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Abstract

Hydrospheric mass changes create subsurfaess perturbations on a scale that can
trigger seismic events or accelerate frequency of seismicity on proximal faults. For example,
groundwater pumping has been implicated in the 20119V earthquake in Lorca, Spain and
the 2010 M, 7.1 EdMayor Cucapalearthquake in northern Baja California. Previous work on
effects of pumping on seismicity is retrospective. We propose a method to assess changes in
rupture potential on faults near areas of largeale groundwater withdrawal before pumping
begins. Chages in potentiometric head due to pumping predicted by (MODFLOW)
groundwater flow models can be used as the change in surface load input for analytical
solutions from Boussinesq [1885] to resolve changes in the subsurface state of stress. Coulomb
stress, KA OK ljdzZl yGATFASE | FldzZ 6§Qa G§SyRSyoOe G26F NR
These stress changes can be compared with a 10 kPa stress threshold developed in previous
work from statistical correlation of aftershock occurrence with spatial pagerf postseismic
Coulomb stress change on surrounding faults. Stress changes on critical-aritiealty
stressed faults above the threshold represent a higher likelihood of seismic rupture. The method
is applied to a proposed groundwater developmentject in Spring Valley, Nevada. Proposed
pumping in excess of 50 years will result in stress change on the proximal normal fault exceeding
the 10 kPa threshold. This change in Coulomb stress is in the realm of earthgdaking
pumping. However, the i@ seismic hazard in the region determined from geodetic and paleo

seismic analysidoes not suggest imminent rupture
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Introduction

I RRAGAZ2Y 2N NBY2JL f 2 Bltersthefstate distrédghthd KS 9 | NI K ¢
subsurfacgBoussinesq, 1885; Farrell, 1972; Love, 1929 resulting stress change has
potential to unclamp faultdocked under the regional tectonic stressulting inshort-term slip-
rate increasegHetzel & Hampel, 2008y, in some casegantrigger ruptureon faults
(Gonzalez, Tiampo, Palano, Cannavo, & Fernandez,. Zidgificant crustal surfadead
removalcan result fromhydrospheric mass changesich as groundwater pumping and
transfer. Thisstudyintroduces a method teapidlyevaluate the susceptibility of fault®

rupture orslip-rate increasedue to largescalehydrologic mass chang&®m groundwater

pumping

Mechanics of stress transfer/stress change

TKS SINIKQ& ONHza (i uSderaiidleirange oSfdrdehuiicatt®& 6 SKI A 2 N
Schubert, 2002)That is, when the crust is deformed under a load, it will returitstoriginal
shape when the load is removed. Téteckslip pattern of motion along a fauls an effect of this
elastic behavior, antb first order, results fromtwo opposing forces.éctonic forces create
shearstressin afault plane and drivenotion alongthe fault. The shear streds opposed by the
frictional strength of the fault, whicls a function othe normal stress acting on the faalhd
the frictional resistance of the fault to motigidaeger, Cook, & Zimmerman, 2007; Twiss &
Moores, 1992)The elastic nature of the crust allows shear stress to accumalaetime in
response to tectonic forcindrailure occuson a faultplane when the shear stress reaches the
magnitude of the frictional strength of the fault. This relationship is known as the Coulomb

failure criterion(Jaeger et al., 2007; Twiss & Moores, 1992)
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normalto the plane and s is material cohesiofhe normal stress is typicallyfunction of the
lithostatic stress acting on the féyandthe presencef porewater in porous media effects the
stress state as the confining pressure were lowered by an amount equal to the poater
pressure. This reduction in the stress state is knowefextive stresgTwiss & Moores, 1992)
By the Coulmb failure criterion (equation & A ), the Coulomb strss is expressed ltlge

Goulomb failure function (CFF):

¢ K z t A DB Q

WK S NJg& the@ dzf 2 Yo sis thédheadsiess on the fapdindp is pore pressuréWhen
the strength of the faultf A B  Qis greater than the shear stresg; the value is
negative and the fault is locked, accumulateigstic strain over time. When the shear stréss
greater thanthe strength of the faultthe Coulomb stress is positiaad can result imn
earthquake byfault rupture andrelease of accumulated elastic strain. A decrease in normal
stress can unclamp the fault, which allows failure at lower levels of shear gtadsfailure can
be due to an increase in pore pressure that reduces thecéffe normal stress on a fault or due
to a change in either normal stress or shear stress by mechanical r¢telisvgorth, 2013;
McGarr, Simpson, & Seeber, 2002)

Over longer time scales or under the influencdaoger loads, the crust may respond
viscoelasticallythe crust will initially deform elastically, but over tinierelaxes under elastic

strain and begiato deform permanentlyTurcotte & Schubert, 2002pisplacement from this

ol



relaxation following earthquakes in the Great Basin has been observed withindecadal

time scalegGourmelen & Amelung, 2005)

Background (previous studies)

