
MEMORANDUM

consulting
scientists and
engineers MFG PROJECT: 180734

TO: Dr. A. K. Ibrahim, U.S. Nuclear Regulatory Commission

FROM: Roslyn Stem, Clint Strachan

DATE: December 21, 2004

SUBJECT: Sequoyah Fuels Corporation Site, Seismicity Issues

COPY: Craig Harlin, Sequoyah Fuels Corporation

This memorandum has been prepared to provide additional information on the seismicity issues discussed
in our telephone conversation on November 3, 2004. During this telephone conversation, five issues were
discussed, as a follow-up to the June 22, 2004 response to the NRC Request for Additional Information
(RAI) (SFC, 2004) and the subsequent memorandum with additional information dated September 7,
2004. These issues are outlined below.

I. Is Fault 70 in Table 6 of September 7,2004 memo considered capable?

In Table 6, all faults have been determined not capable per the Black Fox report. This statement was
inadvertently left off of fault 70.

2. t Verify the definition of magnitude used to calculate horizontal accelerations in Table A.1
and Table 6 of September 7, 2004 memo

The relationship developed by Slemmons (1982) correlates fault length to surface wave magnitude (M,).
The attenuation relationships developed to correlate magnitude and distance to peak horizontal
accelerations are based on various definitions of magnitude. Campbell (1981) uses M, for magnitudes
greater than 6.0 and local magnitude (MI) for magnitudes less than 6.0. Atkinson and Boore (1995) use
moment magnitudes (M.) in their relationships, as does Campbell in his 2003 paper. In Tables A. I and 6
presented in the September 7, 2004 memo, the magnitudes calculated based on fault length wvere
incorrectly reduced using a conversion from Nuttli magnitude (Mn) to moment magnitude for magnitudes
less than or equal to 6.0. Studies (Wells and Coopersmith, 1994, Kanamori, 1983) have shown that in the
range of 5.0 to 7.5, M, and Mw are approximately equal. Therefore, Table 6 is represented below
corrected for attenuation calculated using M,. The corrected version of Table A. I is shown in Attachment
1.
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3. Explain why fault 83, with MCE 6.1 and a distance of 14 km from site has a peak horizontal
acceleration of 0.45 g while fault 70, with AICE 6.0 and a distance of 14 km from site has a
peak horizontal acceleration of only 0.28 g.

As explained in comment 2, MCE equal or below 6.0 were mistakenly reduced using an Mn to M,
correlation. Therefore, for the attenuation relationship, the magnitude for fault 70 was incorrectly
reduced to 5.5. This correction has been made in Tables 6 and A.1 in this letter. This correction has little
impact on the final seismic assessment for the Sequoyah Fuels site since all faults in the region have been
determined to be inactive faults.

4. Assuming the random earthquake events can be limited to a magnitude of 6.2, what is the
calculated peak horizontal acceleration if this event is applied 15 km from the site?

Using Atkinson and Boore (1995) attenuation equations, the computed horizontal acceleration is 0.46 g.
Using the original magnitude-frequency curve as shown in Figure 1, the annual probability of having an
event of this size occur within this distance is approximately 1/75,000. If the magnitude-frequency curve
from LaForge (1997) is used (discussed further in comment 5), the annual probability of occurrence is
1/900,000.

5. Dr. Ibrahim commented that lie didn't feel comfortable with the explanation of using
concentric circles about the site as source zones for the random earthquake analysis, and didn't
agree with the larger circles (i.e. source zones) having larger 10,000-year earthquake events
associated with them as presented in Tables 1 and 3 of the September 7, 2004 letter. Provide
additional documentation to support technique and results for the random earthquake analysis.

In 1997, Roland LaForge issued a report on the seismic hazards associated with seven dams owned by the
U.S. Bureau of Reclamation (USBR) in Oklahoma (LaForge, 1997). One of these dams is the McGee
Creek dam, an earthfilled dam with a height of 161 feet. The dam is located approximately 90 miles
southwest of the site in Atoka County, in the Ouachita Uplift geologic province. In 2004, LaForge issued
a draft update to his seismic hazard assessment (LaForge, 2004). The following is a summary of the
approach used in these reports by LaForge to evaluate the peak horizontal accelerations associated with
the McGee Creek dam. In addition, because both the McGee Creek and Sequoyah Fuels sites are within
LaForge's study zone, a comparison between seismicity rates and horizontal acceleration results are also
made. A copy of the 1997 paper and the 2004'update is included in Attachment 2.

Area of study
In LaForge's study, Oklahoma was divided into three areas based on historical seismicity pattems.
Clusters of higher activity were observed in the mid to south-central portion of the state. The area east of
these clusters is defined by LaForge as Zone 3, and includes !the McGee Creek dam and the Sequoyah
Fuels site. The considered seismic hazards to the McGee Creek dam include the Meers fault and
randomly occurring events within Zone 3. However, the Meers fault is 230 km from the McGee Creek
site and 300 km from the Sequoyah Fuels site. Probabilistically, impacts on either site from the Meers
fault are considered insignificant.

Probabilistic seismic hazard approach
In accordance with current USBR practice, LaForge used a rigorous probabilistic approach in estimating
the seismic hazard where the ground motion associated with a desired probability of exceedance is
estimated. In this approach, the ground motion at a given probability of exceedance is not associated with
a specific seismic event. In calculating seismic hazards, LaForge accounted for the variability in all the
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parameters that are part of estimating site accelerations. Specifically, the probability of ground motion
exceedance was calculated by:

P(v 2 V) = E ffP(v 2 V) I(m, r))P(n)P(r)dmndr
S

Where P(v 2 V) is the probability that ground motion v exceeds some value V, from all possible sources

S.

P(v 2 V |(m, r) is the probability that ground motion v exceeds value V given a magnitude and distance.

P(m) is the probability of an event occurring with a given magnitude anywhere within the seismic

province under consideration.
P(r) is the probability that an event occurs at a given distance r from the site.

Attenuation Relationships
P(v 2 V I("n, r) represents the attenuation relation between magnitude and distance and the

accelerations at a site. This is modeled by the attenuation relations chosen. Ground motion attenuation
relations for the McGee Creek dam were modeled using EPRI (1993) and Atkinson and Boore (1995). A
weighted average 0.67 was assigned to the EPRI model, and 0.33 to the Atkinson and Boore model to
reflect LaForge's confidence in the peak horizontal acceleration results. Uncertainties in the attenuation
relationships are represented by the lognormal probability density function and are treated in the model by
discretizing the distribution into equal-probability values.

Recurrence Calculations
P(m) represents the seismicity rate for the entire source zone. It is modeled by the recurrence curve

developed for the site, of the form Log(N) = a - b(M) where N is the number of earthquakes of

magnitude M. The data was declustered and corrected for completeness intervals. Declustering is a
process of eliminating foreshocks and aftershocks of a main event so that all events can be assumed to be
independent events as is necessary for a Poissonian distribution. A declustering algorithm was used to
eliminate spatially and temporal dependent events.

In addition, LaForge estimated the completeness interval of the historical seismic data to account for the
ability to detect smaller magnitude earthquakes in recent history. Records of events with a body-wave
magnitude (mb) 4.0 through 5.0 are considered complete since 1930, 3.0 through 4.0 since 1973, and 2.0
through 3.0 since 1977. LaForge discusses normalizing the recurrence parameters to events per year per
square kilometer. In addition to the mean parameters, parameters are developed to provide upper and
lower bounds of the 95% confidence interval.

The maximum magnitude associated with a random event in Zone 3 was limited to mb of 6.0. This
assumes that events of higher magnitudes are typically associated with known fault features and are not
random event.

Location of Event
P(r) is the probability that an event occurring within the source zone will occur at a given distance r from
the site. For an area of uniform seismic activity, this probability is equal to A!Ap where Ar is the area
associated with a given distance r and Ap is the area of the seismic province. In order to analyze the
probabilistic seismic hazard for the McGee Creek dam, a gridded point-source model was used to
distribute seismicity uniformly across the zone. A grid spacing of 5 km was used. Because the source
zone is divided into 5 km grid spacing, the number of r distances an event can occur at is finite and is
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equal to 25 km2. Likewise, the probability of the occurrence of an event of a given magnitude at a given
location can be calculated as P(m) * P(r).

Computation
Uncertainties in attenuation and seismicity rate were accounted for by discretizing the lognormal
probability density function of each parameter into 50 equal-probability values, resulting in 2500 models.
These 2500 models were integrated into the acceleration exceedance model.

Results
As shown in the attached figure (Figure 2 , draft report dated 10/5/04, shown in Attachment 2), the peak
horizontal acceleration associated with the mean percentile, IE-4 annual probability of exceedance is
0.16g.

Discussion of results and methodologv as compared to those used by MFG
Several main differences between the LaForge analysis and the analysis by MFG should be noted.

* The ground motion recurrence relationships developed by LaForge are the result of the integration of
probabilities of occurrence for all possible events, and thus, are not associated with any specific
seismic event. The advantage of this method is that it allows an estimation of the 10,000-year ground
motion. The more deterministic approach used by MFG calculates ground motion by applying a
10,000-year event at an assumed location and by using a mean attenuation relationship.

