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1. INTRODUCTION

In 2016, a seismic hazard assessment study was performed for the Yankee Doodle Tailings
Impoundment site (YDTI, latitude 46.084and longitude112.50% W) in Butte, Montana. The 2016
study, documented in Al Atik and Gregor (2016), consistgzedbrming probabilistic and deterministic
seismic hazard analyses for the YDTI sitafaference site class B/C with average sheave velocity

in the top 30 m of the profile 4y of 760 m/sec. Horizontal and vertical design response spectra were
developedfor the sitealong with corresponding design time histories. In addition, a fault displacement
hazard analysis was performed for the Continerigallt intersecting the YDTbotprint. Estimates of
average and maximum fault displacements were estgdausing an informed deterministic approach

for the Maximum Credible Earthquake (MCE) scenarios on the Continental fault. Given the relatively
poor characterization of the Continental fault and its impact on the ground motion and fault
displacement resu#t at the YDTI site, Al Atik and Gregor (2016) recommended that a fault study be
carried out to determine if the Continental fault is indeed active tmgrovidea better characterization

of this fault.

In 2021, Lettis Consultantsternationalinc. (LCljvas engaged by Montana Resources, LLP to evaluate
the Quaternary activity of the Continental and Rocker faults and provide a seismic source
characterization for these faults for use in seismic hazard analsiewing the conclusion of the LCI
study andthe documentation of their findings in L{2021a,b) reports, the seismic hazard assessment
and fault displacement analysis for the YDTI aite updated to incorporate changes to the seismic
source characterization and ground motion characterization et®dThis report describes the study
update conducted as part of engineering design work that Knight Piggd®ls performing to support a
permit application for an impoundment raise. Results from this study are expected to be used as input
to the downsteam embankment stability analyses.

The seismic hazard study update is performed for the same site location as the 2016 study (latitude
46.034 N and longitudel12.50F W) for the reference site condition withsshof 760 m/sec as well as for

a sitespecific ¥3p0f 420 m/secA site location map is shown in Figurd &nd the project site layout is
shown in Figure-2. Thescope of work presented in this report includes the following tasks:

1. Perform a literature relew to updatethe relevant seismic sources and groumdtion models
for the site.

2. Conduct a probabilistic seismic hazard analysis (PSHA) for the site usingdtted seismic
source model and grounchotion models.

3. Conduct a deterministic seismic hazardalysis (DSHA) for the maximum credible earthquake
(MCE) scenario on fault sources located in close proximity to the site.



4. Develop sitespecific horizontal acceleration response spectra for earthquake ground motions
covering the entire range of natural peds of vibrationfrom 0.01 to 10 secResponse spectra
are provided for the following hazard levels:

f DSHA 50and 84" percentile horizontal response speatior the MCE scenarso
1 PSHA uniform hazard spectra (UHS) for return periods of 475, 1,000, 24i78),000 years

5. Develop vertical response spectra for the horizontal spectra obtainet).in (

6. Perform a deterministic fault displacement analysis to evaluate theametageand maximum
surface displacement that may occur along the Continental fault.

7. Select and spectrally modify recorded groemetion time series to be compatible with the
design horizontal and vertical response spectra obtained from the previous steps fdGhEe
median and 8% percentile deterministic spectra and the 1,698ar return period probabilistic
target spectraor Vszoof 760 m/sec

The next chapters of this repostart with an overview of the 2016 study and thdascribe the inputs,
methodology,and results obtained for the tasks listed abdwee this study updateSensitivity analyses
are presented to evaluate thimcrementalimpact of the changes in the seismic source characterization
and ground motion characterization models on the hazard ltsstompared to the 2016 result3he
selection andlevelopment of design time historiese addressedn the last section of thigeport.
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2. OVERVIEW OFAL ATIK AND GREGOR2016) STUDY

The seismic source characterizati@SCused inthe Al Atik and Gregor (2016) PSHA for the YDTI site
was based on the source model developed as part of the 2014 National Seismic Hazard Maps (NSHMs)
(Petersen et al. 2014yith updates to incorporate fault sources located in the vicinity of the lsitsed

on Wong et al. (2005)This SSC model consisted of a seismibEged background model with
parameters listed in Table-B of Al Atik and Gregor (2016) and fault sources with parameters listed in
Tables 2 to 35 of that report The closest faults to theéDTI site were the Continental and the Rocker
faults with closest distance to the site of 1.2 and 8.54 km, respectiValy.source parameters of the
Continental and the Rocker fauligere based on the Wong et al. (2005) study and are listed in Table 2

1. Al Atik and Gregor (2016) noted that the Continental and Rocker faults were poorly constrained and
recommendeda study of these faults to improve their characterization given their proximity to the site.

Thegroundmotion characterization (GMC) model usedAl Atik and Gregor (2016) consisted of the five
NGAWest2ground motion prediction equationsG(MPE}s Abrahamson et al. (2014) (ASK14), Boore et

al. (2014) (BSSA14), Campbell and Bozorgnia (2014) (CB14), Chiou and Youngs (2014) (CY14), and Idriss
(2014 (1d14) used along with the epistemic uncertaintythe median prediction model of Al Atik and

Youngs (2014). In addition to the N®#est2 GMPEs, the stochastiasedGMPEof Wong et al. (2005)

was included in thdogic tree as shown in Figurel2 The Wng et al. (2005) model was used only for

the median prediction anwvasassigned the aleatory variability standard deviation model of ASK14. The
Wong et al. (2005) model and the N®West2 GMPEs were assigned weights of one third and two

thirds, respectivel, as shown in FigureR

The PSHA was conducted using the SSC and GMC source models described in thisrségtioh760
m/sec and uniform hazard spectra (UHS) were calculated for the 475, 1000, 2,475, and-}€a000
return periods. Deaggrgeation fothe hazard results at these return periods and fmrak ground
acceleration (PGA) amspectral periods of @ and 1 sec showed that, for the return periods of 2,475
years and shorter, the hazasgdas attributed to the backgroundeismicity For the 10,006/ear return
period, equal contribution from the griddethackgroundseismicity and the Continental fault was
observed. For the deterministic hazard analysis, the logic tree shown in Figunea® used to calculate
the median and 8% percentileresponse pectrafor MCE scenarios on th@ntinental fault withM 6.5
and rupture distance(Rrup)of 1.2 and 0.1 km. Design probabilistic and deterministic horizontal spectra
obtained inthe 2016 studyare listed in Table-2 and shown in Figure-2 Because of the low slip rate
on the Continental fault and the fact that the B84ercentile deterministic response spectra were
consistent with approximately the 100,000year return period spectrum, the usef the median
deterministic design spectrum was recommended over thé" rcentile spectrum.Given the
horizontal spectra shown in Figure22 corresponding vertical design spectra were compuisithgthe
empirical verticato-horizontal ratio (V/H) modeof Gulerce and Abrahamson (2011).

In addition to the groundnotion characterization, estimates of displacement on the Continental fault
were provided in Al Atik and Gregor (2016). Primary displacement estimates were calculated based on a
deterministic falt displacement analysis that accounted for the uncertainty in the MCE scenario
magnitude as well as the uncertainty in the displacement prediction equations (DPE). Medianand 84
percentile average and maximum displacement estimates were calculatedranlisted in Table-3.
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Estimates obff-fault distributed deformation or secondary or triggered deformation that may occur on
adjacent faultavere not considered.

Table2-1. Source parameters of the Contingal and Rocker faults used in the Al Atik and Gregor (2016) study.
Weights are given in parentheses. Both faults have a normal style of faulting and zero depth to top of rupture.

P | oanceto| | wmn | Recurence | SipRate | | D | G| Langn
Site (km) (km) (km)
0.020 (0.6)| 6.5 (0.6) 15 (0.6)
CO?:Sﬁ”ta' 12 08 | 5.00 Yy&c 0.005 (0.2)] 6.2(0.2)| 70W 12(0.2) | 182
0.120 (0.2)| 6.8(0.2) 18 (0.2)
0.020 (0.6)| 7.0 (0.6) | 55 W (0.6)| 15 (0.6)
ngﬁll‘ter 8.5 08 | 5.00 Y&c 0.005(0.2)| 6.7(0.2)| 30w (0.2)| 12(02) | 435
0.120 (0.2)] 7.3(0.2)| 70w (0.2)] 18(0.2)

Table2-2. Horizontal design spectra for theDT]I site for ¥s00f 760 m/secin the Al Atik and Gregor (2016) study.

