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Contestable areas in shale gas

Does shale gas use too much

water?
Do shale gas

wells . Does fracking
contaminate cause dangerous

groundwater? earthquakes?

Does fracking
Does shale gas cause produce Is shale gas

subsidence? dangerous lower carbon
radioactivity?
Y than coal?

| Shale gas I
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I’m going to show how science can be applied to some of these contestable issues.



SOME SHALE AND FRACKING BASICS



Gas in sandstone and shale
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Does shale gas use too much

water?
Do shale gas

wells _ Does fracking
contaminate cause dangerous

groundwater? earthquakes?

Does fracking
Does shale gas cause produce Is shale gas

subsidence? dangerous lower carbon
dioactivity?
raaloactivi y than Coal?

DO SHALE GAS WELLS CONTAMINATE
GROUNDWATER?

SOME BASICS



Types of underground methane

Shale gas well

Water wells
Water wells

biogenic methane
released by bugs

Thermogenic

methane released by
fracking
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Marcellus, Pennsylvania
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Marcellus Shale area: New ’

research shows an estimated
500 trillion cubic feet of natural
gas lies within the rock.

Devonian Bladk Shale
Succession: The Marcellus
Shale comprises part of this
large formation.
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Contamination from fracking?
Osborn et al. 2011, Duke University

Methane contamination of drinking water
accompanying gas-well drilling and

hydraulic fracturing
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* Higher methane
concentrations in water
wells close to shale gas wells

o &13C suggests thermogenic

Authors then say ‘likely to be
shale gas from the fracking’



Thermogenic methane unrelated to fracking?

Molofsky et al. 2013

Groundwater

Evaluation of Methane Sources in Groundwater
in Northeastern Pennsylvania

by Lisa J. Molofsky' , John A. Connor? , Albert S. Wylie* , Tom Wagner® , and Shahla K. Farhat?

Abstract

Testing of 1701 water wells in northeastern Pennsylvania shows that methane is ubiquitous in groundwater,
with higher concentrations observed in valleys vs. upland areas and in association with calcium-sodium-
bicarbonate, sodium-bicarbonate, and sodium-chloride rich waters—indicating that, on a regional scale. methane
concentrations are best correlated to topographic and hydrogeologic features, rather than shale-gas extraction. In
addition, our assessment of isotopic and molecular analyses of hydrocarbon gases in the Dimock Township suggest
that gases present in local water wells are most consistent with Middle and Upper Devonian gases sampled in
the annular spaces of local gas wells, as opposed to Marcellus Production gas. Combined, these findings suggest

that the methane concentrations in Susquehanna County water wells can be explained without the migration of

Marcellus shale gas through fractures, an observation that has important implications for understanding the nature

of risks associated with shale-gas extraction

Introduction

Significant media attention has been focused on the
potential for methane impacts in drinking water wells
located within areas of hydraulic fracturing activities
for shale-gas development. Distinguishing among the
various sources of methane gas that may affect drinking
water wells requires proper assessment of background
conditions. In this study, we review the results of
background methane and groundwater quality surveys, in
conjunction with geologic and historical information, to

develop a better understanding of the potential sources of

methane levels in drinking water wells in Susquehanna
County in northeastern Pennsylvania.

Susquehanna County has experienced substantial gas
extraction activities in the Marcellus shale since 2006,
Prior to that time, there was not a significant history of

e ponding author: GSI Envit Inc., Houston, TX
77373; Imolofsky@gsi-net.com

2GS! Environmental Inc., Houston, TX 77373,

3Cabot 0il and Gas Corporation, Pittsburgh, PA 15276.

Received May 2012, accepted February 2013.

© 2013, Cabot Oil and Gas Corporation

Groundwater © 2013, National Ground Water Association.

doi: 10.1111/gwat.12056

oil and gas operations in this county, thereby providing
a unique opportunity to evaluate the potential effects
of shale-gas extraction on groundwater resources in the
Appalachian basin. Other researchers have suggested that
elevated methane concentrations in water wells in Susque-
hanna County are the result of regional impacts from
shale-gas extraction activities (e.g.. Osborn et al. 2011). To

test this hypothesis, we have evaluated data from the sam-

pling and testing of 1701 water wells throughout Susque-
hanna County to assess the prevalence and distribution
of methane concentrations in groundwater. We have also
evaluated isotopic and molecular analyses of hydrocarbon
gases in the Dimock Township of Susquehanna County,
an area of focused sampling by the Pennsylvania Depart-
ment of Environmental Protection (DEP) and the U.S.
Environmental Protection Agency, to determine whether
reported methane concentrations above the Pennsylvania
DEP action level (7000 ug/L) in local water wells exhibit
signatures consistent with Marcellus production gases, or

overlying Middle and Upper Devonian gases sampled in

annular spaces of local gas wells.
Our resea

rch indicates that shale-gas extraction has
not resulted in regional impacts on groundwater quality
in Susquehanna County, a finding which suggests that

NGWA.org Vol. 51, No. 3-Groundwater- May-June 2013 (pages 333-349) 333

Looked at some of the
Osborn et al data

Also at baseline water
data: historical records
show flammable and
effervescing natural
springs and water wells
back to the late 1700s.

Dec 2011



Thermogenic methane related to topography?
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Methane signature indicates layers above Marcellus
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Increased stray gas abundance in a subset of drinking
water wells near Marcellus shale gas extraction

Robert B. Jackson“” Avner \.fengosha Thomas H. Darrah®, Nathanlel R. Warner®, Adrian Down*®, Robert J. Poreda®,

Stephen G. Osbor®, Kaiguang Zhao®®

, and Jonathan D. Karr™!

