Potential Contaminant Pathways from
Hydraulically Fractured Shale to Aquifers

by Tom Myers

Abstract

Hydraulic fracturing of deep vhate beds to develop natural gas has caused concern regarding the potential foe

various forms of water pollution. Two potential pashways — advective transport throupgh bulk media and preferential
Now throwgh fractures—could allow the transport of contaminants (mem the Tractueed shale (o aquifers. There
is substantial peologic evidence that nateral venical Mow drives conlaminants, mstly brine, 0 near the surface
from deep evaporite sources, Interpretative modeling shows that advective transport could neguire up 10 tens of
thousands of years Lo move conlaminants 1o the surface, but also that fracking the shale could reduce that transpon
e o tens of hundreds of vears. Conductive Taults or fraclure rones, as found throoghout the Marcelles shale
region, could reduce The travel time further. Injection of wp to 15,000,000 L of fuid ino the shale generates
high pressure at the well, which decreases with distance from the well and with time aller injection as the Nuid
sdvects through the shale. The advection displaces native Muids, mosily brine. and fractures the bulk media
widening existing fracteres. Simulated pressure returns to pre-injection kevels in about 300 d. The overall system
requires from 3 10 6 vears o reach a new equilibrium reflecting the significant changes caused by fracking the
shale, which could allow advestive transport 1o aquifers in less than 10 years. The rapid expansion of hydraulic
fracturing requires thal monitoring systems be emploved o wack the movement of contaminants and that gas

wells have a reasonable offset Trom faults.

Introduction

The wse of natural gas O8Gp s the United Stales has
been increasing, with 53% of new electricity gencrating
capacity between 2007 and 2030 projected to be with NG-
fired plants (ELA 20093 Unconventional sources account
for o significant proportion of the sew KOG available to
{he plants. A specific vnconventional source has been
deep shale-bed MG, including the Marcellus shale prmar-
ily in New York, Pennsylvania, Ohio, and West Virginia
(Speder M0}, which has seen over 2000 wells devel-
oped betwesn 2009 and 20000in Pennsylvania (Figuee 1)
Unconventional shale-bed NG dilfers (rom conventional
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sources in that the host-formation permeabelity is <o low
that gas does not naturally Now in tmefmmes suztatle for
development. Hydraulic fracturing (fmcking, the industry
term for the operation; Kramer 2011) loosens the forma-
ton 1o release the pas and provide pathways for it 1o move
1o a well,

Fracking impests wp o |7 mellicn liters of fluid
consisting of water and addirives, incleding benzene at
cofcenirasions up to 560 ppm (fehn 20013, ab pressures
up 1o 69,000 kPa (PADEP 2011} into low permeability
shale ton force open and connect the [ractures. This is
ofien done wsing horizontal drilling through the middle
of the shale with wells more than a Kifometer long. The
amount of infected Nuid that retemns to the ground surlace
alter Mracking ranges Trom 9% o 34% of the infected Auid
(Alleman 2011 WYDEC 2004, alihough some would be
formation walter,

Many agency reporls and legal sitations (DiGiulio
etal. 2011; PADEP 2009; ODNR 2008p and peer-
reviewed articles (Osborn et al, 2011 White and Mahes
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Figare 1, Lecatbon of Marcellos shale in the ooctbeastern Uniled States. Locatlon of Marcellus wells (dots) drilled from Jaly
20000t Jaese 2000 i total Marcelbus shale wells in New York wnd West Vicginka, Theee are 4064 wells shown in Pennsyivania,
25 wells in New Yook, and 1421 wells In YWest Vieginla, Faolting in the area is documentod by FRTGS 12001 ), Bsachsen and

SMeKendroe (19775, and WY GES 42001, 20004, 2000b).

20006} have found more gas in water wells near areas
being developed for unconventional MG, documenting U
soprge can be defficuly Ore reason for the difhoully 1s
the dilferent sources; thermogenic gas s formed by com-
pression and heat at depth and bacteriogenic gas is formed
by bacteria breaking down organic material {Schoell
1980). The source can be distinguished bawed on both
C and H isesopes and the ratio of methane to higher chain
gases (Dsbom and Melniosh 2010, Breen et al, 2007).
Thermogenic gas can ceach aguifers only by leaking from
the well bore or by seepipg vertically from the sowrce.
In either case, the pas must low throuph potentally very
thick sequences of sedimentary rock to reach the aguifers.
Many studies which have found thermogenic gas in water
wells found moee gas near fracture zones {DiGiulo et al,
201 1;: Osbomm et al, 200113 Breen et al. 2007), suppesting
that fractures are pathways for gas transpoet,