P(igg)d 475yr | 1,000yr | 2,475yr | 10,000yr | Median Peiﬂt”e Median Pegfr]t"e
0.01/PGA| 0.083 0.124 0.197 0.372 0.416 0.779 0.447 0.837
0.02 0.085 0.128 0.204 0.388 0.443 0.830 0.472 0.885
0.03 0.095 0.142 0.227 0.434 0.505 0.951 0.539 1.015
0.05 0.122 0.185 0.295 0.562 0.652 1.234 0.694 1.314
0.075 0.156 0.238 0.386 0.739 0.815 1561 0.864 1.654
0.1 0.177 0.269 0.434 0.834 0.892 1723 0.942 1.820
0.15 0.191 0.287 0.461 0.884 0.908 1.779 0.955 1.870
0.2 0.183 0.274 0.439 0.843 0.867 1.698 0.912 1.786
03 0.154 0.228 0.360 0.678 0.715 1.411 0.752 1.484
0.4 0.128 0.187 0.290 0.543 0.589 1.173 0.622 1.238
05 0.109 0.158 0.244 0.455 0.490 0.986 0.518 1.043
0.75 0.076 0.110 0.168 0.311 0.335 0.687 0.355 0.729
1 0.057 0.082 0.125 0.231 0.247 0.513 0.264 0.548
15 0.037 0.055 0.083 0.150 0.153 0.321 0.165 0.344
2 0.027 0.040 0.061 0.110 0.104 0.219 0.112 0.236
3 0.017 0.025 0.039 0.072 0.064 0.133 0.069 0.145
4 0.013 0.019 0.028 0.053 0.041 0.086 0.045 0.094
5 0.011 0.015 0.023 0.042 0.030 0.061 0.033 0.068
75 0.006 0.009 0.013 0.022 0.013 0.026 0.014 0.029
10 0.003 0.005 0.008 0.014 0.007 0.015 0.008 0.016




Table2-3. Surface fault displacement hazard results on the Continental fault

Exceedance| Percentile | AverageDisplacement (m)| Maximum Displacement (m

0.50 50 0.51 0.74
0.16 84 1.44 2.07
GMPE NGA-West? GMPE Epistemi;{[j;;:tainty in

Abrahamson et al. (2014) Same branches as below

(0.2)
Boore ef al. (2014) Same branches as below
(0.2)
Median - 1.645%0,(M.SOF.T)
(0.185)
NGA-West2 Campbell and Bozornia (2014) Median
(0.667) (0.2) (0.63)
Median + 1.645*c,(M,SOF.T)
(0.185)
Chiou and Youngs (2014) Same branches as above
(0.2)
Idriss (2014) Same branches as above
0.2)

Wong et al. (2005)
(0.333)

Figure2-1. Logic tree for the median grounthotion model used in the Al Atik and Gregor (2016) stugdy.refers
to the additional epistemic uncertainty in LN units based on Al Atik and Youngs (2014). M refers to magnitude,
SOF to stylef-faulting, and T to spectrigperiod.
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3. SEISMIC SOURCE CHARACTERIZATION

The YDTI site is located in southwestern Montandhim northern margin of the Basin and Range
province as shown in Figurel3A detailed discussion on the seismotectonic setting of thersiggonis
provided in LCI (2021a) and a brief summafithat discussioris given here. Quaternary faulting in
Southwest Montanaas been attributed tadhe Basin and Range style extension and the migration of
the Yellowstone hotspotSeismicity in western Montana is largely concentrated within the Centennial
Tectonic Belt (CTB), thdorthern Interseismic Mountain BeltNIMB), and the Yellowstone aredsocal
mechanism records of events near Butte, Montana, indicate the predominance of normal faulting with a
component of minor strikeslip deformation.The two largest historic events in the regiare theM 7.5
1959 Hebgen Lake earthquake and tHe7.3 Borah Peak earthquake in Idaho. Both earthquakes are
associated with normal faulting and occurred north of the SnakerRNan.More recent moderate
magnitude earthquakes ithe regioninclude the M 5.3 1999 Red Rock Vallegrthquake the M 5.6
2005 Dillon earthquake, and thé 5.8 2005 Lincoln earthquake.

For this study update of the PSHA for the YDTI site, thatiseismicitybased background sources and
fault sources are updated. The seismjidiased background sources are based on the 2018 update to
the NSHMs (Petersen et aR020). For fault sources, the characterization of the Contineifitld Park
fault and the Rocker fault is based on the LCI (2021a, b) fault study. A detailed desafptien
seismicitybased background sources and fault sources is provided in the next subsections.

3.1 Seismicity -Based Background Model

The seismicigpased background model used for this stuglydate is based on thesmooth gridded
seismicitymodel developed by Petersen et al. 22) as part of the 208 update to the NSHMsSimilar

to the 2014 NSHMs, this gridded seismicity model consists of two source types: extensional and
compressional regime sourceBhe parameter®f the background model used in this study are listed in
Table 31. The closestupture distance fromthe individual grid points contained within theources to

the site is included in the tabl@he bvalue, activity rate, and maximum earthquake magnéwtescribe

the modeled magnitude recurrence within each individual source zone. On a log scalejalve Is the

slope of the Gutenberfichter distribution, relating the number of earthquakes in a given area over a
fixed period of time to the magnitudef those earthquakesHigher bvalues, for example, lead to
models that generate more small magnitude earthquakes with respect to larger magnitude earthquakes.
The activity ratefor the background sourcamplemented in this studys defined as the annliaate of
earthquakes greater than or equal to a minimum magnitadé.0 [NM>5)]. The maximum magnitude
(Mmax) defines the upper truncation point for the magnitude recurrence models. The lower truncation
point is defined by the minimurivl 5 for the backgound model used in the PSHPhe rates of different
sizedearthquakes are based on a truncated exponential magnHuelguency distribution.

The updated seismicitpased background model PPetersen et al. (ZI) is based on the development

of an updatedcomposite, uniform moment magnitudeseismicity catalog for western North America
which included earthquakethrough April2018. A b-value of 0.8is used for the background sources
similar to the 2014 NSHMs gridded seismicity model smooth the griddedates, fixedkernel and
adaptivekernel smoothing methods are used with weights of 0.6 and 0.4, respectively. Similar to the
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background model in the 2016 studyyad alternative Mmax valueare selected for the background
model: M 7.45 andM 7.95with weights of 0.9 and 0.1, respectiveRor the extensionalegime source,
normal and strikeslip style of faulting are used with weights of 0.67 and 0.33, respectively. For the
compressional regime source, reverse and stdie style of faulting areised with weights of 0.67 and
0.33, respectivelyTable 31 indicates a decrease in the activity rates of the background model in this
study compared to those used in the 2016 study.

Figures 2 and 33 show contour plots of the seismicity rate-\alue) for the extensional and
compressional regime background sources, respectively, with respect to the YDTI site location. Each
figure shows the &alue contours for the fixed and the adaptive smoothing methods. For the
extensional regime source zone, Figurg Bdicates that the fixed smoothing method results in a large
area of higher seismicity towards the northwest of the YDTI site. The adaptive smoothing method results
in more concentrated clusters of higher seismicity. FiguBeshows that the seismicigssociated with

the compressional regime source zone is relatively low with the site located in an area ofzaie a

for the fixed smoothing caséigures 2 and 33 indicate that the smoothed gridded seismicity shows
some spatial differences comparéal the background source model contour plots in Al Atik and Gregor
(2016).

Table3-1. Source parameters of the seismicibyased background sources based on Petersen et al2(R0
Weightsof alternativesare given inbrackets Magnitude recurrence model is the truncated exponential model.
Topof rupture isat 2km, dip angle is 45 degreeand seismogenic thickness is Xn.

Closest
Rupture b- Activity
Source | Source Name| Smoothing | Distance value Mmin Rate- Mmax Sense of Slip
to Site N(M>Mmin)
(km)
_ 7.45[0.9 | StrikeSlip[0.33
Fixed[0.6] 51 0.8 5.00 0.49%4 7.95[0.1] N 10.67
i . . ormal[O.
WUSExt Exten_S|onaI
Regime _ 7.45[0.9] | StrikeSlip[0.33
Adaptive[0.4] 5.1 0.8 5.00 0.53%
7.95[0.1 Normal[0.67]
_ 7.45[0.9] | StrikeSlip[0.33
Fixed[0.6] 102.6 0.8 5.00 0.0096
Compressional 7.95[0.1] | Reversd0.67]
WUSCmp .
Regime _ 7.45[0.9] | StrikeSlip[0.33
Adaptive[0.4] 5.1 0.8 | 5.00 0.0124
7.95[0.1] | Reversd0.67]

The seismicitypased background model used in this study update is based on the U.S. Geological Survey
(USGS) catalog (Mueller, 2019) including earthquakes that occurred through April 2018. A search for
additional earthquakes that occurred in the site kgisince April 2018vas performedas part of this

study to evaluate recent seismicity and the potential need to update teeurrence models of the
seismicitybased backgroundources Specifically, the ANSS seismicity catalog database was searched
(https://earthquake.usgs.gov/earthquakes/searghfor events with magnitudes 2.5 and larger since
May 01, 2018and through October 24, 202The geographical limits of the search are frdrh5.5 to-

109.5 degrees longitude and 43 to 49 degrees latitude. This search resulted in a total of 1,480

10
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earthquakes including dependent events, with a largdstf 6.5 forthe March 31, 2020, Stanley, Idaho
earthquake.

The new seismicity catalog (since May 20%8hen processed t@onvert the various magnitude scales

to uniform moment magnituddollowing the magnitudescaling relationships in the Midolumbia PSHA
report (JBA, 2012)-ollowing the same approach that waised by the USGS, dependent events are
identified based on Gardner and Knopoff (1974). The resultandusteredcatalog for events sinclay

1, 2018, consists of 18 events with 3 earthquakes having magnitude greater thaifldese events are
plotted in Figure 34. A total of 41 earthquakes occurred since May 1, 2018, within 100 km of the YDTI
site with a largesM 4.2 earthquakeat 89.5 km from the site. The closest eventiishi 2.9 earthquake

at a distance of 40.9 km from the site.

