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SSHAC Caribbean Questionnaire May 19, 2008

PREAMBLE:

As a preliminary “straw man” model, we have identified the following six seismic sources
in the northern Caribbean region as relevant to seismic hazard in southern Florida (see
attached figure):

(1) West-central Cuba (area source)

(2) Southeastern Cuba (area source)

(3) Oriente fault zone west, between Cuba and the Cayman spreading center

(4) Oriente fauit zone east, directly south of Cuba

(5) Septentrional fault, between the northern Dominican Republic and eastern Cuba
(6) North Hispaniola thrust fault, north of the Dominican Republic

(7) Swan Island fault zone, west of the Cayman spreading center

(8) Walton fault zone, between Jamaica and the Cayman spreading center

(9) Plantain Garden-Enriquillo fault zone, between southern Dominican Republic and
Jamaica

It is our assessment that faults in Cuba are not sufficiently characterized to warrant fauit
(line) sources. The source zone boundaries for Cuba are defined by tectonic landforms,
geology, and seismicity (see figure).

QUESTIONS:

1) Are all possible sources of magnitude 7 or greater events within ~1,000 km of south
Florida included? If not, what are other potential sources?

2) For each fault source, in your opinion:
a) What is the maximum magnitude the fault is capable of generating?
b) What is the maximum seismogenic depth of each fault?

c) Do you have or know of any estimates of recurrence times for large (M 2 7)
events on any or all of these faults?

d) What is the magnitude distribution of large events on any or all of these faults?
e) What is the best estimate of slip rate and seismic coupling on these faults?

3) In regards to seismic hazards on the island of Cuba:

a) Do you know of any individuals of groups that are studying and/or have published
reports on active faulting on the island of Cuba? if so please provide names and
references.

b) Do you have any knowledge or opinions regarding seismic hazards on Cuba?

William Lettis & Associates, Inc. p.10of 1
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NRC RAI Letter No. PTN-RAI-LTR-037

SRP Section: 02.05.02 - Vibratory Ground Motion

Question for Geosciences and Geotechnical Engineering Branch 1 (RGS1)
NRC RAI Number: 02.05.02-4 (eRAI 5896)

FSAR Subsection 2.5.1.1.1.3.2.4 describes that due to lack of knowledge about individual
faults' characteristics, the applicant used an areal source zone to model the seismic hazard
from the Cuban seismic sources. In accordance with NUREG-0800, Standard Review Plan,
Chapter 2.5.2, "Vibratory Ground Motion," and Regulatory Guide (RG) 1.208, "A
Performance-Based Approach to Define the Site-Specific Earthquake Ground Motion,"
please provide the following:

a. Rationale for the exclusive use of an areal source rather than multiple areal sources
or a combination of fault sources and areal sources. Given the uncertainties, does
the use of a single areal source result in a more conservative representation of the
hazard from the Cuba seismic sources?

b. Details of the PSHA implementation for the Cuba areal source zone. Specifically, is
Cuba seismicity modeled using the EPRI approach, using a uniform source zone, or
using some other methodology?

c. A description of how well the seismic source model parameters represent the
observed spatial patterns and concentrations of seismicity. Is a uniform seismic
source zone justified considering FSAR Figure 2.5.1-267, which shows prominent
clusters of seismicity? Discuss evidence, if any, that frequency-magnitude behavior
is different for the subset of earthquakes concentrated in western and northern Cuba
than for the entire zone.

d. Details on the earthquake catalog completeness, methodology used to compute the
a and b values, the computed a and b values and rates of earthquakes equal to or
greater than moment magnitude 5. If used, please also discuss smoothing operators
applied to the a and b values.

e. A detailed description of the PSHA implementation for the Cuba seismicity model.
Are large earthquakes modeled as finite faults? If so, can they extend outside the
zone boundary, and is there a preferred azimuth? If so, what is their closest distance
of approach to the TPNPP site?

FPL RESPONSE:

This response provides additional information pertaining to the areal seismic source for
Cuba used in the probabilistic seismic hazard analysis (PSHA) for the Turkey Point Units 6
& 7 site. This single areal source approach for Cuba was developed following Senior
Seismic Hazard Analysis Committee (SSHAC) Level 2 guidelines (SSHAC 1997) (FSAR
2.5.2 Reference 318), as described in FSAR Subsection 2.5.2.4.4.3.

