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TheHousng Market Impactsof Wagstewater Injection Induced Seismicity Risk

Abstract

Using data from a county severely affected by tloegased seismicity associated with injection
wells since 2009 in Oklahoma, we recover hedorioases of property value impacts from
nearby shale oil and gas development that vary @atthquake risk exposure. Results suggest
that the seismic activity has enhanced the perdeigés associated with wastewater injection

but not shale gas production. This risk percepsdimited to injection wells within 2 km of the

properties.
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The Housing Mar ket Impacts of Wastewater | njection I nduced Seismicity Risk

1. Introduction

The injection of fluids underground has been knosvimduce earthquakes since the mid-1960s
(Healy et al. 1968, Raleigh et al. 1976). Howel@n, cases were documented in the United
States until 2009. Since 2009, the central anceeastnited States (CEUS) has seen an
unprecedented increase in seismicity, and maniigqaakes are believed to be induced by
injection wells (Ellsworth 2013). Weingarten et @015) examined the location and timing of
earthquakes and their relationship to the locadimh operation of injection wells across the
CEUS. They found that the number of earthquakescasgted with injection wells has tripled
since the year 2000 and that the entire increaseigmicity since 2009 is associated with fluid
injection wells. Wells in Oklahoma, where unconwenal oil and gas production methods
generate large volumes of waste water which aeeteg at high rates, are the main contributors
to the dramatic increase in associated seismidfigiiigarten et al. 2015, Walsch and Zoback
2015). Figure 1 depicts the exponential increaskemumber of earthquakes of magnitude 3 or
larger in Oklahoma since 2000.

Many factors are necessary for injection actitatynduce earthquakes. The injection of
large volumes of wastewater into the rock formatrmreases pore pressure; this pressure can
spread from the injection site and trigger seistyion a critically stressed fault (Walsh and
Zoback 2015). Most injection wells are not asseclatith earthquakes, but in Oklahoma, the
disposal reservoir— the highly permeable Arbuckleniation — sits directly above crystalline
basement rock, in which there are faults large ghda cause earthquakes that can be felt and
potentially cause damage. The fact that incregsimg pressure at depth from fluid injection can

trigger a slip on a pre-existing, already-stredsett is well documented (Healy et al. 1968,



Raleigh et al. 1976, McGatrr et al. 2002, 2014, alek009, National Research Council 2013),
and the mechanisms by which the triggered fawt@ticurs are generally well known -
increased fluid pressure decreases the effectinaalstress on a fault, potentially triggering the
release of accumulated strain energy on a preegitult that is already close to failure
(National Research Council 2013). Figure 1 shosteady increase in the total number of
injection wells over time, and a marked increasthnénumber of high rate injection wells and
injection volumes since 2010.

Unconventional oil and gas production, also reféiio as shale gas development, has
experienced a boom since the mid-2000s that hatuteanized the energy sector (Bartik et al.
2016). Innovations in hydraulic fracturing (commypkhown as “fracking” or “fracing”) and
horizontal drilling, involving the injection of airture of water, sand, and chemicals at high
pressure into deep rock formations, have allowecettiraction of oil and gas from shale
resources previously believed to be commerciakigoessible. The dramatic increase in
hydrocarbon production has been accompanied biustaebate regarding the potential pros
and cons of development. See Bartik et al (2018)Mason et al. (2015) for recent reviews on
the state of research on the economic benefithagdtive externalities of the shale gas boom.

Krupnick and Echarte (2017) provide an overvievinedonic valuation studies which use
changes in housing prices following shale gas agveént as indicators of community
perceptions about the benefits and costs of sueblal@ment. These studies have primarily
estimated the net benefits of shale gas develop(eemnt Bennett and Loomis 2015, Balthrop
and Hawley 2017), the impacts of extraction morat(e.g. Boslett et al. 2016a), or focused on
one important external cost of unconventional od gas production: groundwater

contamination (e.g. Gopalakrishnan and Klaiber 20Adehlenbachs et al. 2015). Indeed, many



of the substances involved in fracking operaticangehbeen linked to reproductive and
developmental health problems and pose a serioeattifi drinking water is contaminated

(Elliott et al. 2016). Muehlenbachs et al. (2018tjreate that adjacency to shale gas wells (1.5
km or closer) reduces the value of groundwater-déget homes from 9.9 to 16.5 percent.
However, previous studies have mainly focused erMharcellus shale play or other areas where
an increase in seismicity has not been observedhaischave ignored the seismicity risk induced
by injection wells.

Our study is the first to estimate the effects méanventional oil and gas production on
housing markets in Oklahoma, an area severelytaffdry the unprecedented increase in
seismicity since 2009, and the first paper to maedhe earthquake risk induced by injection
wells. While earthquake risk has been found to tregjg affect housing values (Beron et al.
1997, Naoi et al. 2009, Hidano et al. 2015), emgsstudies consider single, massive earthquakes
in large urban areas like San Francisco and Tokith,causes independent of wastewater
injection activity. A notable exception is a papgrCheung, Wetherell and Whitaker (2018)
which estimates the impact ekperiencingearthquakes on property values in Oklahdr@ar
paper tackles a different question, however. Oaugds on estimating the external cost of
injection wellsin terms of perceived seismicity risk. As we dészin more detail when we
present our identification strategy, the risk efell inducingan earthquake is different from the
risk of ahouseexperiencingan earthquake. Houses could in principle capgdlie seismicity
risk associated with injection activity nearby evietiney are not directly affected by an

earthquake.

! They find that property values decline 3 to 4 pat@fter a home has experienced a moderate eakiiqu
measuring IV or V on the Modified Mercalli Intensicale, and decline 9.8 percent after an eartheabkve VI.



We use a difference-in-differences hedonic modehiwork exploiting the distance of
properties to injection wells, but also the timwfgearthquakes and earthquake characteristics, to
estimate the impacts of injection-induced earthguak on property values in Oklahoma
County. Hedonic pricing models show that the prioviof hazard risk information creates price
differentials between houses located in differesk zones (Brookshire et al. 1985, Bernknopf et
al. 1990, McCluskey and Rausser 2001, Troy and R@®04). The occurrence of a hazardous
event (e.g. a flood or an earthquake) heightekgesceptions as reflected by increasing price
differentials across risk zones (Bin and Polask§&@arbone et al. 2006, Naoi et al. 2009,
Skantz and Strickland 2009, Kousky 2010, Atreyale2013, Bin and Landry 2013).

This finding is consistent with the "availabilitgtristic* (Tversky and Kahneman 1973),
a cognitive heuristic whereby decision makers vglgn knowledge that is readily available (e.g.
what is recent or dramatic) rather than searchitegrative information sources. Under this
explanation, the occurrence of a hazardous evésniaa source of new information, increasing
salience and heightening risk perceptions. In @hiedramework, this translates into a
reduction in the value of properties with highepesure to the risk; e.g. properties in the
floodplain after a flood event or properties integuake prone areas after an earthquake, in our
case. Accordingly, in our paper we use the occegai earthquakes, and the distance of
properties to injection wells, whose activity i€ fhroximate cause of seismicity in the region, to
identify and monetize earthquake risks associatédinjection activity.

We find, across multiple indicators of seismicitythe region, that earthquakes have
depressed the value of those residential propenti@klahoma County, OK with injection
activity in close proximity (2 km). On average, thréce of properties with one injection well

within 2 km dropped by 2.4 percent after the 5.63niude 2011 Oklahoma earthquake with



epicenter in Prague, Lincoln County, OK. An additibearthquake of magnitude 3 or larger in
Oklahoma county has a much smaller effect (0.2gmjcbut earthquakes of magnitude 4 and
above reduce the price of homes with one injeatiethin 2 km by 1.6 percent. Our estimates
are not confounded by damages to structures wiaeh heen very small to date and, in the case
of the Prague earthquake, nonexistent for progei©klahoma County. Results are also robust
to controlling for injection volumes, oil and gaguction activity, and drinking water sources.
However, we present some evidence that potentaingtwater contamination risk is related to
injection wells while public water is perceivedide at risk from production wells. In addition,
large earthquakes (of magnitude larger than 4)ezkate the perception of both types of water
contamination risk, estimated at 12.4 and 3.9 p#rokthe price of the average home on private
groundwater and in public water serviced areapectssely.

The rest of the paper proceeds as follows. Seétiprovides additional background on
injection wells and their connection to earthquakeSklahoma. Section 3 discusses the
methodology used to identify the induced-seismiaiit. Data sources are introduced in section
4 along with a brief descriptive analysis. We reépbe empirical results and robustness checks in

section 5. Finally, we conclude with our major fimgs.
2. Background: Injection Wellsand Earthquakesin Oklahoma

The oil and gas industry in Oklahoma dates baclerttuan a century, and it accounts for 10% of
the state’s GDP (Oklahoma Chamber of Commerce 2012014 there were 15,560 oil and gas
production wells and 8,891 injection wells (Clalsgriderground injection control wells), most
of which were concentrated in the east centrabregf the state.

It is estimated that over two billion gallons ofa8$ Il fluids (primarily brines - salt

water- brought to the surface while producing atll gas) are injected in the US every day (EPA



2016) for recovery of residual oil and sometimes, ga for disposal> Most of the injection
wells in Oklahoma are injecting water coming noinfrhydraulic fracturinger sebut from the
“dewatering” of production wells. The water exigtshe producing formation and comes up
with the oil and natural gas in a recovery proaksgeloped in the last decade, known as
dewatering (Chesapeake Energy Corporation 2009, 216). While Oklahoma has only 8%
of all injection wells in the CEUS regidrit is home to 40% of all injection wells that dam
linked to earthquakes. Wells injecting wastewatés the Arbuckle formation, a 7,000-foot-deep
sedimentary formation under Oklahoma are the mamributors to the dramatic increase in
associated seismicity in that region (Weingarteal €2015).

With the increase in seismic activity, much pulaiicd media attention has been paid to
the connection between earthquakes and unconvahbdrand gas production in Oklahoma. A
simple keyword search of “Oklahoma earthquakesfi@uking” results in over 8,000 news
articles since 2010. However, the response frote giavernment officials has lagged. On
November7, 2011, two days after the 5.6-magnitude Oklahearthquake with epicenter near
Prague, OK, which was at the time the largest gagke that affected the state since 2009, the

governor of Oklahoma declined to address the calidee earthquake despite multiple studies

% There are two main types of Class Il injectionlsiedaltwater disposal wells (SWD) and enhancedwery wells
(EOR). SWDs are used to dispose of the brines Imtctogthe surface during oil and gas extractioreylimake up
about 20 percent of the total number of Class llsne the US (EPA 2016), but in our sample they albout 35
percent. EORs are used to inject fluids to disptadeactable oil and gas that are then availabledcovery.