*Division of Earth and Ocean Sciences, Nicholas School of the Environment and “Center on Glebal Change, Duke University, Durham, NC 27708 “Department
of Earth and Environmental Sciences, University of Rochester, Rochester, NY 14627; and “Geological Sciences Department, California State Polytechnic

University, Pamona, CA 91768

Edited by Susan E. Trumbore, Max Planck Institute for Biogeochemistry, Jena, Germany, and approved June 3, 2013 (received for review December 17, 2012)

Horizontal drilling and hydraulic fracturing are transforming energy
production, but their potential environmental effects remain contro-
versial. We analyzed 141 drinking water wells across the Appalachian
Plateaus icprovince of ex-
amining natural gas concentrations and isotopic signatures with
proximity to shale gas wells. Methane was detected in 82% of
drinking water samples, with average concentrations six times
higher for homes <1 km from natural gas wells (P = 0.0006). Eth-
ane was 23 times higher in homes <1 km from gas wells (P =
0.0013), propane was detected in 10 water wells, all within ap-
proximately 1 km distance (P = 0.01). Of three factors previously
proposed to influence gas concentrations in shallow groundwater
(distances to gas wells, valley bottoms, and the Appalachian Struc-
tural Front, a proxy for tectonic deformation), distance to gas wells
was highly significant for methane concentrations (P = 0.007; mul-
tiple regression), whereas distances to valley bottoms and the
Appalachian Structural Front were not signifiant (P = 0.27 and
P = 0.11, respectively). Distance to gas wells was also the most
significant factor for Pearson and Spearman comrelation analyses
(P < 0.01). For ethane concentrations, distance to gas wells was the
only statistically significant factor (P < 0.005). Isotopic signatures
(5" C-CHa, 87C-CiHg, and 57H-CH,), hydrocarbon ratios (methane
to ethane and propane), and the ratio of the noble gas “He to CH,
in were istic of a thermally p
Marcellus-like source in some cases. Overall, our data suggest that
some homeowners living <1 km from gas wells have drinking
water contaminated with stray gases.

carbon, hydrogen, and helium isotopes | groundwater contamination
geochemical fingerprinting | fracking | hydrolegy and ecology

U nconventional sources of gas and oil are transforming energy
supplies in the United States (1, 2). Horizontal drilling and
hydraulic fracturing are driving this transformation, with shale gas
and other unconventional sources now yiclding more than one-
half of all US natural gas supply. In January of 2013, for instance,
the daily [lrmluulm\ of methane (CH,) in the United Statesrose to
~2% 10° m, up 30% from the beginning of 2005 (3).

Along with the benefits of rising shale gas extraction, public
coneerns about the environmental consequences of hydraulic
fracturing and horizontal drilling are also growing (4, 5). These
concerns include changes in air quality (6), human health effects
ers and people living near well pads (5), induced seis-
city (7). and controversy over the greenhouse gas balanee (8. 9).
Perhaps the biggest health concern remains the potential for
drinking water contamination from fracturing fluids, natural
formation waters, and stray gases (4, 10-12).

c concerns over possible water contamination,
ly king water quality related to
shale gas extract n the Marcellus region of
Pennsylvania, we published peer-reviewed studies of the issue,
finding no evidence for increased concentrations of salts, metals,
or radioactivity in drinking water wells accompanying shale gas
extraction (4, 11). We did find higher methane concentrations and

vewwpnas orglegitioi/10.1073pnas1 22 1635110

less negative &6'°C-CH, signatures, consistent with a natural gas
source, inwater for homeowners living <1 km from shale gas wells
(4). Here, we present a more ext e dataset for natural gas in
shallow water wells in northeastern Pennsylvania, comparing the
data with sources of thermogenic methane, biogenically derived
methane, and methane found in natural seeps. We present com-
prehensive analyses for distance to gas wells and ethane and pro-
pane concentrations, two hydrocarbons that are not derived from
biogenic activity and are associated only with thermogenic sources.
Finally, we use extensive isotopic data [eg.. 8 C-CHy, §°H-CH,,

§°C-C,H, 6'°C-dissolved inorganic carbon (5'°C-DIC), and
6°H-H,0] and helium analysis ("He/CH,) to distinguish among
different sources for the gases observed (14-16).

Our study area (Fies. S1 and S2) is within the Appalachian
Plateaus physiographic province (17, 18) and includes six counties

(Bradford,

in
Wayne, and Wyomi ng). We sampled 81 new drinking water wells
from the three principle aquifers (Alluvium, Catskill, and Lock
Haven) (Fig. S1) (11). We combined the data with results from 60
previously sampled wells in Pennsylvania (4) and included a few
wells from the Genesee Formation in Otsego County of New York
(4). The typical depth of drinking water wells in our study was 60—
90 m (11). We also sampled a natural methane seep at Sall
State Park in Franklin Forks, Pennsylvania (N 41.91397, W 3;
Sucquelmma County) to compare with drinking water from homes
in our study, some located within a few kilometers of the spring.
ng geology, including the Marcellus
Formation found 1.500-2.500 m underground, are presented in
refs. 4and 11and Fig S2. Previous researchers have characterized
the regios sbmlngv and aquifers (19-23). Bricfly, the two major
bedrock aquifes { n Catskill Formation,
comprised pri wedge gray-green to gray-
red sandstone, siltstone, and shale, and the underlying Lock
Haven Formation, consisting of interbedded fine-grained sand-
stone, siltstone, and silty shale (19, 22, 24). The two formations
can be as deep as ~1,000 m in the study Jm.\ .lml I|a\.= been
exploited for oil and gas hi

sequences are gently folded and dip shallowly :1 !"J to the east
and south (Fig creating alternating exposures of synclines
lines at the surface (17, 23, 25). These formations are
n by the Alluvium aquifer, comprised of unconsolidated
1L, alluvium sediments, and postglacial deposits found
in valley bottoms (20, 22).

Author contributions: R8L, AV., THD, NRW, and AD. designed research; RB.L, AV,
T.HO., NRW, AD, RLP, $.G.0. KZ, and L.O.K. performed research; R.81, AV., THD.
NAW., AD., RLP, K.Z, and LDK. anabzed data; and R8.L, AV., THD, NAW., and
AD. wiote the paper.
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Another look at the water wells
Jackson et al. 2013

Duke University Group
Statistically significant evidence
141 water wells studied
methane concentrations six
times higher for water wells

within 1 km of shale gas wells

No correlation with topography
(valleys)



More recent research

Llewellyn et al. 2015 Darrah et al. 2014

Noble gas and methane
Suggests leakage at
intermediate depth due
to casing and cement
problems

e groundwater supply .
contamination incident *
* additives probably
derived from drilling or
hydraulic fracturing flui

were present in
sroundwater

@Cr -

Evaluating a groundwater supply contamination
incident attributed to Marcellus Shale gas development

Garth T. Lewellyn®", Frank Dorman®, J. L. Westland", 0. Yoxtheimer, Paul Grieve, Todd Sowers’, & Humston-Fulmer",

and Susan L. Brantley’

gpaac

Hyrogeclogic and
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e e o8 et of ottt PernaAT St Grseriy, bty Frk A 18025 and Le s Corporation, L. oegh, 1 3085

Eited by Stephen Polasky, Univessity of Minnesota, St Paul, MN, and approved 2p1il 2, 2015 received for s eview October 2, 2014)