A pathway for gas would also be a pathway for flu-
ids and conlaminants o advect from the fractured shale o
the surface, although the ransport time would be longer,
Fracking fluid has been found in aquilers IDiGiulio et al
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200E; EPA 19875, although the exact sowrce and pathways
had rot been determined. With the increasing developamient
of pneemventional MO sousces, the msk 40 oquilers coulkd
be increasing. With so little data concerning the moveient
of contaminants aleng pathways fom depth, either from
wellbores or from deep lormations, 1o sgeilers, concephual
analvses are an alternative means to consider the rishs,
The intemt of this study s 1o charcterize the sk
factors associaled with vertical conlaminant transport
from ke shale o pear-surface aquifers throuzh natural
pathways, 1 consider fing the polential pachways Tor
contaminant transport through bedrock and the necessary
conditions for such trapspon o occur. Second. 1 estimate
contaminant travel times through the potential pathiays,
with 4 bound on these estimales based on [ormalien
hydrologic parameters, using interpretative MODFLOW -
2000 (Harbaugh et al. 2000) computations, The mosdeling
does ok, amd eanpol, account for all of the complexities
of the geology, which could exther ncrease or decrease
the travel tmes compared 1o those constdered herein.
The anicle also does noe include improperly abandoned

KGEWA D



boreholes which could cause rapid transport in addition
o natural pathwiys,

Method of Analysis

Using the Mascellus shale region of southern MNew
York (Figure 13, I consider several polential scenarios
of transport from shale, 1500 m below ground surface
thgs) o the surface, beginmng with pre-development
steady  stale conditions to establish 2 baseline  and
then scenarios considering transport afler fracking has
prientially  cavsed contamnants o reach  (oemations
above the shale, To develop the conceptual models and
SMODFLOW-2000 simulazions, it is necessary first 1o
consider the hydrogeotogy of the shale and the detals
of hydraulic Mmacturing, incloding details of how fracking
changes the shale hydrogeologic properties.

Hydrogealogy of Marcellus Shale

Shale % a mudstone, a sedimentary rock consising
pomanly of clay- and siltesieed parmcles, It Tooms
through ihe deposition of fine paricles in a low energy
environment, sich as o lake- or wahed. The Marcellus
shale [ormed in very deep elfshose comdinions during
Devonian time {(Harper 1999 where only the hoest
particles had remained sospesded. The depth 1w the
Marcellus shale vanes 1o as much as 305K m 10 pans
of Pennsylvania, and averapes about 1500 m in southern
New York (Soeder 2000), Between the shale ard the
ground surfoce are layers of sedimentary ook, ineleding
sapdstone, silistone, and shale (NYIXEC 2009,

Marcellus shale has very low natural intrinsis perme-
ahility, on the order of 107" Darcies ( Kwon et al. 20042,
20 b Sewral 10RO, 1994, Schulse-Makuch et al. (199
described Devonian shale of the Appalachian Basin, of
which the Marcellus is a major part. as containing “coaly
organie malerial and appear either gray or black™ and
being “composed mainly of Uny quarte gratns <005 1
diameter with sheets of thin clay Dakes™ Median panicle
siee 15 00069 = 000041 mm with a grain size distribo-
tion of =2% sand, 73% silt, and 2535 clay. Primary pores
are wypically 5 = 10°% mm in diameter, matrix porosity
is pypreally 195 s 4,3% and feactere porosity s typleally
TA% 1o %% (Schulre-Makech et al. 1999 and references
theegein},

Porows Mow n walraciused shale is negligible due
to the low bulk media permeability, but at Lirger scales
Fraciures control and may allow significant ffow., The Mar-
cellus shale 15 fractured by Taulung and contains synclines
and anticlines that cause tension cracks (Enpgelder e al.
2009, Mickelsen 19851 It is sulficiently fraclured in some
places W suppont water wells just & 1o 10 km from where
it is being developed for NG ar 2000 m bgs (Loyd and
Carswell 1981 ). Conductivity scale dependency iSchulse-
Makuch et al. 1999} may be described as follows:

K="

HEWAorg

K 15 hydraulic conductivity {ms), © s the inlercept of a
log-log plot of observed K (o scale dihe & a2l 2 sample
volume of 1 m*)y, v is sample volume (m'), and m is
a scaling esponent deiermined with log-lop regression;
for Dhesonian shale, € equals 10-"2, representing the
intercept, and moequals 105 Schulse-Makuch et al,
1999y, The very low inlercept value is o statistieal b
mot peologic cullier because it corresponds wilth very
low permeability values and demonstrates the imperance
of fracrere flow in e system (Schobre-Makoch et al
19949, Most of their 89 samples were small becawse the
deep shale is nol easily tested al a beld-scale and wo
groundwater models have been calibrated for Now throuph
the Marcellus shale. Corsidering a [-km square area with
30-m thickness, the Kh would equal 596 « 1077 mfs
(00515 midr. This elfective & 15 low and the shale would
b an aquilard, but a leaky one.