Naturally occurring rdrologic crustaloading cycletiavebeenimplicated in altering
fault slipratesandaffectingseismicitypatterns(Bettinelli et al., 2008; Hetzel & Hampel, 2005)
Example®f longterm loading-unloadingcyclesare glacialinterglacial cyclegrowth and
retreat of ice sheetsandfilling and disappearancaf largepluviallakes such as Lake Bonneville
and Lake Lahontain the Great Basior ancient Lake Cahuilla in southern Califofdampel,
Hetzel, & Densmore, 2007; Hampel, Hetzel, & Maniatis, 2010; Hampel, Hetzel, Maniatis, &
Karow, 2009; Hetzel & Hampel, 2005; Karow & Hampel, 2010; Luttrell, SandweltlK8ntigh,

Bills, & Bock, 2007; Turpeinen,higel, Karow, & Maniatis, 2008)

Figurel below includes a schematic from Hampel and Hef2@06)that illustrates the
stress clnges resulting from loading / unloading cycles using the Mohr circle diagram
representation of stress at a point in the subsurfatike Mohr diagram uses axes of normal
stress (horizontal axis) vs shear stress (vertical axis) with maximum and minimgipagdrin
stresses plotted on horizontal axis. The center of the circle is the average of the maximum and
minimum principal stresses, and the diameter is the differential stfésse orientation in the
subsurface is represented by points on the circle, antsthormal and shear strees the fault
planecan be read from the plot as long as the maximum and minimum principal stresses are

known.

Hydrologic loading, such as filling of lakes or growth of ice sheets, causes deformation of

the crust and an increase normal stress on faults in the crust near or beneath large loads. An



increase in normal stress causes a clamping eféstltingin a decrease in rate of displacement
along the faultand thus a decrease in earthquake frequefidgampel & Hetzel, 2006puring

this time of seismic quiescence, elastic strain continues to accumulate due to unchanged
tectonic driving forces. When the local load is removed, the accumiakastic strain can be
released, resulting in an increasedisplacement at the fault and increased earthquake
occurrencgHampel & Hetzel, 2006; Hetzel & Hampel, 20D&iying loading of the crust, both

the maximum and minimum principal stresses are increased, which brings the stress state
farther from failure, or in essence, clamping the fault shut. When unloading occurs, maximum

and minimum principal stresses adecreasedoward failure again Figurel).
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In the case of the draining of Lake Cahuillducedelasticflexure of the crust
perturbed stress regimes on th@oximalSan Andreas and San Jacisiigke-slip faultsenough
to be mplicated in modulating temporal seismicity patterthaittrell et al., 2007)Hastic flexure
of the crust beneath the lake creatédmbrizontalcompressive forces during loading and
extensional forces when the load was removédtside the lakdoadingarea,horizontal
compressive forces were reducddring loading taaccommodate downwaréflexure beneath
the load, and haorizontal compressional forces wigr@easedluring unloading as the crust
rebounded. Depending on the position of the fault with respect to the lake, the San Andreas
and San Jacinto faults were either clamped or unclanthethg unloading periodghe
resultingchange in Coulomb stref®m these loading cyclasasestimated to ben the range
of 100¢ 200kilopascalskPg during unclampingwhich likely drove the fault to failur@ uttrell

et al., 2007)

Similar patterns of cyclic loading fromraual hydrologic variationsave also been
linkedby statstical methodgo seasonal patterns afeismicity and uplift in tectonically active
areas such as Japan, California, and the HimdBsftinelli et al., 2008; Christiansen, Hurwitz, &
Ingebritsen, 2007; Heki, 200@nnual hydrologic variation in the Himalaya region was
estimatedto induce a 24 kPa change in Coulomb stress on the nearby Himalayan thrust,
althoughcorrelation of seismicitpccurrencenas best wittrate of stress changether than
magnitude ofstress changegBettinelli et al., 2008)An increaseén rate of stress changas a
driver of seismicity has been observed previously in an instance of dike intrusion in(Jagdan

Stein, & Sagiya, 200Z2puring dike intrui®n, stressing rate was increased 1,500 fold from the



secular rate, and strong spatial and temporal correlations were drawn between earthquake

occurrence andate of stresshange(Toda et al., 2002)

Several anthropogenically triggeredrghquakes have been describeddgstan and
Bollinger, 2010; Ellsworth, 2013; McGarr et al., 2@2human modifications to the
hydrospherehavereachedscales ofinloadingsufficient to incur a crustal responsemilar to
naturalunloadingprocessesAquifers have historically been overexipdal in places such as
central California, southern Spain, and northern Indilass removal in these areas has
amountedto approximately 16 km?®in California over the past 150 yedfsmos et al., 2014)
approximately20 kn? in southern Spaisince the 19606Gonzalez et al., 201,23nd roughly
1,240 kniin northern Indiasince the early 1970&undu, Vissa, & Gahalaut, 2015)
Approximate unloading volumes ahcient water bodies such aske Bonnevilldake
Lahontan, and Lake Cahuienount to 10420 km? (Karow & Hampel, 20102,020 km? (Karow
& Hampel, 2010)and 810 km (Luttrell et al., 2007 yespectively While these lake voles are
greater than modern groundwater pumping amounts, the average area over whigtiutial
lakes have retreateds much larger than the zone of influenéar groundwater pumping. For
example, the area of ancient Lake Bonneville amtedrio approximagly 52568km? (Karow&
Hampel, 201Q)whereas thesize of theentire Alta-Guadalentin basin isouthern Spain is
approximately 80 krh(Gonzalez et al., 20123 cursory comparison @verage pressure acting
near the surface from loacemoval issimilar, with 2.29x 1@ kParesulting from the retreiof