3 The physical appearance of injection wells may dpending on the injection fluid the well is bddr. However,
in general, EPA defines injections wells as “a bodilled, or driven shaft whose depth is greétan the largest
surface dimension; or, a dug hole whose deptheatgr than the largest surface dimension; or, anaved
sinkhole; or, a subsurface distribution system”AEP015). For Class Il injection wells, the wellesuisually
contains a set of holding tanks for liquids to bjeéted and a pipe sticking out of the ground tonext the holding
tanks with the drilled well. The pipe is typicallyound 5’ to €' tall. In contrast, production wedlee much taller,
have large horse heads, walking beams, and langeapiarms for counter weights that move up and ddweir
height is typically above 15’ to 30’ tall. Produanti wells and injection wells are often near; thereation between
the number of production and injection wells witRikkm of a property in our sample is 0.2174.

* Injection wells are geographically clustered isiba and regions of major oil and gas operatioesas,
Oklahoma, Kansas and Wyoming contain approxima®lpercent of all Class Il injection wells in th&U
(Weingarten et al. 2015).



linking the increased seismicity in Oklahoma teatjon activity (e.g. Keranen et al 2013,
Keranen et al 2014, McGarr 2014). The governor @aowit publicly link injection wells and
earthquakes until early 2015 (Soraghan 2015).

Compared to other states, the response of Oklatso@@poration Commission (OCC)
to address wastewater injection induced earthquakedeen less aggressive. Rules targeting
operators in “areas of intereih the Arbuckle formation went into effect only $eptember
2014, merely requiring the provision of more det@diind frequent data on injection volume and
pressure. Subsequent regulations in March 2015nebgokthe definition of “areas of interest”,
and require operators to prove that their wellsnatan contact with granite basement rock (a
major risk factor for triggering earthquakes) (We2016). We note that the period covered by
our analysis, 2010-2014, precedes the tightenif@@€ regulations and that, during that period,
none of the wells in our sample falls within andarof interest”.

The increase in seismic activity has not resultechisualties, which are typically the
result of earthquakes of magnitudes larger thamttes experienced in Oklahoma so far. The
material damages to date have also been smallrlsample, the maximum intensity of the
earthquakes experienced in Oklahoma County isif.8% Modified Mercalli Intensity (MMI)
scale. In this scale, which goes from | to X, ibidy after an intensity of VI (Strong) where the
shaking is considered “strong” and one starts egpeing slight physical damage (USGS 1989).
For comparison, the earthquake in Prague in 20ith,avmoment magnitude of 5.6 and a
maximum MMI of VIII (Severe) in the area closestlhe epicenter, buckled road pavement and
damaged dozens of homes (Summars 2016). Becausiegdlgamage to structures has been
small to date, it should not contaminate our intetqtion of hedonic pricing estimates as

reflecting changes in subjective risk perceptiomgction activity.

® These include wells within 10 km of the epicertea magnitude 4 or larger earthquake.



While insurance claims have also been small, imsurave increased premiums and
deductibles, and some have stopped writing nevhgaake insurance altogether even as
demand for earthquake insurance is sodtifis reflects an increasing concern that insurers

would be too exposed in the event of a "big onedhgh 2016).
3. Methodology

3.1. Impact Categories

We follow Muehlenbachs et al. (2015) categorizabbimpacts of nearby shale gas activity on
housing values. There aaéjacency effectscosts and benefits associated with close prayimi
to injection wells. Costs might include noise aigthtl pollution, local air pollution, drinking
water contamination, and visual disamenities assediwith drilling and injection equipment
and cleared land. (Table A.1. details the locadedl costs of production and injection wells
and their drivers). The benefits are mainly royaltyease payments for the use of the property
for wastewater injection. In Oklahoma, it is po$sito sever the mineral property rights from
surface property rights. Without access to detaligc on leases and deeds, we do not know
whether that is the case for the properties insannple. Thus, like in virtually all previous
papers, our estimates are of the overall net effieetbenefits of lease payments for those
households who may be receiving tHgounterbalanced by those who do not receive them)

and the negative externalities of being located aaanjection well. We acknowledge, however,

® Earthquake damage is not covered under a regofaedwner's policy. According to the Oklahoma Insaea
Department, many Oklahomans have earthquake insei@olicies but the coverage protects a home "from
catastrophic damage." The typical earthquake ima@@olicy covers home repairs, replacement ofgmeds
property directly damaged by the earthquake, debn®val and living expenses while the home is dpeapaired
or rebuilt. However, most policies do not coverlaepment of brick, rock or stone covering the alesif the
edifice, damage to the lot, vehicle damage or ezglevater damage (Summars 2016).

" For hydraulic fracturing (oil and gas productievdlls, the horizontal portion is approximately llen(l.6 km)
(US Energy Information Administration 2013). Legmsgyments would only be made to those householdsevho
property is located above the well. Therefore,dherall effect of proximity is the combined impact houses
receiving payments and houses not receiving them.



that accounting for mineral rights ownership carkena big difference. Boslett et al. (2016b)
estimate that houses in Colorado in areas of fédareral ownership (i.e. without mineral
rights) and within one mile of an unconventionall dite sell for 34.8% less than comparable
properties without proximate drilling.

There are alswicinity effectdrom the drilling of injection wells. Muehlenbachksal.
(2015) define them as the impact of shale gas dpwatnt on houses within a broadly defined
area (e.g. 20 km) surrounding wells and possibdjuining increased traffic congestion and road
damage from trucks, increased local employmentdgmadand for local goods and services and
impacts on local public finance. Considering th&ata®oma City is very spread out and that
workers in the shale gas industry typically driged than 20 miles (30 km) one way to work
(Langston 2003), we define the vicinity effect ®ib the neighborhood of 30 km of a well.
Furthermoremacro effectg¢e.g. recovery of the national economy, mortgagelability) which
are not specifically related to shale gas actiaity assumed to be common to all properties.

As mentioned in the introduction, an important exadity of living in proximity to
injection wells, and the focus of our study, is@erease irSeismicity Riskdydrogeologists and
geophysicists consider any earthquake within ujbtem of an active injection well to be
associated with that well (Weingarten et al. 20C8)C uses a related but less conservative
criterion in terms of distance. In its March 20&gulations to deal with induced seismicity,
OCC targeted wells within “areas of interest” camgra 10 km-radius area around the central
mass of “seismic swarm§.”

Anecdotal evidence suggests that the perceptigeismicity risk has been dramatically

enhanced by the swarm of earthquakes since 20@@uBe earthquakes have provided

8 Swarm is defined as an area consisting of at teasevents with epicenters within 0.25 miles oé@mother, with
at least one event of magnitude 3 or higher. Ptesviales targeted wells within 10 km of the epieemtf an
earthquake of magnitude 4 or larger.



information about the seismicity risk associatethvactive injection wells, we exploit the
occurrence of earthquakes and the presence otanjaction wells at differing distances of
properties in Oklahoma County to identify the pered seismicity risk of injection wells.

3.2. Identification Strategy

Figure 2 is useful in describing our strategy tenitify seismicity risk. Area A represents a 2-km
buffer drawn around an active well that defiaggacency- being in close proximity to injection
wells. In Oklahoma, royalty and lease payments fhyairaulic fracturing and wastewater
disposal are typically distributed by square miite$, which means that properties within 2.3 km
of a well may be eligible for the benefits. Thioae is also consistent with the finding by
Muehlenbachs et al. (2015) that properties lockgsslthan 2 km from an active shale gas well
are most affected by proximity.

We follow Weingarten et al. (2015) in considerimy @arthquake within 15 km of an
active injection well to be associated with thatlw&ccordingly, a buffer of 15 km around an
active injection well defines the “catchment aréa’the epicenters of earthquakestentially
induced by that well. Area B in Figure 2, locatedside the adjacency buffer but within 15 km
from the well, helps to isolate the seismicity rigkm injection activities from an adjacency
effect. Finally, Area C is located outside of btitk adjacency buffer and the 15 km spatially-
associated earthquake buffer, but is within thénitie (30 km) of an injection well.

Based on this intuition, in deriving our empiricglecification, the price of housat
timet is a function of the number of injection wellsmumding the property at differing
distances. Because we are interested in isoldtmgeismicity risk, which is associated to active

injection wells, we consider the wells that wergweacin the last 3 months preceding the sale of

10



the property. We chose this time window as theayehomebuyer searches for approximately 3
months before purchasing a hotne.
(1) InP; = ag + ay(wells in 2 km);; + ay(wells in 2 — 15 km);; + az(wells in 15 —
30km); +u; +ve +qr + €

Equation (1) includes a house fixed effgcto control for any time-invariant
unobservable characteristics at the individual pryplevel, temporal fixed effects andq;
indicating the year and quarter of the transactiespectively, to control for time-varying
unobservables at the macro lewgl.is the error term. Referring back to Figure 2 pemties that
fall within area A, i.e. properties with activeéggion wells within a 2-km buffer, experience
adjacency, seismicity and vicinity effects captubgdcoefficientr,; properties in the non-
overlapping ring B (further than 2 km but closeariil5 km from an active injection well)
experience seismicity and vicinity effects,{; and properties falling in ring C, beyond 15 km of
an active injection well, experience only vicinéifects ¢3). Thus,a, — a5 captures the
seismicity risk from injection activities, assumitigat a well within 15km has the same size
impact of vicinity effects than a well within 15-&@n.

The seismic activity experienced in the region siB009 provides another source of
identification. Earthquakes have been felt (wittfieding intensity) by virtually all the residents
in Oklahoma (the Prague earthquake, for exampls,felaas far away as Tennessee and
Wisconsin, ~1400 km away). We hypothesize thabtteirrence of earthquakes has enhanced

the perception of seismicity risk, particularly thiose living in closer proximity of earthquake-

° According to Zillow, the real estate website, #verage buyer searches for 12 weeks before punghagiome.
According to the National Association of Realtars2015 people under 50 spent an average 11 wap#ishose
over 50 about 8 weeks searching for a home. (htgw.realtor.org/sites/default/files/reports/201&183-home-
buyer-and-seller-generational-trends-2015-03-1).ddfe results were robust to using longer timedewindows,
of 6 and 12 months, and to using the number ofsnagdtive on the day of sale.