High theall
and gas industry workiwide but has been accompanied by highly
ot kit o ot e cramiation For wrs
ple. 1 gas and spillage
& brine and other gas dnlng-rz\dlad fluids is known to aceur.
However, contaminstion of shallow potsble aquifers by HVHE at
depth has never baen fully documented. We investigated a case
where Marcellus Shake gas walls in Pemnsyania caused inunda-
S b g o iy pable grouncheter wed
by several households. With comprehensive 20 gas chromatogra-
phy coupled to time-of-flight mass spectrometry eoac o,
o

the aquifer. Similar signatures were also
From Marcelus Shak 9o welb, Ammnwnd prie o
back, 2--Butoxyethanol, was also positively dentified in one of
the foaming drinking water wells at nanogram-per-iiter concen-
wations. The most Ikely explanation of the incident is that stray
natural gas and drilling or HF compounds were driven ~1-% km
along shallow to intemm ediate depth fractures to the squifer used
a5 2 potable water source. Part of the problem may have been

rs from a pit leak reported at e nearst gas well
pad—the only nearby pad whers wells were hydraulically frac-
tured before the contamination incident. If samples of drilling.
pit, and HVHF fluids had been available, GOXGC-TOFMS might
have fingerprinted the contamination source. Such evaluations
would contribute significantly 1o better management practicss
35 the shale gas industry expands woridwide.

Higholume hydrauiic racturing | shale g | natursl g | water quaity |
Marcells Shale

H it et g i g (HVHE)
are used in combination to exrect natural gas, condensate,
and oil from shale rescrvoirs in the United Stales at rates af.
fecting the world ceonamy (1-4). In the shale gas-rich Marccllus
Formation, such slick water HVHF began in 2004, leading to
>8000 Marcellus wells drilled in Pennsylvania (PA) akone as
o October 2014, Nearly 0% of these have been hydmulically
fractured using large volumes of water and sind with relatively
small wlumes of gels, acids, biocide, and other compounds (5,
6). The fast ratc of such shale development in the northeastern
United States has led toseveral cases of water resouroe impacts
including surtace discharges of contaminants as well as subsurface
e migion (E12), Abhough modis spocs of incidats e
ommon, published reperts arc few (10)
e moet el edence for ity links

Here we provide da for a contamination incidert from PA
where the regulator (PA Department of Environmental Pro-
tection, PADEP) concluded that stray natural gas derived from
neahy Marecllus Shale gas welk conteminated the aquifer wed
by st least three houscholds in southeasier Bradford County.
PA (Fg. 1). In addition to gas, the well waters were 2o ob-
served to foam (Fig. 1C), but no cause was determined. To in-
vestigate this and other contaminants present, we demansirate
an investigative approach to identity unique organc unresolved
complex mixtures (UCMs) and  target compound linked to
shale gas-related contamination (2-n-Butoxyethanol, 2-BE).

History
Between 2009 and 2010, v gux well pads,known as Wells |
through 5 constmucted shout 1-2.35 km narth of 2 small
valkey dlong the north branch tributary of Sugar Run where several
private homes wsed groundwater for drinking (Fig. 1.4 and 8 and
Table S1). On cach well ped, fwo wells with horizontal ections at
ere drilled and surface casing was emplaced to about 300

meters helow ground surfoce (m-hgs) an the vertical weetion. The
vertical casing consists of steel pipe surrounded by cement. At in-
termeddiate deptl, no casing was installed. Production casing was
imed tyough he zume o gas producton i the Marcells Shule at
depths between 2,100 m-hgs and 2,300 m-hgs (horizonta] ection).
By the end of Sg]'lgmmr 2009 after both gas wells on the
Welles 1 well pad were driled, no construction problams associ-
ated with gas migration (5) were noted; however, & driling fluid

Significance

New technigues of high-voume Mydiaule facung (UHE)
are now wsed to unlock ol and gas from rocks with very low

Some members of the publc protst sgainat
FVEF s 1 fear tha oot compounds cnld mgrete
inta aquifers. We report a case where natursl gas and other
contaminants migrated laterally through kiometers of rock at
shallow to imermediate depths, impactingan aquifer used 2 3
potable water source. The incidert was attributed to Marcellus
Shale gas development. The organic contaminans—iikely de-
rived Fom diling or HVHE fiukis—were detected using in-
strumentation not avalable in most commercial labaratories
Mare such incidents must be analyzed and data released pub-
licly so that simllar problems can be avoided trough use of
better management practices.

A et 14, 5.0 s S48 dmnad sy ST 0.

direetly to the souree with  high de gree of eertainty. To evaluate
impacts, a “multiple lines of evidence” .mmmn (13-16) is
generally necessary, including ) time wrics amalysos of natural
gas and organie and inorganic @mpownd wncentrations, (i)
comparisons of natural gas isotopic compasitions hetween gas
well annular gas and groundwater, (i) assessments of gas well
comstruction, (i), chranology of events, (v) hy char-

e, LW B, P& 75, EACE s S8 s o rd 61

P a———

acterization, and (vi) geospatial relationships.

oo s orglegiod10 10 s 120279112

P
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Noble gases identify the mechanisms of fugitive gas
contamination in drinking-water wells overlying the
Marcellus and Barnett Shales

Thomas H. Darrah™®', Avner Vengosh®, Robert B. Jackson™, Nathaniel R. Warner, and Robert J. Poreda®
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Horizontal drilling and hydraulic fracturing

in 3 rutural

and other environmental impacts. Identifying the sources and

and economic sustainability of shale-gas extraction. We analyzed

113 ard 20 samples from drnkingwater well ovedying the

Marcellus and Bamett Shalkes, respec tvely, examining hydroca

‘sbundance andisatopi mnpn;nmx(ag,(‘huﬂ{,h‘{ﬂ)znd

providing, b our knowledge. the first comprehensive analyses of
X “He. Ne,

)
qestions: (1) are elevated levels of hydrosarbon gasin diinking
water aquifers near gus wells derived from natural or anthropo.
genic sources and (ir) if fugitive gos contamination cxists, what
hanksms cause it?