Lake Bonneville, and 2.451F kParesulting from groundwater pumping in sdwrn Spain.

Primary influencing factors observed in cases of seismicity occurrence and fatdtelip
increases are the magnitude of surface load charfgesnpel & Hezel, 2006 )and the rate of

stress changéBettinelli et al., 2008; Toda et al., 200Because change in faulbrmal stress is



the influencing parameter on fault failurequations 1 & 2, comparison of stressalues is more

appropriate thancomparison ot change inoad mass Figure2 shows the change in surface
pressure y— w ,versusaverage rate ofurface pressurehangew Yo

O AD &0 ORBA Tfo€rdportedinstances of unloadingelated fault ruptures or slipate
increasesThe comparisohighlightswhere 1) stressing rate may be the drivermdrieasing
seismicity 2) the magnitude of the load change is the driver, or 3) seisnigilgven by a
combination of stressing rate and load chamgagnitude Just as retreat of glaciers or
regression and disappearance of lapjaviallakes have been shown to alter subsurface stress
and fault slip rates, higliolume pumping of groundwater bas creates similar crustatress
perturbations that can induce uplift and decrease normal stress on nearby {Aultss et al.,

2014; Gonzalez et al., 2012; Trugman, Borsa, & Sandwell,.2014)

Comparison of loads implicated in increasing fault slip-rates or modulating seismicity

100

orca, Spain GW Pumping

® Japan Snowload

L
Cerro Prieto Geothermal Pumping

[ ]
Lake Cahuilla

® Ganga Basin GW pumping

Yellowstone Ice sheet

® CACentral Valley GW pumping .
Lake Bonneville

L]
Lake Lahontan
0 V10 yr 10 100 1000
SV 50 yr

SV 100yr
SV 200 yr

Change in surface stress over time (Ao/At) [kPa/yrs]

Average change in surface pressure from load removal (positive for unloading) [kPa]

@ Naturally Occurring Unloading @ Anthropogenic unloading (GW pumping) Case Study: Spring Valley Pumping

Figure2. Rate of surface stress changé versus the change in surface stréssa variety of
natural and anthropogenic crustal unloading events.



Lorca, Spain groundwater pumping has a similar surface pressspense td_ake
Bonnevile and the ancient Yellowstoriee sheet, althouglthe Lorca, Spain groundwater
pumping has a much highstressing rateConversly, groundwater pumping in the Central
Valleyof Californishas a similar annual unloading rate as both Lake Bonneville anchtiena
Yellowstone ice sheethough the averagsurface pressure chandgem pumping in California
is much lower. This does not account for the distabe®veenfaultsandthe unloading area,
thus relationships may not translate into change ouldmb stressactivatedon nearby faults.
Actual fawult rupture potential is controlled by Coulomb stregsange ¢quation 2), as we discuss

below.

Previous study methods

The impact of longerm surface loading cycles on proximal faule besimulated using
finite-elementnumericalmodek of an elasteplasticcrust and arelastoviscoplastic
lithosphericmantlegd A G K G KS STFFSOGa 2F NKS2f23A0Fft LI NI YS
viscosity and secular tectonigelocity. In cases of large load changes taking place on time scales
of 16*-10%years spreaaver large areas of the crust (e.g. formation and disappearance of Lake
Bonneville or the Yellowstone ice sheet), the viscoelastic response détypcrustand upper
mantleis likely to have a significant effect on stress loading pattermgroximal faudts (Hampel
& Hetzel, 2006; Hampel et al., 2010; Hetzel & Hampel, 200&]els of bads on this scale over
a purely elastic crustuggest behavior opposite of thosghich account onlyor viscoelastic
effects(Hampel & Hetzel, 2006)

Despite this differencahe infinite elastic crusassumption is used when surface loads

are relatively smallécause governing equations haweee dimensional (3D3nalytic andsemt



analyticsolutionsfor resolution ofthe full 3Dstresstensorfrom the application of goint-load
(Boussinesq, 188ectangularshaped loadLove, 1929)or circularshapedoad (Love, 1929)

and has proen useful when surface loads are relatively snfBkttinelli et al., 2008; Luttrell et

al., 2007) These solutions, which have variations for both stress and deformation, ignore the
effects of the viscoelastic bavior of the crust and thus are most effective for loads of smaller
magnitude acting over shorter time scales. For example, deformation resulting from the annual
variations of water storage in the Ganges basin have been simulated using both finite element
analysis with consideration of an elastic plate overlying avisoous fluid as well as by use of

the simplified analytical solutions of Boussin€$§85)(Bettinelli et al., 2008)Results from both

of the models, despite different assumptions on the behavior of the crust, matched geodetic
observations remarkably weBettinelli et al., 2008)

