarbon Production in the Pavillion Field

PST

Conventional development and
hydraulic fracturing in Lower
Tertiary Wind River and Fort Union
Formations

Mostly gas, some oil migration via
fault and fractured media

Pavillion Field

Southern and central

System| Series | Western Wind River Basin Wind River Basin Eastern Wind River Basin
T %‘-- gg_ Wind River and Wind River and Wind River and
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Figure modified from Roberts et al. (2007)




Principal Aquifers in the Mid-Continent
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Deep brackish
groundwater
resources exist
in the Rocky
Mountain
Region

Ada-Vamooss squier
Arbuckle-Simpson sgquider
Eilzsing squier

Central Dkizhoms squiler
Colorado Plateaus agquiiers
Denver Basin quiler sysbem
Edwards-Trinity aquiler system
High Plains zquiter

Lower Crefaceous agquiiers

Lower Tertiary
Aquifers

From Stanton et al.
(2017)

Lower Teriary aquilers
Palennic aguiters
PECOS Aiver Basin siuvial squifer

Aoswell Basin aquiler sysbem

Aush SpAngs squiter

Sand and gravel aquitars of aliwdal or gactal orgin
SEymOUr Squifer

UppEr Cretacents aquiters

Westem Int=nor Plains squiier systsm

Wyoming (Upper) Tertizny aquiters

Principal 2quiier not present of not deemined

Wesizm Mid continent regian

100% of cell
volume from
500 — 3000 ft
have TDS <

10,000 mg/L.

> 95% cell
volume from
500 - 3000 ft
have TDS <
3,000 mg/L.

Cell size:
10 km x 10 km

H & &l
Observed grid cell volume, in percent

EXFLANATION

Dissolved-sollds concenirafion, In millgrams per liber

Depti less than 500 feet [ <600 [ 500 bo <),000 [ 1,00070 <3000 BN 300000 <0000 N 10,000 10<35,000 I >36,000

below land surtace

Deptin from 500 1o 3,0001eel ] <500 [ 5000 <1000 9 0,000%0 <3000 [N 3,000 b0 <H0.000 [ 10,000 to«< 35,000 [ 35,000

below land surace

Mote: Volumes are based on ged cells that have been categonzed by using the maximum dissolved-solids concendration in each cadl,
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TDS and Major Ion Concentrations in Wind River Formation

Pavillion Area (EPA Data)

Parameter Daddow (1996) Plafcan et al. (1995)
Median (Range) | Median (Range) Median (Range)

DS 490 (211-5110) 1030  (248-5100) 925 (302-4921)
Ca 10  (1-486) 45 (1.7-380) 51 (3.3-452)
Mg 22 (0.1-195) 8.2 (0.095-99) 5.3 (0.02-147)
Na 150 (5-1500) 285 (4.5-1500) 260 (42-1290)
K 2.45 (0.1-30) 2.45 (0.18-10.5)
S04 201  (2-3250) 510 (12-3300) 551 (90-3640)
cl 14  (2-466) 20 (3-420) 21 (2.6-78)

F 0.7 (0.1-8.8) 0.9 (0.2-4.9) 0.9 (0.2-4.1)

Major ion chemistry in domestic wells in
Pavillion Field is typical of the Wind River
Formation (elevated TDS and SO,)

Table from DiGiulio and Jackson (2016)

Secondary Standards
TDS = 500 mg/L
S04 = 250 mg/L
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Current Use of Wind River Formation, Potential
Use of Fort Union Formation

Wind River Formation

* Primary source of drinking water
throughout the Wind River Basin
(Daddow 1996).

* The largest number of documented
domestic well completions in
Fremont County (Plafcan et al.
1995).

* 5 municipal wells in Town of
Pavillion supply 20,000 gpd and 7.3
million gallons per year (James
Gores & Associates 2011)

* Supplies drinking water for domestic

wells in Pavillion area (James Gores
& Associates 2011)

Fort Union Formation

Wind River and Fort Union
Formations defined as aquifers by
Wyoming Water Development

Office (WWDO 2003).

Aquifer exemption required for
injection of produced water into
Fort Union Formation at
Shoshone-Arapahoe 16-34 located
3.5 mi northwest of Pavillion Field
(EPA 2013).

Total dissolved solids range from
about 1,000 to 5,000 ppm
(McGreevy et al. 1969).
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Is Groundwater at Depths of Stimulation in the Pavillion Field USDWs or not?