Next, the recurrencg@arameters of thdruncated exponential moddistedin Table 21 are evaluated in
light of the additional 18 earthquakes that occurred since April 2018. Given the predominance of the
extensional regime in the site region, theagnituderecurrence model®f the extensional sourcevith

fixed and adaptive smoothingnodels are evaluated. For this sourcghe cumulative number of
earthquakeds estimated for the completeness period of the catalog for the different magnitude ranges
by adding the observed number of earthquakiesthe declustered catalogince April 20180 the
number of earthquakes predicted using the and bvalueslisted in Talke 31 for the truncated
exponential model The western UScompleteness model iMueller (2019)for areas outside of
California isM 4+ since 1963\l 5+ since 1930, ankl 6+ since 1850. Using the periods of completeness
for the different magnitude intervia, the cumulative annual rates of evengse calculated and
compared to the truncated exponential magnitudecurrence modelFigure 35 shows this comparison

for the extensional regime source for the fixed and adaptive smoothing maaelsndicates thathe
addition of the recent observed seismicity does mdtange the extensional regimmagnitude
recurrencemodels used in this study.
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Figure3-2. Seismicity rate (avalue) contour plots for the extensional regime background source for the fixed
smoothing method (top) and adaptive smoothing method (bottom).
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Figure3-5. Comparison of the truncated exponential recurrence model foted (top) and adaptive (bottom)
smoothing for the extensional regime sourde the recurrence rates obtained from adding the recent observed
seismicity (2018 to 2021) to the model.

3.2 Continental -Elk Park and Rocker Faults

LCI (2021a) performed a Phase 1 geologic assessment of the Continental and Rocker faults using a
combination ofliterature review and data compilation, expert interviews, geomorphic analyses, field
reconnaissance, and site mappingisidiudy provided invaluable information regarding the evidence of
Quaternary activity on the Continental, Rocker, and surroundingtdaas well asthe seismic
characterization of these fault®r implementation in the PSHA update for the YDTI. stigure 36

shows thevarious faultsectionsthat are part of the LCI (2021a) studyontinental, Rocker, East Ridge,
Klepper, and Elk Paf&ults. A key finding ofhis study is that there is strong geologic and geomocphi
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evidence of Quaternary activity on the Continental fault and limited evidence of activity on the Rocker
fault. Other keyfindings from LCI (2021a) are summarized below:

1

1

The Continental fault is Quaternary active with estimated length of 25.7 km. This estimated
length is greater than the 18.2 km length used in Al Atik and Gregor (2016) resulting in larger
characteristic magnitude on this fault compared the best estimatehafacteristic magnitude

of 6.5 used in Al Atik and Gregor (2016).

The East Ridge faula fault strand parallefo the Continental fault as shown in Figugeb) is

likely Quaternary active withn estimated length oB.2 km.This fault was only included asurt

of a sensitivity analysis in Al Atik and Gregor (20T8gre is a possibility of linked rupture
between the Continental and the East Ridge fadlie to the close proximity of these faults (<

1.5 km).

The KleppeElk Park fault (referred to hereafteas the Elk Park faultls a previously
uncharacterized Quaternary fault and was not included in the Al Atik and Gregor (2016) study.
This fault should be included in this study update.

The Rocker fault is potentially Quaternary active with a lower sijg than that of the
continental fault. The estimated length of this fault is 59.8 km longer than the 43.5 km length
used in the Al Atik and Gregor (2016).

The southern part of the Elk Park fault and the northern parts of the Continental and East Ridge
faults appear to form an accommodation zone in the vicinity of the site. Due to the dipsatver
between the Elk Park fault and the Continental and East Ridge Faults, this accommodation zone
is likely to represent a boundary to fault rupture (Wesnousky, 2008). Howegiegn the
complex multisegment and triggered ruptures of historical earthquakesMontana, linked
rupture scenarios between the Elk Park, Continental and East Ridge faults should be considered
as part of the source characterization of these faults.

A layered fault source model that balances the slip rate along the ContinentalREast, and

Elk Park faults is recommended for use in the source characterization of these faults.

Given the findings in LCI (2021a) and the potential complexity of the ruptures on the Continental, East
Ridge and Elk Park faults, LCI was further contractedvelop an SSC hazard input document (HID) for
these faults. This HID is documented in LCI (2021b) and provides best estimates and epistemic
uncertainty in the parametrization of the characterization of the faults evaluated in LCI (2021a). A
justification of this parametrization is also providé€the resulting logic tree for the Continentalk Park

fault and the Rocker fault is shown in Figuré 8nd incorporates the key findings from the Phase 1 fault
study summarized in this sectioAs shown in Fige 3-7, the logic tree for the Continentallk Park and

the Rocker faults includes nine nodes with one or more branches under each node. Branches connected
with inclined lines at a dot represent alternative parameters reflecting the uncertainty in the
characterized parameter. Branches connected by vertical lines, such as rupture scenarios for the
ContinentalElk Park fault represent all elements of the model and not alternative representations.

For the ContinentaElk Park fault, two alternative rupture rdels, Rupture Model A and B, are
characterized defining the possible rupture combinations of the ContindtikaParkEast Ridge fault
sections. Rupture model A considers the accommodation zone bettveeontinentaEast Ridge and
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the Elk Park faults asrupture barrier. As a result, the Continenidst Ridge and Elk Park faults rupture
independently as shown in the possible rupture scenarios of Rupture Moddigalternative Rupture

Model B assumes that the Continental, East Ridge, andPBik are sucturally connectedby the
accommodation zone. As a result, two linked rupture scenarios are considered for Rupture Model B as
shown in the logic tree of Figure7Z3 Based onNesnousky (200&8eporting that normal fault ruptures

end around structural deontinuities such as an accommodation zone approximately 70% of the time
(LCI, 2021b), Rupture Models A and B were assigned weights of 0.8 and 0.2, respectively. This weighting
reflects a significantly higher degree of confidence in ruptures on the Con#éin€ast Ridge and Elk

Park faults happening independently as opposed to much longer linked ruptures of the ContEasittal
RidgeElk Park faults.

The best estimate slip rate on the Continerik Park faults is set at 0.1 mm/year (LCI, 2021b) assuming

a single event in 10,000 years compared to a best estimate slip rate of 0.02 mm/year used in Al Atik and
Gregor (2016). LCI (2021b) notes that the slip rates on the Continental and Rockerefaaltspoorly
constrained.Based on the assumption that faudtip is transferred from the Continental fault in the
south where the fault is a single strand to multiple overlapping faults in the center to kifealt fault

in the north as shown in the zones in Figuré,3LCI (2021b) assigned for each rupture om th
ContinentalElk Park fault slip rates of 0.05, 0.1, and 0.02 mm/year with weights of 0.6, 0.2, 0.2,
respectively.

A summary of the parameters presented in the logic tree in Figurei3 given in Table-3. Best
estimate dip angle for the ContinentglkPark fault is 70 degrees similar to the dip angle used for the
Continental fault in the Al Atik and Gregor (2016he dip direction of Rupture Model A scenarios is
listed in Table 2. The Continental and EaRidge ruptures dip towards the site (i.etedocated on the
hanging wall of these ruptures) while the Elk Park fault ruptures dip away from the site in the East
direction placing the site on the footwall of these rupturésr Rupture Model Ba change in dip
direction from west to east occurs tweeen the continental and the EIk Park sectioriEhe
implementation of this change in dip direction withansinglerupture in the PSHA program is discussed

in Sectiorb.1.

The fault lengths and fault rupture lengths of the scenarios considered are basbé 4 Cl (2021a) fault
mapping. The characteristic magnitude for each rupture source is estimated in LCI (2021b) based on
empirical relations between rupture dimensions and magnitude. Epistemic uncertainty around the best
estimate of the characteristic ngaitude is incorporated as shown in Tabl &nd Figure 3. For
Rupture Model A scenarios, the best estimate characteristic magnitude ranges from 6.6 to 6.8 while the
characteristic magnitude for Rupture Model B scenarios is 7.0. We note that the dristct
magnitude used in the Al Atik and Gregor (2016) study for the Continental fadith bast estimate of

6.5. Two magnitude recurrence models, the maximum magnitude and the Youngs and Coppersmith
(1985) characteristic magnitude models, are used in (2021b) with weights of 0.3 and 0.7,
respectively.

For the Rocker faulthe seismic source characterization is relatively simple with a single segment fault
rupture. The best estimate dip angle is 55 degrees similar to the dip angle used in Al AGkegyud
(2016). The dip direction is towards the wegbpingaway from the siteputting the site on the footwall

of the Rocker fault. The slip rate is 0.02 mm/year (best estimate) similar to the slip rate used in Al Atik
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and Gregor (2016)he characteristic magnitude is 7.1 (best estimate) compardd tbused in Al Atik
and Gregof2016).

The SSC of the Continentalk Park and Rocker faults based on LCI (2021b) and presented in Figure 3
and Table 2 is implemented in this PSHA update for the YDTI site. The closest rupture distance from
the source shown in TableZBare listed inTable 33. As shown in Table-3, the closest Rrup distance
from the ContinentaElk Park fault to the site is 1.43 km from the west dipping segments (dipping
towards the site) G5 + CIE + CiN. For Rupture Model B, two closest distances are listeth®west
dipping and eastlipping segments. The closest distance to the Rocker fault is 7.14 km.

Table3-2. Source parameters for the Continentdllk Park and the Rocker faults (source: LCI, 20ZThg. style
of-faulting is normal.Weights are given in brackets.