{2ftdziA2ya RS@St 2 (18B)sofite@weére forluznegdnygusS, a lj Q a
isotropic, seminfinite half spacendsimilarsolutions have been developed using different
assumptions such as the response frastatic load under assumption of a spherical, radially
stratified, gravitating earti(Farrell, 1972)

Resolving a change i@FF on faults near the source of unloading is a common approach
to determine the likelihood of increaseatk offault rupture. Two-dimensional(2D)modelk that
conceptualizesubsurface stress as an infinite rectangular-lived with a finite widthover a
purely elastic infinite hal§pacehave been used to evaluate stress changes from pumping in the
Central Valley of Gédrnia (Amos et al., 20149nd from the influence of pumping in the Ganga
basin on theviHT (Kundu et al., 2015)n the case of central Californiaplift was also modeled
using a Boussinedopsedanalyticaldisplacemensolutionfor comparison with observed

geodetic data. Usingnass othydrologicunloading determined from Gravity Recovery and
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Climate Experiment (GRACE) data, modeled upliftolasrved to correspondith uplift
recorded by continuous global positioning system (GPS) statidms resultingsonclusions
werethat water withdrawal in the Californiae@tral Valley was causing crustal rebou(Aanos

et al., 2014)

Shallow pumping / shallow drawdown (relative to seismogenic depths)

Fault ruptures causing earthquek typically originate between-85 kilometers (km)
deepin the crust(Jackson, 1987andthis regionisknown as the seismogenic zane
Groundwater pumping for municipal, industrial, or agricultural use typically occurs several
kilometersabove the seismogenic zone. Because of this, the-pogssureon the faultat
seismogenic deptls often unaffected ¥ pumpingand the driver of the change @FFRs a
mechanical reduction in normal stress due to load remaovigure3). To calculate the change in
Coulomb failure function stresg (| Q€sulting only from a shear stress or normal stress
changethe porepressure and material cohesion terftem equation2 are assumed constant

o Y& Yz t YA

Toquantify thetendency of the fault tavard failure the sign conventiotin equation 3s
different from that in equation 2 Ashear stresghangetoward failure(in favor of tectonic
motion) s positive,while anormal stresshangethat unclampshe faultis also positivéKing,
Stein, & Lin, 1994; Stein, 1999) ! Y RSNJ (1 KA&a O2y @Sy dGdA2yx | 3INBLGST
greater likelihood of failureThe increased likelihood of failure resulting from load removal is
driven by the combination of decreased normal stress and increased shear $tnegsrelative

weightdepends on the geometry and orientation of the fault with respect to the load removal.
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Changes in solid stress
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Figure 3. Schematic diagram of mechanisms for inducing earthquakes. Earthquakes may be
induced by increasing the pore pressure actinga fault(left) or by changing the shear and
normal stress acting on the faulight) (from Ellsworth, 2013)

Fault Rupture Triggering Thresholds

The subsurface state of stress on faults at seismogenic depth is cltsedtvength of
the fault, even in stable intraplate areéSrasso & Sornette, 1998; Townend & Zoback, 2000;
Zoback & Harjes, 19977his means that only a smplLFRncreasehas potental to bring a fault
to failure. The criticahCFF is a function ttie proximity of the faulto failure,and earthquakes
themselves have given cluesttis magnitude Large earthquakes release stressa source
fault, alteringstress on surrounding faul{$tein, 1999)Correlation of spatial patterns of static
stressincreasesn the cust with locations of aftershosdk | S NB FSF f SR Wi NA 33 SN
or subsurfacestatic stress changes above which there is a higher frequerafyev§hock
occurrencg(/Anderson & Johnson, 1999; Hardebeck,axeth, & Hauksson, 1998; King et al.,
1994; Lockner & Beeler, 1999; Reasenberg & Simpson,.J@9Rjof 10 kPa(0.01megapascals

(MP3@ or 0.1 bar) marks the boundary between lawd high correlation with aftershock
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occurrencg(/Anderson & Johnson, 199%ault $ress changes abovE) kParepresent a likely

chance of failurend earthquakes

n/ CC F2NJ aS JS Ninducey failiire événS wdsldpgdrigdytadapproach or
exceedlO kPaTablel). Subsurfacetsess change due to groundwater pumping in the Alto
Guadalentin Basin in Spain has been catee to the coseismic fault slip distribution of the
2011 My 5.1 earthquake along the Alhama de Murcia fault in Lorca, §@ainzalez et al.,