* LaForge used a moreirigorous technique to develop the recurrence interval of seismic events. This
included correcting for completeness record and declustering dependent events. Figure 1 shows the
original magnitude frequency curve developed by MFG, a revised MFG curve corrected for
completeness record, and the curve developed by LaForge for Zone 3. It should be noted that
LaForge's curve has been modified as presented in LaForge (1997) to represent cumulative
frequency, rather than incremental, and adjusted for an equivalent area of the Ozark Uplift. The
LaForge and MFG revised curves are similar, especially when considering that the source zones are
slightly different (eastern Oklahoma of 65,000 km2 versus the Ozark Uplift of 322,000 km2).

* The probabilistic seismic hazard analysis approach used by LaForge uses probability distributions as
input parameters and produces ground motion probability distributions as output. MFG used mean
values for attenuation, and a single magnitude-frequency relationship; LaForge's analysis
incorporates the variability of these parameters.

It should be noted that in both LaForge's and MFG's analyses, the magnitude-frequency relationship for
the province P(m) is adjusted using the probability of occurrence at a specific location P(r) when
estimating the probability of occurrence of a given event at a given location. In both studies this
adjustment is made by taking the product of P(m) * P(r) where P(m) applies to the whole province and
P(r) is calculated by AIAp (as defined previously). In LaForge's analysis, the probabilistic model
generates seismic events emanating from 25 km2 grids. Had LaForge chosen a larger grid spacing, the
model would have generated a higher probability for any given magnitude event, but the event could
occur at fewer grid points. The closest grid points would be farther away from the site than the grid
points under a tighter spacing. In the MFG model, the 10,000-year event is calculated from a circular
area concentric about the site. Once an event is calculated for a circular or a grid area, the question
becomes where to place the event in order to apply the attenuation equation (in both analyses). LaForge
chose to apply the event at the centroid of the square grid which represents the mean distance of the grid
area from the site. Since MFG evaluated concentric circles about the site, the event was placed at the
mean radius from the site. As a comparison, had MFG used the same recurrence interval as LaFcorge, the
10,000-year event for a 25 km2 'circle centered at the site, (3.1 magnitude event applied 1.98 km from the
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site) and the mean attenuation values as developed by Atkinson and Boore (1995), the computed peak
ground acceleration is 0.14g, as compared to 0.16g by LaForge.

We trust that this memorandum addresses remaining questions regarding the seismicity analysis for the
Sequoyah Fuels site. MFG feels that the approach used in the analysis, while not as rigorous as that
described by LaForge, does produce similar or more conservative 'ground motions at the 10,000-year
recurrence level. The ability of the disposal cell to withstand a peak horizontal acceleration of 0.27 g is
considered to be adequately conservative.
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Table 6 Maximum Credible Earthquake and Site Ground Vibratory Motion for Critical Faults with Potential Horizontal Accelerations
Greater than 0.27 g.

Ilor. Black
Dist. Accel. at Fox

Fault fromn ICE Site (BF) Tectonic
Fault Length Site (Slemmons Campbell Fault BF Fault Province

ID (kin) (JLk) 1982) 2003 (g) ID Name (I ) Comments

BF fault 91 extends farther north than fault 103 of this report. Marble City fault, not capable per NRC Dec. 3, 1998 letter

103 42.1 1 7.0 1.403 91 Lyons OU to James Shepherd (SFC). Lyons faultnot capablepcr BFreport.

_Webbers South Faultof WamerUplift. Segments 35,101,12,99,and 33 in this reportconsidered collectivelyas Webbers Cove

99 4.4 8 5.7 0.641 78 Cove AB Fault in BF report. Fault not capable pcr BF report and NRC Dec. 3, 1998 letter to James Shephcrd (SFC).

Webbers Segments 35, 101, 12, 99, and 33 in this report considered collectively as Webbers Cove Fault in BF report. Fault not

33 3.1 9 5.5 0.503 78 Cove AB capable per BF report.
Greenleaf

95 L§7 16 6.4 0.464 77 Lake OU Northem part fomis horst with southern part of South Qualls fault (83 of BF report). Fault not capable per BF reporL

83 J.092 14 (o.I) OA50 85 AB Segments 70 and 83 of this report considered collectively as fault 85 in BF report Fault not capable per BF report

50 21.1 19 6.6 0.416 50 AB Fault not capable per BF rcport

70 2 14 6.0 7 0.402 85 Segments 70 and 83 of this report considered collectively as fault 85 in BF report Fault not capable per BF report.

39 5.3 14 5.8 0.355 79 CP Fault not capable per BF report.

18 4.6 14 5.7 0.352 94 Akins OU Segments 18, 66, 56, and 65 considered collectivelyas fault 94 in BF rcport. Fault not capable per BF report.

68 3.0 12 5.5 0.348 OU Fault not addressed specifically in BF rcport, but covered generally with Ozark Uplift faults. Not capable per BF report.

81 14.4 20 6.4 0.346 AB Faultnotaddressedspecificallyin BF report, butcovered generally with Arkoma Basin faults. Notcapable per BFreport.

49 11.0 19 6.2 0.338 88 Black Gum OU Fault not capable per BF report.

20 5.7 15 5.8 0.336 90 OU Segments 20, 57, and 80 considered collectively as fault 90 in BF report. Fault not capable per BF report.

Qualls-
22 18.6 23 6.5 0.323 82 Welling OU Segments 22 and 119 in this report considered collectively as fault 82 in BF report. Fault not capable pcr BF report.

_Webbers Segments 35, 101, 12,99, and 33 in this report considered collectively as Webbers Cove Fault in BF report Fault not

35 3.4 13 5.5 0.322 78 Cove AB capable per BF report.

85 9.7 19 6.2 0.321 83 South Qualls OU Fault not capable per BF report.

79 29.5 27 6.8 0.300 93 Greasy Creek OU Intersects the north end of the Atkins fault (94 of BF report). Fault not capable per BF report.

57 9.5 20 6.1 0.296 90 OU Segments 20,57, and 80 considered collectively as fault 90 in BF report. Fault not capable per BF report.

69 3.2 14 5.5 0.286 OU Fault not addressed specifically in BF report, but covered generally with Ozark Uplift faults. Not capable per BF report.

78 8.5 20 6.1 0.278 27 Kccfeton CP Segments 31 and 78 considered collectively as fault 27 in BF report. Fault notcapable per BF report.

37 15.2 25 6.4 0.254 95 OU Fault 95 in BF report sho vn extending north to Akins fault Fault not capable per BF report.

102 32.9 32 6.9 0.250 12 CP Fault not capable per BF report

53 28.3 31 6.8 0.246 78A S. Muskogee 1OU Fault not capable per BF report.

(1) OU = Ozark Uplift; AB - Arkoma Basin; CP = Cherokee Platform
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Attachment 1

Table A.1 Maximum Credible Earthquake and Site Ground Vibratory Motion for Critical Faults



Table A.I. Maximum Credible Earthquake and Site Ground Vibratory Motion for Critical Faults
Horizontal

Horizontal Acceleration Horizontal
IICE MCE Acceleration at Site Acceleration

Fault Distance (Slemmons, (Slemmons, at Site (Atkinson and at Site
Length from Site 1982, normal 1982, reverse (Campbell, Boore, 1995) (Campbell,