This response also investigates the potential impacts on the PSHA from alternative
modeling approaches for Cuba through the use of hazard sensitivity calculations. The input
parameters for these alternative modeling approaches were developed through a separate
SSHAC Level 2 study that post-dates the SSHAC Level 2 study described in FSAR
Subsection 2.5.2.4.4.3. The SSHAC Level 2 study that supports the current hazard
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sensitivity calculations is described primarily in the response to RAI 02.05.01-21, but input
from that study also pertains to this (current) response. Specifically, the hazard sensitivity

calculations include alternative scenarios for: (1) areal seismic sources in Cuba (Figure 1),
and (2) fault sources for intraplate Cuba (Figure 2).

Three scenarios by which areal source zones are implemented in the hazard sensitivity
calculations are summarized below and in Table 1. The results of the areal source
sensitivity hazard calculations are discussed in more detail in part (a) of this response.

e Single areal source zone scenario (Z1): In the single areal source zone model, a single
areal source for Cuba is used, with a uniform seismicity rate throughout the zone that is
based on observed seismicity from the Phase 2 earthquake catalog (Figure 1). This is
the base case for the hazard sensitivity calculations and is the seismic source
characterization for intraplate Cuba used in the PSHA (FSAR Section 2.5.2). The Z1
model results in a contribution to hazard that is intermediate between the Z6 and Z11%
zone scenarios (Table 1). -

o FElevated rate areal source zone scenario (Z11%): In the elevated rate zone scenario, a

single areal source for Cuba is used, with a uniform seismicity rate throughout the zone
that is based on observed seismicity from the Phase 2 earthquake catalog. The
geometry of this zone is equivalent to that in the Z1 scenario. Unlike the Z1 scenario,
however, the uniform rate for the Z11% scenario is based on a small subzone in
northern Cuba (the “northern Cuba subzone” shown in Figure 1) that is located partially
within the site region and that exhibits a higher rate of seismicity than surrounding
regions. The seismicity rate from the northern subzone is approximately 11% higher
than that for the entire Cuba areal source zone, and this higher rate is applied to the Z1
scenario. The Z11% scenario results in the highest contribution to hazard from the three
zone scenarios (Table 1).

e Six areal source zones scenario (Z6): In the six areal source zones scenario, Cuba is
divided into six zones largely on the basis of observed patterns in seismicity (Figure 1).
The seismicity b-value is constant across all six zones and equivalent to that used in the
Z1 scenario; the seismicity a-values vary from zone to zone, are uniform within each
zone, and are based on the observed seismicity within each zone. The Z6 scenario
results in the lowest contribution to hazard from the three zone scenarios (Table 1).

The detailed characterization of sensitivity fault sources in Cuba is described in the
response to RAI 02.05.01-21 and the sensitivity of hazard results is provided in part (a) of
this (current) response. For the hazard sensitivity calculations, there are three scenarios for
fault sources, as shown in Table 1 and summarized below.

¢ No fault sources scenario: This scenario excludes fault sources from the hazard
sensitivity calculations. This is consistent with the seismic source characterization used
for the PSHA and presented in FSAR Section 2.5.2.

e Full fault model scenario (FF): In the full fault model scenario, the 15 fault sources
summarized in response to RAI 02.05.01-21 (see especially Table 3 from that
response) are included in the hazard sensitivity calculations.
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e Scaled fault model scenario (SF): The SF scenario is derived from the FF scenario such
that the total seismic moment rate from the fault sources is equivalent to the seismic
moment rate from the observed seismicity (Z1 scenario). The SF scenario resuits in a
contribution to hazard that is lower than that from the FF fault source scenario (Table 1).

A total of eleven possible combinations of areal and fault scenarios are shown in Table 1.
Among the various ways to model the distribution of seismic activity and seismic moment
release rate of Cuba, shown in Table 1 and discussed in part (a) of this response, five of
these scenarios are evaluated quantitatively. Of these, four scenarios are judged by the Tl
team as the most likely to encompass the center, body, and range of the views of the
informed technical community and to be useful for the sensitivity analysis comparisons.
Based on the results of these comparisons, it is concluded that the use of a single areal
source zone and the parameters used to characterize it as presented in the FSAR gives a
reasonably conservative estimate of the contribution to site hazard from intraplate Cuba.

a) Rationale for the exclusive use of an areal source rather than muitiple areal
sources or a combination of fault sources and areal sources. Given the
uncertainties, does the use of a single areal source result in a more conservative
representation of the hazard from the Cuba seismic sources?