2012) Groundwater pumping caused a stress change in the fault plane that is correlated with
the location and progression of the fault slip during the eve@FF on the fault plane in the
location of largest slip magnitudeas5 kPa (0.05 bar) with slip progressing to aregs@FF

change of 10 kPa (0.1 bar). Similarly, the 203,/M EI MayoiCucapah (EMC) earthquake that
ruptured faults in Northern Baja Gfalrnia into southern California correlates with a subsurface
stress change due to pumping in the nearby Cerro Prieto Geotherma(Tieigman et al.,

2014) Pumping in the geothermal fieltlded15 kPa/yr (0.15 &r/yr) of positive Coulomb stress
near the hypocenter of the EMC rupture. Agricultural groundwater pumping in the indo
Gangetic plains has likewise been implicated in the 2015 @ Gorkha, Nepal earthquake. The
Gorkha earthquake is reported to have besong theMHT, which lies adjacent to the Indo
Gangetic plains and its corresponding aquif&sndu et al., 2015)T'he enhancement of

Coulomb stress on the locked portion of the MHT due to pumping from the Ganga basin aquifer
has been approximated to be&8kPa (0.0®€.08 bar) since pumping began roughly 55 years ago.
Finally, groundwatetJdzY LIA Y3 Ay [/ I A F 2 Nyakon@utortoShg G NI £+ f £ S
modulation of seismic activity on both the San Andreas Fault and the Coalinga thrust in central
Californial(Amos et al., 2014Yhe stress increase from groundwater depletion in the San

Joaquin Valley since the late 1800s has contributed an estimated stress chah@®.6fkPa



(0.027¢0.0950 I N n/ CC

nearby Coalinga thrust

g2
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yabd 185 BP@.105/0.15 hafonid A

Tablel. Comparison of studies implicating groundwater pumping as cause of
earthquake rupture
. . Unloading| pn/ CC
Referene It:au;t Unloading Source chsg:gg Unfriimg Time applicable
yp Period fault(s)
Gonzalez Strike Slip Agricultural GW
ot al -rake = pumping in Alte 20 kmr? 80 kn? 50 yrs 5-10 kPa
' 36° Guadelentin basin
Trugman . : Cerro Prieto
ot al. StrikeSlip Geothermal Field 0.36 kn? 16 kn? 37yrs | 1015 kPa
Agricultural GW
Kundu et .
al Thrust pumping from Inde | 1240 kn? | 1.5e5 kmd ~55 yrs 3-8 kPa
' Gangetic Plains
Strike . .
. California Central
Amos et Slip Valley 160 kn? 27,0200 150 yrs 2.795
al. (San (San Joagin Basin) km kPa
Andreas) a
California Central
Anzset (égzm?a) Valley 160 kni? 2Z£90 ~150yrs | 1015 kPa
' 9 (San Joaquin Basin)

Both the consistency of these values between multiple studies [Anderson andodphns
1999; King et al., 1994; Lockner and Beeler, 1999; Reasenberg and Simpson, 1992] and the

20aSNDIF A2y a

2F p/CcC @t dSa

FTNRY AyaidlyoSa

(Table 1) support this value for our applicatib¥e conservatively choge the samehreshold

(10 kPa or 0.1 bai) 2

YIEN] GKS

f26SNJ SyR 27

in future largescale groundwater pumping scenari¢towever this threshold does not

guarantee a fault rupturethus the values used- & |

GRIY3ISNI T 2ySé

this magnitude puts the fault in a category of a potential failure.

Cl dz

27

iKS np/CcC NIy3

0 KNB & K?2
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Methods

Largescale groundwater withdrawal can increasssmic activity or trigger seismic
rupture on a faultHere we present methods foafculating mrmal andshear stress acting aan
faultin an elastic crugbased on both 2D and 3D analytical solutibgsncorporating3D
numerical groundwater modekhat estimatethe spatial distribution of unloading due to
pumping This method assumedasstic behavior of the crust, which assumption holds for shorter
time scales and surface load changes that do not induce significant amounts of crustal flexure
(Bettinelli et al., 2008)While viscoelastic deformiain has been observed in the Great Basin on
time scales as short as several deca@&@surmelen & Amelung, 200%)eformation is minimal
and continuing deformation signifies the remaining presence of elastic strain in the crust. Also,
elastic strain continues to accumulate on fattishe Great Bsin over time scales of 1Qears
as evidenced by recurrence intervéflammond, Blewitt, & Kreemer, 2014; Koehler &
Wesnousky, 2011}huscrustal response tgsurface load changes occurring oweulti-decadal

to single centuntime scales are assumedfficiently modeled by elastic behavias well

Static stress changeadelingusing the assumption of a tacbmensional (2D)

surface load

Analytical solutiongypically used in rock mechanics and geotechnical erging
applications existo resolve subsurface stregsan elastic haifpaceresulting froma simplified
2Dsurface loadsuch as a uniformdisc oraninfinite rectangular lindoad (Boussinesq, 1885;
Jaeger et al., 2007or example, if mass removed can be represented by an infinite rectangular
line load, the stresstahe point (%, Z) can be resolvedsingthe assumption ofjeometry

shown onFigure4 (Jaeger et al., 2007)
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Figure4. Geometryand sense of stredsr two-dimensional subsurface stress modeling
equations after Jaesy et al.(2007)

Wi AB2EHRSOTF2NDSBidh ofithe@inefA &1 R KSf EY I FKB D I yJlR &#KS |
are measured clockwise from the surface at the right and left load edges, respediglyed).