Surface Depth to ) )
Rupture Rupture LZ?‘U Itth Rupture Fault Dio Dir Top of S?;lsi:::'r;:]geesrsuc M Slip Rates
Fault Name | Models Source (kr?l) Length Dip (°) p DIr. Rupture (km) char (mmiyr)
(km)* (km)
40[0.3] 12[0.2] 6.5[0.2] 0.10[0.2]
CF'fCTE_iIF'C 25.7 24.5 70 [0.6] w 0.0 15[06] 6.8[0.6] 0.05[0.6]
80 [0.1] 18[0.2] 7.14[0.2] 0.01[0.2]
40[0.3] 12[0.2] 6.4[0.2] 0.10[0.2]
CF-S + ERF 19.0 18.2 70 [0.6] w 0.0 15[06] 6.7[0.6] 0.05[0.6]
Rupture 80 [0.1] 18[0.2] 7.0[0.2] 0.01[0.2]
Model A 40[0.3] 12[0.2] 6.4[0.2] 0.10[0.2]
Elk-C + Elk-N 21.4 20.6 70 [0.6] E 0.0 15[06] 6.7[0.6] 0.05[0.6]
85[0.1] 18[0.2] 7.0[0.2] 0.01[0.2]
Continental 40[0.3] 12[0.2] 6.3[0.2] 0.10[0.2]
E|k°g '”:”Fa'“ Elk-N 15.6 13.9 70 [0.6] E 0.0 15[06] 6.6(0.6] 0.05[0.6]
arkrau 85[0.1] 18[0.2] 6.9[0.2] 0.01[0.2]
LS-1 (CF- 40[0.3] w 12[0.2] 6.7[0.2] 0.10[0.2]
S+CF-C+CF- 414 38.1 70 [0.6] and 0.0 15[06] 7.0[0.6] 0.05[0.6]
N+Elk-N) 80 [0.1] E 18[0.2] 7.3[0.2] 0.01[0.2]
Rupture
Model B
LS-2 (CF-S to 40[0.3] w 12[0.2] 6.70.2] 0.10[0.2]
ERF to Elk-C 41.0 38.1 70 [0.6] and 0.0 15[06] 7.0[0.6] 0.05[0.6]
to Elk-N) 85[0.1] E 18[0.2] 7.310.2] 0.01[0.2]
comgle 30[0.2] 12[0.2] 6802 | 01202]
Rocker Fault Rug fre | Rocker Fault 59.8 53.4 55[0.6] w 0.0 15[06] 7.1[0.6] 0.02[0.6]
mg del 70[0.2] 18[0.2] 7.4[0.2] 0.005[0.2]

*Surface Rupture Length (SRL) is measure end to end and used to estimate Mchar and not the cumulative fault length measured along the fault trace.
**Rupture Model B sources change dips along strike. LS-1 changes dip from west to east from sections CF-N to Elk-N and LS-2 changes dip from west to east between
sections ERF and Elk-C.

Table3-3. Closest Rrup distance from the rupture scenarios on the ContineftélPark and the Rocker faults to

the YDTI site.
Fault Name ContinentatElk Park Fault
Rupture
Model Rupture Model A Rupture Model B Rocker
Fault
Rupture | CFS+CRE| CFS+ | EKC+ | | LS (CRS+CF "ESQ:F(S:;;’
Scenario + CFN ERF EllkeN C+CHN+EIKN)
to ElkN)
Closest Rrup
. 8.62 (Ex 3.14 (Ex
to t(t(ran)sne 1.43 3.26 3.15 8.62 1.43 (W) 3.26 (W) 7.14
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. YDTI footprint

EXPLANATION @ 0 2.5 S
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Butte faults
(Compilation of Scarberry et al., 2019 & McDonald et
al., 2012 100k geologic maps)

Map projection and scale: NAD 1983 UTM Zone 10N, 1:250,000

Solid where certain, short dash where inferred, dotted Continental-Elk Park Fault Sections
SRSEpaeEAEd: and the Northern Rocker Fault

Figure3-6. Fault sections part of the LCI (2021) stud\bbreviations: ERF = East Ridge fault, KP = Klepper fault,
LSF = Lucky Strike fault, and CF = Continental féadtyrce: LCI 2021b).
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Figure3-7. ContinentatElk Park and Rocker faults seignsource characterization logic trees (source: LCI 2021b).
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3.3 Other Faults

In addition to the ContinentaElk Park and the Rocker faults, other fault sources that were used in Al
Atik and Gregor (2016) are included in this study updatese faults arprimarilybased on Petersen et

al. (2014) and are within 200 km of the YDTI site. These faults are shown in Fguxad3their
parameter characterization is listed in Tab84 to 3-6. TheGeorgia Gulch fault is the closest fronisth

se of fault sourcego the YDTI site located at@osest rupturedistance of 49 kmWe note that the

2018 update to the NSHMs (Petersen et al., 2020) used the same fault sources as in Petersen et al.
(2014) As a result, the characterization of these fadtirces remains unchanged in this study update.

We alsonote that hazard results by sourtgpe in the Al Atik and Gregor (2016) study indicated that
these fault sources have a small contribution to the total hazard at the YDTI site.

Petersen et al. (20)4modeled fault rupture as fulource rupture and floating parti@ource ruptures

that generate earthquakes with 6.5 to the magnitude of the fulbource rupture. These two models of
rupture are given weights of 0.667 and 0.333, respectively. The toagniecurrence for the fulsource
ruptures is modeled with the maximum magnitude model as a truncated normal distribution with a
standard deviatior()2 ¥ n®mH | YR (NHzyOFriSR 2y GKS t26SN) SyR
with a minimumM of 6.5is used to model the magnitude recurrence on the paialirce ruptures. A
b-value of 0.8 was used for all sources. The Well and Coppersmith (1994) relations were used to assign
maximum magnitudes for the fullource ruptures of the faults. All the fauliscluded in this analysis

have normal sense of slip. Each fault source extends from the ground surface to a depth of 15 km and is
assigned a dip angle of 5015 degrees. Slip rates on these fault sources were estimated using a
geologiebased model with wight of 0.8 and two equally weighted geodeltiased models (Bird 2013

and Zeng and Shen 2013) with a total weight of 0.2.
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Table3-4. Source parameters of other faults sources used in the Al Atik andyGré2016) study based on Petersen et al. (2014). Weights are given in
parentheses All faults have a normal stylef-faulting, top of rupture is at 0 km, seismogenic thickness is 15 km, and b value is 0.8.

Slip Rate /
Closest Recurrence Recurrence Fault
Fault Distance . Recurrence Slip Rate Activity Rate- Interval / Dip
Fault Name . Mmin Interval . - Mmax Length
Number to Site Model (mm/yr) N(M>Mmin) @ Activity (degrees)
(yn® (km)
(km) Rate
Weight
_ 0.040 14006 nla (0.8) 6.42 (0.6) | 50 W (0.6)
667 Gﬁli?\r?ellilt 492 | 5.00 Max Mag(1) 0.360 1575 n/a (0.1) 6.22(0.2)| 35W(0.2) | 14
0.050 11338 nla 01 | 66202 65w (0.2)
0.013 57143 0.000023 (0.8) 6.60(0.6) 50 S (0.6)
Helena Max Mag(0.667)
678 | \aloyfou | 821 | 650 | on TR o ags 0.050 14925 0.000087 01 | 64002 35502 | 20
0.010 74627 0.000017 01 | 6.80(0.2)| 655(0.2)
0.522 4951 0.000285 (0.8) 7.45(0.6) | 50 W (0.6)
Madison Max Mag(0.667)
655 i 041 | 650 | oo e 0433 0510 5051 0.000278 01 | 72502 35W(02) | 111
0.480 5376 0.000262 ©0.1) | 765(0.2)] 65w (0.2)
0.170 6993 0.000107 0.8) | 6.92(0.6)| 50SW (0.6)
Canyon Max Mag(0.667)
671 Fomyfaatt | 877 | 650 | fon e (0555, 0.070 16920 0.000044 (0.1) 6.72(0.2)| 355w (0.2)| 39
0.220 5376 0.000139 ©0.1) | 71202 655w (0.2)
0.039 31546 0.000025 (0.8) 6.94 (0.6) | 50 NE (0.6)
Blacktall Max Mag(0.667)
644 ™ 071 | 650 | oo e 0835 0-0%0 41153 0.000019 (0.1) 6.74(0.2) | 35NE(0.2)| 40
0.050 24691 0.000032 (0.1) 7.14(0.2) | 65NE (0.2)
0.052 10373 n/a (0.8) 6.38 (0.6) | 50 NE (0.6)
645 SW?;:‘I’;’ater 99.3 | 5.00 Max Mag(1) 0.100 5405 n/a (0.1) 6.18 (0.2) | 35NE(0.2)| 13
0.060 9009 nla (0.1) 6.58(0.2) | 65 NE (0.2)
0.222 2041 nla (0.8) 6.27 (0.6)| 50 W (0.6)
648 Eﬁg ;?thk 1233 | 5.00 Max Mag(1) 0.180 2519 nla (0.1) 6.07(0.2)| 35W(02) | 11
0.220 2058 n/a ©0.1) | 6.47(02)] e5W(0.2)