As described above, hazard sensitivity calculations are used to assess the impact of
several alternative modeling approaches for intraplate Cuba. The preferred seismic source
model for Cuba is presented in FSAR Subsection 2.5.2.4.4.3. As described in that
subsection, this model was developed following SSHAC Level 2 guidelines (SSHAC 1997)
(FSAR 2.5.2 Reference 318). This preferred model comprises a single areal source zone
with a large Mmax and no fault sources (scenario Z1 in Table 1). This is an appropriate
representation of Cuba seismic hazard in comparison to other scenarios. This model
derives rate information from observed seismicity, extrapolated to earthquake magnitudes
that envelop published Mmax estimates for faults in Cuba, and extends one magnitude unit
larger than the largest event observed in the approximately 500-yr record of observed
seismicity for intraplate Cuba.

Zone Models

The influence of variations in seismicity rate within the single areal zone (Z1) are
investigated through hazard sensitivity calculations in two scenarios: (1) the Z11%
scenario, in which the rate for the entire single areal source zone is increased by 11%,
corresponding to the average rate within a small portion of that zone nearest the site (i.e.,
the “northern Cuba subzone”) (Figure 1); and (2) the Z6 scenario, in which the single areal
zone is divided into six subzones defined by variations in seismicity patterns and rates
(Figure 1). Part (c) of this response includes additional details on recurrence parameters for
the Z11% scenario. The Z11% scenario provides a conservative representation of the
effect of potentially diluting the effects of apparent higher seismicity rates in northern Cuba
through use of a single large areal zone that includes areas of relatively lower seismicity
activity rate.

For the six-zone scenario (Z6), each of the six zones is given equally weighted maximum
moment magnitudes of 7.0 and 7.3 with uniformly distributed seismicity parameters
(complete smoothing) determined from the earthquakes within each zone. The
completeness table for Cuba from Garcia et al. (2008) (FSAR 2.5.2 Reference 255) is also
used here. The a-values were determined by counting the number of events in each
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subzone greater than or equal to My, 3. The b-value calculated in the FSAR for Z1 is used
for all six subzones. Focal depth for the six subzones is the same as was implemented in
the FSAR, which uses a three-point distribution to represent the 0 - 15 km seismogenic
thickness: 2.5, 7.5, and 12.5 km, equally weighted.

The SSHAC Level 2 inputs from experts described in the response to RAI 02.05.01-21 (see
especially Tables 2A through 2G from that response) include suggestions that the
variations in seismicity patterns and rates within Cuba could be modeled as well with some
form of spatial smoothing, although one expert (Wong) suggested that the six zone model
(Z6) would likely approximate spatial smoothing. A complete smoothing model, in which all
parts of each seismic source-have the same seismicity recurrence parameters, was
implemented for sensitivity hazard calculations of Cuba sources for several reasons:

¢ This smoothing model approach (constant seismicity rate throughout the zone) was
used in the original FSAR source model.

e A strongly defined source zone boundary between Cuba and the Straits of Florida is
indicated by the dramatic differences in geologic evolution and structure between
northern Cuba and the Straits of Florida, so that implementation of a less complete
smoothing seismicity model for Cuba that did not recognize this boundary would result
in migration northward of seismic activity into areas previously characterized with much
lower rates.

e Seismic hazard in the Straits of Florida has already been accounted for in the seismic
source model by extending existing EPRI-SOG areal zones south from Florida to
northern Cuba (see FSAR Figures 2.5.2-204 through 2.5.2-209).

¢ In the characterization adopted for the FSAR, seismicity in Cuba appears to be
dramatically higher than in the Straits of Florida (Figure 1) and this difference is not
easily attributable to differences in detection capability. For example, the June 2, 1990
M., 3.3 (from the Phase 2 catalog) or Emb 4.09 (from the Phase 1 catalog) earthquake
lies just north of the island of Cuba and southwest of the Bahamas, and originated from
the Cuba source catalog (Alvarez et al. 1999) (FSAR 2.5.2 Reference 205), which is
one of the source catalogs used to develop the Phase 1 and Phase 2 earthquake
catalogs (FSAR Subsections 2.5.2.1.2 and 2.5.2.1.3). This implies some detection
capability to this magnitude level and distance north of the island, from the Cuba source
catalog at least, for the past 20 years. This is in agreement with estimates of detection
capability as a function of magnitude for the “Near Florida” area (including the Straits of
Florida between southern Florida and the Cuba area) as tabulated in Table 2.5.2-206 of
the FSAR.

e The CEUS-SSC catalog (EPRI et al. 2012) includes the Straits of Florida, which is
judged to be complete to magnitude 3.5 for the past 20 years (Table 3.5-3 in EPRI et al.
2012). No earthquakes exist in this catalog in the Straits of Florida (Figure 3.2-7 in EPRI
et al. 2012).

e The six zone model (Z6) already represents a “coarse” smoothing approach by isolating
or segregating areas of high and low rates, while not smoothing rates northward beyond
Cuba.
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Fault Models

The lack of available data to characterize slip rates and faults in Cuba indicates that
estimation of the relative contribution from faults and background earthquake sources is a
significant source of uncertainty in the source model as described in the response to RAI
02.05.01-21. The preferred seismic source model accounts for this uncertainty by the use
of a large Mmax on the Z1 areal source zone, without inclusion of specific fault sources.
Adding regional fault sources (FF or SF) on top of this model creates additional seismic
moment in the seismic source model and results in additional conservatism through
possible double-counting the inferred contributions from the largest earthquakes.