Provious cfforts 1o resolve these questions ilentify the genct
fingerprint of hydrocarbon gases using the molceular (.. [CHa
Pl homder siphuie ydocarbons)

el o 3

H,
H) pic fe.g. 8°C-CHy, 5°H-CH.
2B 4»”( “CH, minus 5°C-C;H,)] compositions of hydrocarbon
gases(6-9, 13) (87 Texr). These techniquesresolve themogenic and

what mechanisms cause it? Against a backdrop of naturally accur-
ting sak- and gas-rich groundwater, we identified eight discrete
dusters of fugitive gas contamination, seven in Pennsyivania and
one in Texas that showed increased ‘through time.

hiogeric and diffcrentiate between by
dmcurbon sources of differing thermal matunity [cg. Middle
Devonian (Marcellus)-produced gases vs Upper Devonian (UD)
gas puckets at intermediate depths]. However, microbial activiy

Where fugitive gas contamination occurmed, the relBtive propor-
fions of thermogenic hy drocarbon g (e.0., CH,, *He) were signit-
oty Hhe < 007 anq the

alter the orignal 14)and
abscure the sources or mecharisms of fiid migration (5, 9)
Noble gas clemental and boiopic tracers consfitute an eppropri

Their nonreactive

" eg. N i < 001)
hydro-
carbon data link four contamination dusters w gas leakage from
imemedizte-depth strats through failures of annulus cement,

d onet Noble
gas data appear 1o rule out gas contamination by upwand migra-
Hion from depth through averlying geolagical strata triggered by
horizonta! drilling or hydraulic fracturing.

maure (e unaliecied by chermical reactions or micrcbial ac.
tivity) (14) md wellcharacterizd isotapic compositions i the
erus, hydrasphere, and aumosphere (81 Jex) make noble gises
e tracers of arosal i processes (14 17). T mant squifors

significance

Hydroaibon production from unasnventional sources  grow-
i vkl compmied by concore ot ddnking wter

methane |
water quaitty | sotopic tracers

R s e domesic eneny esces, st cx
leaner burming fock, and cfiorts to reduce grecnhowe gas
emissions are driving an energy trunsformation from coal toward
ysdrocarbon gases produced from unconventional resources (1

Using roble gas
and hydrocarbon lrzmvs. i e
methane fram anthropogenic contamination and evaluate th

mechanisms that cause elevated hydrocarbon concentrations

9 r
gases in elght dusters of domestic water wells overlying the
Marcellus and Bamett S hales, indluding decining water quality

2). Horizantal driling and
increased hydmearbn secovery from black shales and other
wncomventional resources (1. 2) (Fig. ST to the extent that shale
s monw acoounts for more {han one third of the tatal ratural.
§as produstion in the United States (3).

Pubic and poiitical support for wncmentionl energy ex
traction i tempered by environmental concerns (4 5), including

lesks through annulus cement (four cases), production casings
(thres cases). and underground wel failure (one case) rather
than gas migration induced by hydrauiic fracturing deep un-
derground. Detemmining the mechanisms of contamination will
improve the safety and economics of shale-gas extraction.

At i T, A, L1, 815 dcped e T, AV, KL

the potential for compromised drinkingwater quality near shale-  naw. e A ma NAW
gas development (6, 7). The presence of clevated methane and @3 3T XD, AV, %81, MR, 1 815 mere e ges
aliphatic propane, cic.) nces.

for instance, remains controversial and requires distnguishing T stice’s s PUAS inct S

between natiral an 2). Some studics

s development results in fugitive gas
contamination in & subset of wells near drill stes (6, 7), whereas
others have suggested that the distribution of hydrocarhon gases

167614081 | NS | Soprember3s 2004 | ol 111 | no.3
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Noble gas, methane and
other geochemistry
Outside shale gas areas
Diffusison of deep shale
gas into shallow aquifers
helped by neotectonic
fracturing
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The evolution of Devonian hydrocarbon gases in shallow
aquifers of the northern Appalachian Basin: Insights
from integrating noble gas and hydrocarbon geochemistry
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Abstract

The last decade has en a dramatic increase in domestic energy production from unconventional reservoirs. This energy
boom has generated marked cconomic benefits, but simultancously evoked significant concerns regarding the potential for
drinking-water contamination in shallow aquifers. Presently, cfforts to evaluate the environmental impacts of shale gas devel-
opment n the northern Appalachian Basin (NAB), located n the northeastern US, are limitad by: (1)  lack of comprchensive

pre-drill” data for groundwater composition (water and gas); (2) uncertainty in the hydrogeological factors that control the
ocaurrence of naturally present CHs and brines in shallow Upper Devonian (UD) aquifers; and (3) limited geochemical tech-
nigues to quantify the sources and migration of crustal fluds (specifically methane) at vari scales. To address these
qusstions, we analyzed the noble gas, dissolved ion, and hydrocarbon gas geochemistry of 72 drinking-water wells and onc
natural methanc seep all located 1 km from shale gas drill sites in the NAB, In the present study, we consciously avoided
‘groundwater walls from arcas near active or recent drilling to cnsure shak gas development would not bias the results. We
ako intentionally targeted areas with raturally occurring CHa to characterize the geochemical signature and geological con-
text of gas-phase hydrocarbons in shallow aquifers of the NAB. Our data disply a positive reltionship between clevated
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Geochemical and isotopic variations in shallow groundwater in areas @mem
of the Fayetteville Shale development, north-central Arkansas

Nathaniel R Warner®, Timothy M. Kresse®, Phil
Robert B. Jackson *, Avner Vengosh **

Ocem S, Moo Sch ool o e B Duke ey, e, HC 27708, USA

p D. Hays®, Adrian Down®, Jonathan D. Karr®,

ARTICLE INFO ABSTRACT
Avticke histary: Explor i natural gas reserwoirs such shale the use of
fecerved 3 December 2012 harizontal drilling and hydraulic fracturing has changed the energy landscape in the USA providing a vast
Aeceges 25 Aprl 2013 new energy source. The accelerated production of natural gas has triggered 2 debate conceming the
Jrale cnine 14 May 2013 safeiy and passible environmenial impacts of these operations. This study investigates ane of theeritical
ol funclling fy # Fuge aspects of effects: the possible water quality in shallow aquifers aver-
Iying producing shale fonmations. The geochemisry of domest e gmusdu\.zw wells was investigated in