Fault ID ( (km) (km) faults) faults) 1981) (g) (g) 2003) (g) Comments

________ Faults Located Within 20 miles of Site

103 42.1 1 7.0 0.661 22.127 1.403 Marble City fault, not capable

79 29.5 27 6.8 0.124 0.340 0.300 Not capable. per BF report

53 28.3 31 6.8 0.108 0.292 0.246 Not capable, per BF report

50 21.1 19 6.6 0.145 0.446 0.416 Not capable. per BF report

22 18.6 23 6.5 0.120 0.363 0.323 Not capable, perBF report

95 15.7 16 6.4 0.150 0.492 0.464 Not capablc, per BF report

37 15.2 25 6.4 0.100 0.300 0.254 Not capable, per BF report

82 15.2 28 6.4 0.092 0.273 0.224 Not capable, per BF report

81 14.4 20 6.4 0.121 0.383 0.346 Not capable, per BF report

65 11.9 30 6.3 0.076 0.226 0.175 Not capable, per BF report

49 11.0 19 6.2 0.115 0.373 0.338 Not capable, per BFreport

93 10.0 25 6.2 0.086 0.267 0.221 Not capable, per BF report

85 9.7 19 6.2 0.109 0.356 0.321 Not capable, per BF report

57 9.5 20 6.1 0.103 0.333 0.296 Not capable, per BF report

52 9.3 31 6.1 0.068 0.205 0.154 Not capable. per BF report

83 9.0 14 6.1 0.136 0.473 0.450 Not capable, per BF report

58 8.8 23 6.1 0.085 0.269 0.225 Not capable. per BF report

77 8.5 26 6.1 0.076 0.238 0.191 Not capable, per BF report

78 8.5 20 6.1 0.097 0.316 0.278 Not capable, per BF report

56 8.2 22 6.1 0.087 0.277 0.235 Not capablc. per BF report

31 7.9 29 6.0 0.066 0.203 0.154 Not capable, per BF report

43 7.6 21 6.0 0.088 0.283 0.243 Not capable, per BF report

76 7.5 30 6.0 0.063 0.193 0.145 Not capable ,per BF report

70 7.2 14 6.0 _ 0.122 0.423 0.402 Notcapablcper BFreport

74 6.6 32 5.9 0.056 0.172 0.125 Not capable, per BF report

6 6.2 29 5.9 0.059 0.182 0.136 Not capable, per BF report

24 6.2 25 5.9 0.069 0.218 0.174 Not capable, per BF report

45 6.0 27 5.9 0.064 0.200 0.155 Not capable, per BF report

72 5.8 23 5.9 0.071 0.227 0.185 Not capable, per BF report

20 5.7 15 5.8 0.105 0.358 0.336 Not capable per BFreport

80 5.5 29 5.8 0.056 0.176 0.131 Not capable. per BF report

75 5.4 30 5.8 0.054 0.168 0.123 Not capable. per BF report

39 5.3 14 5.8 0.108 0.372 0.355 Not capable. per BF report

63 5.2 26 5.8 0.060 0.190 0.147 Not capabie, per BF report

48 5.1 28 5.8 0.056 0.175 0.131 Notcapableper BFreport

97 4.9 27 5.8 0.058 0.184 0.141 Not capable, per BF report

62 4.8 28 5.7 0.055 0.172 0.128 Not capable, per BF report

23 4.6 29 5.7 0.052 0.164 0.121 Not capable. per BF report
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Table A.1. Maximum Credible Earthquake and Site Ground Vibratory Motion for Critical Faults
(cont)

IHorizontal
lHorizontal Acceleration Horizontal

lNlCE IIICE Acceleration at Slte Acceleration
Fault Distance (Slemmons, (Slemmons, at Site (Atkinson and at Site

Length from Site 1982, normal 1982, reverse (Campbell, Boore. 1995) (Campbell.
Fault ID (km) (km) faults) faults) 1981) (g) ((g) 2003) (g) Comments

Faults Located Within 20 miles of Site

18 4.6 14 5.7 0.105 0.366 0.352 Not capable. per BF report

59 4.6 29 5.7 0.052 0.163 0.120 Notcapable. perBFreport

South Fault of Warner Uplift.
99 4.4 8 5.7 0.168 0.659 0.641 notcapablc

41 4.2 29 5.7 0.050 0.159 0.117 Not capable. perBF repot

27 4.0 20 5.6 0.070 0.229 0.197 Not capable. per BF report

46 4.0 31 5.6 0.045 0.140 0.098 Not capable. per BF report

73 3.9 30 5.6 0.047 0.147 0.106 Not capable. per BF report

47 3.8 32 5.6 0.043 0.134 0.093 Not capable, per BF report

66 3.7 18 5.6 0.075 0.249 0.221 Not capable, per BF report

71 3.5 24 5.6 0.056 0.179 0.142 NotcapableperBFrepot

35 3.4 13 5.5 0.095 0.330 0.322 Not capable. per BF report

44 3.4 22 5.5 0.058 0.187 0.153 Notcapableper BFreport

42 3.2 20 5.5 0.062 0.203 0.172 Not capable, per BF report

51 3.2 27 5.5 0.048 0.152 0.114 Not capable, per BF report

69 3.2 14 5.5 0.087 0.298 0.286 Not capable, per BF report

38 3.1 26 5.5 0.049 0.157 0.120 Not capable. per BFreport

26 3.1 23 5.5 0.054 0.175 0.140 Not capable. per BFreport

33 3.1 9 5.5 0.132 0.490 0.503 Not capable. per BF report

29 3.1 26 5.5 0.048 0.153 0.117 Not capable. per BF report

68 3.0 12 5.5 0.100 0.348 0.348 Not capable, per BF report

lypothetical 3.0 8 5.5 0.137 0.514 0.527

Faults Located Within 50 Miles of Site

102 32.9 32 6.9 0.112 0.294 0.250 Not capable. per BF report

105 25.9 39 6.7 0.085 0.220 0.169 Not capable. per BF report

104 22.7 47 6.7 0.068 0.174 0.122 Not capable, per BF report

110 18.9 79 6.9 0.049 -0.104 0.073 Not capable .per BF report

III 18.1 73 6.9 0.052 0.114 0.074 Not capable. per BF report

HIypothetical 18.1 32 6.9 0.112 0.293 0.250

200 50.0 61 7.1 0.074 0.157 0.113 Not capable, per BF report

201 29.4 61 6.8 0.059 0.136 0.089 Not capable, per BF report

203 14.1 74 6.4 0.034 0.086 0.049 Not capable. per BF report

204 12.4 76 6.3 0.031 0.079 0.045 Not capable, per BF report

205 10.6 75 6.2 0.029 0.076 0.042 Not capable. per BF report

202 10.5 63 6.2 0.035 0.095 0.053 Not capable. per BF report

209 10.1 58 6.2 0.038 0.103 0.059 Not capable .per BF report

207 8.5 76 6.1 0.026 0.069 0.038 Not capable. per BF report

208 6.7 79 5.9 0 022 0.060 0.033 Not capable, per BF report

A 206 4.1 69 5.7 0 020 0.057 0.028 Not capable, per BF report
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Table A.1. Maximum Credible Earthquake and Site Ground Vibratory Motion for Critical Faults
(cont)

Horizontal
Horizontal Acceleration Horizontal

MCE MCE Accelcration at Sitc Acceleration
Fault Distance (Slemmons. (Slemmons, at Site (Atkinson and at Sitc

Length from Site 1982, normal 1982. reverse (Campbell, Boorc, 1995) (Campbell.
Fault ID (kn) (ki) faults) faults) 1981) (g)(g) 2003) (g) Comments

Faults Located WVithin 100 Miles of Sltc

106 36.7 100 7.2 0.050 0.089 0.084 Not capable, per BF report

108 36.2 135 6.9 0.029 0.052 0.054 Not capable. per BF report

107 34.9 123 6.9 0.032 0.059 0.058 Not capable. per BF report

113 26.8 94 7.1 0.048 0.091 0.077 Not capable, per BF report

Hypothetical 26.8 80 7.1 0.055 0.110 0.083

211 10.2 158 6.6 0.019 0.035 0.033 Not capable, per BF report

216 109.7 145 7.8 0.054 0.063 0.096 Not capable, per BF report

212 76.2 118 7.6 0.057 0.081 0.102 Not capable. per BF report

210 88.7 102 7.4 0.059 0.094 0.098 Not capable. per BF report

217 85.1 147 7.6 0.048 0.060 0.085 Not capable. per BF report

215 61.6 119 7.5 0.052 0.077 0.094 Not capable, per BF report

213 51.5 151 7.4 0.038 0.054 0.068 Not capable, per BF report

214 23.3 105 7.0 0.040 0.076 0.068 Not capable. per BF report

Faults Located WVithin 150 Miles ofSite
109 118.0 202 7.6 0.034 0.037 0.053 Not capable. per BF report

114 35.6 173 6.9 0.022 0.036 0.037 Not capable. per BF report

219 80.5 162 7.6 0.042 0.051 0.073 Not capable, per BF report

221 72.2 232 7.3 0.023 0.026 0.034 Not capable, per BF report

220 39.3 190 7.0 0.021 0.032 0.034 Not capable. per BF report

Humboldt - 225.26 6.5 0.012 0.019 0.017 Humboldt

Faults Located Within 200 Miles of Site

Meers Fault 54.0 | 306 7.2 0.015 0.015 0.019 Meers Fault

(I) Fault ID corresponds to numbers shown on Figures 3.3 through 3.7 of the MrG (2003) Facility Seismicity Evaluation.
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Summary

Ground motions for seven U.S. Bureau of Reclamation dams in Oklahoma are developed in this
report. The dams are Altus, Arbuckle, Fort Cobb, Foss, McGee Creek, Mountain Park, and Nor-
man. Results consist of peak horizontal acceleration hazard curves, uniform hazard acceleration
response spectra at 5% damping, and acceleration and velocity spectrum intensity. All except the
hazard curves are for two return periods, 10,000 and 50,000 years.

The seismic hazard to the dams was modeled as three zones of random seismicity and the Meers
fault. The zones of random seismicity were defined solely on the basis of historic seismicity pat-
terns, and bear little relation to known geologic structures. Eastern and western zones consist of
large areas of relatively low-level, spatially homogeneous activity. A narrow zone in the mid-to-
south central part of the state contains three clusters of activity, the northernmost of which is the
location of the mb 5.0 1952 El Reno event. Maximum magnitudes of mb 6.0 were estimated for
the eastern and western zones, and mb 6.5 for the central zone.

The Meers fault is a unique feature of central and eastern North America, in that two surface fault-
ing events in the past 10,000 years have occurred on it. Before this time, however, no events can
be identified in the previous several hundred thousand years. To account for this temporally non-
uniform behavior, the fault was assigned a 70% probability of being active for the life of the dams.