(1) Recurrence interval was used for threximum magnitudenodel
(2) Activity rate was used for the truncated exponential model
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Table3-5. Source parameters of other faults sources used in the Al Atik and Gré2@it6) study based on Petersen et al. (2014). Weights are given in

parentheses. All faults have a normal stytd-F I dzf G Ay 3% G2L) 2F NHzZLJWidzZNB Aa Fd n 1YZ aSAavyz23Syao
Slip Rate /
Closest Recurrence Recurrence Fault
Fault Fault Name Distance Mmin Recurrence Slip Rate Interval Activity Rate- Interval / Mmax Dip Lenath
Number to Site Model (mm/yr) N(M>Mmin) @ Activity (degrees) 9
(yn® (km)
(km) Rate
Weight
0.653 1372 0.000667 (0.8) 6.73(0.6) | 50E (0.6)
Red Rock Max Mag(0.667)
641 fault 137 6.50 TruncExp (0.333) 0.100 8929 0.000102 (0.2) 6.53 (0.2) 35E (0.2) 27
0.8 1092 0.000839 0.1) 6.93(0.2)| 65E(0.2)
0.157 n/a 0.000319 (0.8) 7.00(0.6) | 50 SW (0.6)
Beaverhead
603 fault 150.2 6.50 Trunc Exp (1) 0.310 n/a 0.000631 0.1) 6.80(0.2) | 35SW (0.2)| 134
0.210 n/a 0.000428 0.1) 7.20(0.2) | 65SW (0.2)
0.326 4926 0.000168 (0.8) 7.12 (0.6) | 50 NW (0.6)
Emigrant Max Mag(0.667)
642 fault 151.2 6.50 Trunc Exp (0.333 0.170 9259 0.000087 0.1) 6.92 (0.2) | 35 NW (0.2) 57
0.420 3759 0.000215 (0.2) 7.32(0.2) | 65 NW (0.2)
0.653 10299 0.000094 (0.8) 7.30 (0.6) | 50 SW (0.6)
HebgenRed Max Mag(0.667)
656 Canyon fault 157.6 6.50 Trunc Exp (0.333] 1.250 5376 0.000181 (0.2) 7.10 (0.2) | 35SW (0.2) 25
0.730 9174 0.000106 (0.2) 7.50 (0.2) | 65 SW (0.2)
0.914 1862 0.000504 (0.8) 7.17 (0.6) | 50 N (0.6)
Centennial Max Mag(0.667)
643 fault 155.5 6.50 Trunc Exp (0.333] 0.910 1869 0.000501 (0.2) 6.97(0.2) | 35N (0.2) 64
1.390 1224 0.000766 (0.1) 7.37(0.2)| 65N (0.2)
0.104 5814 n/a (0.8) 6.47 (0.6) | 50 NW (0.6)
698 Jocko fault | 160.8 5.00 Max Mag(1) 0.220 2770 n/a (0.1) 6.27 (0.2) | 35 NW (0.2)| 16
0.100 6098 n/a (0.1) 6.67 (0.2) | 65 NW(0.2)

(1) Recurrence interval was used for threximum magnitudenodel
(2) Activity rate was used for the truncated exponential model
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Table3-6. Source parameters of other faults sources used in the Al Atik &dgor (2016) study based on Petersen et al. (2014). Weights are glven in

parentheses. All faults have a normal stytd-F I dzf G Ay 3% G2L) 2F NHzZLJWidzZNB Aa Fd n 1YZ aSAavyz23Syao
Slip Rate /
Closest Recurrence Recurrence Fault
Fault Fault Name Distance Mmin Recurrence Slip Rate Interval Activity Rate- Interval / Mmax Dip Lenath
Number to Site Model (mm/yr) N(M>Mmin) @ Activity (degrees) g
(yn® (km)
(km) Rate
Weight
0.418 5435 0.000208 (0.8) 7.36 (0.6) | 50 W (0.6)
o Max Mag(0.667)
699 Mission fault 173.4 6.50 Trunc Exp (0.333 0.280 8065 0.000139 (0.2) 7.16 (0.2)| 35W (0.2) 92
0.430 5263 0.000214 (0.2) 7.56 (0.2)| 65W (0.2)
0.287 n/a 0.000642 (0.8) 7.00 (0.6) | 50 SW (0.6)
602 Lemhi fault 189.9 6.50 Trunc Exp (1) 0.310 n/a 0.000693 (0.2) 6.80 (0.2) | 35SW (0.2)| 147
0.380 n/a 0.000849 0.1) 7.20(0.2) | 65SW (0.2)
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Figure3-8. Fault sources in the vicinity adhe YDTI siteised in Al Atik and Gregor (2016) and basedRetersen
et al. (2014). The ContinentaElk Park and Rocker faults are shown in Figus@. 3
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4. GROUND MOTION CHARACTERIZATION

As discussed in Section 2.0, Al Atik and Gregor (2016) used the-BVB§&62A GMPEs (ASK14, BSSA14,
CB14, CY14, and 1d14) and Wong et al. (2005) for the median prediction of ground motions given
earthquakes in theYDTI site region. The N@®est2 GMPEs weresad along with their respective
standard deviation models while Wong et al. (2005) was usedth&i®SK14 standard deviation model.

The epistemic uncertainty model of Al Atik and Youngs (2014) was used to incorporate the epistemic
uncertainty in the media prediction of the 5 NGMest2GMPEsIn this study update, an evaluation of

the 5 NGAWest2 GMPEs, Wong et al. (2005), Akkar et al.42CGiInd Boore et al. (2021) models is
performed for applicality to the YDTI site region. This evaluation consista cdview of the datasets

used in the development of these GMP&gplicability limitations, comparisores GMPEgroundmotion
predictionsto empirical recordings in the study region, as well as comparison of predicted response
spectra for hazard relevascenarios for the YDTI site.

Similar to the GMPEs evaluation in Al Atik and Gregor (2016), theWWss¥® GMPEs were favored
because of the large uniformly processed datasets used to develop these models as well as their
applicability to a wide magnitude drdistance range. These GMPEs are considered the standard state of
practice forgroundmotion predictionfrom earthquakes in active tectonic regions. In general, these
GMPEs areonsideredwell suited for the tectonic environmerih the YDTI siteegion One potential
drawbackfor the application ofthe NGAWest2 GMPE# the YDTI siteegionis the relatively small
subset ofgroundmotion data from normal earthquakes relative to strikéip and reverse earthquakes

in the NGAWest2 databaseAs a result, agitional GMPEs (Akkar et al. 2014, and Boore et al. 2021) that
havea larger subset of empirical data from normal earthquakes evaluatedfor applicability to the

YDTI site. For the®-West2 GMPEs, we note thit14 is limited in its applicability to stances within

150 km and Y0450 m/sec. Given that the hazard at the YDTI site is required for a referegpgsf V

760 m/sec as well as a sigpecific ¥so0f 420 m/sec, the Id14 GMPE is less suited for use in this study
update.

Wong et al. (2005) ia stochasticbased GMPE developed specifically for eastern and western Montana
to compensate for the lack of regiepecific modelsA point-source stochastic model was used to
model earthquakes withM 5.5, 6.5, and 7.5 in the distance range of 1 to 400 tkngenerate a
simulation database of ground motion& singlecorner source model with variable stress drop was used
for western Montina. The finategressionmodel given this databasewhich is a function of magnitude
and rupture distanceis applicablao soft-rock site condition with ¥,0f 760 m/sec. This GMPE is less
suited for this study update given the need to develop groundioms for the sitespecific ¥so0f 420
m/sec. Moreover, the lead developer of this model recently recommended that Wong et al. (2005) not
be used for the YDTI studpdate given that this model is derived based on stochastic simulations while
other modelssuch as the NGWest2 GMPEs are better constrainbg a large set of empirical data
(Wong 2021, personal communication).

Akkar et al. (204) is a parEuropean GMP#&eveloped based on grouadotion recordings from crustal

earthquakes in Europe and the Middeast. This GMPE is applicable to earthquakesWitd, distance

up to 200 km, spectral periods of 0.01 to 4 sec, and a range of site condifitis GMPE is evaluated

for inclusion in this study update based on the relatively large dataset of groumidn recordings from

normal earthquakes used its model development. Similarly, the Boore et al. (2021) GMPE is a recent
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groundmotion model developed for application to Greedeis based on a relatively large number of
groundmotion recordings frormormal earthquakes compared to striglip and reverse earthquakes

and is, therefore, evaluated for inclusion in this study update. While both Akkar et al. (2014) and Boore
et al. (202) GMPEs include a relatively wetinstrained styleof-faulting term br normal earthquakes,
these two GMPEs are developed for a different tectonic environment than that of the YDTI region.
Including these models in this study update would require a more careful evaluation of their
applicability to Montana andhe developmen of potential hostto-target regionadjustments to these
models to render them more applicable to the YDTI region.

Similar to the 2016 study, weomparegroundmotion recordings from earthquakes in the YDTI region

to median groundmotion predictions fromthe 8 GMPEs discussed in this section. In addition to the
recordings from theévl 6 Helena (mainshock and aftershock) and éhé&.6 Dillon earthquakes used in Al

Atik and Gregor (2016), we add recordings from2065M 5.8 Lincolrearthquake. The Helena aride

Lincoln earthquakes have a strike slip faulting mechanism while the Dillon earthquake has a normal style
of faulting. Some of the recording stations of these earthqualk®aot have measured & values and

are assignedhominal Vszpof 550 m/sec. Thempiricalrecordings ranged in distance from around 3 km
(Helena mainshock and aftershock) to 266 Kbomparisons of GMPEs median predictions to these
recorded ground motionslid not indicate specifiand consistentrends related to theapplicability of

these GMPEs to the empirical recordings from the YDTI region. In general, response spectra from the
NGAWest2 GMPEs tended to be comparable to theordings from the Dillon earthquake particularly

at short distance but did not fit veryell some of the other recordings. Similar observations are made
regarding the Wong et al. (2005), Akkar et al. @0&nd Boore et al. (2021). Predicted median response
spectra from these GMPEs did not consistently agree well with the empirical recordings

The 8 candidate GMPEs discussed in this section are also evaluated for hazard relevant scenarios for the
YDTI site. Comparissof median predictions and standard deviatianisthese GMPEare evaluated for

the MCE scenarios on the Continental fatvt§.8 earthquakescenario from Rupture Model A ahd 7

scenario L8 from Rupture Model BAnd a gridded seismiciHlyased earthquake scenario wit 6 and

distance of 30 km.