aquifers overtying the dein - wells have

been drlle since 20 0 extract unonventional natural gas Monitoring was performed on 127 drink-
ing water wells and the geochemistry of major ions, trace metals, CH, g5 content and its C otopes
(BCeyq) and sellct isotope tracers (578, 7Sc/%Sr, 5#H, 5190, 57Cp) compared to the composition of
Nowback-water samples directly from Fayetteville Shale gas wells. Dissolved CH, was deterted in 63%
of the drinking-water wells (12 of 51 samples). but only six wells exceeded concentratians of 0.5 mg
CH,L The 57Cp, of dissolved CH, ranged from —42 3. (0 - 747 with the most negative values char-
acteristic of 2 biogenic source also associated with the highest abiserved CH, concentrations, with a pas-
sible minor canrbulon f tace amounts f themogenic (Tt The majorityof these vales ae diiince
from the reported thermogenic compasition of the Fayet eville Shale gas | 35.4%< 10 - 41 9%
Based on major element ehemistry, four shallow greundwater types were e (1] low (<100 mgiL)
total dissolvad salids (TOS). (2) TDS > 100 mg/L and Ca-HCO, dominated. (1) T0S > 100mgiL and
HCD, dominated. and (4) dightly saline groundwater with TDS > 100 mg/L and € > 20 mg/L with ele-
vated BriCl ratics (+0.001). The S {75/ =5t =0.7087-0.T166), € (5 o= -213% 10 —A7%), and B
(5"B=3 i) isotopes clearly reflect water-ruck interactions within the aquifer rocks. while the
stable Q and H otopic composition mimics the local meteoric water compasition. Overail, there was
a geochemical gradient from low-nineralized recharge waier o more evalved Ca-HCOy, and higher-min-
enalized Na-HO generatedby 2 silicate weathering.
and reverse base-exchange reactions. The chemical and kotopic compositions of the bulk shalkw
groundwater samples were distinct from the Na-Cl type Fayetteville flowback/produced waters (TDS
~10.000-20.000 mg/L). Vet, the high Br/Clvariations in a smal subset of saline shallow groundw ater sug-
gest that th d fiom dilution of saline water similar to the brine in the Fayetteville Shale.
Nonetheless nospatial felationship was ound between CH, and salinity occumrences in shallow drinking
water wells with proximity to shale-gas drilling sites. The integration of multiple geochemical and isoto-
pic proxies shows b direct evidence of contamination in shallow drinking-water aquifers associated
with natural gas extraction fiom the Fayetteville Shale.

© 2013 The Authors. Published by Elsevier Ltd. All fights reserved.

£
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1. Introduction

T = an operoms wide ditibuted uader the tam of the Geative The combined technological development of horizontal drilling
o Attribution License, which permits wirestrctsd we, distriution, and  and hydraulic fracturing has enabled the extraction of hydrocar-
reoduction in any medium, provided the rigind author snd soure searslitel  bons from sources, such as n shales,

* Comespanding authar. Tel: +1 (319) 681 3050; fax: +1 (919) 684 5012 and is reshaping the energy landscape of the USA (Kargha et al.,
- il adrese: vengos hddukedu (A, Vengazh )
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Outside Pennsylvania

Arkansas

127 drinking water wells

Fayetteville shale 4000 wells drilled since 2004
very low concentrations of methane

biogenic, not thermogenic

Shale gas wells do leak but only a small number...

And mostly in Pennsylvania....

Water contamination most likely from leaky wells - not fracking



Modelling studies...
2015

Reagan et al. 2015

Production will

reduce chance of

stray gas

* reduction of
free gas

* lowering of
reservoir
pressure

2015

Nowamooz et al. 2015

Modelling
hypothetical
decommission
ed shale gas
well

For the
poorest
cementation
scenario,
maximum stray
gas within 1
year after well
closure.

2015

Birdsell et al. 2015

* Much

previous
modelling
studies
neglected
production
overestimate
d the
likelihood and
guantity of
stray HF

2014

Flewwlling & Sharma 2014

* Where there

is an upward
gradient,
permeability
is low, upward
flow rates are
low, and
mean travel
times are long
(often
>1000000
years).

Cai & Ofterdinger 2014

e Bowland

Shale discrete
fracture
model

Crack size
affects
likelihood of
upward
migration
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Does shale gas use too much

water?
Do shale gas

wells
] Does fracking
contaminate cause dangerous

groundwater? earthquakes?

Does fracking
Does shale gas cause produce Is shale gas

subsidence? dangerous lower carbon
radioactivity?
Y than coal?

IS SHALE GAS ‘LOWER CARBON’ THAN
COAL?

SOME BASICS
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If 1400 natural gas power stations were substituted for an equal number of coal-fired power
stations then this would save one wedge of CO2 emissions



Source US EIA

Fuel

Coal (anthracite)

Coal (bituminous)

Coal (lignite)

Coal (subbituminous)
Diesel fuel & heating oil

Gasoline
Propane

Natural gas

Pounds of CO, emitted per
million BTU of energy

228.6

205.7
215.4
214.3

161.3

157.2
139

117



Open flowback tanks

\\\\

But what about methane?



‘Fugitive’ emissions

Emissions On the ground
Shale gas from tank direct
well measurements
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LETTER

Methane and the greenhouse-gas footprint of natural
gas from shale formations

A letter

Robert W. Howarth - Renee Santoro -
Anthony Ingraffea

Received: 12 November 2010/ Accepted: 13 March 2011 / Published online: 12 April 2011
© The Author(s) 2011. This article is published with open access at Springerlink com

Abstract We evaluate the greenhouse gas footprint of natural gas obtained by high-
volume hydraulic fracturing from shale formations, focusing on methane emissions.
Natural gas is composed largely of methane. and 3.6% to 7.9% of the methane from
shale-gas production escapes to the atmosphere in venting and leaks over the life-
time of a well. These methane emissions are at least 30% more than and perhaps
more than twice as great as those from conventional gas. The higher emissions from
shale gas occur at the time wells are hydraulically fractured—as methane escapes
from flow-back return fluids—and during drill out following the fracturing. Methane
is a powerful greenhouse gas, with a global warming potential that is far greater
than that of carbon dioxide, particularly over the time horizon of the first few
decades following emission. Methane contributes substantially to the greenhouse
gas footprint of shale gas on shorter time scales, dominating it on a 20-year time
horizon. The footprint for shale gas is greater than that for conventional gas or oil
when viewed on any time horizon, but particularly so over 20 years. Compared to
coal, the footprint of shale gas is at least 20% greater and perhaps more than twice
as great on the 20-year horizon and is comparable when compared over 100 years

Keywords Methane - Greenhouse gases - Global warming - Natural gas - Shale gas.
Unconventional gas - Fugitive emissions - Lifecycle analysis . LCA - Bridge fuel .
I'ransitional fuel - Global warming potential . GWP

Electronic supplementary material The online version of this article
(doi:10.1007/510584-011-0061-5) contains supplementary material, which is available

to authorized users.
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Howarth et al. 2011 (Cornell
Uni)

direct measurements

3 to 8% of the total methane
production escapes to the
atmosphere through the lifetime
of every shale gas well

This is enough leaking gas to
really make a difference

Is shale gas is worse than
coal?
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COMMENTARY

Cathles et al. 2012 (Cornell Uni) rebuttal

A commentary on “The greenhouse-gas footprint
of natural gas in shale formations” by R.W. Howarth,
R. Santoro, and Anthony Ingraffea

Lawrence M. Cathles I1I - Larry Brown » Milton Taam -

High leakage rates of Howarth unrepresentative?