A probabilistic seismic hazard analysis was performed for each dam based on earthquake recur-
rence statistics developed for the three zones and the Meers fault, incorporating uncertainties in
both seismicity rates and ground motion attenuation. The attenuation relations of EPRI (1993)
and Atkinson and Boore (1995) for rock sites were used. Mean (50th percentile) results for the
two return periods are tabulated below. -

Summary Ground Motion Results !

PHA (g) ASI (cm/sec) VSI (cm)

Dam 10,000 50,000 10,000 50,000 10,000 50,000

yrs yrs yrs yrs yrs yrs

Altus .15 .29 144 270 19 35

Arbuckle .28 .55 246 447 31 56

Fort Cobb .24 .42 240 478 32 68

Foss .11 .24 117 231 16 32

McGee Creek .17 .37 136 272 14 28

Mountain Park .24 .49 238 501 .34 74

Norman .29 .59 255 479 32 59
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1.0 Introduction

This report presents the results of a seismic hazard and ground motion assessment for seven dams
regulated by the U.S. Bureau of Reclamation in the state of Oklahoma. The report presents histor-
ical seismicity, recurrence statistics, and probabilistic ground motion analyses.

Seismicity in Oklahoma can be considered low, compared to more active regions of the western
United States. However, at least 2 events in the mb 5 range have occurred in historic times. The
spatial pattern appears relatively homogeneous, with the exception of three clusters of activity
that are seen in the south-central part of the state. The northernmost of these was the site of the
1952 mb 5.0 El Reno event. These features do not obviously correlate with known geologic struc-
tures.

Aside from randomly occurring moderate-magnitude seismicity, a hazard is presented by the
Meers fault. This feature is unique in that it is the only known fault east of the Rocky Mountains
that has identified Holocene surface rupture. It is judged capable of producing events of Mw 7,
and the dams located close to it are under greater risk of sustaining damaging ground motions
than others in the state.

Ground motions were developed using the probabilistic technique, as described by Cornell
(1968). Uncertainties in both seismicity rates and ground motion attenuation were incorporated
into the results. The results consist of hazard curves for Peak Horizontal Acceleration (PHA), uni-
form hazard acceleration response spectra (UHS) and acceleration and velocity spectrum intensi-
ties (ASI and VSI; as defined in von Thun and others, 1988) for return periods of 10,000 and
50,000 years.

1.1 Acknowledgements

Dr. James Lawson of the Oklahoma Geological Survey Observatory was most helpful in provid-
ing information and the benefit of his experience in regards to the seismicity of Oklahoma. Data
from the Oklahoma seismic network were invaluable in developing the results of this study.
Thanks also to Bert Swan of Geomatrix Consultants and Keith Kelson of William Lettis and
Associates, for sharing results of their geologic studies of the Meers fault.

1



2.0 Earthquake Recurrence

2.1 Catalog Preparation

The primary source of seismicity used in this study was the earthquake catalog of the Oklahoma
Geological Survey Observatory (OGSO). Because magnitudes were not computed for many of
the smaller events, magnitudes for such events listed in Geomatrix (1990, Appendix A) were
added to the data set. The Geomatrix catalog in turn was derived from magnitude 2 and greater
events from the OGSO and Decade of North American Geology (DNAG; Engdahl and Rinehart,
1991) compilations.

Three types of magnitude calculation are listed in the OGSO catalog. In converting these to a sin-
gle value, the precedence order described by Lawson (1985) was used. All three magnitudes are
considered essentially equivalent to mb. The entire catalog for central Oklahoma is plotted in fig-
ure 2-1. The time span covered is 1897 through December, 1996.

The OGSO has operated an 11 station short period seismograph network in Oklahoma since 1977.
Because all but two of the stations are located east of longitude 980W, coverage can be considered
better in the central and eastern part of the state.

2.2 Tectonic Features, the Meers Fault, Seismicity Patterns, and Zonation

The major geologic and tectonic provinces of Oklahoma (reprinted from Luza and Lawson, 1981)
are shown in figure 2-2. The Wichita, Arbuckle, and Ouachita Mountains and associated basins
are part of the Ouachita System, active during Pennsylvanian (-225 m.y.) time. The Nemaha
Ridge, a buried structure, trends SSW from Nebraska into Oklahoma, and appears to have been
active earlier, in the late Precambrian (Luza and Lawson, 1983). Microseismicity appears to be
associated with this feature in Kansas (Hildebrand and others, 1988).

The Meers fault is found along the southern margin of the Frontal Wichita fault system (Harlton,
1963). The fault location is shown in figure 2-1, and its structural relationship to the Wichita
Uplift in the cross-section in figure 2-2. It has the distinction of being the only fault with known
Quaternary displacement in North America east of the Rocky Mountains. It has been investigated
by a number of workers (e.g., Ramelli, 1988; Donovan and others, 1983; Crone and Luza, 1990;
Geomatrix, 1990; Swan and others, 1993). Pield studies reported in Geomatrix (1990) indicate a
fault length of 26 - 37 km and moment magnitude (Mw) of 6.75 to 7.25. Swan and others (1993)
report two Holocene surface faulting events, one at 1300-1400 years and one at 2100-2900 years
before present. Prior to these two events there is no evidence for surface faulting during the pre-
ceding several hundred thousand years. Recent seismicity has not been associated with the fault.

For use in the probabilistic analysis, it is necessary to decide upon magnitudes and activity rates
for the Meers fault. It is assumed that the fault is capable of producing Mw 7.0 earthquakes, and
any possible smaller magnitude events are ignored. To calculate activity rates, a Holocene rate of
2 events per 10,000 years was used, and it was assumed that earthquake occurrence on the fault is
a Poisson process. In statistical terms, a "success" is counted as one or more earthquakes in time
period t.
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Figure 2-2. Major tectonicfeatures of Oklahoma, from Luza and Lawson (1981).

We thus want to solve for t in the expression:

P(x>0,t) = e'

where P is the probability level, x is the number of earthquakes in time t, and X is 2/10,000. t can
be equated to the return period, and lit the annual rate. For probability levels of .16, .50, and .84,
the return periods are 9163, 3466, and 872 years, respectively. The P = .50 rate is close to the
4000 year return period used in developing the USGS National Hazard Maps (Frankel and others,
1966).

The Criner fault of southeastern Oklahoma was included in Geomatrix (1990) as a seismogenic
feature. However, recent geologic investigations have indicated that it is not an active structure
(Keith Kelson, personal communication, 1997).'

In general, the seismicity distribution in figure 2-1 can be characterized by a low level of activity
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in the western portion of the state, three areas of concentrated activity in the mid to south central
portion, and a fairly uniform distribution in the southeastern region, apparently denser than the
western region. Comparing figure 2-1 to figure 2-2, there appear to be no obvious relationships
between tectonic features and seismicity patterns. The central clusters, however, lie between the t
Wichita Mountain and Ouachita Mountain Uplifts, and follow the eastern boundary of the Ana-
darko Basin. Whether this is physically significant or coincidence is not clear. Because detection
capabilities in the state have been roughly uniform at about magnitude 2 and above since 1977 (J. -
Lawson, personal communication, 1997), the distribution shown in figure 2-1 is not significantly
biased.

For the purposes of this study, the three zones of random seismicity shown in figure 2-1 were
delineated. This zonation scheme is based purely on the appearance of recent seismicity, without
regard to tectonic features, but is also influenced by the locations of the subject dams. Zone I con-
sists of diffuse activity occurring in the western part of the study region. Zone 2 consists of three
clusters of ongoing activity. The northernmost cluster contains the 1952 mrb 5.0 El Reno event.
Zone 3 contains heterogeneous, diffuse seismnicity. Not plotted, but included in the recurrence cal-
culations for Zone 3, is a mb 5.5 earthquake that occurred on October 22, 1882. This event has
proven difficult to locate, but was most recently placed in eastern Oklahoma by Carlson (1984). J
It has been suggested (Luza, 1985) that the central and southern clusters in Zone 2 are at least
partly associated with petroleum extraction. However, an analysis designed to identify and quan-
tify this possibility to our knowledge has not been conducted, and is beyond the scope of this
report. Such a study would possibly lower the seismicity rates calculated for Zone 2.

2.3 Recurrence Calculations

2.3.1 Declustering

In order to compute earthquake recurrence for the three seismic source zones, it is necessary to
delete aftershocks and other "dependent" events so that the catalog approximates a Poissonian, or L
random data set, estimate completeness periods for various magnitude ranges, and estimate the
maximum magnitude of randomly occurring earthquakes. E

In order to model and predict earthquake occurrence as a random process, the catalog must
exhibit random space-time characteristics. However, due to the existence of foreshock-main-
shock-aftershock sequences and swarms, the data set cannot be considered to have "random" or
Poissonian characteristics. It was therefore necessary to identify and account for these events.
The declustering algorithm of Reasenberg (1985) was used for this purpose. This technique, with l
some modifications, was used by Savage and DePolo (1993) to search for foreshocks in the
Nevada seismicity catalog. The algorithm used in this report is based on these two papers, with
some additional appropriate modifications. The major details are described below. {
Any cluster identification scheme must establish criteria for deciding whether successive events
in the catalog are "dependent" on or "independent" of neighboring ones in time and space. To
determine spatial dependence, a "mainshock" is defined, with a magnitude-dependent source
radius based on the circular crack model described in Kanamori and Anderson (1975) and a stress
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drop of 30 bars. The radius of the next event in time is defined as its circular crack radius times a
factor Q. If the distance between the two epicenters is less than the sum of the two radii, the two
events are considered to be spatially dependent. Temporal dependence is judged by an applica-
tion of Omori's Law, which describes the exponential decay of aftershocks with time. The after-
shock sequence is modeled as a time-dependent Poisson process. The "look-ahead" time criterion
is thus a function of the magnitude of the mainshock, the detection threshold magnitude, the con-
fidence probability, and the time between the two events. Since the "look-ahead" time X is pro-
portional to the time difference, upper and lower bounds must be placed on it. If the time
difference is less than r, the two events are considered temporally dependent. If both spatial and
temporal criteria are satisfied, the two events are considered dependent. If the magnitude of the
second event exceeds that of the first, it is considered the new mainshock.