Contaminant Pathiways fram Shale to the Surface

Thermogenis NG found in pear-surface water wells
(Osbormn et al, 20015 Breen et al, 20073 demonstrates the
potential for vertical transport of gas [rom depth, Csbom
ot al, (2001 found syscematic ciscumstanial evidence [or
higher methane eoncenirations in wells wikan | kn of
Marcellus shale gas wells, Potential pathways include
advective tramspont through sedimentary mock, fracleres
and faulis, and abandoned wells or open boreholes. Gas
moverent through Mractures depends on fractere width
(Eticpe and Martinelli 2003 and 15 & prmary cosicern for
many projects, including carbon sequestration ARnuns -
atellis et al. 2008) and NG storage (Breen et al. 2007},
Open boseholes and improperly sealed water and pas
wells can be highly conductive pathways among aquifers
(Lacombe et al. 1995; Silliman ard Higgins T9590},

Pathways for gas suggesi pathwaws Tor [Muids and
contaminants, iF there s a gradient. Verical hvdraulic
pradients of 3 vp o a few percent, or aboul 30 m over
1500 m, exist throughoot the Marcellus shale region as
may be seen in various peothermal developments in
mew York 1TAL 19510 Brine more than a thowsand
meters abiove their evapornie sodrce {Deesel and Rose
HIUD is evidence of vpward mavement (ran depth 1o
ihe surface, The Marcellus shale, with salinity as high
as AE0000 mpfl. (Sceder 2010, SYDEC 2R, may
be & primary beine sowce. Relatively uriform brine
concentrations over large areas (Williams er al, 1998)
suggest widespread advective transporl, The iransition
from brine 1o Mreshwater suzgests o lenp-term equilibrivm
between the wpward movement of brine and downward
moversent of freshwater, Faults, which occur throughout
the Marcellus shale region (Figure ) (Goeld 1999}, could
provide pathways (Konikow 211, Caine e1al, 1990)
for more concentrated sdvective and dispersive transport,
Brine concentrating in faulls or actcline rores reflects
potential preferential pathways (Wunseh 201 1: Drese] and
Fose J000; Williams 2000; Williams e al, 1098),

In additton o the natural gradient, buoyancy would
provide an additional intal wpwand push, At TDS equal
1o 350,000 me/L, the density at 25 "C is approsimately
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1290 kgm, or more than 20% higher than freshwater.
The wpward force would equal the diference in weight
between the injected Muid and displaced brine. As an
example, iF 10000000 L does pot retum 1o the sarface as
Mo back {Tehn 2001), the dilTerence in mass between the
volume of fracking Auid and displaced brine is approui-
mately 3000000 kg, which would cavse an initial upward
force. The density difference would dissipate as the sal:
concentration in the frecking Muid imereases due to difTu-
sion across the boundary between the Nuid and the brane,

In just Pennsylvania, more than 130,000 wells had
been dnlled prior 10 any requirement for documenting
their location ([avies 20013, therefore the kocation of
many wells is unknown and some have probably been
improperly abandoned. These pathways connect acuilers
through otherwise continuous aquitards; overpressuriza-
tom ol lower aquifers due o injection near the well
pathway could cause rapid transport 1o higher aquilers
(Lacombe et al, 1995). In the short fracking period, the
pepion that is overpressurized remains relatively close 1o
the pas well {see modeling analysis belaw), therefore it
should be possihle Tor she dnller 1o locale nearby aban-
doned wells that could be alfecred by lracking, This anicle
does not consider the potential contamination although
unlocated abandoned wells of all types must be considered
a podential ard possibly Taster source for conlamination
due 1o (racking,

Effect of Hydraulic Fracturing an Shale

Frucking increases the permeabiliy of the tarpeted
shale 1o make estraction of 3G economically eflicient
iEngelder et al. 200 Anhur etal. 20083 Fracking
ervales [ractune pahways with wp to 9.2 million square
meters of surlace anea in the shale accessible 1o a
horizontal well (King 2000, King e1al 20083 and
conrects natural fractures (Enpelder ot al, 2009, King
e1 al. 2008), Mo post-Tracking studies that documented
hydrologic properties wese Tound while researching this
arlicle dthere s a lack of infunmation about pre- and post-
fracking properiies; Schweileer amd Bilpese 2009, b
it is reasonable 10 assume the K increases signtficantly
because of the newly crealed and widened [maciures.