Figure 41 (top) presents a comparison of the median groumdtion predictions of tie 8 candidate
GMPEs for théil 6.8 MCE Rupture Model A0l (SFCFC+CH) scenarian the Continental faulfor a
Vsso0f 760 m/sec. This MCE scenario is at an Rrup distance of 1.43 km from the YDTI site with the site
located on the hanging walkigure 41 (bottom) shows a comparison of the total standard deviation of
the candidate GMPEs for this earthquake scendfimr. median predictions, Figurel4(top) shows a
wide range of predictions from the 5 NGAest2 GMPEsparticularly at short periods. This dgar
epistemic uncertainty from the NGWest2 GMPEs is expectéar this scenario earthquakgiven the
lack of empirical data in the NGAest2 GMPEs from normal earthquakes and at very short distances.
We also note that the Id14 GMPE showsoanewhat unusual spectral shape at periods less thas 0.
sec with median predictions outside of the prediction range from the other M@at2 GMPE$or
periods less than 03 sec At long periods greater than 0.75 sec, the median prediction from Id1st fall
below the range of predictions from the rest of the NBA&st2 GMPEsEigure 41 (top) shows a
different spectral shape for the median predictiohWong et al. (2005) (weaOBpmpared to the NGA
West2 GMPEs with the peak of the spectrum shifted to shigréziods and predictions exceeding those
of the NGAWest2 GMPEs for periods 0.04 and 0.1 sec and periods of 1 sec and Tdmganedian
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prediction from Akkar et al. (2014) GMPE (Aeal3) generally follows that of ASK14 with the values falling
below the medan prediction of the rest of the models at long periods greater than 0.5Tdezmedian
prediction from Boore et al. (2021) (Bea2l) follows that of BSSA14 with values exceeding those of the
rest of the GMPEs at periods greater than 1 seamparing the tandard deviation of the candidate
models for this scenario, we note that Wea05 has a larger standard deviation compared to the rest of
the models. The standard deviation of this model is not considered reliable due to the use of stochastic
simulations inthe development of this model. The Aeal3 standard deviation is also larger than that of
the NGAWest2 GMPEs. This is due to the predominance of small magnitude data used to develop this
model and the homoscedastic nature of its standard deviation.

Figure 42 shows a comparison of the median predictions (top) and standard deviation (bottom) of the 8
candidate GMPEs for Rupture Model BlLstenario earthquake on the Continental fafolt Vszoof 760

m/sec Using the generalized coordinates 2 system (GS@)cltisest point from the site to the rupture
surface is on the west dipping part of this ruptu@=S+CFC+CH) with an Rrup of 1.43 kmSimilar
observations can benade on the comparisons in Figure24as those made on Figureldgiven the
similarity d the 2 earthquake scenariogtigures 43 and 44 show similar comparisons of the 8
candidate GMPEs for a scenario withé and distance of 30 km with the site located on the hanging
wall and footwall, respectively, forsy of 760 m/sec.For this scenarioWea05 shows similar median
predictions for the site location on the hanging wall and the footwall. This is due to the absence of a
hanging wall term in this GMPE. For the site location on the hanging wall, Fi§usbalvs that the &

based BSSA14 GMR&s the largest median prediction compared to the rest of the GMPEs. For both
hanging wall and footwall cases, Wea05 has low median predictions compared to the rest of the GMPEs
over the entire period range. For the footwall case, Figueshows that thenedian predictions from
Wea05, Aeal3, and Bea2te the low range of predictions from the candidate GMPEs for the footwall
case.

Based on the need to develop ground motions forsg®f 420 m/sec along with the evaluation of the
candidate GMPEs presentadthis section, we select 4 N&#est2 GMPEs for use for this study. These
are: ASK14, BSS14, CB14, and CY14. We do not select Id14 because it is not applicaddd 420V
m/sec and because of its unusual spectral shape for very short distancesvas ishFigures 4 and 4

2. Similarly, Wea05 is only applicable fegéf 760 m/secand is based on stochastic simulations and
not empirical ground motion data. Based on that and the recommendation from Wong (2021, personal
communication)not to use WeaB, we do not include Wea05 for this study update. Weal3 and
Bea21l GMPEs are not selected despite the abundance of normal faulting events in the datasets used to
develop these models. We do not select these GMPEs because they are-spgaific and wold
require a more careful evaluation and the potential development of togarget adjustments for
applicability to southwest Montan&Similar to the 2016 update, we use the Al Atik and Youngs (2014)
epistemic uncertainty model for the GMPE median prédic The GMC logic tree for the YDTI study
update is shown in Figurest
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Figure4-1. Comparison of the median prediction (top) and standard deviation (bottom) of the 8 candidate
GMPEs fothe ContinentalElk Parkault Rupture Model AOYCFS+CFC+CH) scenario with M 6.8 Rrup of 1.43
km, and \&s00f 760 m/sec
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Figure4-2. Comparison of the median prediction (top) and standard deviation (bottom) of the 8 candidate
GMPEs fothe ContinentatElk Parkfault Rupture Model BLSI(CFS+CFC+CHN+ELKN) linked scenario with M
7, Rrup of 1.43 kmand \&z00f 760 m/sec
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Figure4-3. Comparison of the median prediction (top) and standard deviation (bottom) of the 8 candidate
GMPEs for a gridded seismicityrmal earthquakescenario with M 6, Rrup of 30 km, ands3of 760 m/secand
with the site located on the hanging wall
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Figured-4. Comparison of the median prediction (top) and standard deviation (bottom) of the 8 candidate
GMPEs for a gridded seismicity normal earthquadeenario with M 6, Rrup of 30 km, ands3of 760 m/sec and
with the site located on the footwall.
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Epistemic Uncertainty in

GMPE NGA-West2 GMPE .
Median

Abrahamson et al. (2014)
Same branches as below

(0.25)

Boore et al. (2014) Same branches as below

(0.25)
Median - 1.645*UH(M,SOF,T)
(0.185)
NGA-West2 Campbell and Bozorgnia (2014) Median
(1.0) (0.25) (0.63)

Median + 1.645*a_(M,SOF,T)

(0.185)

Chiou and Youngs (2014)
Same branches as above

(0.25)
Figure4-5. Logic tree for the median grounthotion model used in this studys refers to the additional

epistemic uncertainty in LN units based on Al Atik and Youngs (2014). M refers to magnitude, SOF tofstyle
faulting, and T to spectral period.
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5. SITE CONDITIONS

The update of the PSHA and DSHA for the YDTI site is performed fefeitence site class B/C withy
of 760 m/secconsistent withthe 2016 studyFor this reference site conditionabin depths to shear
wave velocity horizons of 1 and 2.5 km/sec (Z1 and Z25), needed as input to tH&/8KEAGMPES, are
assigned based otne average empirical relationships between these depths and thevelue of 760
m/sec.DefaultZ1l and Z25 depthfer Vszo0f 760 m/sec ard.045 and 0.607 knmespectively

In addition to the reference site condition, the PSHA and DSHA are also paiftomhe sitespecific
condition at the YDTI sitBased on theecent site investigations athe Horseshoe Bend (HsB) area
situated at the downstream embankment toe of tN®Thnd documented in KP (2019 and 2020¥s30
value of420m/secis selected 8 representative of sitspecific conditionst the YOI site for this study
update (KP 2021, personal communicatiofip estimate the corresponding Z1 and Z25 values, the V
profiles obtained from the recent downhole seismic testing at boreholes BI31&d DH1804 shown

in Figure5-1 are evaluatedThese Yprofiles extended to a total depth of about 77 m and are shown in
Figure5-2. Both DH183 and DH18®4 \& profiles encountered dgreater than 1000 m/sec allowing for

a sitespecific estimate of Z1. Treveragesite-specific estimate of Z1 from th&vo Vs profilesis 0.058

km and is listed in TableBalong with the default Z1 valusf 0.337 kmfor Vszoof 420 m/secA site
specifc estimate of Z25 is not possible given that the measure@rdfiles did not encounter a &v
horizon of 2500 m/sec As a result, the sitspecific Z1 of 0.058 km and the default Z25 estimate of
1.196 km are used in this study fogspof 420 m/sec. We neat that the use of a sitgpecific Z1 that is
shallower than the default value is expected to lead to a reduction of the median ground motion for
periods greater than about 0.5 sec compared to the gremmation prediction obtained using the
default valuezlfor the ASK14, BSSABhd CY14 GMPEEhe Z25 estimate is only used in the CB14
GMPE.

Table5-1. Estimates of Z1 and Z25 values fadof 420 and 760 m/sec for the YDTI site.