Because Reasenberg (1985) applied this technique to a catalog resulting from a spatially and tem-
porally uniform seismograph network, he did not need to be concerned with changes in earth-
quake location capabilities through time. During the time span of our data set, however, (mid-
1800's- 1996) the changes in earthquake location precision have been great. Therefore it was nec-
essary to place lower limits on the distance criteria, based on estimated relative epicentral location
precision. These historical time-distance limits are shown in table 1. Estimated magnitude detec-
tion thresholds for these time periods are also shown in table 1. These values were used to esti-
mate the maximum T, as described in Savage and DePolo (1993). Minimum T was set to 4 days,
larger than the I day used by Reasenberg (1985) for a higher quality, lower magnitude data set.
All other parameters used in the analysis were those recommended by Savage and DePolo (1993).

Table 2-1: Estimates of Maximum Epicentral Location Precision and
Minimum Magnitude Used in Declustering Algorithm

Dates Estimated Location Minimum
Precision (kim) Magnitude

1/1850- 12/1929 80 5.0

1/1930- 12/1960 45 4.0

1/1962- 12/1976 30 3.0

1/1977- 12/1996 20 2.0

In lieu of available aftershock decay parameters for Oklahoma earthquakes, the parameters com-
puted for a number of Utah Intermountain Seismic Belt earthquakes by Arabasz and Hill (1994)
were used. The earthquakes in each identified cluster were combined into one "equivalent" event
by finding the seismic moment-weighted average location and origin time. As opposed to com-
puting an "equivalent" moment magnitude (based on the summed seismic moment) of all the
events in the cluster, however, the largest magnitude of the cluster was used. Although some of
the total seismic moment of the catalog is lost, magnitudes are not artificially inflated.

A plot of the declustered catalog, for events of magnitude 2 and greater, is shown in figure 2-3.
Space-time diagrams for this data set are shown in figures 2-4a and b. The temporal behavior of
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the three Zone 2 clusters is visible in these figures. The middle cluster at latitude 34.7 has been
persistently active since at least 1978.

2.3.2 Completeness Periods

In order to compute earthquake recurrence it is necessary to estimate completeness periods for
various magnitude ranges. Estimates for Oklahoma published or communicated by three sources
are shown in graphical form in figure 2-5, in addition to the values adopted for this study. Note
that the the J. Lawson curve is coincident with that used for this report below magnitude 3.5.
Because seismograph station coverage in Zone I has been less dense than in the central and east-
ern parts of the state, the lowest detectable magnitude has been estimated to be 2.5. Table 2-2a
gives the completeness period dates, and the number of earthquakes in each range for Zone I and
table 2-2b gives the same information for Zones 2 and 3. The declustered earthquakes, filtered for
these completeness periods, are plotted in figure 2-6.

F
F

F"
Li.

Table 2-2a: Completeness Periods and Event Counts Used in
Recurrence Calculations, Zone I

Eg,

Magnitude Number of Earthquakes
Range (mb) Completeness Period

Zone 1

2.5 - 3.0 1/1977- 12/1996 19

3.0- 3.5 1/1973 - 12/1996 6

3.5-4.0 1/1962- 12/1996 3

4.0 -4.5 1/1930 - 12/1996 1

4.5 - 5.0 1/1897 - 12/1996 0

5.0- 5.5 1/1850- 12/1996 0

5.5 - 6.0 1/1850 - 12/1996 . 0

Ii.

I

Table 2-2b: Completeness Periods and Event Counts Used in
Recurrence Calculations, Zones 2 and 3

Nurnber of Earthquakes
Rangnie (mb Completeness Period

R Zone 2 Zone 3

2.0 - 3.0 1/1977 - 12/1996 202 114

3.0- 4.0 1/1973 - 12/1996 8 2

4.0 - 5.0 1/1930 - 12/1996 2 4

5.0 - 6.0 1/1850 - 12/1996 1 1

E
L

C
LI
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Figure 2-6. Earthquakes used in recurrence calculations.

2.3.3 Recurrence curves

Earthquake recurrence statistics were computed for each zone from this data set, using unequal
observation periods for different magnitude ranges and the maximum likelihood method
(Weichert, 1980). Data variances were computed as suggested in Weichert (1980). Model uncer-
tainty bounds were calculated using the method of Bollinger and others (1989). Incremental
recurrence curves for the three zones are shown in figures 2-7a, b, and c. Incremental curves,
rather than cumulative, are shown because these rates and their uncertainties are those used in the
probabilistic analysis. Tables 2-3a, b, and c give the computed and observed return periods for
various magnitude ranges along with 95% confidence bounds, and table 24 gives the incremental
and cumulative a and b recurrence parameters with their standard deviations. The a values have
been normalized to events/year/km . The areas of the source zones are also given in table 24.
Standard deviations for the Zone 3 cumulative parameters were not meaningful.
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Table 2-3a: Oklahoma Zone 1: Observed and Predicted Return Periods,
with Upper and Lower Bounds of 95% Confidence Interval

Magnitude Observed Return Predicted Return Lower Upper
Range Period (yrs) Period (yrs) Bound Bound

2.5 - 3.0 1.0 1.0 . .67 1.5

3.0 - 3.5 4.0 4.2 2.8 6.3

3.5 - 4.0 12 17 8.6 34

4.0 - 4.5 67 70 25 197

4.5 - 5.0 not observed 285 69 1180

5.0 - 5.5 not observed 1170 192 7060

5.5 - 6.0 not observed 4770 535 42600
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F
Table 2-3b: Oklahoma Zone 2: Observed and Predicted Return Periods,

with Upper and Lower Bounds of 95% Confidence Interval F
Magnitude Observed Return Predicted Return Lower

Range Period (yrs) Period (yrs) Bound

2.0-3.0- .11 .11 .09 .12

3.0 - 4.0 2.7 2.0 1.3 3.1

4.0 - 5.0 34 38 16 90

5.0 - 6.0 147 716 195 2628

6.0 - 7.0 not observed 13,461 3135 76,750

Table 2-3c: Oklahoma Zone 3: Observed and Predicted Return Periods,
with Upper and Lower Bounds of 95% Confidence Interval

Magnitude Observed Return Predicted Return Lower Upper
Range Period (yrs) Period (yrs) Bound Bound

2.0 - 3.0 .18 .18 .15 .22

3.0 - 4.0 12 2.7 .1.7, 4

4.0-5.0 17 40 16 : is 102

L

F
I:

1!
L:
EiCi
I

5.0 - 6.0 147 594 145 22430 ,w

RIJ
Table 2-4: Recurrence Parameters for Random Seismicity Source Areas

a, incremental (a) a, cumulative (a) b(a; inc,cum) Area (k 2 ) |

* Zone 1 -1.497 (.531) -1.681 (.322) 1.124 (.174,.115) 71,778

Zone 2 -0.011 (.264) -0.624(.384) 1.274 (.098,.183) 14,544

Zone 3 -1.145 (.282) -1.701 1.172 (.107) 65,402

It.M

C

I

L
L-:
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3.0 Probabilistic Seismic Hazard Analysis

3.1 Methodology and Inputs

A probabilistic seismic hazard analysis (PSHA) was performed for each damsite, using the ran-
dom seismicity source zones and the Meers fault as seismic sources, as shown in figure 2-1. The
basic methodology follows that of Cornell (1968). For the sources of randomly occurring seismic-
ity, a gridded point-source model was used to distribute seismicity uniformly in the source
regions. The grid spacing was 5 km.

The Meers fault was modeled as a line source using the program SEISRISK III (Bender and Per-
kins, 1987). Assigned activity rates and return periods for the 16th, 50th, and 84th percentile lev-
els are developed in section 2.2. It is assumed that the fault is capable of producing only Mw 7.0
earthquakes.

The Quaternary history of the Meers fault consists of two Holocene events, preceded by several
hundred thousand years of quiescence. This raises the question of whether the the fault is in an
"active" phase, with return periods for surface faulting events on the order of several hundred to a
few thousand years, or whether it will remain dormant for the next several hundred thousand
years or more. There is little, if any, scientific information to support either scenario. For this
study it is judged that there is a 70% probability that the Meers fault will continue to be active at
the Holocene rate for the life of the dams.