Fully developed shale typically has wells spaced at
about 300 m injervals TEdwards and Welsset 200 | ; Soeder
200105 Up 1o eight wells may be drilled from a single
well pad (NYDEC 2008, Arhor el al, 20085, alhough
not in a perfect spoke patem. Reducing by half the
effective spacing did not enhance overall productivity
{Edwands amd Weasset 200 1) which indicates that 300-m
spacing ereales sulficient oserlap among fractured rones
to assure adeguate gas drainage. The properties controlling
proundwater fow would therefore be aflected over o large
area, nol just ab o single horzrontal well or set of wells
emanaing from a single well pad.

Fracking 15 nod intersded to affect surrounding forma-
tions, bul shale properties vary over shorl ranges (King
20K, Boyer et al, 20065 ard out-el-formanton fracking is
not uncommen, 1n the Marcellus shale, out-of-formason
fracks have besn documented SO0 m above the top of Lhe

4 T. Myers GROUND WATER

shale (Fisher and Warpinski 20115 These fractures could
contact higher conductivity sardsione, natural [raciures, o
unplugged abardoned wells above the target shale, Also,
fluids could reach surrounding formations just because of
the volume injected into the shale, which mus displace
natural Auid, such as the existing brne in the shale,

Analysis of Potential Transport along Pathways

Frocking could cause contaminants toreach overlyving
formations either by fracking out of formation, connecing
fraciures in the shale do overlying Bedrock. or by
simple displacement of Muids from the shale inte the
overbunden, Advective tramspoit, considersd as simple
paricle velocity, will manifest il there is a significant
vertical component fo the regional hydmule gradiens.

Nuimerical modeling, compleied with the MODE
LOMW- 2000 codde (Harbaugh et al. 2000}, provides flex-
thility to consider potential concepiual Mow scenarios, but
should be considered interpretative (Hill ard Tiedeman
2007, The simulation considers the mate of vertieal tnins:
peoort of contaminants o pear the sudace [oc the different
coneeplual models, based on an expected, simplified, real-
istic range of hydrogeologie aquifer paramieters.

MODFLOW-2H s 3 versalile nemerical mwdeling
code, but theee is insufficient data regarding the peologm
and warer chemistry between aquifers and the deep shale.
siach s salinily profiles or data concerning mining of the
brine with fracking Muid, 10 best use j1s capahilives. As
more data becomes available, it may be wselul to copsider
simulating the sdded upward force caused by the brine by
ustrig the SEAWAT-2000 module (Lanpevin et al. 2003}

Yertical flow would be perpendacular o the peneral
tendency for sedimentary layers 1o have higher borzontal
than wvertical condectivity., Fractures amd  improperly
ahandoned wells would provide pathways for much
yuichker veriacal transpon than general adyvective transpaot.
This article consders the Trsctures as verical columns
with model cells having much higher conductivity than
the sumourding bedrock The cell discrelization is Nine, s
the simulated widih of the fraciure zones is realistic. [ual
porosity modeling (Shocmaker et al. 2008) is not justified
because (urbulert vertical ow through the fractures is
vnlikely, excepl possibly dunng the actual fracking chat
cases out-of-formation fractures, a scenario pol simtolared
hese. MODFLOW-2000 has a modole, MNW (1latfosd
amd Hapson 2003, that cowld simuelate rapid transport
through open bore boles, MNW should be wsed in
situations where open boreholes or improperly abandoned
wells are known or postulated 1o exist,

The thickness of the Tormations and fault would alfec
the simulation, but much less than the several-osder-of-
magnituds varaon possible in the shale properties. The
overburden ard shale thickness were set equal o 1300 and
30 m, respectively, similar 19 that observed in southemn
New York, The estimated travel times are propartional
for thicker or thinner sections, The overbunden could
be predominantly sandsions, with sections of shale,
miudstone, and limestone. The vertical fauli is assumed
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to be f-m thick, The faull s an atteinpd 21 considening
fracture Mow, but the simulation treats the BGemowide Tault
pone as homogeneous, »hich could underestimate e real
transport rate in fractre-controlled systems which could
be highly affected by dispersiont, The simulation also
ignores diffusion between the [raciure and the adjacent
shale matriy (Renikow 20010

There are five concepiual models of fow and trans-
port of natural and post-fracking transport from the kevel
of e Marcellus shale to the near-surface o consider
herein:

I. The natueal ppward advective flow due 10 a head
drop of 30 m from below the Mascellus shale 1o the
grownd surface, considering the svariabiliny in both shale
ard overburden K- This is 3 steady stale solution [or
upward advection through a 30-m thick shale zone
and 1500-m overburden, Table | shows the chosen K
values (oo shale and sandsione.