Viso(m/sec) S'teszlfz‘;'f"ﬂ SlteSg(enc]:;flc 225\ Default 71 (km) | Default 25 (km)
420 0.058 ; 0.337 1196
760 ; : 0.045 0.607
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Figure5-1. 2019 HbrseshoeBend site investigation seismic congenetration test and drillhole locations (source: KP 2020)
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Figure5-2. Measured \éprofiles from downhole seismic testing at DHA® and DH1&4 boreholes.
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6. HAZARD RESULTS

Probabilistic and deterministic seismic hazard calculations are carried out using the computer program
HAZ45.2 (Abrahamson and Gregor, 2015). This PSHA program fallstesdard state of practice
approach for probabilistic seismic hazard analysis gavemismic source model arm groundmaotion

model. A sigma truncation value of 8.0 is used for the P&tdiAsources within a maximum distance of
300 km are includedTheminimum magnitude used in the analysis is 5.0. Mean Hazard canees
computed for the following suite of spectral periods: PGA (0.01 sec), 0.02, 0.03, 0.04, 0.05, 0.075, 0.1,
0.15, 0.2, 0.25, 0.3, 0.4, 0.5, 0.75, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 7.5 anset0Based on this suite of
hazard curves, uniform hazard spectra (Uat8)computed for the suite of return periodsf 475, 1,000,
2,475, and 10,000 yearkstimates of the mean magnitude, distance and epsilon values associated with
the suite of return periods are also computed and presented for the site. Binned magnitude and
distance contributions to the hazard for tiseiite of return periodsare computed and presented below.
Given the logic trees for the seismic sources and the graunation models, fratile hazard curves and
fractile UHS are computed and presented below. These fractile curves allow for an evaluation of the
uncertainty in the mean hazard results based on the epistemic uncertainty characterization of the
seismic source and grousdotion models.

Given the changes in theource characterization of the seismieligsed background model, the
Continental, and the Rocker faults as well as the changes in the GMC model compared to the 2016
study, we first present a sensitivity analysis showing ittemental impact of these changes on the

PSHA results. This is followed by a presentation of the PSHA and DSHA results and comparisons for this
study update.

6.1 Probabilistic Seismic Hazard Sensitivity Analyses

Using the GMG@nodel of Al Atik and Gregor (4®) shown in Figure-2, probabilistic seismic hazard
calculations are performed for the updated source model presented in Section 3 of this répdst.
sensitivity analysis allows for an evaluation of the isolated impact of the updatdee SSC modelno
the PSHA result3hese updates involve the characterization of the seismi@sed background model,
the Continental, and the Rocker faults. Figurgé presensthe hazard results from this run compared to
the Al Atik and Gregor (2016) PSHA rediaitgshe gridded seismicityContinental, and Rocker faults as
well as for the total hazardt PGA and periods of 0.2, 1, and 3 &&d/s300f 760 m/sec

Usingthe 2016 GMC modelFigure 6l indicates a reduction in the hazard results for the updated
seismicitybased background source compared to the 2016 background source at PGA and periods of
0.2, 1, and 3 sec. This is supported bydbservedreduction in the 2018 NSHMs results at the YDTI site
compared to the 2014 NSHMs results. The update of Roeker fault characterization leads to a
reduction in the hazard results at PGA and periods of 0.2, 1, and®sgzared to the 2016 results for

this fault. This reduction in the hazard for the Rocker fault does not lead to a noticeable change in the
total hazard at the YDTI site due to the low contribution from the Rocker fault to the hazard atehe sit
The updated characterization of the Continedidk Park fault leads to an expected increase in the
hazard from this faulat the site compared to the 2® results for this faulds shown in Figure-B.
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The change in the total hazard due to the update of the SSC model compared to the 2016 model is also
shown in Figure@ and is represented by a decrease in the hazard at short return periods (large annual
probability of exceedance) and an increase at long return periods (low annual probability of
exceedance) The decrease in the hazard at short return periods is driven by the update to the
seismicitybased background source while the increase at long repariods is driven by the update to

the Continental fault characterizatiofigure 62 shows the ratio of the UHS obtained using the updated
SSC model with the 2016 GMC model to the UHS frontildlaAd Gregor (2016) fqueriods of 0.01

(PGA), 0.2, 1, an8l sec for return periods of 475, 1,000, 2,475, 5,000, and 10,000 years. For the short
return periods of 475 and 1,000 years, Figut2 ghows a reductionin the UHS on the order of 2 to 10%

at periods of 0.01 to 3 sec due to the update of the SSC modleteturn periods of 1,000 to 10,000
years, Figure € shows an increase in the UHS on the order of 2 to 16% as a result of the updated SSC
model.

Next, we evaluate thémpact of updating the GMC model from the 2016 model shown in Figdréo2

the one usd for this study update shown in Figuréb4For this sensitivity analysis, we use the updated
SSC modednd we run the analysis forsdof 760 m/sec Figure 63 shows the comparison of total
hazard results as well as results by source type for PGA aattalperiods of 0.2, 1, and 3 sec based on

the change in the GMC modélhis figure indicates an increase in the hazard results at PGA and periods
of 0.2 and 1 sec due to the use of the 4 NBAst2 GMPEs compared to the 5 N@&st2 models and
Wea05. At priod of 3 sec, a reduction in the hazard is observed with the updated GMC rraglak 6

4 shows the ratio of the UHS obtained using the updated GMC model relative to the 2006 GMC model at
spectral periods of 0.01 (PGA), 0.2, 1, and 3 sec and for rpariods of 475, 1,000, 2,475, 5,000, and
10,000 years. As observed in the comparison of the hazard curves, Figurai6ates that, fo Vszoof

760 m/sec, the UHS values are larger using the updated GMC model compared to the 2006 GMC models
at short spetral periods. This increase is on the order of 6 to 18% for they4ab return period and 5

to 11% for the 10,00§ear return period. At the spectral period of 3 sec, a reduction in the UHS of about
16% is observed.

Finally, a comparison of the hazardsuv#ts at the YDTI site obtained using the updated SSC and GMC
models for ¥s00f 760 m/sec to the results in the Al Atik and Gregor (2016) studgtaren in Figure -6

for PGA and spectral periods of 0.2, 1, and 3 $ads figure reflects the combined pact of updating

the SSC and GMC models compared to the 2016 study results. This update leads to a general increase in
the total hazard at PGA and spectral periods of 0.2 and 1 sec. At period of 3 sec, the study update leads
to a reduction in the total haad compared to the results from the 2016 studiigure 66 shows the

ratio of the UHS obtained using the updated SSC and GMC models to the UHS of the 2016 stggly for V
of 760 m/secFor short spectral period#(l sec, Figure-6 shows an increase in the UHS for this study
update. This increase ¥ ¢’z T 2 Néarlréusn periodpand on the order of 20 to 24% for the
10,00Qyear return period. At the long return period of 10,000 years, this increase is dhe focrease

in the hazard due to the update of both SSC and GMC models. At the spectral period of 3 sec, the study
update showg a decrease in the UHS on the order of 4% for 10y@€0 return period to 19% for the
475year return period.
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Figure6-1. Comparison ofmean annual probability of exceedandsy source typeat PGA (top left) and periods of
0.2 sec (top right), 1 sec (bottom leftand 3 sec (bottom right) using the updated SSC model and the Giddel
of Al Atik and Gregor (2016) compared to results from the 2016 stéahyWssoof 760 m/sec Solid lines are for
the updated SSC model and dashed lines are for the PSHA results of Al Atik and Gregor (2016).
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Figure6-2. Ratio of UHS at periods of 0.01 (PGA), 0.2, 1, and 3 sec obtained using the updated SSC model and the
GMC model of Al Atik and Gregor (2016) to the UHS from the 2016 sfoidysszoof 760 m/sec
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Figure6-3. Comparison of mean annual probability of exceedance by source type at PGA (top left) and periods of
0.2 sec (top right), 1 sec (bottom left), and 3 sec (bottom right) using the updated GMC model compared to the
GMC model of Al Atik and Gregor (2016) for the updated SSC model andstaof/760 m/sec. Solid lines are for
the updated GMC model and dashed lines are for the Al Atik and Gregor (2016) GMC model.
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Figure6-4. Ratio of UHS at periods of 0.01 (PGA), 0.2, 1, and 3 sec obtained using the updated GMC model and
to the UHS obtained using the Al Atik and Gregor (2016) GMC model for the updated SSC model asghdbr V
760 m/sec.
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Figure6-5. Comparison of mean annual probability of exceedance by source type at PGA (top left) and periods of
0.2 sec (top right), 1 sec (bottom left), and 3 sec (bottom right) for this study updatdiddines) compared to
the Atik and Gregor (2016) results (dashed lines) fegddf 760 m/sec.
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Figure6-6. Ratio of UHS at periods of 0.01 (PGA), 0.2, 1, and 3 sec from this study to the UHS fAdik &d
Gregor (2016) for ¥500f 760 m/sec.

6.2 PSHA Results

Probabilistic mean hazard curvésem this study updateare shown in Figuré-7 for PGA andpectral
periods of 0.2, land 3secfor the YDTI sitdor Vs3oof 760 m/sec The hazard curves are st by
sourcetype for the important sources controlling the hazard at the siégure 67 indicates that the
seismicitybased background source controls the hazard for return periods less than 2,475 years at all
spectral periods shown. For return periogieater than 2,475 years, the Continentak ParKault (also
referred to as Continental faulthecome the dominant contributor to the hazard at the 4 spectral
periods shownFor the seismicigpased background source, Figur& 6hows the total hazard &m the
gridded seismicity as well as the hazard from the extensional and compressional regime sources that
make up the total hazard from the gridded seismicity. Figuikiridicates that the extensional regime
source is the largest contributor to the hadarom the gridded seismicity with a negligible contribution
from the compressional regime sourtgpe. Similarly, the total hazard from the Continentak Park

fault is shown in Figure-Balong with the hazard from Rupture Models A and B that make apdtal
hazard from this fault. FigureBindicates that the Rupture Model A is a biggest contributor to the total
hazard from the Continental fault with a negligible contribution from the linked Rupture Model B
sources. This is expected given tB8% and20% weights assigned to Rupture Models A and B,
respectively. Finally, Figure/show a minor contribution to the hazard from the Rocker fault.