To evaluate the potential influence on seismic hazard from the poorly known faults in Cuba,
a SSHAC Level 2 study was used to develop a fault characterization model, as described in
the response to RAI 02.05.01-21. From this process, 15 fault sources (Figure 2) and a
weighted range of fault characterization parameters (Table 3 in response to RAI 02.05.01-
21) were developed for the FF scenario in hazard sensitivity calculations. This
characterization includes for each fault source three slip rate options, in which the high,
middle, and low values on slip rate correspond to three orders of magnitude, reflecting the
considerable uncertainty in the available data.

The SF scenario is derived from the FF scenario such that the total seismic moment rate
from the fault sources is equivalent to the seismic moment rate from the observed
seismicity (Z1 scenario). The scaling factor for the SF scenario is 0.2728, the inverse of the
seismic moment ratio of 3.6657 shown in Table 2.

Maximum moment magnitudes of 7.0 and 7.3 are equally weighted as for the areal
source(s). A weighted set of slip rates was developed after evaluation of inputs through a
SSHAC Level 2 process. All faults are vertical, except for the Nortecubana West,
Nortecubana Central, and Nortecubana East fault sources, which dip 30° to the south. All
faults extend from O to 15 km depth. Magnitude recurrence for the fauits is implemented
using a model in which the maximum magnitudes are treated as characteristic magnitudes.

The hazard sensitivity calculations for both the zone model scenarios and the fault model
scenarios use ground motion attenuation relationships developed for Caribbean crustal
seismic sources described in FSAR Subsection 2.5.2.4.5.2.

Results

This section describes the results of hazard sensitivity calculations for individual areal and
fault source scenarios, as well as scenarios that combine areal and fault sources. A total of
eleven possible combinations of areal and fault scenarios are shown in Table 1. One of
these (Z1) is the base case presented in the FSAR. In addition to Z1, five of these
scenarios are evaluated quantitatively in this response (Z6, Z11%, SF, Z1+SF, and FF) and
are described below. Figures 3 and 4 present 1 Hz and 10 Hz hazard curves for these five
scenarios. These figures also present the corresponding total hazard curves that include
each of these Cuba scenarios.

e The Z6 scenario results in a decrease in hazard relative to the Z1 base case from the
FSAR.

e The Z11% scenario results in an increase in hazard relative to the Z1 base case.

e The SF scenario results in a lower hazard relative to the Z1 base case.
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e The Z1+SF scenario results in a higher hazard relative to the Z1 base case.
e The FF scenario results in a higher hazard relative to the Z1 base case.

Of these five scenarios, four are judged by the Tl team to be most likely to encompass the
center, body, and range of the views of the informed technical community (Z6, Z11%, SF,
and Z1+SF). In contrast, the FF scenario is judged as overly conservative and therefore
technically indefensible. The rationale for this assessment is based on the discrepancy
between the observed historical rate of large earthquakes in Cuba and that predicted by the
moment rate for the FF scenario. The moment rate for the FF scenario is derived from the
weighted mean of slip rate distributions for the 15 Cuba fault sources. The bottom row of _
Table 2 illustrates that the moment rate for the weighted mean slip rate (FF model) yields a
return period of 124 years for M,, 7 events. The completeness period for earthquakes in
Cuba in the M,, 6.0 to 7.0 range is given as about 500 years according to Garcia et al.
(2008) (FSAR 2.5.2 Reference 255) (Table 3). In the approximately 500-yr record of
observed seismicity in Cuba, there are no magnitude 7 events and the largest earthquake -
in that time in the Phase 2 earthquake catalog from intraplate Cuba is approximately My, 6.3
(see FSAR Subsection 2.5.2.4.4.3.3.1). Another way to examine the overly conservative
rate derived from the FF scenario is to compare the ratio of moment rate derived from
seismicity to moment rate derived from the assumed fault slip rates in the middle column of
Table 2. That comparison shows that the FF scenario moment rate is 367% greater (3.6657
ratio in Table 2) than the moment rate derived from historical seismicity. While the
individual FF scenario is presented in Figures 3 and 4, it is not considered further. Likewise,
combinations involving the FF scenario are also eliminated and not presented, as they
would be overly conservative and technically indefensible.