No, because of Wyoming’s Groundwater
Classification System

Yes, because:

Wyor_ning Department of Environmental Quality Cheg)ter 8
§ ulash)ty tandards for Wyoming Groundwaters (WDEQ

* Class I — domestic use (TDS <500 mg/L)
e Class II — agricultural use (TDS < 2,000 mg/L)
e Class III - livestock use (TDS < 5,000 mg/L)
* Class IV (A) — industry use
- Class IV (A) (TDS < 10,000 mg/L)
- Class IV (B) (TDS > 10,000 mg/L)
* Class V [no TDS criterion]
- Class V (hydrocarbon commercial)
- Class V (mineral commercial)
- Class V (geothermal)
e Class VI — unsuitable for use
- “excessive” TDS [undefined]

- “so contaminated that it would be economically or
teciznlo{’ogically impractical to make the water
usable

- “located in such as way, including depth below the
surface, so as the make use economically and
technologically impractical.

EPA explicitly stated that USDWs exist in the
Pavillion Field: DiGiulio et al. (2011), EPA
(2013), EPA (2016).

TDS levels and groundwater yield clearly
meet the definition of USDWs.

The definition of an USDW is not dependent
on a state groundwater classification system

The presence of natural gas does not
invalidate the definition of an USDW (an
aquifer exemption is required for this

purpose).

Class V does not have a TDS criterion
meaning that Class V groundwater can also
meet Class I, II. or III water criteria as was
the case at Pavillion.

For Class VI water, there is no definition of
excessive TDS.

For Class VI, groundwater would not have
been contaminated without oil and gas
development.

For Class VI, groundwater is not too deep for
use (in some cases, domestic use at same
depths of stimulation at Pavillion)

PSL



Production Well Stimulation Occurred at Depths of Deepest

Groundwater Use in the Pavillion, WY Field

Elevation (AMSL - m)

Acid Stimulation
Hydraulic Fracturing
Approximate land surface
1500
- Deepest domestic water wells in Pavillion area
1250 Lo - -
I. - 8 “. : ...’O; -
] H ° ° o .::.:'. . ® °
1000 B ?.:;_—::Eﬁ . ;
: i ta o . v
u ... [ ] .~ )
750 : : :4; ';e.e * ° :
° ° o. .:‘:.f ) ] -
F ' ® .~. :3.;' E . =o
500 - NORE ] . :
‘ L] o ¢ N
250 : S N a3
° : ° ° =.. 1] L O - .. : ° —
. -: ° e © .: :: ‘3 °e . °
O [ - : : e ° .: :.ﬂ ° - H > °
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Year

-250

-500

-750

-1000

-1250

-1500

-1750

Approximate Depth Below Surface (m)

Figure from DiGiulio and Jackson (2016)
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VIRONMENTAL

Factors Indicating Egclencel;lﬂe]cﬁnu 001 e

Impact to USDWs in Wells from Production Well Stmulation and Compietion practices in
3 L ° the Pavillion, Wyoming, Field

the PaVllllon, WY Fleld Dominic C. DiGiulio*" and Robert B. Jackson*%

+Dcpartnwnt of Earth System Science, *Woods Institute for the Environment, and $Precourt Institute for Energy, Stanford University,
Stanford, California 94305, United States

At least 41.5 million liters (or ~11 million gallons) of stimulation fluids was injected
into formations containing USDWs in the Pavillion Field. The cumulative volume of
well stimulation in closely spaced vertical wells in the Pavillion Field is characteristic
of high volume hydraulic fracturing in shale units.

Injection of stimulation fluids directly into water-bearing sandstone units.

Fracture propagation and leakoff of stimulation fluids into water-bearing sandstone
units (distance to water-bearing units meters or tens of meters)

Pressure build-up during stimulation far in excess of drawdown during production.
Loss of zonal 1solation in production wells during hydraulic fracturing.

Detection of organic compounds associated with well stimulation in EPA
monitoring wells.

More detail on impact to USDW:s in supplemental slides P s.—
e



Conclusions

* Conventional and unconventional oil and gas development threaten fresh
and brackish groundwater resources.

* Provisions in the Safe Drinking Water Act (SDWA) protected
groundwater resources during oil and gas development but were stripped
in 2005 by the EPAct.

* States need to use criteria established for an Underground Source of
Drinking Water (USDW) under SDWA to define protected groundwater
to fully protect present and future groundwater resources.

Because

 Criteria for protected groundwater in states are ambiguous and in many
cases do not protect brackish groundwater to the standard of an USDW.