11



inducing injection activity. Thus, we expand eqoat(1l) to include an earthquake variable and
its interaction with the number of injection wells:
2 InP; = ayg + a;(wells in 2 km);; + a,(wellsin2 — 15 km);; + az(wells in 15 —

30 km); + a,EQ; + as(wells in 2 km); * EQ; + ag(wells in2 — 15 km);; *

EQ; + a;(wellsin15 — 30 km);; * EQ; + u; + vy + q¢ + €31

In equation (2)EQ denote€arthquakeand is an indicator of the seismicity experienced
in the area surrounding the property. As noted apd% km is the distance that defines the
catchment area for the epicenters of earthqualseiased to injection activity (Weingarten et al.
2015), but there have been instances of earthqueasesiated with wells at farther distances
(Keranen et al 2014). Thus, we include interactiitk injection wells at all distances within 30
km.

The first earthquake indicatdeQ) is a dummy variable that takes the value of dieel
sale happened after Saturday, November 5, 201 Hatieeof the 2011 Oklahoma (“Prague”)
earthquake. Prague is the largest event in our Igaiepd the largest ever experienced in
Oklahoma until the M 5.8 Pawnee earthquake on S#pme3’, 2016, garnering considerable
national media attention. However, because eariteguaere increasingly being experienced
statewide prior to this event (Figure 1), and hgmees might have capitalized some of that
risk,'® we employ two alternative sets of seismicity iadirs.

The first one is the number of earthquakes witleepers in Oklahoma County with a
magnitude equal to or greater than 3 (or 4) in3neonths prior to the sale of the propérty.
Earthquakes with magnitude less than 3 are gegerallfelt, so we only consider those that can

be felt by people to reveal their risk perceptibhe second set of seismicity indicators uses the

19We investigate the anticipation and persistence ‘#frague effect” in more detail in Section 5.3.
1 As noted above, the average homebuyer searchappoox. 3 months before purchasing a home (foet@pt

12



MMI scale, developed by seismologists as a morenmgéul severity measure to the
nonscientist than magnitude, as it refers to thecef actually felt at a specific place. Itis a
function of both the distance to the epicenter thiedearthquake’s magnitude. We use an
intensity prediction equation with attenuation dméEnts specific to the CEUS region by
Atkinson and Wald (2007, which has been shown to provide a good fit for erate events
such as those experienced in Oklahoma (Hough 2G1g)worth noting that MMI is location
specific. AccordinglyEQ; in equation (2) should be replaced witQ;; in specifications using
this seismicity indicator.

Assuming that the perception of seismicity riskr@ases with the frequency and intensity
of earthquakes, we sum the MMI of the earthquakastappened in the 3 months prior to the
sale date. It is also possible that people singpie or do not even notice smaller earthquakes,
thus, we alternatively use the maximum of the MbNer the same period. Furthermore, the
perception of seismicity risk is likely to be sheg®y the diffusion of news about earthquakes in
local news outlets and through informal interacsionth friends and colleagues. We therefore
calculate the intensity measures in relation toetlighquakes in both Oklahoma County and the
state of Oklahoma.

Between January 2010 and December 2014, all esrkieg with M> 3 in Oklahoma
County were associated with at least one activeefign well according to the 15-km buffer
criterion by Weingarten et al. (2015). However ytde not fall in an “area of interest” as
defined by OCC rules enacted in September 2014sefuient regulations in March 2015

expanding the definition of “areas of interest’darosures of injection wells in the aftermath of

12 MMI = 12.08 + 2.36(M-6) + 0.1155(M-6)- 0.44logoR -0.002044R + 2.31B -0.479M lgfR, whereR =

0, R < 80
2 2 — 4 -
vD*+17%, B = {loglO(R/BO), R > 80"

epicenter of the earthquake and the location wieves felt, R is the transition distance in thiatiation shape.

M is the magnitude of an earthquake, D is theadise between the

13



the M 5.8 Pawnee earthquake on Septemrﬂeﬁt316 (MMI of V at the population weighted
centroid of Oklahoma County) are outside of oudgtperiod. Moreover, the Prague
earthquake’s epicenter in Lincoln County is abduk from Oklahoma County, and 34 km
from the closest active well in our sample. Thue,d® not believe that the threat of closure of
injection wells associated with earthquakes affdatsinterpretation of our estimates as
reflecting the loss of potential rents (for thosegerties with mineral rights over injection wells)
We further note that the legislature and the exeeldranch in Oklahoma’s state government
have remained friendly to shale gas developmeritldy 2015, Oklahoma’s governor signed
Senate Bill 809 which prohibits cities from enagtwil and gas drilling bans, and allows

“reasonable” restrictions for setbacks, noisefitragsues and fencing.
4. Data

With the increase in the number of earthquakesedlsas injection wells concentrated in central
and north-central Oklahoma, we focus on OklahomanBowhich has experienced the largest
number of earthquakes of magnitude 3 or largeres2@d0 in this region. As of the 2010 census,
its population was 718,633, making it the most popsi county in Oklahoma, accounting for 19%
of the total population. Oklahoma County is alse tfost urbanized county in the state being at
the heart of the Oklahoma City Metropolitan StatedtArea. This ensures that the property
market is sufficiently thick, with enough transacis of relatively uniform properties to help
recover unbiased estimates of seismicity risk.

We obtained transaction records of all properteg g1 Oklahoma County between
January 2010 and December 2014 from PVPIlus, a teadkstate data provider. The records
contain information on the transaction date andeprexact address, and property characteristics

(square footage, year built, lot size, number ofme, etc.) of single family residences. We start
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with 70,438 unique observations of sale transastwith information on the location of the
property. After excluding properties with no listqe, a price in the top or bottom 1%, or sold
more than once in a single year, we are left W&/362 observations. We consider only arm’s
length transactions (i.e., exclude made-to-ordends), thus we drop 6,834 properties sold in the
year built. We only include the remaining 48,01ksaf single family residences in our main
specifications in order to estimate the impactlixelf/) owner-occupied residential homes,
rather than properties that are more likely tramsie rented. Of these, 8,662 are repeated ‘Sales
— a necessary condition for including property dixfects to control for unobserved
heterogeneity at the property level.

Data on production and injection activity (locatigeear and month reported, well type,
well status) come from OC¢and Weingarten et al. (2015). During the periodrulysis
(January 2010 to December 2014), there were adbti89 active Class Il injection wells and
368 shale gas production wells in and within 30dkr®klahoma County. About 65% of the
active injection wells operated for the purposesrdfanced oil recovery (EOR), whereas the
remaining 35% wells were designated as salt waspiodal (SWD) wells. Active SWD wells are
more than 1.5 times as likely as active EOR wellsd associated with an earthquake. However,
most earthquakes in the CEUS region (66%) are edsdavith EOR wells (Weingarten et al.
2015). Moreover, it is difficult for a layman tostinguish the two types of wells and we are
interested in people’s risk perception towardsatige activity in general. Thus, the count of
injection wells within each buffer includes botlpég of wells. We count wells that were active

in the 3 months prior to the sale of the property.

13 Compared with homes sold only once during the $amgriod, homes sold more than once are slightlyem
expensive ($6,476 more), larger (133 more squa, feave 0.1 more bedrooms and 0.13 more bathrcamdsa
lower proportion (0.6 vs. 1.1 percent) have foragdheating. However, there is no statistical défece between
them in terms of total property area, roof and ftation type, and whether there is an attached garag

14 http://www.occeweb.com/og/ogdatafiles2.htm.
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Earthquake data (origin time, location of epicentepth, and magnitude) come from the
Oklahoma Geological Survey. During our sample pktieere were 864 earthquakes with
magnitude M> 3 in the state of Oklahoma. Among these quakesyeté of M> 4.0, and one, in
Prague, Lincoln County on November 5, 2011 was &.8 There was a sharp jump in the
number of earthquakes in year 2013 with 109 eaetkegi of M> 3.0, and in year 2014 with 578
earthquakes of M 3.0, accounting for 70% of all the earthquake®slaf 3.0 since 2010. Out of
the 864 earthquakes with ¥3.0 in the state, 121 (14%) originated in OklahdDoainty. There
were only 3 earthquakes with ¥4.0 in the county and they all took place aftet20 ocations
of properties with repeated sales, oil and gasuymrtioh wells, injection wells, and epicenters of
earthquakes with M 3 are shown in Figure 3, overlaying with publicteraserviced areas.

Table 1 displays the summary statistics of the @rigs in our sample. The average
selling price was $159,781. There were 0.84 adgtiption wells within 2 km of a property in
the past 3 months before the house was sold, witkbamum of 15 wells. Between 2 and 15 km
of a property, there were 40 injection wells onrage, with a maximum of 93. For the outer
buffer between 15 and 30 km, 64 injection wellsev@perating in the past 3 months on average,
and the maximum exceeded 100. Homeowners in OklalHoowinty experienced an average of
6.65 earthquakes with M3 in the 3 months before they sold the house,enddarthquakes with
M > 4 were much less frequent. 75 percent of the ptiegewith repeated sales between 2010

and 2014 were sold after the Prague earthquake.
5. Results

5.1 Main Results
We estimate models (1) and (2) with repeated sHles/ner-occupied residential properties in

Oklahoma County, controlling for property, yeardauarter fixed effects. Results are presented
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in Table 2. In the baseline model (equation 1) estemate the net impacts of having injection
wells nearby without accounting for earthquakevésti In the results, reported in column (1),
we do not observe any statistically significant &ots of injection wells on housing prices
regardless of their proximity, suggesting thatpbsitive effects are offsetting the negative
external costs at all distances. However, whenddkeim earthquake activity in the specification
to explicitly estimate how earthquakes enhance#reeived seismicity risk from wastewater
injection (equation 2), we find a statistically sifgcant and negative impact brought by the
occurrence of earthquakes, that manifests for ptiegewith injection wells in close proximity
(in the 2-km buffer), suggesting that earthqualeigtiten the perception of seismicity risk
associated with injection wells, but only for welNghin 2 km of a property, not at farther
distances. This impact is robust across alternagigmicity indicators.