. Bame as pumber 1, bot with o serical fractore
conneciing the shale with the surface. created wsing
a high=onductivity roae in a row of cells extending
through all from above the shale 1o the surface. This
emulaies the concepiual mode] postulated (or fow anto
the allusial aquifers rear stream chanpels, the location
of which may be cortrulled by faults (Williams et al.
1998, The fault K waries from [0 1o T tmes the
surronding bulk sandssone K (K ).

3. This scepanio fests the elfect of evtensive Trscturing
in the Marcellus shale by increasing the shale &
(s (oom 10 oo 1000 mimes 16 nozive value over
an extersive area This transtent sofulion sians with
initial conditions Being a steady stale solution from
scenare 1, The Koy increases from 10 o 1000 times
at the beginning of the simulation, o epresent the
relatively instamaneous change on the regional shale
hydrogeology imposed by the fracking. The simulation
estimates both the changes in ffuy and the time (o the
sisbern g reach equilibrium.

4. As number 3, consadenng the effect of the same
changes in shale properizes byl with a faelt as in
nuinher 2,

A, This s¢enario simulates the acival injection of 13 1o
17 million liters of wid a0 5 o into feactured shale
from a horizontal well with and without a faul,

[

Model Setup

The model domain was 150 rows and colemes spaced
at 3 oo Fori a 4530-m sguare (Figuee 23 with 500 Lavers
bounded with mo Now Boundaries. The 30-m thick shale
was divided into 10 equal thickness layers from Layer 40
10 49, The overburden layer thickness vared fnan 3o
just abave the shale 1o laver 34, & m ftom laver 33 1o 29,
9 m from layer 28 1o 26, 18 o e laver 25, M m [rem
layer 24 to 17, 60 m from layer 16 to &, 90 m from layer
Lo A amd 100 moan layers 2 and 1. A 6-m owide column
from laver 3% 1o the surface Is added for some scenarios
in the center two rows to simulate a higher & faule

MEWA DD

Tahle 1
Sandstone (s) and Shale (shy Condoetivity (K)
{m/d) and the Steady State Flus (m'/d) for Model
1 Scenarios
Flax Ka K,
1.7 ol 0,000
1. 04 0,000
14 I {0,000
1.4 o IECLET]]
2 m {01,000
20 an {1,000
m 100 £ 000 |
1.7 0.l L]
a5 i1 i (A5
9.0 0| 00001
8.2 .| FEEE LI
1359 i1 0001
o] 0.1 0o
1309 i, 001
245 (1R} (s
4015 0.1 i
41R2 il 0.5
407 0,011 0.1
| 5.0 £1.6H1% i1
31491 it i1
954 3 .05 |
1227.3 i1 1
17450 s 0
18261 | (iR
1902 & A {1
1%15.4 ] i
1353 0.1 .01
G841 03 .01
13925 | 0.0i
1721.5 4 .0l
15160 n 0.0l
174 | K]
Bl 1 {105
176.7 1 i.0H11
TI5 1 (W1
12625 1 ihiH
27468 1 {05
Aj83.2 1 1
MSD 5 1 [EI]
17188 | [

The model simulated vertical fow between constant
head boundaries in Lavers 50 and 1, as a sowrce and
sink. =0 that the overburden and shale properties contrel
the Naw, The head in lavers 50 and 1 was 1530 and
1550 m, respectively, 10 ercate a gradient of 0.01% over
the profile. Varying the gradient would have much less
effect on trasspon than changing K over several ooders
of magnitude and was therelore not done,

Seenanio 5 simolates injection wsing a WELL bound.-
ary in layer 44, gssenially the middle of the shale, from
columns 25 to 125 (Figure 2 08 injects 15 million licers
over one $-d stress period, or 3030 m'fd into 10 made]
cells at the WELL, The modeled Ky was changed to its
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Figure 3. Senslidviey of the modeled head response o the
siorape cuellicient used in the fractumed shale for model layer
M just above the shale.