The remaining five combination scenarios (Z6+FF, Z1+FF, Z11%+FF, Z6+SF, and
Z11%+SF) are discarded from further consideration based on the rationale provided below:

s Three combination scenarios, Z6+FF, Z1+FF, and Z11%+FF, are discarded due to the
inclusion of the FF scenario as described above.

e The Z6+SF combination scenario is judged to lie within the likely center, body, and
range of the views of the informed technical community, but would result in an
intermediate hazard not useful for this sensitivity analyses because SF is also combined
with the Z1 scenario. The Z1+SF scenario resulits in higher hazard (Figures 3 and 4).

e The Z11%+SF combination scenario includes an areal zone scenario that is based on
an arbitrary activity rate increase applied to the entire zone.

In order to assess the impact of various Cuba sensitivity scenarios on the Turkey Point
Units 6 & 7 site hazard, based on the evaluation of the hazard results presented in Figures
3 and 4, four sensitivity scenarios (Z6, Z11%, SF, and Z1+SF) were selected to represent
the Cuba hazard in lieu of the Z1 base case scenario used for the original FSAR hazard
total. Total hazard curves that include these four scenarios are presented in Figure 5, along
with the original FSAR total hazard.

Detailed comparisons of the differences in total hazard for the four scenarios with respect
to the FSAR total hazard are compiled in Tables 4 and 5. Two acceleration spectral
response frequencies (1 and 10 Hz) and two MAFE levels (10 and 10°®) are considered.
Table 4 shows the percent differences in MAFE for each scenario at the respective FSAR
amplitudes. Negative values indicate lower hazard levels than the FSAR levels, positive
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values are higher. The FSAR values are shown in the first pair of columns, and the
subsequent four scenarios increase in hazard level from left to right. Differences for the Z6
scenario range from -8.8% to -1.1% of the FSAR total. Differences for the SF scenario
range from -12% to +1.0%. For the Z11% scenario, differences range from -0.1% to +2.5%.
For the Z1+SF scenario, differences are the greatest, ranging from +1.4% to +13.1%. Note
that the apparent decrease (-0.1%) in 10 Hz MAFE at the 10> MAFE amplitudes for
scenario Z11% is due to the limited number of significant digits presented in the FSAR for
total mean hazard, the process of interpolation, and rounding. That this is only an apparent
decrease is supported by the fact that the 10° MAFE amplitudes for scenario Z11% match
the FSAR amplitudes exactly to three significant figures (Table 5).

Table 5 shows the changes in rock motion amplitude for the four scenarios. The largest of
these changes are negative relative to the FSAR amplitudes. These are shown as absolute
and percent differences in amplitudes. The largest percent increase is +4.4% and results
from the Z1+SF scenario and the greatest decrease is -6.9% from the SF scenario. Of
greater importance than the percentages is the maximum increase in rock motion
amplitude from the different scenarios. None of the increases in rock motions from all
scenarios exceeds 0.004 g.

Bommer (2012, p. 1724) emphasizes the importance of capturing epistemic uncertainty in
logic trees for the input to PSHA and states, "for those conducted for nuclear power plant
sites it becomes imperative to make concerted efforts to identify and quantify epistemic
uncertainties, and to demonstrate that they have been captured in the logic tree." One
approach to incorporating this range of epistemic uncertainty into the PSHA resuits would
be to weight the different scenarios, and recalculate the probabilistic ground motions. This
approach is not included as part of the hazard sensitivity calculations described in this
response because, as Bommer (2012, p. 1727) states, "in the context of considering
available models that might be included, it is perfectly feasible that several models ... will be
effectively assigned weights of zero not because of a belief that they should not be used
but simply because they are not needed in order to construct the distribution of
uncertainty." The question addressed here asks whether the addition of fault sources
results in a more conservative assessment of the ground motion hazard. The results of the
hazard sensitivity calculations show that the maximum increase in rock motions at MAFE
levels of 10-4 and 10-5 is insignificant « 0.004 g). Therefore, further consideration of fault
scenarios for the Cuba seismic source is unnecessary.

The scenarios presented in Figure 5 are derived from a reasonable range of technically
defensible seismic source characterizations for intraplate Cuba. As shown in Table 5, this
range of seismic source characterizations results in only small changes in hazard at the
Turkey Point Units 6 & 7 site. Based on the results of these hazard sensitivity calculations,
it is concluded that the use of a single areal source zone and the parameters used to
characterize it as presented in the FSAR gives a reasonably conservative estimate of the
contribution to site hazard from intraplate Cuba seismic sources.

b) Details of the PSHA implementation for the Cuba areal source zone. Specifically,
is Cuba seismicity modeled using the EPRI approach, using a uniform source zone,
or using some other methodology?