In column (2), one additional injection well withthkm of a property induces a 2.43%
lower value for a property sold after the Praguthemake. As we would expect, an additional
earthquake of magnitude 3 or larger (column 3)ahamich smaller impact on housing prices
than one more earthquake of magnitude 4 or laggaguarin 4). The former reduces the price of
properties with one injection well within 2 km by2@% while the latter reduces them by
1.56%° However, there are many more earthquakes withV3< 4 than with M> 4 in a year,
so cumulatively M> 3 earthquakes have a much larger impact overahese of a year. Using
the average price of houses sold in 2014 with ojetion well within 2 km, we estimate the per
house loss from induced earthquakes with Blin Oklahoma County to be $19,325 in that year,

and $5,831 from M 4 earthquakes.

5 The two estimates are statistically different freath other at 10% significance level (p-valueZ7X). Recall
that the average property has 0.84 (almost onegtiop wells within 2 km (Table 1).
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The two MMI measures in columns (5) and (6), whackount for both earthquake
magnitude and proximity to the epicenter, are hlgbly statistically significant when interacted
with the number of wells within 2 km. Not surprigly, the impact for Max(MMI) is larger than
for Sum(MMI) suggesting, again, that property psiceact more strongly to stronger
earthquakes. Overall, results in Table 2 suggestaarthquake activity has altered the
perception of seismicity risks associated with wastter injection, but that homeowners are
myopic, only associating these risks to injectialsvwithin 2 km of the property, not at further
distances. However, because earthquakes mighingisase the saliency of adjacency effects,
we check the robustness of our results to thismiaieconfounding effect, as described below.
5.2 Robustness
In this section, we present several robustnesskeh®@ur results. We first re-estimate equations
(1) and (2) using all the earthquakes with epiasntethe state of Oklahoma (not just in the
county). We hypothesize that residents pay mosenatin to local earthquakes than to those that
do not directly affect their lives, but it could thet local earthquakes are smaller and larger
earthquakes happen in other counties. Given tfaniration nowadays spreads fairly rapidly
and broadly through television, newspapers andakowdia, we surmise that earthquakes in a
broader area are also important in shaping riskgpions.

Second, we test the impact of using only injectiatis that have been associated with
earthquakes. Non-associated injection wells es&dmicity risk as they could induce an
earthquake in the future even if they have noesoNonetheless, we speculate that currently
associated injection wells (92 percent of injectizglls in our sample) are perceived to be riskier.

Third, we investigate if the estimated impacts @hhive interpret as reflecting an

increased perception of seismicity risk) are roostontrolling for injection and production
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volumes which drive adjacency effects. Finally, seepare the main results with those from a
pooled OLS model (i.e. a regression that doesnbtide property fixed effects).

5.2.1 All Earthquakes in Oklahoma

Table A.2 reports the results of estimating mod&)sand (2) using all the earthquakes in
Oklahoma State. Estimates are qualitatively sintdahose in Table 2. We do not observe
statistically significant effects from proximity tojection wells in the baseline specification. A
significant impact associated with seismic activétypbserved in the estimates of equation (2),
reported in columns (2) - (6), for those propertigth injection wells within 2 km. In column (2),
the model is the same as that in column (2) of @@bkherefore, the estimates are identical. The
impact of max(MMI) is also almost unchanged. Theusence of earthquakes withM3, M>

4, and the sum(MMI), however, all have much smaitgracts on housing prices than before.
An additional earthquake of magnitude>Mt in the state depresses the value of properiibs w
one injection well within 2 km by 0.51 percent, wiiis about one third of the effect of a local
earthquake of the same magnitude. Although there wre earthquakes with larger magnitude
throughout the state, they were farther from tlegeprties in Oklahoma County, thereby, the
marginal effects are smaller overall.

5.2.2 Associated Injection Wells

Table 2 reports results for all injection wellstibearthquake-associated and non-associated. We
thus re-estimate models (1) and (2) with only aisged injection wells. Considering that there

were only 3 earthquakes with ¥4 in Oklahoma County during 2010 — 2014, potelytial
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lacking variation, we re-estimate the models witlearthquakes throughout the state of
Oklahoma. Results are presented in Table’A.3.

As in previous results, seismic activity depressmssing prices for those properties with
injection activity within 2 km. The effects are sian in magnitude to those in Table A.2,
although their statistical significance is slighittyver, which might be due to there being fewer
associated wells at all distances. Another expianahight be that people perceive injection
wells that have already been associated with eaattes to be less likely to cause more
earthquakes and therefore to be less dangeroysi{eegambler’s fallacy). However, the effects
continue to be statistically significant at the &xel (except for the less frequentiMi
earthquakes for which the effect is significanthat 12% level). Moreover, we see a statistically
significant impact of associated injection wellghin 2 to 15 km of the property (in levels).

Together, these findings suggest that people per@ssociated injection wells to be
related to seismicity risk. In the baseline speaiion in column (1), the negative coefficient on
wells between 2 and 15 km suggests that thersessanicity effect (given the insignificance of
vicinity effects for wells 15-30 km from the prop@r A negative seismicity effect is not
apparent for wells within 2 km of the property Iretbaseline model, as this effect is possibly
counterbalanced by positive adjacency effects (eya@lty receipts). It does become apparent,
however, in model (2) that explicitly includes éapake activity (columns 2-6). For example,
after Prague, one additional earthquake-assodiajiction well within 2 km of a property

reduces the value of the property by 2.29%.

18 The results for models with only earthquakes ifa®&ma County are comparable, except that theicifts on
seismicity risk for wells within 2 km brought byrdaquakes are larger, and earthquakes with Mare not
statistically significant at conventional levels.
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5.2.3 Injection and Production Volume

In addition to the perception of seismicity riskraquakes might also increase the saliency of
adjacency effects. Moreover, both local negatiiermalities (air, water, noise and light
pollution) and earthquakes are driven by injectiolumes. To rule out that our interaction
estimates are driven by adjacency effects, rattaar by an increased perception of seismicity
risk, we include in our main specification the ttjen volume of the wells in each distance
buffer in the three months preceding the sale. & estimated models that control for
production volume, and both production and injettiolumes. The results for the latter set of
models are presented in Table A.4. We do not obsaich significance on the injection and
production volumes. Only injection volume for welghin 2 km and production volume for
wells in 15-30 km are marginally significant (sugtieg negative adjacency and positive vicinity
effects, respectively), but the interaction tere®ain remarkably robust compared to the
baseline specification. This increases our confidghat we are indeed identifying a seismicity
risk effect, and that our results are not drivenripgction activityper sebut by injection wells
being perceived as possibly triggering earthquakes.

Finally, Table A.5 reports results from pooled esggions including all single-family
homes. These models control for property charatiesiand school district fixed effects, but not
for property fixed effects. The results indicateoasistently negative and significant adjacency
effect and, in most specifications, negative saiignand positive vicinity effects. In columns (2)
- (6) seismicityper senegatively affects all properties, with the eflesbmewhat exacerbated for
properties with injection wells within 2 km and igdted for those with injection wells at farther
distances. We do not place much weight in thesdtsefiowever. The location of wells can be

strategic on the part of oil and gas companiesnamst be agreed to by the property owner, so it

" Results for the models that included only prodarctiolume or only injection volume were similar.
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is important to account for all the unobservabtelattes that may be correlated with both the
property and the proximity to the well (Muehlenbsieh al. 2015, p. 3640). We accomplish that
in specifications that control for property fixeffleets.
5.3 Placebo Tests: The Anticipation and PersistericGe“Prague” Effect
The evidence presented so far suggests that therence of earthquakes has enhanced the
perception of seismicity risk reflected by a pritiecount for those properties in closer proximity
(2 km) of earthquake-inducing injection activityo Tentify this effect, we use a range of
seismicity indicators, including a Prague-earthgudkmmy. In this section we investigate if
Prague did indeed mark a before and after or iptiee for properties neighboring injection
wells was dropping before then given the increaseigmicity trend since 2009, and if the
“Prague” effect persisted. We do this by considgfake earthquake dates spanning one year
before and one year after November 5, 2011. In vegecreate twenty-fouplaceboearthquake
dummies in addition to the (real) Prague-earthquiakemy: twelve dummies for the preceding
12 months (sale after 10/5/2011, sale after 9/3/2@td so on until sale after 11/5/2010), and
twelve dummies for the 12 months after Prague @e 12/5/2011 all the way until sale after
11/5/2012). We then re-estimate equation (2) antltpe coefficient of the interaction term
“Injection wells in 2 km xEarthquaké for each of the twenty five regressions in Figdre

Figure 4 shows a downward trend in the price diiféial before Prague. However, the
price differential becomes consistently statisticakgative (and the trend stabilizes) only
around the date of the Prague Earthquake. Thet gfiéesists, and the point estimates become

even larger for further dates after Prague. Thigests that housing markets were reacting to the
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increase in earthquake activity before the Praguihguake, and that this reaction persists
afterwards-?
5.4 Further Exploration: Mechanisms
The literature posits several links between shatedvelopment and real estate markets,
notably royalties from oil and gas production aratev contamination. In this section, we
explore the impacts of nearby production wells,evabntamination risk, and their interaction
with seismicity risk on housing prices.
5.4.1 Impacts of Production Wells
Although only injection (not production) wells amssociated with seismicity risk, the public
might not know this and might therefore have aminect perception that production wells also
induce earthquakes, or incorrectly assume thatyatazh wells are always in close proximity to
injection wells. Production wells are much larged anore conspicuous than injection wells (see
footnote 3), adding a potentially strong visuabdrenity effect to the suite of external effects of
injection wells discussed in Section 3.1. Thusewpand model (2) with a set of variables
indicating the proximity of production wells to late the effects of injection-induced seismicity
from these potentially confounding effeéts.
3) InP;; = ayg + ay(injection wells in 2 km);; + a,(injection wells in 2 —

15 km);; + az(injection wells in 15 — 30 km);, +

a,(production wells in 2 km);; + as(production wells in 2 — 15 km);; +

ag(production wells in 15 — 30 km);; + a7, EQ; + ag(injection wells in 2 km);; *

18 The statistically negative coefficients and trefigtr the Prague earthquake in Figure 4 suggesiffbets might
be additional. However, the confidence intervalertap. Moreover, re-estimating model (2) with gl&iinteraction
of the count of injection wells within 2 km, eartlakes with M> 3 (4), and an after-Prague dummy finds an
insignificant triple interaction effect, suggestithgt the effects shown by count of earthquakeb miagnitude
greater than 3 or 4 do not increase after Prague.