Two ground motion attenuation functions, EPRI (1993) and Atkinson and Boore (1995), were
used in the analysis. Both are based on the stochastic point source modeling technique, with input
parameters and results constrained by the meager collection of records available for eastern North
America (The EPRI (1993) relation also used two western North America events for calibration
purposes). A comparison of the two relations is found in Atkinson and Boore (1997). The Atkin-
son and Boore (1995) relation in general gives higher median PHA results due to the assumption
of less high-frequency attenuation. The EPRI (1993) relation uses horizontal distance to the sur-
face projection of the fault as its distance measure, equivalent to the Joyner-Boore distance (e.g.,
Joyner and.Boore, 1988) and "fictitious" depths. Atkinson and Boore (1997) assumed a hypocen-
tral depth of 10 km in developing their relation.

A third eastern North America relation has been developed by Frankel and others (1996), and
gives results very similar to EPRI (1993) (Atkinson and Boore, 1997). For the purposes of this
study, the EPRI (1993) relation was given a weight of .67; the Atkinson and Boore (1995) relation
by .33. The reasons for preferring the EPRI (1993) relation are its similarity to the Frankel and
others (1996) relation, and that Atkinson and Boore'(1995) express little confidence in their peak
horizontal acceleration results. The EPRI (1993) relation also contains more detailed uncertainty
calculations; these have a significant impact on the final results.

Uncertainties in attenuation and seismicity rate were accounted for by complete enumeration. The
lognormal probability density functions (PDFs) for each parameter were discretized into 50
equal-probability values, resulting in 2500 models. The results from these models were then
ordered and integrated into PDFs for each acceleration exceedance level. Formal Gaussian seis-
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micity (log) rate uncertainties were calculated as part of the earthquake recurrence computations,
and are represented by 95th percentile confidence bounds in figures 2-7a-c. Ground motion uncer-
tainties as described in the attenuation relation documentation were applied. The EPRI (1993)
uncertainties are described in Toro and others (1997), and are frequency, magnitude, and distance .
dependent. The Atkinson and Boore (1995) uncertainties are only frequency dependent. Because
no standard deviation was listed for peak horizontal acceleration, their value for 10 hz spectral.
response was used.

It is necessary to estimate maximum magnitudes for each random source zone for use in the prob-
abilistic analysis. This is perhaps the most difficult task of seismic hazard assessment. A number l
of approaches can be taken, all of which rely on poor circumstantial evidence (e.g., EPRI, 1987).

Two comprehensive seismic hazard studies were conducted during the 1980s for the central and V
eastern U.S., one by the Electric Power Research Institute (EPRI, 1986) and the other by
Lawrence Livermore National Laboratory for the Nuclear Regulatory Commission (Bernreuter
and others, 1989). Both relied heavily on zonation and maximum magnitude estimates made by
experts. Table 3-1 lists the estimates of maximum magnitude (mb) made in these studies for their
corresponding source region. Because the source zones in these studies rarely coincided exactly
with those used here, judgement was exercized in correlating zones. In some cases a weighted
average of magnitudes as presented in the studies was calculated; in others an average of two
zones was taken if they were contained in the zones used in this study. In addition, estimates from
two other reports or articles are presented.

Taking the mean of the estimates resulted in mb 6.1 for Zone 1, mb 6.3 for Zone 2, and mb 6.0 for
Zone 3. Values adopted for this study were mb 6.0 for Zone 1, Mb 6.5 for Zone 2, and mb 6.0 for
Zone 3. A minimum magnitude of 5.5 was also applied. It was judged that events of magnitudes
less than 5.5 are not of engineering significance to the dams.

Table 3-1: Estimates of Maximum Magnitude (mb) from Available Publications
' 1 , T| L

Source Zone 1 Zone 2 Zone 3

Bernreuter and others (1989) Expert 2 6.0 6.5, 6.5, 7.0 6.5

Bernreuter and others (1989) Expert 3 6.0 6.0 5.5

Bernreuter and others (1989) Expert 4 6.1 5.6

Bernreuter and others (1989) Expert 6 6.8 6.8 6.8

Bernreuter and others (1989) Expert 7 6.5 6.5 6.5

Bernreuter and others (1989) Expert 10 6.3 6.3 6.3

Bernreuter and others (1989) Expert 10 6.5 6.5 6.5

Bernreuter and others (1989) Expert 12 6.0 6.0 6.0

EPRI (1987), Vol. 5 5.9

l.L.
Ii

L
L
L.
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Table 3-1: Estimates of Maximum Magnitude (mb) from Available Publications

Source Zone 1 Zone 2 Zone 3

EPRI (1987), Vol. 6 6.0 6.2 5.3

EPRI (1987), Vol. 7 6.1 5.7 5.5

EPRI (1987), Vol. 9 5.9 6.8 5.9

.Nuttli and Herrmann (1978) 6.3 6.3 6.3

Johnston and Nava (1990) 5.3 6.0 5.3

Mean of the Above: 6.1 6.3 6.0

This Study 6.0 6.5 6.0

A logic tree computation scheme was applied, based on the weights given the two attenuation
relations and the estimated probability of activity on the Meers fault. This structure, with the
assigned probabilities, is shown in figure 3-1.

Probability 3.2 Results
Meers Fault 47

0 1Ground motion results are presented in -

Attenuation the form of hazard curves for Peak Hori-
a0  zontal Acceleration (PHA), Uniform

Hazard Spectra (UHS) for return periods
of 10,000 and 50,000 years, and ASI and

e .VSI (von Thun and others, 1988) for the
10 .23 two return periods. 16th, 50th (mean),

cd6595  pand 84th percentile results are shown.
,9 0/e 'The results are presented in Appendices

A through G, corresponding to results for
-// ~ A -Altus, Akluckle, ForfCobb, Foss, >

.10 G McGee Creek, Mountain Park, and Nor-
man Dams, respectively.

Figure 3-1. Logic tree of attenuation relation A description of the figures and table in
choices and Meersfault activity. ep93 refers to each appendix is as follows:
EPRI (1993); ab9S refers to Atkinson and Boore

(19). Figure 1 shows PHA hazard curves for
all relevant sources (individual random

sources and the Meers fault) and the cumulative curve, for the EPRI (1993) attenuation relation.
The relevant sources are different for each dam, depending on its geographic location in relation
to the seismic sources.

Figure 2 is the same as figure 1, except that results for the Boore and Atkinson (1995) attenuation'
relation are shown.
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Figure 3 is the final PHA hazard curve calculated according to the logic tree shown in figure 3-1,
for the 16th, 50th (mean), and 84th percentile levels.

Figure 4 shows Uniform Hazard Spectra (UHS) for a 10,000 year return period, for the random r
earthquake and Meers fault source, for each attenuation relation.

Figure 5 is the same as figure 4, but for a 50,000 year return period. F
Figure 6 shows the final UHS for a 10,000 year return period, at the 16th, 50th (mean), and 84th
percentile levels. l

Figure 7 is the same as figure 6, but for a 50,000 year return period. [
Table 1 gives PHA, ASI, and VSI results for the two return periods, at the 16th, 50th (mean), and
84th percentile levels. [
3.3 Discussion

The PHA hazard curves reflect their proximity to the various seismic sources. The Meers fault is
the dominant source for Mountain Park and Fort Cobb dams, which lie at distances of 33 and 37
km, respectively, from the fault. For these sites, the hazard from the Meers fault exceeds that from
the random seismicity. For Altus Dam, at 58 km, the hazards from the fault and random seismic-
ity source are approximately equal. For the remaining dams, the fault assumes diminishing signif-
icance with distance. Ground motions levels at McGee Creek Dam, 223 km from the fault, were F
less than .01 g at all spectral response periods, and are therefore not portrayed. Proximity to Zone
2 (Arbuckle and Norman dams) produces relatively high values, due to its higher rate of activity
and higher maximum magnitude, relative to Zones I and 3. .

Proximity to the Meers fault is also reflected in the shapes of the uniform hazard spectra. For
example, the PHA hazard curves for Fort Cobb and Norman dams are relatively high compared to [

the others. Fort Cobb dam is fairly close to the Meers fault, and Norman dam is close to Zone 2,
which has the highest level of seismicity of the three zones, and also the highest maximum magni-
tude. However, at longer periods the responses for Fort Cobb dam are higher than for Norman L
Dam. This is because Mw 7 events on the Meers fault generate higher amplitude long period
motion than Zone 2 events, which consist of earthquakes in the mb 5.5 to 6.5 range. F
Finally, it is necessary to point out that estimates of peak acceleration critically depend on
regional high frequency attenuation, a little-known parameter in eastern North America. Atkinson
and Boore (1995), in discussing their attenuation relation, state that "...we assume that frequen- L
cies above 20 Hz (including peak acceleration) are not of engineering interest". Consequently,
the response spectra developed in this report constitute a more reliable and meaningful character-
ization of the seismic hazard than peak horizontal acceleration.
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Appendix E

Results for McGee Creek Dam
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Figure E-J. McGee Creek Dam: individual and total hazard curves for PHA, EPRI
(1993) attenuation.
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son and Boore (1995) attenuation.
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Table E-1
Summary Results for McGee Creek Dam

PHA (g) ASI (cm/sec) VSI (cm)
Percentile

10,000 yrs 50,000 yrs 10,000 yrs 50,000 yrs 10,000 yrs 50,000 yrs

16th .08 .21 69 156 8 16

50th .17 .37 136 272 14 28

84th .29 .53 221 391 22 40
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McGee Creek Dam

Seismic Hazard

1. Seismic Hazard

McGee Creek Dam is located in southeastern Oklahoma. Historic seismicity within the state has
been relatively low, the two largest events being a mb 5.5 event somewhere in the Oklahoma-
Missouri boundary region in 1882, and a mb 5.0 event near El Reno (seen in the upper part of
Zone 2 in Figure 1) in 1952. The Meers fault lies about 230 km WNW of the Dam, and has
apparently produced two surface faulting events in the past 10,000 years. Potential magnitudes
for the Meers fault have be estimated to be in the 6.75 to 7.25 range; however, due to its distance
from McGee Creek Dam, it is not considered in the hazard analysis.