The resulting stresst &%, %) is:

T Z —/Afp Iq OEﬂp Ic AII(B IC,

C
0] Z C—:AIp Ic OEﬁp Ic AIKB Ic
¢ z —OFfl, [, O [,

A

Thenormal (W0 I Y R JstieSsladtidgon a planéth adipangle  FNBY K2NAT 2yl f

then be calculated:
X K zZAT G ¢z OEJ Ai ® 1z OER

Y z 2z z OE3JAT®D z AT G OER 8
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These solutions account for oémension(N-S, EW, etc.), modeled asx, and cepth modeled

asZ

3D static stress change modeling using groundwater modeling

An industry standard in groundwater modeling is MODFL@®Nithis a finitedifference
blockcentered groundwater flow modeling appaoh that solves the groundwatdiow
equation (equatiord):

hiz 7 3
=) =

'F]
— +
T TO

2l

'F]
— +
J

gl A

© o

1%
where Ky, Ky, andK, are values of hydraulic conductivity aligned with the x, y, and z

axeshis the potentiometric head, \WWepresentssources and/or sinksf water as a ®lumetric

flux, S is the specific storagdor a confined system)andt is time(Harbaugh, Banta, Hill, &

McDonald, 2000)in an unconfined system such as the one used for the case study in this work,

Siis replaced with §, for specific yieldin a confined system the water lost from the aquifer is

due to both elastic expansion of water and contraction of the aquifdnich isquantified by

specific storag&. In an unconfined system the water lost is due toevatrainage from pore

space irthe porous mediawhich isquantifiedfor a given volumeas a ratio of thevzolume of

drainedwater to the totalvolume

MODFLOW is a platform that allows a user to combine multiple modules that simulate
different aspects othe subsurface hydrologic cydqdarbaugh et al., 2000)ncluding iflux of
water into the system in the form of precipitation, specifildx boundaries, rivers & streams,
etc., as well asut-flux through sinks such as evapotranspioat (ET), pumping wells, specified
flux boundary conditions, streams & springs,.&tow can then be modeldoly solving equation

9 at each grid nodevith consideration ofnfluxes, outfluxes,boundary conditions (i.e. Dirichlet,
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or specifiedhead conditbns; Neuman, or specifieeflux boundaries; Cauchy, or head
dependent boundaries), as well as horital or vertical flow barriers andther modules
available througfMODFLOWMODFLOW can be ustxnt a steadystate simulation considering
inputs and outputgo the model orfor transient simulations over a speeifi time period The
output from transient simulatinsincludes potentiometric headand thus drawdown) and flow
acrossspecifiedboundaries Planning fotarge-scale groundwateextraction projectoften

includes development dfansientgroundwater models.

Drawdown data from groundwater models can be used for estimatiatatifc-stress
change in the subsurfackmport and export data from a groundwater model typically has 3D
grid structure. The agjvalent force Ngenerated by changing mass of each grid dsll i

calculated using
p Tl . AOAAAOAxAT xODPAAEAR M Ch
where” A a ¢ G§SNJ RS y(&000ky/nikand B.813n/3 keipecvily) Bdchipaint
load (N) exerts stress onodes directly beneath itseéind also orsurrounding nodes as well.
Thus the stress change from cells with drawdown in the gridst beresolved at every cell
across the gridBy the principle of supposition, the effect of the force exerted by all other cells
can be summed to resolve the cumulative state of stress at any piarger et al., 200/A\Ve
assume that the force at each cell can be approximated as a point when calculating stress at a

large distance O @ U U .Thecomponents of the threelimensional symmetric

stress tensor

N N N
N N N
N N N
N N N
N N N
N N N
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at a point in a homogenous, isotropic, elastic, fsg&ce resulting from a poifbad at the

surface of the halspace can & computedby

ooy p ¢OU U p ¢c p @

pPp z —

CA D dU O o U O
oUU p ¢O6B U p ¢ p ¢
PC 2 A0 dU O o) ouU 0O
. oU
po 2z c/\O

c@UUp ¢@®@W ¢cO

PT 2 A0 o0 O
. ouu
pu Z CAO
og U
P 9z CAO

GKSNE A Aa GKS t 2 A avhichyeQaciibedthpiopotionalftio dffatraly I G S NA I €
contraction toanincreasein lengthof a materialthat is elastically stretchefaeger et al.,

2007) The spatial representation of each component is showirigoirel 1.