* As demonstrated by the 2004 report on CBM and data from the Pavillion,
WY Field, hydraulic fracturing into USDWs 1s occurring.

* As demonstrated by data from the Pavillion, WY Field, impact to
USDWs is occurring.
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The Wind River and Fort Union Formations exhibit extremely physical
heterogeneity formed under fluvial depositional environments

Contains connected, poorly
connected, and

unconnected water bearing
sandstone units (McGreevy

1969).

Sandstone units may be
connected by fracture
systems (Morris et al.
1959)

Sandstone units surrounded
by discontinuous
mudstone, and shale units.

No extensive areal
confining units.

200
Ft.

:l Overbank fluvial mudstones and siltstones
Meandering and multi-storied fluvial channel systems
- Overbank swamp/coal deposits

Braided stream conglomerate depaosits formed by
drainage of nearby highland areas

Figure from Flores and Keighin (1993)

PSLC



The Eocene (34-55 mya) Wind River flowed through
the Pavillion Field

Pavillion
Field

Figure modified
from Seeland

(1978)

110!

108

107¢

44*

EXPLANATION

os 1es, 4w D 41S LOG NUMBER (TABLE 1)
1.051S SANDSTONE ¢ SHALE RATIO
41 IS THICKEST SANDSTONE BEDIN METERS

(1] 50 KIWLOMETERS

Tw WIND RIVER FORMATION

~
N PPTW | pre. AND POST-WIND RIVER
N FORMATION
N\
N
N
N\
Tw \
" PpTw N
———— T T T ~ A

Photograph from
DiGiulio et al.
(2011)

White coarse-grained
sandstone targeted by
local water well drillers
and often referred to as
“water sands” in Morris
et al. (1959) present in
Pavillion Field
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The Wind River and Fort Union Formations are Variably Water
Saturated in the Pavillion Field

Gas Well Monitoring Well  Water Well Approximate depth
below ground (ft)
J L 0
Surface casing length
e ———
20- f
220-2,300 ft ~30-750
Uncemented /
bradenhead annulus 4 e
5-880
= | -\ .
\_f. <
Wind River Formation
Wellbore -~ < Salinity range: ~600-6,000 mg/L TDS
||
Casing ‘ ~— =
Cement Hydraulic fracturing depths: ~3,400
Perforation typically 1,500 — 6,000 feet
Sand pack |
Natural gas
Water > | | <
1
Production casing A —K Fort Union Formation Flgure from
length ~6,000 ft [T L Salinity range: ~1,000-5,000 mg/L TDS EPA (2016)
~6,200
Not to scale

Gas saturation in sandstone units increases with depth.

Volumetric calculations indicate that gas saturation can be spatially extensive with low water to gas
recovery rates in many production wells. But

Significant groundwater resources exist within both formations at depth (noted in drilling logs or
production wells shut in because of water production).

Impact to USDWs then depends on advective-dispersive transport to water saturated sandstone units.




Impact to USDWs in the Pavillion
Field: Injection of Stimulation
Fluids into Water-Bearing Zones

of methanol.

3. On 10/16/1964, hydraulic
fracturing at 1058 ft with
CO2 foam and 4,360 gallons

witha 7” CIBP”

2. 0n 3/25/1993, “plug back
water bearing perforation in
the Fort Union at 3744-3780

1. On 10/16/1964, hydraulic
fracturing with 12,000 gallons
of #2 diesel at 3744-3780 ft

Information from well completion and
sundry notices available from
http://wogcc.state.wy.us/legacywogcce.cfm

Tribal Pavillion 14-01

o' 5%

(12301244

| 39223820

P&A
March
2018




Impact to USDWs in the Pavillion Field: Fracture
Propagation and Leakoff into Water-Bearing Zones

* Distances to water-bearing
sandstone units in the Pavillion
Field (on the order of meters to
tens of meters).

* Leakoff increases in complex
fracture networks as a result of
lithologic variation over short
distances and contact with
permeable strata (Adachi et al
2007, Fisher and Warpinski
2011, Valko6 and Economides
1999, Yarushina et al 2013)
typical of the Wind River and
Fort Union Formations.

* Leakoff can remove much or
most of the fracturing fluid
even for moderate sized
induced fractures (Adachi et al
2007, Fisher and Warpinski
2011).