Received: 20 June 2011 / Accepted: 21 October 2011
(© The Author(s) 2011. This article is published with open access at Springerlink.com

TR (ten tests of wells drilled into the Haynesville shale)

because it does not produce defrimental by-producis such as sulfur, mercury, ash and
particulates and because it provides twice the energy per unit of weight with half the carbon
footprint during combustion. These points are not in dispute. However, in their recent

publication in Climatic Change Letters, Howarth et al. (2011) report that their lifecycle
evaluation of shale gas drilling suggesis that shale gas has a larger GHG fooiprint than coal
and that this larger footprint “undercuts the logic of its use as a bridging fuel over the
coming decades”. We argue here that their analysis is seriously flawed in that they
i the fugiiive emi d with unconventional gas

the contribution of “green ies” to reducing those emissions
to a level approaching that of conventional gas, base their comparison between gas and coal

Source Shale layer Volume of Gas released during flowback

(mainly scientific papers and (thousands of cubic metres per well)
reports)

Marcellus 603

Haynesville 6800

Barnett 370

Published online:

N
g
LA
g 5
L

Various 260
O’Sullivan and Paltsev Haynesville 1180
O’Sullivan and Paltsev Barnett 273
O’Sullivan and Paltsev Fayetteville 296
O’Sullivan and Paltsev Marcellus 405

O’Sullivan and Paltsev Woodford 487
from McKay and Stone (2013).



Measurements of methane emissions at natural gas
production sites in the United States
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Engineering estimates of methane emissions from natural gas
production have led to varied projections of national emissiors,
This work reports direct messurements of methane emissions at
in the United
sites, 27 weell completion flowbadks, 9 well unlcadings, and 4
workavers). For well comple tion flowbacks, which clear fractured
‘wels of liquid to allow gas production, methane emissions ranged
from 0.01 Mg to 17 Mg (mean = 1.7 Mg; 95% confidence bounds of
067-3.3 Mg), compared with an average of#1Mg per eve
2011 EPA national emission inventory from Aprl 2013. Emission

fsk wmee s el o s higher o xtinmts n

production well. The well and formation is partially deared of
liquids in & process referred 10 a5 & completion flowback, after
which the well i placed into production. Production of natural
= from sl foenmionn (ol ) acoums or 0% of US
projected to grow

Mump«. md\y%-s o the emirommental implications of gas
production using hydrauli: fracturing have been performed, in-
cluding assessments of water contamination (5
pollutant and air wxics rel (9-11), and greevhowse gas
emisions (11-1F). Groeshowe gas emision snilyes have

rally been based on cither engincering cstimates of cmis-

rationsl invereary. Ovs

completion flowbacks, aqupmm leaks, and pneumatic pumps
and controllers are assumed to be representative of national pop-
i d tatal annual

emissions from

100 m to = kilomet
e el sit. This work reports direet anvsite
methane emissions from natuml gas production in shale gas
Produton regions

of methane {with sampling and measurement uncertainties est-
mated at +200 Gg). The estimate for comparable source categaries
in the EPA national inventory is ~1,200 Gg. Addtional measure-
ments of unloadings and workovers are needed t produce na-
donal emission estimates for these source categories. The 957
Soin =m\mmshrmp‘¢l i flowiba ks, preumatics, and equip-

coupled with EPA national inventory estimates for

ssurcd dircetly st 190 natural ges
production sitcs in the Gulf Coast, Midcontinent, Rocky Moun-
tain, and Appakichian praduction regions of the United States.
The sites included 150 ]muhxmm vm mm -m m,\k all of

cre hydraulically frac 150 pro-
uction shes, 27 well conpletion - Howbacke 5wl \mhmllm
and 4 well warkovers were sampled; the sites were operated by
nine different companies. The fypes of souroes that were tar-

tegories, leads 2,300 Gg of geted for account for s
sions from i 42
i Significance
resnbouse g emisions | hydealc acturing
This wark

[\ hens st primaey componcet of vt g and
a grecohouwse ges (GHG). In the US national imentorics
of GHG cmissions for 2011, rcleased the

at 190 onshore natural gas sites in " e s, The
messiremants indicate that wel completion emisiors are

Protestion Agency (EPA) in April 2013 (1), 2,545 Gg of CHy
emissions have heen attributed to narural gas production activ
itics. These published estimates of CHy emissions from the US
natural gas industry are primarily bascd on engincering cstimates
along wih aerage emissian factors developed in the carly 10905

sdcs, howerer, naral g5 pro-

work presents direct meas
multiple sources 3 ombore matural gas produ
corpurating operational practices that have = adopied or
become more prevakent singe the 1990s.
Horizontal driliing and hydraulic fracturing arc among the

(often shale formations), allowing methane and other hydro-
carbon gases and liquids in the formation to migrate ta the

oo i 1 o110 Ygnas 130280110

lower than
from pneumatic controllers and u}upml leaks are higher
than Pratection

projections. Estimates of tatal emissions are similar to the mast

recent EPA national inventory of methane emissions from
umralgas production. These measurements will help inform
policym akers, researchers, and industry, providing information
about some of the sources of methane emissions from the
production of natural gas, and will better inform and advance
national and international scientific and pelicy discussions wi
respect to natural gas development and use.
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Allen et al. 2014 (Uni Texas)

Direct measurement of 190 shale gas sites
all over the US

leakage rate is about half of one percent
of gas production,

much less than the 3 to 8% estimated by
Howarth

Allen et al
<0.5%

Howarth et al
3to 8%
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Introduction