19 See Table 1 for their descriptive statistics. Rotin wells are more common than injection wellarsy distance.
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EQ; + ag(injection wellsin 2 — 15 km);; * EQ; + a,o(injection wells in 15 —
30 km);; * EQ; + a;,(production wells in 2 km);, x EQ; +

aq,(production wells in 2 — 15 km);; * EQ; + a;3(production wells in 15 —
30km);e * EQ+ W +ve+qc + €t

Results are presented in Table 3. Like for inactivells, we do not detect statistically
significant impacts of production wells on housprigces regardless of their proximity (in levels),
suggesting that the positive and negative effexde@ated with shale gas production offset each
other at all distances. This is also the casearsfiecifications that include earthquake activity,
except for a marginally significant effect of -198Zor production wells within 2 km in column
(6).

The coefficients for injection wells are strikingdimilar to those in Table 2 in both
significance and magnitude. Seismic activity sigaiiitly decreases property prices of houses
with injection wells within 2 km across specifiaats, and in column (2) also marginally for
those with wells at farther distances. The statdliy indistinguishable estimates of seismicity
risk in Tables 2 and 3, and the lack of signifiao€ effects associated with production wells
suggest that people correctly perceive productietlsvas independent from injection wells in
triggering earthquakes.

5.4.2 Water Contamination Risk

Earthquakes might disrupt infrastructures, chahgeptessure beneath the surface and cause
underground injection wells to leak, threateningitey and in turn drinking water quality. In
March 2016, an underground pipe broke and releaged700,000 gallons of wastewater from
drilling activities in Oklahoma (Rangel 2016). Tipipe belonged to a wastewater injection well

and contaminated a nearby public water supply. Bbtine residents on private groundwater
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especially in rural areas, the contamination riskgul by dewatering techniques and fluid
injection may be exacerbated by the occurrencahguakes. Muehlenbachs et al. (2015) find
an economically and statistically significant grdumter contamination risk from shale gas
development in Pennsylvania, where induced earitegubave not been observed. While the
results of Table A.4 suggest that earthquakes tlexaxcerbate adjacency effects, in this section,
we further explore whether earthquakes have irfiedsivater contamination risk. We estimate
this effect separately by water source: privateigdwater dependent area and public water
serviced area (PWSA), and denote the ris®amindwater Wate(GW) Contamination Risknd
Public Water{PW) Contamination Riskrespectively’

There is a slight difference in the way we measwater contamination risk for the two
types of areas. The distance between injectionsvegitl water supply wells is what is relevant
for creating this risk. For private groundwateraa,enve do not have exact locations of the private
wells, so we simply use a groundwater dummy anavisleintensity around the property to
reflect groundwater contamination risk. This isasonable approximation given that people
normally drill groundwater wells on/near their peoty. For PWSASs, we more accurately
measure the intensity of injection wells arounddlusest public water supply (PWS) well for a

property?! According to relevant official documents and comisation with experts, we

% private water wells access groundwater, whileipubhter wells access either groundwater or sunfeater. We
use the term groundwater to denote only privateiggdavater and GWCR for private groundwater contationa
risk henceforth. We acknowledge that this is angligabuse of the terms.

2L We understand that some homes may get water froablic water well that is not the closest due¢ography
or zoning. However, considering that people wamhioimize the cost of laying down pipeline, theywia prefer
the closest public water well. We acknowledge thate may be some measurement error, yet we bahat¢his
assumption is plausible.
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choose 1.5 km as the buffer sfZa\Ve then calculate the number of injection wellghimi 1.5 km

of the closest PWS well to a property to deterntiveepotential public water contamination risk.
According to Oklahoma Department of Environmentahflly (ODEQY?, there are currently
1,465 public water supply wells in the state of &@kima, with Oklahoma County owning the
highest number (19%). Sixty percent of the well®klahoma County are groundwater wells
that are not under the influence of surface wa®¥ are surface water wells, and the remaining
9% are groundwater wells that are under the inflteesf surface water or surface water wells
where the public water authority purchases thetsigihthe water.

Risk perception of water contamination may be ep@ated by the occurrence of
earthquakes; thus, we include interaction termsatér source dummies, number of injection
wells in close distance to the water supply welld® and earthquake indicators. Although we
find no evidence that oil and gas production watksrelated to seismicity risk in the last section,
they might be related to water contamination riske the extraction process uses substantial
amounts of water and produces even larger amotfimtasiewater to recycle or dispose, during

which pollutants might flow to drinking water soascand cause contamination. Therefore, we

22 The hydrogeological literature does not providiistance for reference, so we resort to officigutations for
wellhead protection. The Oklahoma Water Resourard@(OWRB) suggests keeping potential sources of
contamination (e.g. septic system and compostiegarat least 50 feet down-gradient from the watpply well
location, but does not give a reference distancenjection or shale gas production wells. Universif Hawaii at
Manoa suggests % mile (0.4 km) as the minimum migsgtdrom potable water wells to treated effluejgdtion
wells (Cooperative Extension Service 2000) in Dewen2000. Michigan’s Department of Environmentab{@iy
recommends a 2,000 feet (0.61km) minimum isolatistance between brine wells/injection wells anggie and
public water wells. We also consulted a groundwatdliution expert at Princeton Groundwater Inc.obBrt W.
Cleary - and were told that the State of Floridguiees a minimum of 1,500 feet radius from well&munconfined
aquifer with no known contamination. When thereaatamination from a known contamination threat|suaust
be located using a 5-year travel time or 2,500 f@ét6km), whichever is greater from the sourceaftamination
(depends on hydrogeology factors). Finally, acaggdd Advanced Purification Engineering Corp (APEGE
leading manufacturer of residential reverse-osmaisiging water filtration systems in the Unitecaféts, the water
we drink probably entered the ground less thanla ¢hi6km) from our water supply wells if they ame ground
water. Given that public water supply wells ar&eiton surface water or ground water, we choos&athest
distance from these regulations and company suggesind use 1.5km as the approximate buffer wute the
injection well intensity around public water supplglls to measure the risk of injection activitas public water
sources.

3 http://gis.deq.ok.gov/mapsl/.
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include the set of variables related to producti@tis in model (4) as well. The extended model
can then be written as:
4) InP; = ay + ay(wells in 2 km);; + ay(wells in 2 — 15 km);; + az(wells in 15 —
30 km);; + ag(wells in 2 km);; * GW; + as(wells in 1.5 km of PWS well);; *
PWSA; + agEQ; + ay(wells in 2 km);; * EQ; + ag(wellsin2 — 15 km);; * EQ; +
ag(wells in 15 — 30 km);; * EQ; + ao(wells in 2 km);, » EQ, * GW; +
ay(wellsin 1.5 km of PWS well);; * EQ, * PWSA; + u; + v, + q; + €;¢

GWandPWSAdenote whether the property relies on private gewater or is on a
PWSA. The other variables are defined as in maelfdwellsrefers to either injection wells
or production wellsa, andas capture groundwater and public water contaminaisin
associated with the proximity of wells without émiakes, and,, anda,;; measure the
additional water contamination risk perception lgtiby earthquakes to groundwater dependent
and public water dependent homes, respectively.

We obtained the GIS boundaries of the PWSAs in l@kiza from the Oklahoma
Comprehensive Water Plan and assume that any pyapéside these boundaries is
groundwater dependent. Public water service idawaiin most of the regions in Oklahoma
County (Figure 2); only 13% of our properties aepehdent on groundwater. We further
acquired the locations of each PWS well in Oklahdma Oklahoma Department of
Environmental Quality.

Table 4 presents the regression results. For guwated contamination risk, estimates
from both wastewater injection and shale gas pricluactivity are statistically insignificant
regardless of model specification. There seemg teolne significant public water

contamination risk associated with production atgtj\nowever. One more production well
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within 1.5 km of a house’s PWS well reduces itsredby ~5% in the baseline specification. This
effect is not observed for injection wells arountf® wells, suggesting that pollution to public
water is perceived to be most likely through swefa@ter, such as partially-treated wastewater
to rivers or streams or accidental releases ofazomants, while injection wells operate deep
underground and are seen as less likely to contesurface water.

We find that the additional water contaminatiork tisought by earthquakes is generally
small and not significant except for large §M) earthquakes. One thing worth noting is that thi
additional risk is much larger for homes dependgain private groundwater than for those on
public water. For groundwater dependent homes evithinjection well within 2 km, the
occurrence of a M 4 earthquake reduces their value by 12.39% orageemwhereas, for a
public water serviced home, the risk is associatiéial production wells and is much smaller (a
reduction in value of 3.9%). This suggests thaadnhpn wells are perceived to be a substantial
threat to groundwater but not surface water. Thecefs much larger than the average effect in
the main specification. The results are, howevwgslagatory, due to the small number of
observations. Only 0.37% of the repeated salef@rehomes that are simultaneously (i) on
groundwater, (ii) located within 2 km of at leaskecactive injection well, and (iii) had at least
one magnitude 4+ earthquake in the 3 months pregele sale. Using these estimated impacts
from GWCR and PWCR (column 4 in Table 4, tripleshaiction terms) and the average price of
houses sold in year 2014 with one injection wethw 2 km (one production well within 1.5 km
from the PWS well), we calculate that the averags per home resulting from the perception of
water contamination risk brought by ¥4 earthquakes is $23,157 and $7,200 for homes on

groundwater and in public water serviced areapeessely.
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Finally, we note that the estimates of seismidgi¢ resulting from injection wells in
proximity (2 km) of the property are very similarthose in Tables 2 and 3. Production wells are
overall not perceived to be associated with seigyniegardless of the distance between the

wells and the properties, and the occurrence thgaakes does not alter risk perceptions.

6. Conclusion

Development of shale deposits has increased dreatigtdue to advances in technology,
generating substantial debate about the benefagelatively cleaner domestic fuel and the local
negative impacts associated with the extractionrtelogy. Bartik et al. (2016) estimate positive
net benefits at the local level; the mean willinggwo-pay for allowing fracking equals about
$1,300 to $1,900 per household annually amongraigesidents of counties with high fracking
potential. However, there is abundant heterogemeitye WTP measures among homeowners
and across shale plays.

A big concern in the Central and Eastern US sifi#2s the increase in seismicity
induced by fluid injection wells (Ellsworth 2013,aiigarten et al. 2015). Our paper is the first
to identify the induced seismicity risk and speaxfly measure the net capitalization of benefits
and costs of shale gas development at varioussi@fgdroximity and seismicity exposure in
housing prices in Oklahoma County.