Figure I, Maodel grid ihroogh layer H showing the horiron-
tal injection WELL iredi and DEAINS colls (yellow) osed o
simulate Bow back. There bs only obe monitoring well because
e fTepenter well s not wsed in laver 440

assumed [racked value a1 the beginning of the simula-
tion, Simulating high rate injection penerates very high
heads in the model domain, similar 1o that [ound sim-
ulating oil discharging from the well in the Deepwater
Horizon crsis (Hsieh 2011) and water quality changes
caused by vnderground coal gasiheation (Contractor and
El-Didy 1959, DRAIN boundanes on both sides of the
WELL simulared petum fow [or 63 & after the complelion
uf (Figure 2}, afer which the DRAIN was deactivaled.
The 60 d were broken inta fowr stress periods, 1, 3, 6, ard
50 d long, to simufate the changing heads and Mow rates.
DRAIN conductance was calibrated so that 205 of the
injevted volume retumed within 60 d 10 emulale standard
industry practice [Allesan 2001 XYDEC 20095, Recoy-
ery, continwing relasaton of the head az the well and the
adjustmeent of the head distnbution arowund the domain,
cocwrred during the siath period which lasted for 36500 d,
There is no Leraure guidance fo a prefemed vales
for fraciered shale storape coefficient, so 1 estimated &
wilth a sensitisity analysis using scenarso 3, With lractured
Koy equal 1o 0 mdd, two orders of magnatode higher
than the in situ value, the time to equlboum resulling
leom simulation fests of three fractured shale storage
covllicients, 1077, 10, and 10-"/m, varied twofold
(Figure 33, The slowest time 10 equilibrium was for § =
10-*'m (Figure 3), which was chosen for the transient
simulations because more water would be stored in the
shale and Mow above the shale would change the least,

Results

Scenaria 1
Table [ shows the conductivity and flus valwes
for warious sceparios. The steady stale travel time
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for a pamicle throsgh 1500 m of sandstone and shale
equilibrates with one of the formations controlling she
advection | Figure 4}, For esample, shen the Ky equals
1 » 10~* mid, trarsport time does nol vary with K,,. For
Ko, at 0.1 mfd, transpor time for varving & 5 ranges {rom
SO000 g0 160 vears. The lower travel time estimate is for
Ko similar w that found by Schulre-Makoch ex al. {1909,
The shorest simulated transport time of abour 2 vears
results from both the sandstone and shabe K egualing
| mfd. Other wensitivity scenarios emphasize the control
exhibited by ope of the media (Figure 41 IT Ky, is low,
travel time is very long and not sensitive o A,

Scenario 2

The addition of a fault with & ore (o two orders of
magnitude mwore conductive than the surrounding sand-
stone increased Lhe particle travel rate by about 100 times
tcompare Figure 5 with Figure 4. The Tault & comimolled
the transport rate for Ky, less than 001 mfd. A highly

L.
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Figare 4, Scnsltlvliy  of  partlele  transpert  time  over
1200 m for vaning shale and sandsione vertical k.
Eifective poroity equals 0L ill—sandng K. Ay =
104 mid; §2p—varslng K, Ag =00 m'd; (3 —varsing
Kow K= 0,1 midy (dj=—varying K, Ku =001 ;id; and
15l —varying Ky, Ky = L mid,
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Figure 5. Yariablity of trunsport thrsigh varfous seenarios
of changing ihe K for the faull or shale. Effective porosiiy
cguals k1. (1—yanying k. Kg = 00 mfd; { 2p—varying
b, Ko =000 mid;y (5—nao faolt; (d1—vaning K Taule,
Ko o= 0.1 mdd, Ky = 000 m'd. Unless speclfied, the vertloal
fault has K & 1 m'd Ter vadable K.

conductive Faell could trnspory Muids 1o the sorface in
as litlle as a year for Ky equal to 001 mid dFigure 3),
However, a Tauly did not significamly change the overall
mosce] flun, so with Gl values are nog shown in Table 1.

Seenarfos 3 and 4

Scemanos 3 and £ estimate the time 100 establish g
mew equilibrium once the Ky changes. due 10 (racking,
hetween values specified in scenarios 1 and 2. Equilibrium
Limes vary by model laver as e changes peopapate
through the domain, and Ous rale [or the simulated
changes imposed on natueal background conditions. The
fracking-induced changes cawwe a significant decrease In
the head drop across the shale and the wme for adjussanent
of the potentiometric surface 1o a new steady stale depends
on the new shale properties.