Abstract

The University of Texas reported on a campaign to measure methane (CH,)
emissions from United States natural gas (NG) production sites as part of an
improved national inventory. Unfortunately, their study appears to have sys-
tematically underestimated emissions. They used the Bacharach Hi-Flow® Sampler
(BHFS) which in previous studies has been shown to exhibit sensor failures
leading to underreporting of NG emissions. The data reported by the University
of Texas study suggest their measurements exhibit this sensor failure, as shown
by the paucity of high-emitting observations when the wellhead gas composition
was less than 91% CH,, where sensor failures are most likely; during follow-up
testing, the BHFS used in that study indeed exhibited sensor failure consistent
with under-reporting of these high emitters. Tracer ratio measurements made
by the University of Texas at a subset of sites with low CH, content further
indicate that the BHFS measurements at these sites were too low by factors of
three to five. Over 98% of the CH, inventory calculated from their own data
and 41% of their compiled national inventory may be affected by this measure-
ment failure. Their data also indicate that this sensor failure could occur at
NG compositions as high as 7% CH,, possibly affecting other BHFS measure-
ment programs throughout the entire NG supply chain, including at transmission
sites where the BHFS is used to report greenhouse gas emissions to the United
States Environmental Protection Agency Greenhouse Gas Reporting Program
(USEPA GHGRP, U.5. 40 CFR Part 98, Subpart W). The presence of such an
obvious problem in this high profile, landmark study highlights the need for

increased quality assurance in all h gas

P

Protection Agency (USEPA) estimates CH, emissions from
the NG supply chain by scaling up individual ground-level

The climatic benefits of switching from coal to natural
gas (NG) depend on the magnitude of fugitive emissions
of methane (CH, )} from NG production, processing, trans-
mission, and distribution [12, 13, 27]. This is of particular
concern as the United States increasingly exploits NG
from shale formations: a sudden increase in CH, emis-
sions due to increased NG production could trigger climate
“tipping points” due to the high short-term global warm-
ing potential of CH, (86x carbon dioxide on a 20-year
time scale) [19]. The United States Envi 1

measurements, mostly collected by reporting from industry
[26]. However, some recent studies have questioned
whether these “bottom-up” inventories are too low, since
airborne measurements indicate that CH, emissions from
NG production regions are higher than the inventories
indicate [5, 14, 17, 20, 21].

In order to help determine the dimate consequences
of expanded NG production and use, and to address the
apparent discrepancy in top-down and bottom-up meas-

the University of Texas (UT) at Austin and the
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Touché Howard (2015)
* Allen et al. 2014

underestimated emissions

* They used the Bacharach

Hi- Flow® Sampler which
in previous studies has
been shown to exhibit
sensor failures

e The BHFS measurements

at these sites were too low
by factors of three to five



Yes, in Pennsylvania, but in a
small number of cases
Fracking doesn't seem to cause
it directly
Other areas of the USA don’t
seem to be affected
It might be to do with the

Do shale gas cement completion of the well

Il
e ) Does fracking
contaminate cause dangerous

groundwater? earthquakes?

Does fracking
Does shale gas cause produce Is shale gas

subsidence? dangerous lower carbon
radioactivity?
L than coal?

Jury’s out




Fracking Minor earthquakes detected near
fracking site in Lancashire

One tremor was magnitude 0.3, the level beyond which experts
say fracking has to proceed with caution

Mattha Busby

¥ @matthabusby

Sat 20 Oct 2018 13.01 BST
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@ This article is over 1 month old

y \/  1 / CNL *~<i**:\ 7 5 X X

A G
‘ ‘.Q.xm.,..,.......,......,...,..,..,.--.........-................-_.......__....,,

for the Guardian

A series of small earthquakes have been detected in Lancashire close to the
site where fracking operations began this week.

The British Geological Survey (BGS), which provides impartial advice on
environmental processes, recorded four tremors in the vicinity of the energy
firm Cuadrilla’s site on Preston New Road near Blackpool on Friday.

Fracking was stopped in 2011 after two earthquakes, one reaching 2.3 on the
Richter scale, were triggered in close proximity to the site of shale gas test
drilling. A subsequent report found that it was highly probable that the
fracking operation caused the tremors.
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The volume of frack fluid (mainly water) injected in the fracking of the Preese Hall
well and the volume of flowback coming back after the fracking. The yellow line
showing water injected jumps in five places and these are the five separate fracks
that were carried out on the Preese Hall well. The red line shows the volume of

flowback water. From Royal Society and Royal Academy of Engineering (2012),
modified from de Pater and Baisch (2011)




Monitor during injection

: 0< Magnitude 05(1.7)<

Continue according
to plan

Detect seismic events

*Reduce injected volume
*Unless seismicity does
not subside, continue
reducing volume

«Stop injection
*Bleed the well
«Monitor for several
days

The traffic light system
designed to manage
earthquakes triggered by
fracking. Essentially
fracking can continue if
earthquakes remain below
zero on the ML scale. If
earthquakes rise in energy
to between zero and 0.5 ML
then the amount of frack
fluid injected must be
reduced. If they go above
0.5 ML then injection must
stop. From Green et al
(2012)



Permanent (blue triangles) and temporary monitoring
stations (green triangles) in the North of England




Seismicity at Preston New Road, October 2018

@ Earthouakes around the British |+ X + =

&< C ® Notsecure | www.earthquakes.bgs.ac.uk/earthquakes/recent_uk_events.html hd

Home Earthquakes Monitoring Research Hazard Education Publications Contacts @,a

—

o Earinguzis Szisrmology

Home » thquakes » rou tis s in th days
Earthquake Info Earthquakes around the British Isles in the last 100 days
8 e/ Last updated: Sat, 08 Dec 2018 19:40:01 (UTC)

This list is linked to a database that contains information about all the seismic events that we detect and locate. Locations and magnitudes may
change as events are re-analysed and revised.

Depths are rounded to the nearest km and all events shallower than 1 km are listed as 1 km. Magnitudes are local magnitude (ML) and are
calculated to one decimal place, as is standard practice in earthquake seismology.