Our identification strategy exploits the timingedrthquakes, earthquake intensity and
location, the distance of properties to injectiagile/(and production wells), and drinking water
sources. We find that seismic activity has lowdredsing prices in Oklahoma County, but the
impact is limited to houses with injection wellstwn 2 km distance. The results are robust to
using a variety of earthquake indicators — a “Pedgiock, the number of earthquakes wittrM

3 and M> 4, and the sum and max of Modified Mercalli Iniensf earthquakes in both
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Oklahoma County and throughout the state of Oklahdfarther, the estimated effects are not
confounded by damages caused by earthquakes, @anabaist to controlling for injection

activity, oil and gas production activity, and tiype of drinking water source. Using data on
houses with one injection well within 2 km and smldhe most recent year (2014), we calculate
the average loss for properties in Oklahoma Cotmbe $4,541 (2.4%) after the Prague
earthquake. Similarly, we calculate the averageénty value loss due to one additionab\8

and M> 4 earthquake in Oklahoma County to be $411 (0&9d)$2,916 (1.6%), respectively.

In contrast, our results suggest that shale @ilgas production wells are not perceived to
induce earthquakes. The science makes clear feation wells increase earthquake risk, and it
seems that people are actually able to differentigection wells from production wells as the
trigger of earthquakes. We also find that largeheprakes (M> 4) exacerbate water
contamination risk, both for properties dependgmaruprivate and public water services.
Interestingly, residents in Oklahoma County seelpet@ble to distinguish the causes of water
contamination associated with shale gas developni@ely correspond wastewater injection
wells with groundwater contamination, and oil ard groduction wells with potential public
water contamination.

Overall, we believe that our findings can be intetgd as evidence of availability
heuristic bias in the perception of risks assodiatéh injection activity. A negative impact of
injection wells in hedonic prices is observed omhen accounting for seismic activity,
suggesting that earthquakes provide informatiohupédates the subjective perception of

injection risks and only for properties in closeximity of injection wells.
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Tablel. Summary Statistics

Description Obs Mean SD Min Max
Properties Selling price (k $ 2010 Q4) 8662 159.78 128.61 2.92 827.41
Injection wells in 2 km 8662 0.84 1.8 0.00 15.00
Injection wells in 2 -15 km 8662 39.71 24.07 6.00 93.00
Injection wells in 15 - 30 km 8662 64.4 27.79 15.00 127.00
Associated injection wells in 2 km 8662 0.78 1.71 0.00 14.00
Associated injection wells in 2 -15 km 8662 36.66 21.87 4.00 88.00
Associated injection wells in 15 - 30 km 8662 59.53 26.38 14.00 127.00
Production wells in 2 km 8662 1.57 2.06 0.00 27.00
Production wells in 2 -15 km 8662 86.32 30.26 10.00 247.00
Production wells in 15 - 30 km 8662 165.27 66.85 52.00 721.00
Injection volume of wells in 2 km (million blue trels) 8662 0.13 0.81 0.00 15.46
Injection volume of wells in 2 - 15 km (million gt barrels) 8662 5.42 6.53 0.03 24.17
Injection volume of wells in 15 - 30 km (milliorduz barrels) 8662 9.80 6.91 0.09 26.26
Production volume of wells in 2 km (billion culieet) 8662 0.01 0.02 0.00 0.25
Production volume of wells in 2 - 15 km (billionlmc feet) 8662 0.02 0.03 0.00 0.28
Production volume of wells in 15 - 30 km (billicabic feet) 8662 0.55 0.24 0.06 3.76
1 = Public water serviced (PWS) area 8662 0.87 0.34 0.00 1.00
Injection wells in 1.5 km of PWS well 8662 0.66 1.57 0.00 13.00
Production wells in 1.5 km of PWS well 8662 0.60 1.06 0.00 10.00
1 = Sale after November 5, 2011 8662 0.75 0.43 0.00 1.00
Earthquakes In Oklahoma  Earthquakes with Mt 3 8662 6.65 6.85 0.00 26.00
County Earthquakes with M 4 8662 0.20 0.56 0.00 2.00
Sum(MMI) 8662 23.56 24.91 0.00 100.06
Max(MMI) 8662 3.48 1.31 0.00 5.54
In Oklahoma  Earthquakes with N+ 3 8662 43.50 53.17 0.00 195.00
State Earthquakes with M 4 8662 1.30 1.72 0.00 6.00
Sum(MMI) 8662 124.45  148.55 0.00 538.60
Max(MMI) 8662 3.90 0.94 0.00 6.06
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Table 2. Log(Price) on Number of Injection Wells

1) 2) 3) (4) 5) (6)
VARIABLES Baseline Prague M>=3 M>=4 Sum(MMI) Max(MM
Injection wells in 2 km 0.0012 0.0244 0.0160 0.0051 0.0156 0.0359
(0.0293) (0.0298) (0.0294) (0.0294) (0.0294) (033
Injection wells in 15 km 0.0008 0.0032 0.0021 0®00 0.0022 -0.0022
(0.0037) (0.0043) (0.0044) (0.0040) (0.0044) (@00
Injection wells in 30 km -0.0012 -0.0002 -0.0004 .0an8 -0.0003 -0.0011
(0.0027) (0.0034) (0.0030) (0.0028) (0.0030) (CEYY
Earthquake 0.1008 0.0049 0.0102 0.0015 -0.0401
(0.1844) (0.0129) (0.1550) (0.0035) (0.0589)
Injection wells in 2 km x -0.0243** -0.0022*** -0.0156** -0.0006*** -0.0123*
Earthquake (0.0095) (0.0007) (0.0078) (0.0002) (0.0035)
Injection wells in 2 - 15 km x -0.0017 -0.0000 0.0004 -0.0000 0.0006
Earthquake (0.0019) (0.0001) (0.0015) (0.0000) (0.0006)
Injection wells in 15 - 30 km x -0.0014 -0.0000 -0.0001 -0.0000 0.0002
Earthquake (0.0017) (0.0001) (0.0014) (0.0000) (0.0005)
Constant 11.4801*** 11.3082*** 11.3643*** 11.4641**  11.3549*** 11.6170***
(0.2746) (0.3193) (0.3095) (0.2836) (0.3089) (a6
Observations 8,662 8,662 8,662 8,662 8,662 8,662
Adjusted R-squared 0.170 0.172 0.173 0.171 0.173 1750.

Notes: (1) Each column represents a separate segme3 he dependent variable in all regressiotisedog sale price. The price is
adjusted using the housing price index (HPI) frown Eederal Housing Finance Agency. We use the etfNEtropolitan Statistical
Areas and Divisions for sales of properties in @klaa City, and the HPI for Oklahoma State Nonmeitiitgn Areas for all the other
sales. We set the price index in quarter 4, yea0 23 100.

(2) Earthquake= Prague, Number of Earthquakes witt>N3, Number of Earthquakes with ¥4, Sum(MMI), and Max(MMI), as
indicated by the column headings. Only earthquak#sepicenters in Oklahoma County in the previdusonths before the sale are
included in specifications (3) — (6).

(3) Property, Year and Quarter fixed effects amtuded in all specifications. Robust standardrerave clustered by property and
shown in parentheses. ***, ** * indicate statigticsignificance at 1%, 5%, and 10%, respectively.
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Table 3. Log(Price) on Number of Injection Wellsand Shale Gas Production Wells

1) (2) 3) 4) 5) (6)
VARIABLES Baseline Prague M>=3 M>=4 Sum(MMI) Max(MM
Injection wells in 2 km 0.0002 0.0276 0.0143 0.0053 0.0139 0.0385
(0.0293) (0.0299) (0.0298) (0.0298) (0.0298) (003
Injection wells in 2 -15 km -0.0001 0.0032 0.0016 .00D2 0.0017 -0.0017
(0.0038) (0.0044) (0.0044) (0.0041) (0.0044) (@0
Injection wells in 15 - 30 km -0.0013 -0.0021 -e0 -0.0011 -0.0008 -0.0024
(0.0027) (0.0035) (0.0030) (0.0028) (0.0030) (G®)0
Production wells in 2 km -0.0048 -0.0069 -0.0079 .0062 -0.0080 -0.0182*
(0.0094) (0.0109) (0.0094) (0.0095) (0.0094) (0!1
Production wells in 2 -15 km 0.0002 -0.0009 0.0002 0.0004 0.0002 0.0001
(0.0009) (0.0009) (0.0009) (0.0009) (0.0009) (amo
Production wells in 15 - 30 km 0.0005 0.0001 0.0006 0.0005 0.0006 0.0007
(0.0004) (0.0005) (0.0004) (0.0004) (0.0004) (0®m)0
Earthquake 0.0856 0.0044 -0.0143 0.0014 -0.0432
(0.1851) (0.0131) (0.1571) (0.0036) (0.0598)
Injection wells in 2 km x -0.0319*** -0.0023*** -0.0187** -0.0007*** -0.0135**
Earthquake (0.0097) (0.0007) (0.0082) (0.0002) (0.0036)
Injection wells in 2 - 15 km x -0.0035* -0.0000 0.0001 -0.0000 0.0006
Earthquake (0.0020) (0.0001) (0.0015) (0.0000) (0.0006)
Injection wells in 15 - 30 km x -0.0033* 0.0000 -0.0004 -0.0000 0.0005
Earthquake (0.0018) (0.0001) (0.0014) (0.0000) (0.0006)
Production wells in 2 km x 0.0061 0.0002 0.0067 0.0001 0.0038
Earthquake (0.0080) (0.0006) (0.0074) (0.0002) (0.0025)
Production wells in 2 - 15 kmx 0.0021*** 0.0000 0.0009 0.0000 0.0001
Earthquake (0.0007) (0.0001) (0.0007) (0.0000) (0.0002)
Production wells in 15 - 30 kmx 0.0001 -0.0000 -0.0001 -0.0000 -0.0001
Earthquake (0.0004) (0.0000) (0.0003) (0.0000) (0.0001)
Observations 8,662 8,662 8,662 8,662 8,662 8,662
Adjusted R-squared 0.171 0.174 0.174 0.172 0.174 1790.