The resolution of the stress tensor allows for an accounting of the complete change in
the state ofstress in the subsurface as a result of pumpihthe orientation of the force/stress
grid is not aligned with the strike and dip of the fault, the stress tensor must undergo coordinate
transformation to properly distinguish normahdshear stess actig on the fault plane.

Coordinate rotation for a three dimensional tensor is computed using

pXx 4 4,



GKSNBE ¢Q Aa (GKS GNIyaFT2N¥SR YIGONREZI ¢ A" (GKS
is the transpose of the transformation matiiaeger et al., 2007 )For rotation around the-x

axis

i 1} ] n’ ifOn OFIT
, nm AlIfO OHFI ITor rotation around the yaxs, , Tt m 1,
n OFETAIO OFIn AifO
AIJOOEIT m
andfor rotation around the zxis , OFT AIfOn3
T T T

The shear and normal components of streeangeactingin the fault planecan then be
read from the transformed stress tensor. Th@mponentcorresponding tdhe direction of
shear along the fault is used as the change in shear saadshe componentnormal to the
fault planedescribes the change in normal stre§he normal and shear stress are then used as
input for equation3 to resolve thenCFF. ThaCFFanthen be compared with static stress

change triggering thresholde determine if the fault is at increased risk of rupture

Case Study: Spring Valley

Persistent drought along with increasing populatiorsouthern Nevadaas required
the greater Las Vegas area to look for additional resources to supplement its water supply from
the Colorado River. Permits have been granted by the Office of the State Engineer of Nevada for
municipatlusegroundwater rights in the eastern Nevada basin$pfing Valley, Cave Valley, Dry
Lake Valley, and Delamar valley. The largest allocatitiidsx 10 m®/year (~61,127 acre
feet/year)from Spring VallefSNWA35], 2011]for transferviapipelinefrom the northern
valleys to Las Vegdske most Great Basin valleys, these valleys have boundirtg. faulumber

of groundwater flow models haveeen developed for the are@urns & Drici, 2011; Halford &
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Plume, 2011; Myers, 2011, Prudic, Harrill, & Burbey, 194i)lting histories and tectonic strain
constrains have also been developed for the af8&nnett, Wernicke, & Davis, 1998;

Hammond et al., 2014; Koehler & Wesnousky, 2011)

At present, the seismic hazard of thentral Great Basiis low due tdow regional
tectonic deformation rate§~1-2mm/year) distributed acrosseveral rangdounding faults
(Bennett, Wernicke, Niemi, Friedrich, & Davis, 2003; Hammond et al., 2014; Hammond &
Thatcher, 2004)Consequently, most faulis the area are in a shpate class of <0.2 millimeters
(mm) yrt (USGS & NBMG, 20161 the following sectios, we ask whanCFFwill potentially be

induced by pumping andow this compares witfi K S  thrésBolls discussed previously

Spring Valley description

Spring Valley lies in the central Great Basin Province, which is characterized by
widespread tectonic extension. ddintain ranges of the area are uplifted while basins are
dropped by motion on normal faults accommodating the easst extension. The Basin and
Range province also accommodates shear resulting from the North American and Pacific plate
boundary to the wes(Hammond et al., 2014; Hammond & Thatcher, 2084)ing Valley is a
typical basin of the province as it is bounded by normal faults with a basin fill sediment aquifer

reaching depths o fewkilometers(Welch, Bright, & Knochenmus, 2008)

The Spring Valley Hydrographic basin extends in a +sanith direction approximately
240 km (150 miles) and is bounded by the Schell Creek Range on the west and the Snake Range
on the easf(Figure5). TheAntelope and Kermanges boud the valleyto the northwith the
Fortification Rangextending along the southwestern flankhe highest peaks, and also the

peaks that receive the most precipitation, are pealish as Wheeler Peak (3,982ters (m)
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and Jeff Davis Peak (3,893 in the Snake Range and North Schell PeakZ31§2n the Schell
Creek Range.
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Figure5. Spring Valley and surrounding ranges. Quaternary faults are showd asr
catalogued by théJnited States Geological Sunesyd the Nevada Bureau of Mines and
GeologyUSGS & NBM@15]2016] Points of diversion corresponding to Stdegineer granted
permits for municipal water use in the Las Vegas area are mak@oints on the map

In the central Great Basin region where Spring Valley lies, the subsurface has been
separated into three main aquifer zon@&/elch et al., 2008)The uppermost aquifesonsists of
basin fill sediments that are generally coarser toward the range fronts, and finer toward the
centerline of the valleys. Beneath this system there is another wagering zone in the Tertiary
volcanic stratgWelch et al., 2008) Benath this lies a vast carbonate water bearing zone,
known as the Basin and Range Carbonate Aquifer system. This lowest system is the purveyor of

most interbasin flow(Welch et al., 2008)

In Spring Valley, borehole recoriiem an oil exploratiorwell drilled in 1983%how that
at one location near the center of the valley, the Cenozoic basin fill sediments extend tari,097
below ground surface (bgs) (Welch et al., 2008). Depths vary for the other water bearing
regions, but as measured in the saimarehole, the Cenozoic volcanics extended 375 m below
the basin fill sediments, followed by 265 m of Tertiary sediments below that (Welch et al.,

2008).