The PSHA implementation for the Cuba areal source zone differs from the EPRI-SOG
approach. In the PSHA presented in FSAR Section 2.5.2, intraplate Cuba was modeled as
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a single areal source zone with spatially uniform (complete smoothing) seismicity (total
annual rate (M,, =2 5.0) = 0.0592, 8 = 1.932 (b = 0.839)). An exponential magnitude model
was assumed with an Mmax distribution [and weights] of M,, 7 [0.5] and 7% [0.5]. For the
purposes of the PSHA presented in FSAR Section 2.5.2 and the current sensitivity
calculations, the upper limit of this distribution is rounded up to My, 7.3.

c) A description of how well the seismic source model parameters represent the
observed spatial patterns and concentrations of seismicity. Is a uniform seismic
source zone justified considering FSAR Figure 2.5.1-267, which shows prominent
clusters of seismicity? Discuss evidence, if any, that frequency-magnitude behavior
is different for the subset of earthquakes concentrated in western and northern Cuba
than for the entire zone.

The single Cuba areal seismic source (Z1) is modeled by assuming a uniform rate for the
entire source zone. An exponential frequency-magnitude distribution of the Gutenberg-
Richter form Log(N) = a — b(M), where N is the.number of events greater than or equal to
magnitude M, was fit to the observed seismicity using the maximum likelihood technique.
The a-value reflects the seismicity rate, and the b-value indicates relative number of smail
to large magnitudes. This approach produces a uniform rate of seismicity within the areal
source zone and does not account for local, above-average rates associated with areas of
more concentrated or “prominent clusters” of seismicity, nor areas of less than average
seismicity rate. Figure 1 depicts seismicity in Cuba in greater detail than shown on FSAR
Figure 2.5.1-267. Figure 1 also shows the areal zonation scenarios used in the hazard
sensitivity calculations described in this response.

If the Cuba areal source zone were to be subdivided in an attempt to model areas with
higher rates of earthquake occurrence (Z6), this would result in areas of lower rates than
the average uniform rate applied to the Cuba areal source zone. In particular, the offshore
region of the Cuba areal source nearest the Turkey Point Units 6 & 7, which is nearly
devoid of seismicity (Figure 1), likely would generate little or no hazard. Therefore, this
modification may resuit in a less conservative characterization if the reduction in hazard
from the nearest portion of the zone is greater than any increases in hazard from more
distant areas of higher seismicity in Cuba. This point is illustrated by inspection of FSAR
Figure 2.5.2-227, which shows the M and R deaggregation for 5 and 10 Hz for the 10™
uniform hazard response spectrum (UHRS). The Cuba areal source contribution to the site
hazard appears in the M,, 6.5 to 7.5 range and abruptly begins appearing in the 210 to 240
kilometer (130 to 150 mile) distance bin and beyond. The closest distance from the site to
the Cuba areal source is approximately 220 kilometers (140 miles).

In order to address the question of how modeling of Cuba areal source zones would impact
the hazard at the Turkey Point Units 6 & 7 site, two alternate zonation models (Z11% and
Z6) were developed. The Z6 (six-zone model) is discussed in part (a) of this response.
Details of how the Z11% model was developed are discussed below.

Elevated Rate Areal Source Zone Scenario (Z11%)

Seismicity in Cuba is not perfectly uniform, in that the density appears to be greatest in the
southeast, west, and north-central portions of the island. In recognition of this, a “northern
Cuba subzone” was defined that encompasses apparently higher than average seismicity
in the north of Cuba (Figure 1). The northern Cuba subzone rate is found to be
approximately 11% higher than the single-zone (Z1) rate, on a per-area basis. This 11%
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increase is then conservatively applied to the entire single areal zone rate to develop the
Z11% scenario. The only difference between the Z1 and Z11% model is a +11% difference
in rate in the latter. The effect of this rate increase on the PSHA results is discussed in part
(a) of the current response. The following discussion provides details on the development
of the Z11% model.

The northern Cuba subzone envelops the seismicity in north-central and western Cuba
(Figure 4). Recurrence statistics were computed for this subzone by calculating the annual
rate of My 2 3 earthquakes in the subzone, and assuming that the previously calculated b-
value for the Cuba areal source zone represents the most stable estimate. The annual
rates of M,, 5 to 7.3 earthquakes from the two zones were then compared.