Seismic loadings for McGee Creek Dam have been updated from LaForge [1], and the reader is
referred to that document for more complete information. Seismicity was updated through
September, 2004, and advances in computational techniques since the 1997 study were
implemented.

Figure 1 shows the location of McGee Creek Dam, the Meers fault, and seismicity used in the
hazard calculations. Seismicity was divided into three areal zones, based on observations of all
historic seismicity. From the seismic hazard standpoint, the dam is affected only by seismicity in
Zone 3. However, due to the small number (7) of earthquakes of magnitude 3 or greater in this
zone (the 1882 event is not plotted in Figure 1) recurrence was computed for all three zones, and
this rate applied to sites in Zone 3. While the total number of events used (33) provides a much
more stable estimate of seismicity rates, hazard estimates for Zone 3 will be on the conservative
side.

Figure 2 shows the mean hazard curve for PHA, with fractiles. The PHA levels for return periods
of 5000, 10,000 and 50,000 years are 0.11 g, 0.15 g, and 0.33 g, respectively. Mean uniform
hazard response spectra (UHS) are shown in Figure 3.

1I. Strong-Motion Monitoring

There are no strong-motion instruments at McGee Creek Dam, and no significant earthquakes
have occurred in area since it was constructed.

l ~McGee Creek Dam
Seismic Hazard
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Reference

[1] "Seismic Hazard and Ground Motion Analysis for Altus, McGee Creek, Fort Cobb, Foss,
McGee Creek, Mountain Park, and Norman Dams", Seismotectonic Report 7-1, prepared by
Roland LaForge, U.S. Bureau of Reclamation, Denver, Colorado, 19 p., 1997.
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Figure 1. Location of McGee Creek Dam (white dot) and seismicity (red dots) used in hazard calculations.
Earthquakes are scaled by magnitude; smallest circle is magnitude 3; largest magnitude 5. Meers fault shown
as green line.
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exit(0);

* I . .......... ..

near the bottom. The expression k = 19 refers to an acceleration level of .20 g; k =9 would
mean .10 g, etc. The exit ( 0) statement stops the program; remove it if you want it to continue.

4.0 Theory and Computation Methods

4.1 Theory

The basic formulation for probabilistic seismic hazard computation was introduced by Cornell
(1968). The equation, based on the total probability theorem, is as follows:
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P(va 1') = XJP('Vi'~"IQi, r))P-('Mjp'(r)d1mdr (1)
S mr

P(v Ž 1>) is the probability that ground motion v exceeds some value V,
S is all sources,

P(v Ž J'1(m, r) is the probability..tha't ground motion v exceeds value V given a magnitude
ajid'distance, ~ i.$

P(m) is th~e 'probability of a giv~en magnk-it'ude',
P(r) is the probability of a gIH ':distAr:c. : * .

The eftsid of he quaion s 'iv~i~e~~e~5&sper year. The equation states that the proba-
bility of the ground motion exceeding sonieValue is equal to the sum of the probabilities that all
possible magnitudes occurring'at all possible locations will exceed that value for a given source
zone. The total probability for a given'level is the sum of the arnnua frequency contributions from
all sources.a

It is also assumed that earthquil dcur ncehi a~i Poisson process, which mea~ns that
1) the probability tf occurrencegdriungda vemo'n time interval At is given by Xt where

X. is the rate, ) l'. 4 ii .' ..;.
2) the probability of more than one occurrence during this interval is negligible, and
3) the probability of an occufien during this interval does not'depend on what happened

prior to that time. i

Use of this model othis prexsumcesdtha ev~alueiseq occur randomly in tihe. For large, active iden-
tifiable seismic sourceis itn' i ii that al lapigeb earthquaikes woccur with some semblance of period-
icity, and that thpri6bability frOa'f6 irenc'6s'heold increase as tinie goes on, and some occurrence

al so rcs ;4 1 -J Itm '. r - . I c 4

models'have attefipjt'e'd to't~akd this iiito hccount (e.g., Corneillan'd.Witerfstein,'1988). However,
for our purposes it is assumed that ealcc ake'es occur randdmnly not only ih time, but in horizontal
space within a 'given soutre zon e. g

In addition to non-random behavior due to heterogeneous geologic structure and crustal stress dis-
tribution, aftershocks often ocur after earthqaes of at l6ait moderate size, and earthquakes'
often occur as "swarmV;ith no identifiable mainshock-ald ershock segregation. It is therefore

prior~hevnt to satist time 'Poisso-' 'a

often necessary to 'decluste'r" a' earthquake catalog to remove msulh ents to large, the isen-
criteria. Anumber of schemes are available for doing this; I use one based on Reasenberg (I 985
(see declust in utils directory). -

The Poisson probability distribution is given by:

P(X;X) e(2) '

where P(xa ) is the probability of x occurences given a rate of X (In our scheme is per year).
For zero occurrences, the probability is simply a e, and the probability of 1 or more occurences
I-ea. This last expression, in our framework, is the probability that there are occurrences which
cause exceedance of a given ground motion value, and thus is equivalent to the left hand side of

I

II
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equation (1). Note that for X of about .1 and less, X 1-e . Seismicity rates for the magnitude
range we are interested in (2 5.0), annual rates are almost always below this value. Thus the terms
atnnualptobability ufetueedunce and annualfrequencysofexceeedance can be considered inter-
changable.

4.2 The Geographical Model

P(r) in equation (1) is represented by the geographk distrbution of the source zone. The pro-
grams begin by setting up a rectangular grid of points with the specified grid spacing, defined by
lines 3-6 in Box 1. As each source zone is processed,-p`oint iithis master set lying within the
zone are identified and processed.'Each point represents a square surrounding the point, whose
sides are the grid spacing dimension in length, and who'sie area' is the grid spacing squared. The
seismic activity rates are scaled to this area. -

The hypocentiril depth distribution (for attenuation funcions which use it) is approximated by a
triangular distribution, with peak and maximum'nValues as specified in line 23, Box 1. This
approximation seems to be consistent with global and local obsirvations (e.g., Strehlau, 1986).
Because it is not seismologically plausible for earthq-uakes:of magnitude 2 5 to have hypocentral
depths at the surface, and upper limit is inposed. This depth is assumed to be the radius of a circu-
lar crack having a stress drop of 50 bars; The equKiioh'from Kanamori and Anderson (1975) is

r o 7 1 '';@ i,','s !1i:r =La 16 1 (4)

where Mo is seismic moment, Aa is stress 'dp, 'and r is crack radius. The 50 bar value represents
an average value, and can be reset in 'depgeiGO3.c, 'in'pshalib. 'The fault dip in line 23, Box 1 rep-
resents the average dip of faults in the region'and is aicountd for in calculating the minimum
depths. Figure 3, from LaForge and otheirs (1999) shows depth distributions for a range of magni-
tudes, used for the Sierian Foothills, Californ .Par'ameters for this example are a maximum
depth of 20 kIn, a peak of 10, stress drop of 100 bars, and a dip of 60°.

. X : . -5.50 - 5.75
...... 5.75 - 6.00

Z, 6\ - - 6.00 -6.25
_ Ho .o \. - - 6.25 - 6.50

o 5 10 15 20, 2 la
Focal Depth ( * i

Figure 3. Hypocentral depth distributions of various magnitude ranges, for Sier-
ran Foothills, Californiafrom LaForge and others.(1999p)5 1 -i-,
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4.3 Seismicity Rates -' ( M o ' ; . -e 1-

P(m) in equation (l)1is'the magnitude rate distribution, and is where the time component enters
the procedure. Magnitudes are assumed to follow the Gutehb6g &e'r`reiat1on'

Log(N) = a-'b(M) (3)

where Nis the number 'of earthquakes, and a and'b are constants.'When graphed, a is the y-inter-
cept, and b is slope. In the cumulative form Nis the number of earthquakes greater than or equal
to M, and in the incremental form N is the number of earthquakes in a discrete magnitude range.
In mrs3.0 and mrs3.1, equation (3) is solved by'th& maximum likelihood technique, as described
by Weichert (1980). Uncertainty distributions for discrete magnitude ranges are lognormal, and
are computed as described in Bollinger and others' (i989). These are incorporated directly into the
probabilistic calculations. mrs3.4 and inrs3.5 'usie"'ser-supplied a and b values for the 6umulative
form, and thus only provide a median estiiate 'of seismicity rates. Because computed seismicity
rates can cboitain a great deal of uncertainty (especiallymin regioins where data are sparse) it is pref-
erable to use mrs3.0 and mrs3.1 where possibi6.'Recurrence paameters can be'computed directly
from the dccurrence table, using a prograim' called recstat in the utils directory.