The points of diversion associated with the permits granted for groundwater withdrawal
in Spring Valle are expected to have wells between 30&L0 meters deepand will mostly be
drawing from the basin fill aquifer, with the possibility of some locations extending into the

carbonate aquifer systernased on location in the vallé$sNWA 20117).



23

Sprirg Valley Faults and tectonics

Spring Valley liessy G KS OSYydNIf 3INBIG o6l airy FNBI Ay ¢
Lincoln counties. The valley is a typical ga¢fben of the Great Basin geographic province and is
bounded to the west by the Schell Creek Range and by the Snake Range to the eadley'ise va

being down dropped by normal motion on several faults that bound the valley.

Schell Creek Range fault

The Schell Creek fault is an east dipping rafinget fault that marks the western
boundary of Spring Valley. It is approximately 99 km in leagytking roughly nortksouth and
exhibits normal motior{Bartley & Wernicke, 1984; Depolo & Anderson, 2000; Dohrenwend,
Schell, & Moring, 1991; Koehler & Wesnousky, 2011; Miller, Dumitru, Brown, & Gans, 1999)
Pakoseismic analysis of a natural exposure near Piermont Creek has shown that there has been
at least one, and possibly two seismic rupture events since around 30 ka, with a possibility of the
latest event around 13 kéKoehler & Wesnousky, 2011Detailed analysis of rate of slip dnig
fault has not been completed, but remote analysis suggests a slip rate of close to 0.¢anm/y
(Depolo & Anderson, 2000)he quaternary fault and fold database classifies this fault with a
slip-rate of <0.2 mm yt (USGS & NBMG, 201&his fault is the largest in the basin and is the

main focus of this study due to the size and identification of events on the fault.

Southern Spring Valley fault zone

The southern Spring Valley fault zone iseries of discomuous faults that exhibit east
facing scarps in the Quaternary sediment of southern Spring Valley. These faults tend to splay
basinward and to the south from the Schell Creek Range fault over a range of approximately 40

km and are like} synthetic faults expressing in the valley sedimébspolo & Anderson, 2000;
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Dohrenwend et al., 1991Yhe visible scarps in the area vary froi th in height, and are likely
from a single eventKoehler & Wesnousky, 201The quaternary fault and fold database also
classifies this fault with a slimte of <0.2 mm yt (USGS & NBMG, 2016These faults are likely

the most recent ruptures in the valley, so these Wélconsidered in analysis as well.

Tectonics

Estimates of the Central Great Basin regional extension rate range from 1 mm/year
(Koehler & Wesnousky, 2014ased on paleoseismic studies, fault diffusion analysis, and other
methods based on geologic feature displacemeat$.9 mm/year(Bennett et al., 2003nd 2.0
mm/year(Hammond et al., 2014)ased on continuous GPS dafde Schell Creek Faulich
southern Spring Valley fault zone are the two most active fault tré€eshler & Wesnousky,
2011) and these faults will be used as the focus of this analyhis.southern Spring Valley fault
zone is modeled as an extension of the Schell Creek Range fault due to its locatsimitard

strike (Figureb).

Groundwater flow radel description

Several groundwater models have been developed to simulate impact of groundwater
pumping from Spring and Snake Valleys. The model usé¢ddaurrentstudywas developed by
Halford and Plumé2011)for Great Basin National Park (GBNP) to resolve the timing and
magnitude ofwater captured from nearby springs, streams, wetlands, and phreatophytes due to
groundwvater pumping in Snake \lay. The modelvas refined from thdargerGreat Basin
Regional AquifeBystem Analysisiodel (RASA[Prudic et al., 1995 xcluding areas outside
Spring and Snake Valleys. The grid cells are 12 km x 12 km near the outer portions of the model
area, and the grid ceflize is progressively refined to 500 m x 500 m square cells in the area of

interest aroundGreat Basin National Park. The model was vertically divided into four layers; the
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first layer accounts for groundwatesurface water interaction and was only 3.05 meters thick,

the second layer was 15.25 meters thick to model-fyn@ined deposits, the ihd layer was to
simulate basin fill greater than the thickness of layers one and two, and layer four simulated the
basement rocks. The thickness of layers 3 and 4 was variable but summed to 610 Figtees.

6 shows a sample of model construction:

Figure6. Sample model construction showing layergl1Layer 1 is 3.05 m thick, layer 2 is 15.25
m thick, and layers 3 and 4 vary in thickness but do not exceed 610 m in thi¢koesklalford
& Plume, 2011).

The model was created using the direcdawdown approach, which uses both a
calibration model and a separate predictive model. The calibration medglused to develop

rechargeand transmissivity distributionshile the predictive modéuses these transmissivity


































