The time o equilibiem for one scenane 3 sinulation,
K chanping from 10°% to 1077 md with K,, equal
e OG0 mdd, waried frome 3.5 1o 6.5 years, depending
on model layer (Figure &), Near the shale (lavers 39
and 40j, the polentiometric surface increased [rom 23
1w Mo jellecting the decreased head drop ocross 1he
shale. Ome hundred meters higher, in layer 20, the
polentiometric surface increased abowl 20 m. Simolabon
aof seenarin &, with a fault with & = | mfd, decreased
the time o gquilibrum o fromn 3 to O years within the
fault zone, depending on model Layer (Figore 63, Highly
feactured sandsione would allow mere vertical Lransport,
but sdvective Mow would also increase so that the base
Ko wiould control the overall raze,

The NMux across the vpper boundary changed within
100 yvears for scerario 3 from L7 1o MSm'fd, or
OO0, po Q1Y mtd, relleciing coatrol by K. There
is little difference in the equibbrium fuxes between
scenario 3 and 4 indicating that the Gt primanly affiecs
the time to equilibrium rather than the long-term Now eate,
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Figure &, Monlioring well water levels for specified med«l
layers due o fracking of the shale; monitor well in the center
of the domain, incleding ln the fauli, & of ihe shale chanpes
feoen 0U000K ] o 0,01 mid at the beginning of the simulatlon,

Scenario 5: Simulation of Injection

The injection swenarios simulate 15 mollion Liers
entering the domain at the horeont] well and the
subsequent  potentiometric surface and flux  changes
theoughout, The highest polentiometric surface increases
thighest inpeetion pressune) oocurfed at the end of injec-
tion (Figure 7§ with a 2400 m inerease ot the horizonial
well, The simulated peak pressure both decreased and
occiwmed longer after the cessation of injection with dis-
tance [ the well (Figures 7 and 8). The pressure af
the well returmed o within 4 m ol pre-infection levels in
about 300 d (Figure 71 Aller injection ceases, the peak
pressure simulated further from the well occurs longer
feom the time of cessation, which indicales there 15 a pres-
sure divide beyord which Muid continues to Now away
from the well bore shile within shich the fuid MNows
toward the well bore. The stmulated head setuened 1o
near pre-inpection levels slower with distance (oot the
well (Figure Th, with levels at the edpe of the shale (layer
2 apd nothe pear-shale sandssone (laver 39 reguir-
ing seversl hundeed days 1o pecover, After recovenng
from injection, the potentiomsetne surface above the shale
increased in response 10 (us through the shale adjusting to
the change in shale properties (Figure 8§, as simubazed i
scenarnia 3. The scenano required about G000 4 (16 years)
for the potentiomseiric surface o stabilize a1 new, higher,
levels {Figure B). Hermsoving the Tauls from the simulation
had fittle effect on the time to stabilization, and s not
shioan.

Prior 10 infection, the steady fox [or in silw shale
(K = 107 mid) was generally less than 2 m'd and
varied hinle with Ky, iFipure 4). Once the shale was
fractured, the sandstone contrelled the flux which ranges
from 38 to 135 m™d as K., ranges from 001 10 0,1 mid
(Figure 9, resulting in particle travel limes of 2301 and
616 vears, respectively, More conductive shate would
allow aster trapsport (Figure 4 Adding a fawlt 10 the
scenanio with K, equal 1o 001 mfAd increased the Nus to
approsimately 63 m'/d and decreased the particle travel
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Figore 7, Ximalated prlentiometric surface changis by layer
for t[h:ﬂﬂ:d injection and media properiies. The muulluriug
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Figure 9, Comparison of Aox for theee sovnatios. Flow back
Is the same for all scenarios, (1): Kas s 0001 ou'd, kah =
L mhd, Fault B = 1 mfd; 42 Kas = 6] m'd, keh =
AT mhd, oo Fault; 431 ks = k1 mid, Ko = 0,00 m'd, na
Fauli.
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Figure 3. Simulated petentlometrie surface changes for Lay-
ers within the shale and sandstome. CW Is conter maoni-
toring well amd EW is et monlloring well, alsoat 120 m
fpoen the centerline. Fault is incloded. The lioe for layer
2, OV plots bencath the line for layer 2, BV, K, =
W00 midd, Ay = 0] m'd, 5 (fractored shale) = 00601 /m,
5 dand s 0,00 M.

i o 31 years. Approsimately, 26 m*fd flowed through
the fault (Figere 93, The fault propenies contrel the
particle wravel time, especially if the Taclt K is two or
moee ofders of magnitede higher than the sandsyione.

Simulated Noewback wvaried linle with Ky becawss it
had Been calibrated to be 2005 of the injection volume.
A lower storage coelficient or higher & would allow the
injected Muid to move funher from the well, which would
lead 1o less flowbhack.