Before computing recurrence for the Cuba areal source zone, the earthquakes in Figure 1
were filtered to account for the completeness periods published in Garcia et al. (2008)
(FSAR 2.5.2 Reference 255). The number of earthquakes decreases, but the general
pattern of concentrated or “spatially clustered” seismicity remains.

Maximum likelihood recurrence parameters were computed for the Cuba areal source
zone, using the Weichert (1980) formulation. The a-value is computed from the annual rate
of My, 2 3 events in the subzone. The a-value, or rate parameter, is normalized to events
per square kilometer per year, to permit a comparison normalized to a common area.

Table 6 lists the recurrence statistics for the Z1 and Z11% zonation scenarios. The last
column provides the computed rate of M,, 5 to 7.3 earthquakes on a square kilometer per
year basis, which allows for direct comparisons of the rates of earthquakes producing
ground motions at the site. A comparison of the northern Cuba subzone rate to the rate for
the Cuba areal source indicates that the northern Cuba subzone rate is 11% higher than
the single zone model (Z1) on a rate per square kilometer per year basis (Table 6).

d) Details on the earthquake catalog completeness, methodology used to compute
the a and b values, the computed a and b values and rates of earthquakes equal to or
greater than moment magnitude 5. If used, please also discuss smoothing operators
applied to the a and b values.

For use in the PSHA presented in FSAR Section 2.5.2, completeness periods as a function
of magnitude for Cuba were taken directly from Garcia et al. (2008) (FSAR 2.5.2 Reference
255). These completeness periods are shown in the first three columns of Table 3. The
number of earthquakes in each magnitude bin, taken from the Phase 2 earthquake catalog
and filtered for these completeness periods, is shown in the last column of Table 3.

The objective is to solve for a and b in the Gutenberg-Richter equation for earthquake
recurrence equation,

Log(N) = a-b(M) (1)

where N is the cumulative annual number of earthquakes greater than or equal to
magnitude M.

As presented in McGuire (2004, p. 190, Eq. A5), the maximum likelihood estimate for b is
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where Mbar is the average magnitude of the data, t is the completeness duration in years, i
corresponds to the magnitude bin, and 8 = b x In(10). m refers to the midpoint of the
magnitude range. This is also the formulation presented in Weichert (1980). 3 in equation
(2) is solved for using Newton’'s method, as suggested in Weichert (1980). The
convergence criterion for 8 is when the difference in 8 between successive iterations falls
below 0.0001. i

Weichert (1980) defines Na as the cumulative number of events at and above the minimum
magnitude. His equation (10) (also McGuire 2004, p. 191, Eq. A9), states:

Ze—ﬁ?”i -
Na=Z<——— 3)

Ztie_ﬂ'""

i

where Z is the total number of events in the data set, Na is the number of events above the
minimum magnitude (My, 3.0) per annum. Once Na is determined, a can be solved via
Equation (1).

The results are:

b =0.839
Na = 2.821
a=2.967

From Equation (1), the number of events greater than or equal to My, 5 per year is 0.0592.
This equates to an average return period of about 17 years for earthquakes in this
magnitude range for source zone Z1. No smoothing operators were applied to the a- and b-
values. That is, recurrence parameters were assumed to be uniform throughout the source
zone. Note that in Table 6 the a value has been normalized to km?"", while in the list above
it is for the entire zone.

e) A detailed description of the PSHA implementation for the Cuba seismicity model.
Are large earthquakes modeled as finite faults? If so, can they extend outside the
zone boundary, and is there a preferred azimuth? If so, what is their closest distance
of approach to the TPNPP site?

For use in the PSHA presented in FSAR Section 2.5.2, earthquakes are modeled as point
sources in the Cuba areal source zone, not as faults. Therefore, without finite faults,
ruptures cannot extend outside the zone boundary and there is no preferred azimuth.
Hypocentral depths are modeled as an equally weighted distribution of 2.5, 7.5, and 12.5
km, representing depth ranges of 0 - 5, 5 - 10, and 10 - 15 km, respectively. The closest
distance from the Turkey Point Units 6 & 7 site to the Cuba areal source is approximately
220 kilometers (140 miles).
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Table 1. Cuba seismic source scenarios for sensitivity calculations

Source Zone Scenarios
Increasing hazard >
211%
Z6 Z1
No areal Elevated rate
sources Six areal Single areal areal source
sources source (+11% increase
_ in rate)
No fault sources N/A Z6 21 Z11%
s (FSAR)
5@
c N -
b £ SF e eyt
“ o SF Z6+SF* Z1+SF* Z11%+SF**
S 3 | Scaled fault sources
33
S
= £ FF
i Full fault sources FF** Z6+FF*** M ZA+FRY Z11%+FF***

Shaded source scenarios are not quantitatively evaluated:

* Z1+SF was evaluated as a reasonable combination scenario in the hazard sensitivity calculations.
As discussed in the text, area source scenario Z6 was found to result in lower hazard than area
source scenario Z1. Thus, it is unnecessary to further investigate the combination scenario Z6+SF.