Notes: Constants not reported to save space. 3eg tooTable 2.
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Table4. Log(Price) on Number of Injection and Production Wells Accounting for Water Contamination Risk

1) 2) 3 (4) 5) (6)
VARIABLES Baseline Prague M>=3 M>=4 Sum(MMI) Max(MM
Injection wells in 2 km 0.0115 0.0406 0.0283 0.0182 0.0284 0.0678*
(0.0340) (0.0360) (0.0356) (0.0352) (0.0356) (6m3
Injection wells in 2 -15 km 0.0006 0.0032 0.0023 00m5 0.0024 -0.0011
(0.0038) (0.0044) (0.0044) (0.0041) (0.0044) (@m0
Injection wells in 15 - 30 km -0.0021 -0.0033 -aLe0 -0.0022 -0.0018 -0.0031
(0.0028) (0.0035) (0.0030) (0.0028) (0.0030) (G®)0
Production wells in 2 km 0.0072 0.0001 -0.0006 B840 -0.0008 -0.0073
(0.0121) (0.0137) (0.0124) (0.0123) (0.0124) (am1
Production wells in 2 -15 km 0.0007 -0.0005 0.0007 0.0009 0.0007 0.0007
(0.0009) (0.0010) (0.0009) (0.0009) (0.0009) (@no
Production wells in 15 - 30 km 0.0003 0.0000 0.0003 0.0002 0.0003 0.0004
(0.0004) (0.0005) (0.0005) (0.0004) (0.0005) (0®m)0
GW x Injection wells in 2 km -0.0911 -0.0741 -0.659 -0.0783 -0.0567 -0.0102
(0.1355) (0.1492) (0.1434) (0.1280) (0.1422) (Ga)s5
GW x Production wells in 2 km 0.0398 0.0465 0.0369 0.0329 0.0361 0.0184
(0.0532) (0.0566) (0.0552) (0.0537) (0.0550) (6:06
PWSA x Injection wells in 1.5 -0.0053 -0.0186 -0.0086 -0.0044 -0.0100 -0.0460
km of PWS well (0.0486) (0.0555) (0.0512) (0.0502) (0.0512) (0455
PWSA x Production wells in 1.5 -0.0517** -0.0308 -0.0363 -0.0492** -0.0362 -0.0521
km of PWS well (0.0240) (0.0276) (0.0252) (0.0242) (0.0251) (031
Earthquake 0.0403 0.0046 -0.0218 0.0014 -0.0454
(0.1899) (0.0130) (0.1542) (0.0036) (0.0595)
Injection wells in 2 km x -0.0324** -0.0025*** -0.0137 -0.0007*** -0.0188***
Earthquake (0.0132) (0.0009) (0.0103) (0.0003) (0.0054)
Injection wells in 2 - 15 km x -0.0030 -0.0000 0.0002 -0.0000 0.0006
Earthquake (0.0020) (0.0001) (0.0015) (0.0000) (0.0006)
Injection wells in 15 - 30 km x -0.0026 0.0000 -0.0002 0.0000 0.0004
Earthquake (0.0019) (0.0001) (0.0014) (0.0000) (0.0006)
Production wells in 2 kmx 0.0050 0.0008 0.0160* 0.0002 0.0034
Earthquake (0.0098) (0.0007) (0.0093) (0.0002) (0.0030)



Production wells in 2 - 15 kmx 0.0021*** 0.0000 0.0007 0.0000 0.0001
Earthquake (0.0007) (0.0001) (0.0007) (0.0000) (0.0002)
Production wells in 15 - 30 kmx -0.0000 -0.0000 -0.0001 -0.0000 -0.0001
Earthquake (0.0004) (0.0000) (0.0003) (0.0000) (0.0001)
GW x Injection wells in 2 km x 0.0263 -0.0041 -0.1239** -0.0012 -0.0230
Earthquake (0.0902) (0.0053) (0.0535) (0.0014) (0.0256)
GW x Production wells in 2 kmx 0.0336 0.0007 0.0101 0.0002 0.0064
Earthquake (0.0294) (0.0022) (0.0264) (0.0006) (0.0116)
PWSA x Injection wells in 1.5 0.0050 0.0006 -0.0022 0.0002 0.0110*
km of PWS well xEarthquake (0.0174) (0.0010) (0.0146) (0.0003) (0.0064)
PWSA x Production wells in 1.5 -0.0085 -0.0024* -0.0390** -0.0007* 0.0024
km of PWS well xEarthquake (0.0208) (0.0014) (0.0187) (0.0004) (0.0063)
Constant 11.3945***  11.5413*** 11.3094*** 11.3933* 11.2976*** 11.5521 ***
(0.2791) (0.3323) (0.3077) (0.2873) (0.3077) (a6
Observations 8,662 8,662 8,662 8,662 8,662 8,662
Adjusted R-squared 0.172 0.175 0.175 0.174 0.175 1770.

Notes: See notes to Table 2.
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Figure 1. Number of Injection Wells, I njection Volume, and Earthquakes of M agnitude 3+ in Oklahoma since 2000
Notes: Injection wells in the State of Oklahoma@lass Il injection wells, including saltwater disal wells (SWD) and enhanced recovery wells (EQRW
wells are the number of injection wells newly apg each year. New wells with high rate are in@ttivells with annual injection rates of more thad0®
blue barrels. Total wells are the accumulated nurabell injection wells.
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Figure 2. Types of Areas Examined
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Figure 3. Location of Properties, Wells, Earthquakes, and Public Water Service Areas
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Figure 4. Prague Earthquake Effect -Placebo exercise

Notes: The connected dots are coefficients on &énialie (Injection wells in 2 km Earthquakg from the main model (eq. (2)),
estimated with alternative dates for the Praguthgaake. Each coefficient corresponds to a sepaggtession. In the horizontal axis,
at 0,Earthquakecorresponds to the Prague earthquake, and dusreny that takes a value of 1 after November 5126dr other
values, they are placebo/fake earthquake dummieseber after Prague. For example, if the valughmnx-axis is -6, then the
Earthquakedummy equals 1 if the home was sold after May0d,12 0 otherwise (that is, as if Prague had takacepon May 5,

2011). If the value is 3, then the placebo eartkguummy equals 1 if the home was sold after Feprbia2012, 0 otherwise. The
bars are the 95% confidence intervals.
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Appendix A

TableA.1. Major Environmental | mpacts of Production and I njection Wellsand their Drivers

Impact Categories

Production Wells

Injection Wells

Noise

Site preparation

Heavy transport equipment of fracking
fluids, wastewater, oil and gas
Fracking operation (drilling, hydraulic
fracturing, flaring, compressor stations)

Site preparation

Heavy transport equipment
wastewater/residual oil

Injecting operation (pump and fluid
handling noise)

Light pollution

Producing sites
Increased traffic

Injecting sites
Increased traffic

Air pollution (volatile organic compounds
oxides of nitrogen tropospheric ozone,
diesel particulate matter, airborne silica)

,Emissions from gas-processing equipme
Emissions from heavy transport equipme
Underground methane leakage

riEmissions from wastewater injection

rEmissions from heavy transport equipme

equipment

2Nt

Visual disamenities

Land clearance to build fragksites and
for road expansion
Above ground storage infrastructure
Above ground equipment

Land clearance to build injection wells ar
for road expansion

Above ground storage infrastructure
Above ground equipment

nd

Water pollution (benzene, hydrocarbons
endocrine-disrupting
chemicals, heavy metals)

Surface spills and leakage from above
ground-storage

Fracking fluid leak, oil and methane leak
wastewater

Surface spills and wastewater leakage fr
above ground and underground storage

om

Seismic activities

Rarely

Mainly wastewater injeati enhanced oil

recovery causes fewer earthquakes

Notes: (1) Table focuses on local externalitiesiowgt the contribution of fracking to greenhouse ganissions (a global externality).
(2) Assessment of potential local risks has be#itdlt in the U.S. because drilling operators ace required to disclose which
chemicals are used (Kovats et al 2014). (3) Pragimetells include both vertical and horizontal puothg wells. (4) Sources:

44



Litovitz et al. (2012); McKenzie et al. (2012); Nt et al. (2013); Warner et al. (2013); Hays e(2017); Roy and Robinson (2014);
Kovats et al (2014); Rubinstein and Mahani (2015).

References:

Hays, J., McCawley, M., Shonkoff, S.B. 2017. Publgalth Implications of Environmental Noise Assoethwith Unconventional
Oil and Gas Development. Science of The Total Emvitent,580: 448 - 456.
http://dx.doi.org/10.1016/].scitotenv.2016.11.118.

Kovats, S., Depledge, M., Haines, A., Fleming, L\ilkinson, P., Shonkoff, S.B., Scovronick, N. 20T he Health Implications of
Fracking. The LanceB883 (9919): 757 - 8. doi:http://dx.doi.org/10.1016/S0468736(13)62700-2.

Litovitz, A., Curtright, A., Abramzon, S., Burgd¥,, Samaras, C. 2013. Estimation of regional aahtygydamages from Marcellus
Shale natural gas extraction in Pennsylvania. Bnwrental Research LetteB]1), 014017.

McKenzie, L.M., Witter, R.Z., Newman, L.S. and Adgal.L., 2012. Human health risk assessment @&maissions from
development of unconventional natural gas resou&aence of the Total Environmeng4:79-87.

Miller, S.M., Wofsy, S.C., Michalak, A.M., Kort, B., Andrews, A.E., Biraud, S.C., Dlugokencky, EBlyszkiewicz, J., Fischer,
M.L., Janssens-Maenhout, G. 2013. AnthropogenicsBions of Methane in the United States. Proceedihtiee National
Academy of Science4]10 (50): 20018-22.

Roy, A.A., Adams, P.J., Robinson, A.L. 2014. AidlB@ant Emissions from the Development, Productemmj Processing of
Marcellus Shale Natural Gas. Journal of the Air &3¢ Management Associatid@4, (1): 19-37.

Rubinstein, J.L., and Mahani, A.B. 2015. Myths &adts on Wastewater Injection, Hydraulic Fracturiaghanced Oil Recovery,
and Induced Seismicity. Seismological Researclet£&6 (4) doi: 10.1785/0220150067.

Warner, N.R., Christie, C.A., Jackson, R.B., Vergds 2013. Impacts of Shale Gas Wastewater DidmrssVater Quality in
Western Pennsylvania. Environmental science & teldgy, 47 (20): 11849-11857.

Weingarten, M., Ge, S., Godt, J.W., Bekins, B.AupRstein, J.L. 2015. High-Rate Injection Is Assbed with the Increase in US
Mid-Continent SeismicityScience348 (6241):1336-1340.