Vertical Mux through the overall section with a faule
varies significantly with time, doe 1o the adjustments in
potentiometric surface. One day after injection. vertical
Mus, exceeds signaficanily the pre-injection flux about
200 m above the shale (Figure [0p, After 600 4, the
vertical Mux mear the shale is abow 68 m*d and in
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Figure 10 Upward Oox acness the domaln soctlon as a
fonctlon of distance ahove the lop of the shale layer: Coims
secthon ks 202500 m?,

layer 2 about 58 m*/d; it approaches steady state through
all sections after 100 yvears with flux equaling about
626 m'd. The 100-year flux is 61.5 m™/d higher than
the pee-injection flux becamse of the changed shale
properties,

Discussion

The interpretative modeling completed  berein has
revealed several facrs about fracking. First, MODFLOW
can be coded o adequately simulate fcacking. Simulated
pressures are high, but velocities even near the well do
oo vielate the assumplions for Darcian How, Secomd,
imection for 5 d causes extremely high pressure within
the shale, The pressure decreases with distance from the
well, The time to masimem pressure away Trom the sell
lags the time of masimum pressare ot the well, The
pressure deops back 1o close 1o its pre-injection kevel

RGWA DG



ot the well within 300 d, isdecating the injection alTects
ihe flow for signincantly longer periods than just during
the fracking operation. Althoegh the times may vary
based on media propenies, the difference would be ot
most o maonth or s, based on the vanous combinazions
of properiies simulated. The system transitions within
6 years due to chanpes in the shale properies. The
equiliteium transpory faze would transizzon from a system
requiring thousands of vears to ope cequiring bess than
100 wears withio less than 00 years.

Thind, mest of 1he injected water in the simulation
Nows vemically rather than horizontally through the shale.
This refects the higher K. 20 mabove the well and the o
Mo boundary within 225 m laerally from the well, which
emulates in situ shale properises that would maniless at
eome distance in the shale,

Foursh, 1he interpretative model accurately and real-
istically simulates long-termn steady state Mow conditions,
with an upward flow that would advect whalever conser-
vative constituents exist al depeh, Using low, unlrectured
& wvalues, the transport simulation may comespord with
advective transpon over peologic time although there are
conditions [or which it would occur much more quickly
(Figure 41, If the K is 000 mdd, transpost could occur
on e order of 4 few hundreds of years, Faolis throuph the
overburden could speed the wansport time considerably.
Reasonable scenarios presented herein supgest the wravel
e could be decreased funber by an order of mapnilude.

Fifth, fracking increases the Ny by several orders
of magniwde. Cut-of-lTormation fracking (Fisher and
Wiarpnski 200 1) would increase the & in the overburden,
thereby changing the reglonal hydeopeology. Vertical fow
could chanpe over broad areas il the expected density
of wells in the Marcellus shale region (RYDEC 20089
actually pecurs,

Sisth, if newly Troctured shale or out-ol-formaton
lcaciures come close 1o contacting fault frcture cones,
comtantinants could peach surface areas in tens of years,
or less, Faults can decrease the simulated panicle travel
time several orders of magniiode.

Conclusion

Fracking can release flomds and contaminants from
ihe shale either by changing the shale and overbunlen
hydrogeslopgy or siziply by the injected fluid foccing other
fluids out of the shale, The compleatties of contaminant
transport from hydraulically fractured shale (o near-
surface aquifers fender estimates uncerain, but a mange
of inlerpretative simulations sugpes thal transport tmes
coubd be decreased from geolopic time scales o as
few as tens of years, Preferential flow throuph natural
fractures fracking-induced feactures could funber decreass
the travel times 1o oas litthe as just a few years.

There is oo data 1o verily eilher the pre- or
post-fracking properties of the shale. The evidence for
potential vertical contamenaet Now s strong. but there
are alse almost no monilonng systems thay woald

hGYAor

detect contaminant ransport as considered herein, Several
improvements could be made,

+ Prior 1o hydraulic fracturing operations, the subsurface
should be mapped for (he presence of fauls and
measurement of their properties.

» A peasopahle seitback distapce from the frocking 1o
the faults shoulkd be established, The sethack distance
should be based on a reasonable risk amalyvsis of fracking
increasing the pressures within the Tl

# The properiies of the shale should bBe verified, post-
fracking, to assess how the hydrogeolopy will change.

o A system of deep and shallow monitoring wells and
pledomieters should be established in areas expect-
ing signifieant deselopment, before that development
begins {Williams 2000,
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