Given the hazard curves for the full suite of spectral periods, the computed uniform hazard spectra
(UHSYor the YDTI site at return periods of 475, 1,000, 2,475, and 16;6@80return periods are listed

in Table €1 and shown in Figure-&in loglinear and logog scaledor Vszpof 760 m/sec The dominant
scenarios characterized in terms of the meaagnitude distance and number of standardeviations

of ground motion (epsilondre shown in Figure ® andlisted in Table 6-2 to 6-4 for return periods of

475, 1,000, 2,475, and 10,000 years] for \4300f 760 m/sec As expectedFigure 69 indicateshat the
meanmagnitude increases and theeandistance decreases with the increasing return period hazard
level. For the ground motion at periods greater than 1 sec, FigugesBows that the mean magnitude
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(M 6.6 to 7.0) is larger than that at shorteegiods and the mean distance also increases compared to
the shorter spectral periods. Mean epsilon increases with the increasing return period level but is
generally below 1.

The binned magnitudand distance contributions to thé75year hazard level arghown in Figuré-10

for the YDThite for PGA and spectral periods of 0.2, 1.0, and 3.0S8gglar plots are shown in Figure 6
11 to 613 for the 1,000, 2,475, and 10,09@ar return periods, respectivebit PGA and spectral period
of 0.2 sec, thel75and 1,000year deaggregation plots show that the background sources idligiance
range of 10¢ 50 km andmagnituderange of 5.0¢ 6.5 are the controlling sources of the hazard at the
site. At spectralperiods of 1 and 3sec, the 475 and 1,00gear deaggregation plots show a more diffuse
distribution of significant contribution from the background sources over the distance rangeqof3®
km and magnitudes 6.0 to 7.5or the 2,475/ear return periodand at PGA and peod of 0.2 sec, the
controlling distance is less than 30 km and controlling magnitude is in the range 5 to 7.5 reflecting
contributions from both the background source and the ContineRfll Parkfault. The controlling
magnituderange shifts to 6.0 to 7.tor the longer spectral periods at the 2,4yBar return period. For
the 10,00Byear return period, the controlling magnitudange isM 6.0¢ 7.0 and distance less than 10
km at all spectral periods shown, reflecting the strong contribution from the iGemtal-Elk Park fault at
this return period.

Table6-1. Horizontal mean UHS for 5% damping for the YDTI site fa60f 760 m/sec

Period (sec) | 475yr PSA (g)| 1000yr PSA (g)| 2,475yrPSA (g)| 10,000yr PSA (g)
0.01/PGA 0.0876 0.1359 0.2276 0.4514
0.02 0.0898 0.1397 0.2345 0.4690
0.03 0.0995 0.1552 0.2616 0.5315
0.04 0.1132 0.1775 0.3006 0.6072
0.05 0.1270 0.1998 0.3399 0.6856
0.075 0.1612 0.2555 0.4349 0.8905
0.1 0.1831 0.2906 0.4961 1.0029
0.15 0.1986 0.3155 0.5414 1.1012
0.2 0.1923 0.3035 0.5211 1.0632
0.25 0.1765 0.2756 0.4688 0.9636
0.3 0.1598 0.2469 0.4160 0.8666
0.4 0.1312 0.1995 0.3324 0.6864
0.5 0.1116 0.1679 0.2775 0.5748
0.75 0.0776 0.1155 0.1894 0.3986
1 0.0553 0.0822 0.1346 0.2872
15 0.0346 0.0509 0.0820 0.1721
2 0.0242 0.0357 0.0573 0.1192
3 0.0139 0.0205 0.0328 0.0684
4 0.0092 0.0136 0.0217 0.0449
5 0.0066 0.0098 0.0158 0.0322
7.5 0.0037 0.0055 0.0087 0.0166
10 0.0024 0.0036 0.0058 0.0109
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Table6-2. Mean magnitudefor the YDTI site for ¥500f 760 m/secfor return periods of 475, 1,000, 2,475, and
10,000year return period.

Mean Magnitude
Period (sec) 475yr 1000yr 2,475yr 10,00Gyr

0.01/PGA 6.16 6.19 6.26 6.38
0.02 6.15 6.18 6.26 6.38
0.03 6.14 6.17 6.24 6.38
0.04 6.11 6.15 6.23 6.36
0.05 6.10 6.14 6.22 6.35
0.075 6.08 6.12 6.20 6.34
0.1 6.08 6.12 6.20 6.34
0.15 6.12 6.16 6.25 6.36
0.2 6.16 6.21 6.29 6.40
0.25 6.22 6.26 6.33 6.44
0.3 6.26 6.30 6.36 6.47
0.4 6.36 6.39 6.43 6.51
0.5 6.44 6.46 6.48 6.55
0.75 6.55 6.56 6.57 6.59
1 6.60 6.62 6.62 6.62
15 6.71 6.72 6.70 6.68
2 6.77 6.78 6.76 6.72
3 6.84 6.85 6.82 6.77
4 6.89 6.89 6.87 6.81
5 6.92 6.92 6.90 6.85
7.5 6.99 7.02 7.02 6.99
10 7.03 7.06 7.07 7.07
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Table6-3. Meandistance (km)for the YDTI site for $s00f 760 m/secfor return periods of 475, 1,000, 2,475, and
10,000year return period.

Mean Distance (km)
Period (sec) 475yr 1000yr 2,475yr 10,00Gyr

0.01/PGA 38.65 26.93 16.96 9.41
0.02 38.46 26.86 16.97 9.21
0.03 38.00 26.72 16.85 8.59
0.04 37.12 26.21 16.37 8.71
0.05 35.92 25.33 15.70 8.86
0.075 36.24 25.79 16.59 8.73
0.1 35.96 25.75 16.47 9.26
0.15 36.55 25.62 16.45 9.60
0.2 38.50 27.17 17.09 9.81
0.25 41.49 30.10 19.02 10.00
0.3 45.15 32.64 20.49 9.76
0.4 52.77 37.73 23.07 11.32
0.5 58.70 43.42 26.92 11.92
0.75 68.50 51.48 31.47 13.09
1 74.63 55.25 33.57 13.85
15 85.30 64.88 40.31 16.55
2 91.08 71.34 46.22 17.99
3 97.85 76.95 49.82 19.83
4 101.19 80.63 53.99 21.72
5 102.86 83.33 57.32 24.73
7.5 114,51 97.38 75.47 45.39
10 121.87 107.80 88.79 62.21
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Table6-4. Mean number of standard deviations of ground motion (Epsilofoy the YDTI site for $500f 760
m/secfor return periods of 475, 1,000, 2,475, and 10,09€ar return period.

Mean Epsilon
Period (sec) 475yr 1000yr 2,475yr 10,00Gyr

0.01/PGA 0.18 0.24 0.39 0.82
0.02 0.17 0.23 0.38 0.81
0.03 0.18 0.25 0.39 0.82
0.04 0.20 0.26 0.41 0.82
0.05 0.22 0.29 0.43 0.84
0.075 0.25 0.33 0.49 0.93
0.1 0.26 0.34 0.51 0.93
0.15 0.24 0.31 0.46 0.89
0.2 0.24 0.29 0.43 0.86
0.25 0.27 0.31 0.43 0.84
0.3 0.32 0.35 0.45 0.84
0.4 0.40 0.42 0.47 0.81
0.5 0.48 0.48 0.52 0.82
0.75 0.58 0.57 0.56 0.79
1 0.60 0.60 0.56 0.78
15 0.65 0.67 0.63 0.80
2 0.65 0.68 0.67 0.81
3 0.63 0.68 0.66 0.78
4 0.58 0.65 0.65 0.78
5 0.56 0.63 0.66 0.81
7.5 0.51 0.66 0.80 1.04
10 0.41 0.61 0.81 1.10
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Figure6-7. Mean annual probability of exceedance by source type at PGA (top left) and periods of 0.2 sec (top
right), 1 sec (bottom left), and 3 sec (bottom right) for this study update fandbf 760 m/sec.
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Figure6-8. Uniform mean hazard spectra for the YDTI site indotear scalgtop) and loglog scale [fottom) for
Vs300f 760 m/sec.
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Figure6-9. Mean magnitude (top left), distance (km) (top right), anepsilon(bottom) for the YDTI site for ¥500f
760 m/sec.
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Figure6-10. Magnitude-distance contribution to tie 475year return period hazarat PGA (top left) and periods
of 0.2 sec (top right), 1 sec (bottom left), 3 sec (bottom rigfd) the YDTFor Vszoof 760 m/sec.
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Figure6-11. Magnitude-distance contribution to the 1,00§/ear return period hazard at PGA (top left) and
periods of 0.2 sec (top right), 1 sec (bottom left), 3 sec (bottom right) for the YDTI §es0f 760 m/sec.
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Figure6-12. Magnitude-distance contribution to the 2,475ear return period hazard at PGA (top left) and
periods of 0.2 sec (top right), 1 sec (bottom left), 3 sec (bottom right) for the YDTI §es0f 760 m/sec.
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