45



Table A.2. Log(Price) on Number of Injection Wells, All Earthquakesin Oklahoma

1) (2) 3) 4) () (6)
VARIABLES Baseline Prague M>=3 M>=4 Sum(MMI) Max(MM
Injection wells in 2 km 0.0012 0.0244 0.0125 0.0062 0.0126 0.0331
(0.0293) (0.0298) (0.0298) (0.0298) (0.0299) (@®3
Injection wells in 2 -15 km 0.0008 0.0032 -0.0021 .00D3 -0.0018 -0.0075
(0.0037) (0.0043) (0.0053) (0.0046) (0.0054) (690
Injection wells in 15 - 30 km -0.0012 -0.0002 0.001 -0.0006 0.0019 -0.0046
(0.0027) (0.0034) (0.0030) (0.0029) (0.0030) (@30
Earthquake 0.1008 0.0021 -0.0044 0.0008 -0.1253
(0.1844) (0.0017) (0.0533) (0.0006) (0.0783)
Injection wells in 2 km x -0.0243** -0.0003*** -0.0051* -0.0001*** -0.0113**
Earthquake (0.0095) (0.0001) (0.0028) (0.0000) (0.0044)
Injection wells in 2 - 15 km % -0.0017 -0.0000 0.0002 -0.0000 0.0014*
Earthquake (0.0019) (0.0000) (0.0006) (0.0000) (0.0008)
Injection wells in 15 - 30 km x -0.0014 -0.0000 0.0000 -0.0000 0.0008
Earthquake (0.0017) (0.0000) (0.0005) (0.0000) (0.0007)
Constant 11.4801*** 11.3082*** 11.4014**  11.4561**  11.3844***  12.0913***
(0.2746) (0.3193) (0.3094) (0.3070) (0.3125) (ecM
Observations 8,662 8,662 8,662 8,662 8,662 8,662
Adjusted R-squared 0.170 0.172 0.173 0.171 0.173 1740.

Notes: All the earthquakes with epicenters in tta#eSof Oklahoma in the previous 3 months befoeestile are included. See notes to
Table 2.
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Table A.3. Log(Price) on Number of Associated I njection Wells, All Earthquakesin Oklahoma

1) 2) (3) (4) 5) (6)
VARIABLES Baseline Prague M>=3 M>=4 Sum(MMI) Max(MM
Injection wells in 2 km 0.0112 0.0306* 0.0177 0.811 0.0176 0.0493**
(0.0154) (0.0164) (0.0158) (0.0159) (0.0158) (082
Injection wells in 2 -15 km -0.0038** -0.0025 -01® -0.0063*** -0.0020 -0.0074**
(0.0015) (0.0024) (0.0027) (0.0023) (0.0027) (G100
Injection wells in 15 - 30 km -0.0004 0.0008 0.0014 -0.0015 0.0014 -0.0028
(0.0011) (0.0019) (0.0018) (0.0016) (0.0019) (BD0
Earthquake 0.0664 0.0016 -0.0575 0.0006 -0.0863
(0.1841) (0.0015) (0.0453) (0.0006) (0.0738)
Injection wells in 2 km x -0.0229** -0.0003** -0.0055 -0.0001** -0.0120**
Earthquake (0.0097) (0.0001) (0.0035) (0.0000) (0.0049)
Injection wells in 2 - 15 km x -0.0012 -0.0000 0.0006 -0.0000 0.0009
Earthquake (0.0019) (0.0000) (0.0005) (0.0000) (0.0008)
Injection wells in 15 - 30 km x -0.0011 -0.0000 0.0006 -0.0000 0.0006
Earthquake (0.0017) (0.0000) (0.0004) (0.0000) (0.0007)
Constant 11.6001*** 11.4659*** 11.4243*** 11.7615%*  11.4263*** 11.9572***
(0.1078) (0.1985) (0.2026) (0.1777) (0.2083) (@33
Observations 8,662 8,662 8,662 8,662 8,662 8,662
Adjusted R-squared 0.172 0.173 0.173 0.173 0.173 1750.

Notes: All the earthquakes with epicenters in tta#eSof Oklahoma in the previous 3 months befoeestile are included. See notes to

Table 2.
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Table A.4. Log(Price) on Number of Injection Wells, and I njection and Production Volume

1) 2) 3) 4) () (6)
VARIABLES Baseline Prague M>=3 M>=4 Sum(MMI) Max(MM
Injection wells in 2 km 0.0138 0.0367 0.0305 0.0180 0.0301 0.0502*
(0.0292) (0.0297) (0.0294) (0.0293) (0.0294) (033
Injection wells in 2- 15 km -0.0007 0.0024 0.0016 0.0010 0.0016 -0.0025
(0.0039) (0.0045) (0.0046) (0.0042) (0.0046) (6mO
Injection wells in 15 - 30 km -0.0023 -0.0018 -aLe0 -0.0018 -0.0015 -0.0021
(0.0028) (0.0035) (0.0031) (0.0029) (0.0031) (600
Earthquake 0.0848 0.0068 0.0164 0.0020 -0.0329
(0.1848) (0.0128) (0.1541) (0.0035) (0.0592)
Injection wells in 2 km x -0.0238** -0.0023*** -0.0160** -0.0007*** -0.0125*
Earthquake (0.0095) (0.0007) (0.0078) (0.0002) (0.0035)
Injection wells in 2 - 15 km x -0.0018 -0.0000 0.0003 -0.0000 0.0005
Earthquake (0.0019) (0.0001) (0.0015) (0.0000) (0.0006)
Injection wells in 15 - 30 km x -0.0012 -0.0000 -0.0002 -0.0000 0.0002
Earthquake (0.0017) (0.0001) (0.0013) (0.0000) (0.0005)
Injection volume wells in -0.0508* -0.0520* -0.0507* -0.0510* -0.0506* -0.04B80
2 km (0.0295) (0.0292) (0.0296) (0.0295) (0.0296) (06)29
Injection volume wells in -0.0005 -0.0016 -0.0013 -0.0008 -0.0013 -0.0014
2-15km (0.0044) (0.0044) (0.0044) (0.0044) (0.0044) (0304
Injection volume wells in 0.0034 0.0031 0.0033 0.0031 0.0033 0.0028
15 - 30 km (0.0036) (0.0037) (0.0037) (0.0037) (0.0037) (003
Production volume wells in 0.8035 0.8386 0.7537 0.7882 0.7524 0.6940
2 km (0.9197) (0.9119) (0.9173) (0.9182) (0.9171) (0114
Production volume wells in -0.1579 -0.1027 -0.2140 -0.1875 -0.2134 -0.2646
2 -15km (0.6298) (0.6307) (0.6299) (0.6304) (0.6299) (01H30
Production volume wells in 0.2182** 0.2325** 0.2320** 0.2217** 0.2313** 0.2258
15 - 30 km (0.1003) (0.1016) (0.1005) (0.1008) (0.1006) (03)00
Constant 11.4319*** 11.2674*** 11.2853*** 11.4172*%  11.2797*** 11.5313***
(0.2860) (0.3264) (0.3161) (0.2945) (0.3153) (67
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Observations 8,662 8,662 8,662 8,662 8,662 8,662
Adjusted R-squared 0.173 0.174 0.175 0.173 0.176 1770.

Notes: See notes to Table 2.
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Table A.5. Log(Price) on Number of Injection Wells, Pooled Regression with School District Fixed Effects

1) 2) 3) (4) 5) (6)
VARIABLES Baseline Prague M>=3 M>=4 Sum(MMI) Max(MM
Injection wells in 2 km -0.0517*** -0.0529*** -0.030*** -0.0518*** -0.0499*** -0.0395***
(0.0019) (0.0033) (0.0025) (0.0020) (0.0025) (@m0
Injection wells in 2 - 15 km -0.0002 -0.0002 -0.66% -0.0006 -0.0014** -0.0031***
(0.0005) (0.0009) (0.0006) (0.0005) (0.0005) (a@o
Injection wells in 15 - 30 km 0.0017*** 0.0018** 0003 0.0013*** 0.0005 -0.0003
(0.0004) (0.0008) (0.0005) (0.0004) (0.0005) (00
Earthquake -0.0726 -0.0171*** -0.0681** -0.0042*** -0.0832*
(0.0878) (0.0032) (0.0315) (0.0009) (0.0225)
Injection wells in 2 km x 0.0015 -0.0004 -0.0028 -0.0001 -0.0038***
Earthquake (0.0038) (0.0003) (0.0035) (0.0001) (0.0014)
Injection wells in 2- 15 km x -0.0001 0.0002*** 0.0004 0.0000*** 0.0009***
Earthquake (0.0009) (0.0000) (0.0005) (0.0000) (0.0002)
Injection wells in 15 - 30 km x -0.0001 0.0002*** 0.0015*** 0.0001*** 0.0006***
Earthquake (0.0008) (0.0000) (0.0003) (0.0000) (0.0002)
Property Characteristics YES YES YES YES YES YES
Constant 10.3687*** 10.3643*** 10.4854*** 10.4041**  10.4721*** 10.6478***
(0.1836) (0.1973) (0.1852) (0.1841) (0.1852) (69)9
Observations 48,015 48,015 48,015 48,015 48,015 0188,
Adjusted R-squared 0.5159 0.5160 0.5166 0.5163 6@.51 0.5164

Notes: (1) Each column represents a separate segme3 he dependent variable in all regressiotisedog sale price. The price is
adjusted using the housing price index (HPI) frown Federal Housing Finance Agency. We use the etfNEtropolitan Statistical
Areas and Divisions for sales of properties in @klaa City, and the HPI for Oklahoma State Nonmeitiitgn Areas for all the other
sales. We set the price index in quarter 4 yedQ 23 100.

(2) Earthquake= Prague, Number of Earthquakes witteN3, Number of Earthquakes with ¥4, Sum(MMI), and Max(MMI), as
indicated by the column headings. Only earthquak#sepicenters in Oklahoma County are includedpacifications (3) — (6).

(3) Property characteristics include square faanler of bedrooms, number of bathrooms, propeds &acres), roof type,
foundation type, whether there is an attached gatagd heating type. The coefficients on thesalb#es are all significant and have
correct signs in all models.

(4) Robust standard errors are shown in parenth&¢es*, * indicate statistical significance at%, 5%, and 10%, respectively.
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Highlights

We recover hedonic estimates of property value impacts from shale gas devel opment.
We focus on Oklahoma and identify the impacts of injection induced seismicity risk.
Nearby earthquakes enhanced the perception of risks from wastewater injection.

This risk perception was limited to injection wells within 2 km of the properties.

Shale gas production was not considered to be associated with seismic activities.