West Central Montana mrs3.0 and mrs3.1 read an occurrence table, an
46139 sq km example of which is shown in Bdx 5. The first line is
3.00 3.50 1/1982 12/1995 12 a title, and the second line contains the area of the
3.50 4.00 1/1963 12/1995 13 regionconsidered(Thisregioncanbedifferentthat
4.00 .500 1/1959 12/1995 3 that parametenized in Box 1). The next lines contain
4.50 5.00 1/1948 12/1995 3
5.00 5.50 1/1935 12/1995 3 the magnitude range, completeness period of the
5.50 6.00 1/1925 12/1995 0 magnitude range, and number of events.
6.00 6.50 1/1869 12/1995 1
6.50 7.00 1/1869 12/1995-1 4.4 Attenuation Functions

Box 5 Example occurrence table P(v 2 J(m,r) is dictated by the seismicity rate and an
attenuation function, which gives' a lognormal distri-

bution of ground motion amplitudes for a magnitude and distance. These are based on empirical
data, but are -often augmented by theoretical data in regions where'observations are sparse (such as
the central and eastern North America). See Seismological Research Letters, 1997, vol. 68, no. 1
for artioles on rccently dcvclopcd attcnuatioi functions.:

To get a list of attenuation functions available for use, type mrs3.x -1. Although I try to code in
new attenuation functions as they become available, it is possible to add new ones or your own. In
the pshalib directory, theco'nstants are defined in attconst.h, declared in attrel.h, and the compu-
tation takes place in attrel.c. Standard deviations of ground motion values are kept in persigma.c.
Then add the new code and its description to attlist.c.

Uncertainties in the ground motion are treated by discretizing the distribution for a given magni-
tude and distance, and processing each discrete unit (more on the dicretization scheme in section
4.5). Because a lognormal distribution is imposed on the data, it represents an approximation. A
serious consequence that arises from integrating the distribution is that the right tail of the distri-
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bution (which accounts for relatively large but infrequent ground motions) has a pronounced
effect on the annual frequency results for higher ground motions and longer return periods. For

computational purposes the ends of the distribution must be truncated at some point (in terms of

+/- no), and' haveasigifict'effect on the results (see Bender, 1984). The distribution is

truncated and renohirmlized using atnieral method. Figure 4 shows cumulative distributions of
ground motions for peak horizontal acceleration, for truncation levels of 2.0, 2.5, and 3.0 standard
deviations. I have used the attenuation function of Sadigh and others (1997), and a Mw 6.0 event

at a distance of 10 km. It ca n' b-e'seen that at fractiles of about .9 and above the difference becomes

significant. ' ' - '

Figure 5 sh6ows hazard curves for a 'site at the center of a square zone about 100 Ian on each side,
using theatenu-a'tion'function'of Sadigh' and others (1997), and earthquakes ranging from 5.0 to

6.5. Thesewere" made withmrs3.4 with 'a a-value of-0.9 and a b-value of-1.0. The curves show
the effect of increasing thetruinciation point on the results; in other words allowing large ground

motions to occur at the higherground motion fractile values. At a return period of 100,000 years

the discrepancy is 0:l g. Th'message is that ground motion uncertainties can have a significant
effect on the results,'espeially'at longer return periods. There are few observational data to sup-
port more accurat'm&odels'of gro'nd motion amplitude behavior. In the programs the default trun-

cation point is 2.5a,'but it' an'be set bon tl command line with mrs3.x -z n

4.5 Program Struicture' . ,

A PSHA can be viewed as an elaborate forward earthquake ground motion simulation model. In

order to have'the-answer reflect our current level of knowledge, input parameters are cast in the

form of probability distributions asimuch asppossible.'From the probability viewpoint the proce-

dure is Bayesian: best-guess prir distributions go i, and posterior distributions come out. The
programs actually do tw'o Useparate'tasks:cse te the geographic model and generate the ground

motions, and integrate th'eresults to obtain annual frequency distributions at all ground motion

levels.

The first task is shown diag" aticaii iAFigure 6. As with most programs, a loop structure is

employed. Note that for ms3i and inrs3.5 Rate Distribution is a single value for each magnitude
interval, and for mrs3.1 'i'd mirs3.5 Spe'ctral Period is a single value. The number of discretiza-
tion points for Rite Disti ibitionis setin mrs3.0.h and mrs3.4.h as RATEPCT. A value of 20
appears to give stable resulti (i.e`., a greateriralue does not visibly change the results). A number
of points for Ground Motion Distribution (GMPCT) and Depth Distribution (NDEPTHS) are also
necessary; I have found values of 50 and 5, respectively, to give stable results. If we take as a typ-
ical example a square source region 100 km on a side with the site at the center, with a 5 km grid
spacing, this gives 400 grid points. With, for example, 6 magnitude values, this means that for a

single response period Attenuation Function is accessed 20 x 50 x 5 x 400 x 6 = 12,000 times. In

orderito decrease computation time the attenuation function is set up as a look-up table.

The second part of the task is sorting the annual frequencies into the appropriate ground motion
exceedance bins, and integrating to obtain cumulative probability density functions at each
ground motion level. In the example above, I refer to the 12,000 "answers" as "models", since

each repiesents a possible behavior of the overall seismic source model. Looking at Figure 6,
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Figure 4. Cumulative ground ninotion distrbtions for various truncation/renor-
malization levels,for a tM 6.0 event at a distance of 10 km, using Sadigh and
others (1997) attenuation. Percentage'of untrunca'ted distribution usi&d is indi-
cated.
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Figure 6. Program loop structure.

below Spectral Period all 'inputs' are distribiitioiis. The'Rate, 'Ground Motion,'and Depth distribu-
tions are discretized in an equal probability sense, in 'other woids, the distributions are divided
such that each unit has 'an equal probiability associated 'Iw i'itt.`The gridpoints are also equal prob-
ability, since we are assuming randomnness in space! The probabilities for the Magnitude Distribu-
tion are the annual occurrence rates (or annual frequencies), derived from the recurrence
calculations. Thus each "model",'which carries -with it an'annua1 frequiency,'has an equal probabil-
ity of occurring. This makes the integration'faster thai ifeabhimodel has a';differnt weight. Once
the annual frequencies for each model are sprted into`the'apropriate cedance bins,'thy are
sorted from lowest to highest in each bin. The C routie'q'sort is usel for this purpose, and this
takes the largest fraction of the total computation time. Figure 7 shows the annual frequency dis-
tribution for exceedances of 0.20 g, from the West C&itral Montana source zone of Bo'x 1. The
total number of models shown here is 20 (RATEPCT) x 50 (GMPCT) x 5 (NDEPTHS) = 5,000.
Each point includes all the Location and Magnitude Distribution points; otherwise we would have
to multiply 5,000 by 704 (number of gridpoints) x 6 (number of magnitude intervals) = 21,120.
This is the actual number of models.-(The deaggregatioinanalysis 'requires thiskind of detailed
bookkeeping). Since these additional distributions are the same for each point plotted, the effect
of using the total number would be to simply change the x-axis scale values. Note that'the curve
has a cumulative lognormal appearance; this is understaidable since the two non-uniform input
distributions are lognormal. -

*' .*1
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Figure 7. Sorted models for exceedances of 0.20 g, West Central Montana
source of Box 1. Fractile values and mean are noted..-

Out of the 5,000 modeis in Figure 7, 1,320 have an annual frequency of zero. This is because we:
are incorp6rating a lognohrmal ground motion distribution, and for this case, even for nearby
events there is a probability thatdthe ground motion will not reach 0.20 g. For values larger than
0.20 g there will be fewer non-zero models; for smaller values there will be more. The annual fre-
quenciesmus'f th forebeultiplied by the probability thiat the source model generates exceed-
ances'of 0.20 g, orsimplytlie n-umber of non-zero models divided by the total number of models.
This is why the mjedian miiual'frequency value in figure 7 doesnot simply correspond to the mid-
point of the non-zero models, but is something less.

5.0 Deaggregation

5.1 Introduction

Deaggregation is a pr'ocess by whi6h the'contributions'ofmagnltude, distance, and other parame-
ters to la particular' gtouind motion exceedance level are collected and turned into probability den-
sity functions (pdfs) 'or probability mass functions (pmfs). From these, average values are often
extracted a'nd used Fin the selection of accelerogram records' for use in dynamic analysis of engi-
neered structures. These are often called "design eartquakes"'. -The most'common of these is
average magnitude (M, or "M-bar") and average distance (15, or "D-bar").

Because deaggregated M and D do not take into account the fact that the ground motion distribu-
tion that went into the PSHA was actually not a point value but a&distribution, taking the M and D
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