Recent British Earthquakes

: Recent Werld Earthquakes Date Time (UTC) Lat Lon Depth (km) Mag Int Region Comment
® Online Data Feeds 2018/11/26 | 14:06:01.8 | 51.020 | -4.644 31 1.3 OFF HARTLAND PT,DEVON 7KM OFFSHORE
* Significant British Earthquakes
» Earthquake Database Search 2018/11/25 | 20:14:23.5 | 56.187 | -5.156 3 1.0 INVERARAY,ARGYLL/BUTE 7KM SW INVERARAY
® UK Macroseismic Database
® Have you felt an Earthquake? RURETYER 1N 1i4-72a-10 SR G272 -A IRA 2 ne KWTLI TR QTTDI TN AWM NN WTILTA
@ Earthquakes around the British |- X = -
<« C @ Notsecure | - — T e
2018/10/29 | 18:01:12.2 | 53.788 | -2.963 2 0.5 BLACKPOOL,LANCASHIRE
70 BCACRPOOL, LANCACTINE
2018/10/29 | 11:43:29.3 | 53.786 | -2.963 2 -0.4 BLACKPOOL, LANCASHIRE
2018/10/29 | 11:30:38.9 | 53.789 | -2.962 2 1.1 | 2 | BLACKPOOL,LANCASHIRE FELT BLACKPOOL
2018/10/27 | 11:44:31.1 | 53.788 | -2.963 2 0.0 BLACKPOOL,LANCASHIRE
2018/10/27 | 11:07:16.6 | 53.787 | -2.964 2 -0.2 BLACKPOOL,LANCASHIRE
2018/10/27 | 10:55:25.2 | 53.789 | -2.963 2 0.8 BLACKPOOL,LANCASHIRE
2018/10/27 | 10:47:37.4 | 53.787 | -2.962 2 -0.3 BLACKPOOL, LANCASHIRE
2018/10/26 | 20:39:22.7 | 53.786 | -2.966 2 -0.1 BLACKPOOL,LANCASHIRE
2018/10/26 | 11:36:58.4 | 53.787 | -2.963 2 0.8 BLACKPOOL,LANCASHIRE
2018/10/26 | 11:26:44.6 | 53.788 | -2.964 2 0.2 BLACKPOOL,LANCASHIRE
2018/10/26 | 02:13:01.6 | 53.787 | -2.966 2 -0.2 BLACKPOOL, LANCASHIRE
2018/10/25 | 17:04:13.3 | 53.786 | -2.963 2 -0.6 BLACKPOOL,LANCASHIRE
2018/10/25 | 17:00:33.8 | 53.787 | -2.968 2 -0.1 BLACKPOOL,LANCASHIRE
2018/10/25 | 14:59:27.1 | 53.788 | -2.965 2 0.3 BLACKPOOL,LANCASHIRE
2018/10/24 | 23:56:12.9 | 53.783 | -2.968 3 0.0 BLACKPOOL,LANCASHIRE
2018/10/24 | 20:18:05.6 | 52.942 | -3.911 9 1.3 | 3 | FFESTINIOG,GWYNEDD FELT FFESTINIOG...
2018/10/24 | 14:38:30.3 | 53.785 | -2.967 3 0.1 BLACKPOOL,LANCASHIRE
2018/10/24 | 13:51:31.5 | 53.784 | -2.970 2 -0.1 BLACKPOOL, LANCASHIRE
2018/10/24 | 13:26:26.5 | 53.784 | -2.970 3 0.4 BLACKPOOL,LANCASHIRE
2018/10/24 | 13:02:29.3 | 53.785 | -2.971 3 0.5 BLACKPOOL,LANCASHIRE
2018/10/23 | 14:45:32.5 | 53.787 | -2.977 3 0.4 BLACKPOOL,LANCASHIRE
2018/10/23 | 09:44:57.0 | 51.971 | -2.432 8 0.9 DYMOCK,GLOUCESTERSHIRE
2018/10/21 | 14:45:52.7 | 57.196 | -5.252 6 1.0 GLEN MORISTON,HIGHLAND
2018/10/20 | 03:44:55.1 | 51.027 | -2.897 2 1.2 CURRY RIVEL,SOMERSET
2018/10/20 | 03:44:01.4 | 53.786 | -2.978 3 0.0 BLACKPOOL,LANCASHIRE
2018/10/19 | 23:43:44.9 | 51.178 2 NEWDIGATE,SURREY




Conclusions

Science can be applied to the contestable issues
in shale gas

Leakage is a problem in Pennsylvania; not many
other places

Fugitive emissions yet to be quantified
accurately

Fracking has been intermittently been going
ahead at Preston New Road
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Introduction

Shale is a fine grained, dark colored sedimentary rock  history lies ou

1 Survey, Keyworth, Notingham NG 12 SGG, Urited Kingdom

Abstract

According to the U.S. Energy Information Administration, shale gas will provide
half of the United States’ domestic gas by 2035. The United States has already
moved from being one of the world's largest importers of gas o being self-
sufficient in less than a decade, bringing hundreds of thousands of jobs and
attracting back companies that long ago lefi America in search of cheap manu-
facturing costs. But the increase in shale gas extraction has also had an cnvi-
ronmental cost. There is clear scientific evidence of leaking shale gas wells and
induced carthquakes, and in some srcas 3 population increasingly turning against
the industry. The technology of horizontal drilling and hydraulic fracturing that
was developed in the United States is now being tried outside the United States,
including in Europe, Argentina, and China. There arc clear reasons why shale
gas might be attractive to Europe. It may offer scurity of energy supply to
some countries particularly dependent on Russian gas: it could stimulate growth
and jobs; and it could supply a dleaner fuel than coal in power stations. How-
ever, prospective shale often underlies areas of high population density in Europe,
and moreover, populations that arc unfamiliar with onshore gas operations,
The main challenge in Europe therefore is not mainly technological but for the
industry to achicve @ “social license”™ end for Government and regulations to
be manifestly protecting the public and property.

contain oil (known as “shale oil"} in certain geological
circumstances and gas in others. Shale whose thermal
the 60-120°C range may not contain

that often contains natural gas (methanc) as well as
ather gascs. Its origins lic in mud deposited in sca and
lake beds. Most of the mud is made up of stable min-
erals that are the result of advanced weathering of older
rocks, but it slso contains (often more than 10% by
weight) organic matter that comes from plants growing
on nearby land areas, as well as algac and plankion
that live in the water column [1]. It is this organic
material that, through heating and pressure supplied by
deep burial under other later sediments, is converted
to oil and gas through a complex series of chemical
reactions. The temperature required is between 60°C
and 120°C, with gas being formed at the high end of
this range, and oil at the low end. Thus, shale can

any oil or gas [2].

The mineral material that makes up the bulk of shale
is very fine and very tightly packed with the result that
@il and gas created within the shale cannot readily mave
within the rock. Unless natural fractures are present, shale
will tend to retain its hydrocarbons. This low permeability
is the root of the idea of unconventional hydrocarbons,
so-called because the oil and gas industry has to resort
to new unconventional methods o extract oil and gas.
‘The main advance in the last few decades has been hydraulic
fracturing from long horizontal wells that target decp shale
layers. Although hydraulic fracturing has been used for
decades throughout the world [3]. the cxtent to which
the technique is being used now is unprecedented. About
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