Simple Fracture Complex Fracture /
Cross-linked gel Foam or linear gel g*

iy
/Complcx Fracture / / Complex Fracture

With Fissure Opening Network
Hybrid Slickwater

Figure from CCST (2015) modified from Warpinski (2009)



Impact to USDWs in the Pavillion Field: Instantaneous
Shut-In Pressures indicate strong hydraulic gradients

Top of Stimulation Interval (ft bgs)
656 1312 1969 2625 3281 3937 4593 5249 5906
404 ° Hydraulic Fracturing ' I ' ° ' 5803
|l = Acid Stimulation i
36 4 = Acid Stimulation (22-12) 5273
1 e Hydraulic Fracturing (22-12) i
32 4 © Hydraulic Fracturing (13-12) ° 4642
] e Hydraulic Fracturing (23-12) i
28 - Hydraulic Fracturing (other wells) . 4062
. o -
ng 24 . _ 3482 *%3
= | Hydrostatic Gradient RS
Ny 20 o o o 2901 ~
p— - ® 7)
Z 16 - 2321 —
i /m -
12 1741
8 1161
i 3
4 .' ; - [ ] 580
- ® | | -
0 | - = o 0
200 400 600 800 1000 1200 1400 1600 1800
Top of Stimulation Interval (m bgs) Figure modified from
DiGiulio and Jackson (2016)

High pressure gradients in excess of hydrostatic pressure (up to 40.1 MPa or 4100 m
of hydraulic head. Pressure buildup far in excess of drawdown during fluid recovery.
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Impact to USDWs in the Pavillion Field: Potential Loss of
Zonal Isolation

Casing failure occurred at 5 production wells.

Surface casing at 619’

Invert mud —
depth to primary
cement

unknown

Tribal 21-15

Letter on 8/14/2012 from
WDEQ to BLM requesting
information on potential
release to shallow aquifer.

Sundry Notice on 3/7/2012
indicated “failed casing” between
735’ — 1105’ during mechanical
integrity testing.

Cement squeeze at 1550° October 1982

September 1982

1. Acid stimulation (1000 gallons) at 2622’

, Information from well completion and
Packer at 3294 sundry notices available from

http://wogcc.state.wy.us/legacywogcce.cfm P S [ ol
|



Impact to USDWs in the Pavillion Field: Potential Loss of Zonal —
Isolation and Hydraulic Fracturing Directly Below Intervals wn
Containing Poor Cement

N

1.On 1/11/2005, a cement bond-

variable density log conducted at 400
psig indicated top of cement at 1850’ N
with high amplitude to 2050°.

PrcntidPion,
o o=
™ W gt
W e ~
e Wy i V|
S S een NG

— Surface casing at 444°

z‘,‘N'l'—-
M

o NN T
el
e

— Invert mud (up to 78% diesel oil) from 444’ — 1850’

ey e,

2.0n 1/21/2005, a “hole” in casing at 1025°-
1062’ was reported. No cement outside casing -
potential gas or fluid migration.

e N e
.

3. On 1/25/2005, cement

squeezes at 1062’ and 1775°. P&A
March

5. 0n 2/12/2005, slickwater frac at 2018

| 2070 at 5711 psig . At most, 20’ of
good bonding above frac.

(burst pressure ~ 5350 psig).

4. On 2/8/2005, slickwater frac with CO,
assist at 2671’ at 5546 psig on 2/8/2005

6. In a wellbore diagram dated 10/5/2011, casing
was parted at 2593 and 2597 (12/21/2006)’.

Blankenship 4-8 Information from well completion and sundry notices
available from http://wogcc.state.wy.us/legacywogcce.cfm




Impact to USDWs in the Pavillion Field: Potential Loss of Zonal Isolation -
Hydraulic Fracturing Dlrectly Below Intervals Containing Poor Cement
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EPA Monitoring Wells

' Figure from DiGiulio et al. 2011



EPA Monitoring Wells
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EPA Monitoring Wells
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Organic Compounds Detected in EPA Monitoring Wells

Methanol, isopropanol, and 2-butoxyethanol
were used in high concentrations. Detection
is likely due to hydraulic fracturing.

Detection of nonylphenol and octylphenol
(endocrine disrupters) are likely due to
biodegradation of products (e.g.,
surfactants) used for hydraulic fracturing.

Detection of low molecular weight organic
acids, and ketones are likely due to
biodegradation of compounds used for
hydraulic fracturing.

Detection of benzene, toluene,
ethylbenzenes, xylenes, napthalenes,
alkylbenzenes and high levels of gasoline
range organics and diesel range organics
could be due to hydraulic fracturing or be of
geogenic origin.

Detection of glycols could be due to
hydraulic fracturing or potentially from well
construction materials.

Figures from DiGiulio et al. 2011
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