** As discussed in the text, source area scenario Z11% is considered a conservative assessment of
the seismic hazard derived from the cataloged seismicity, therefore the combination scenario
Z11%+SF is considered overly conservative for consideration in the hazard sensitivity calculations.

*** As discussed in the text, fault source scenario FF was determined to be technically indefensible
compared to the cataloged seismicity. Therefore, any combination scenarios with FF were similarly
eliminated as technically indefensible.
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Table 2. Moment rates, ratio of seismicity-based moment rate to fault-based moment rates,
and return periods for M,, 6.5 and 7.0 from Cuba sensitivity options

Moment Rate Ratio, Return Period | Return Period
Moment Rate Option (dyne-cmlyr) Seismicity/Fault- for for
y y based M,, 6.5 (years) M., 7 (years)
Historical Seismicity* 7.7844E+23 Not applicable 81 456
Low Slip Rate Option** 6.6686E+22 0.0857 946 5321
Middle Siip Rate 6.6686E+23 0.8567 95 532
Option**
| High Slip Rate Option** 6.6686E+24 8.5666 9.5 53 i

Weighted Mean Slip 2.8535E+24 3.6657 22 124
Rate ***

* Moment rate obtained from seismicity catalog and used for Cuba areal source (Z1) and for scaled fault scenario
(SF).

** Moment rates obtained from low, middle, and high slip rate values presented in RAl 02.05.01-21.

*** Moment rate obtained from weighted mean of slip rate values presented in RAl 02.05.01-21 and used for full
fault scenario (FF).

Table 3. Completeness periods from Garcia et al. (2008) (FSAR 2.5.2 Reference 255) and
earthquake counts in each bin from the Phase 2 earthquake catalog

Magnitude Range Number of Earthquakes from
(M..) Start Date End Date Phase 2 Earthquake Catalog
3.0-40 1/1960 3/2008 119
40-50 1/1940 3/2008 17
5.0-6.0 1/1850 3/2008 14
6.0-7.0 1/1500 3/2008 2
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Table 4. Summary of hazard sensitivity study results: comparison of MAFE

FSAR Scenario Scenario Scenario Scenario
21 SF ' Z11% Z21+SF
10™ mean annual frequency of exceedance (MAFE)
Freq MAFE Amp* MAFE % Diff MAFE % Diff MAFE % Diff MAFE % Diff
1 Hz 1.00E-04 0.0343 9.499E-05 -5.0% 9.6764E-05 -3.2% 1.018E-04 1.8% 1.114E-04 11.4%
10 Hz 1.00E-04 0.0822 9.122E-05 -8.8% 8.797E-05 -12.0% 1.025E-04 2.5% 1.094E-04 9.4%
10™ mean annual frequency of exceedance (MAFE)
Freq MAFE Amp* MAFE % Diff MAFE % Diff MAFE % Diff MAFE % Diff
1 Hz 1.00E-05 0.0663 9.539E-06 -4.6% 1.010E-05 1.0% 1.013E-05 1.3% 1.131E-05 13.1%
10 Hz 1.00E-05 0.278 9.891E-06 -1.1% 9.969E-06 -0.3% 9.992E-06 -0.1% 1.014E-05 1.4%

*Rock motion (g)

Table 5. Summary of hazard sensitivity results: comparison of rock motion amplitudes

FSAR Scenario Scenario Scenario Scenario
Z1 Z6 SF 211% Z1+SF
Rock motions (g) at 10" mean annual frequency of exceedance (MAFE)
Freq | Amp | Amp | 7P | % it | Amp | AT | %Diff | Amp 2R | 9 oiff | Amp | AT | 9% Diff
1Hz 0.0343 0.0338 |-0.0005| -1.5% | 0.0340 |-0.0003 | -0.9% | 0.0345 | 0.0002 | 0.6% | 0.0354 | 0.0011 | 3.2%
10 Hz 0.0822 0.0784 |-0.0038 [ -4.6% [ 0.0765 [-0.0057 | -6.9% | 0.0832 | 0.0010 | 1.2% | 0.0858 | 0.0036 | 4.4%
Rock motions (g) at 10 mean annual frequency of exceedance (MAFE)
Freq Amp Amp %Tf? % Diff | Amp ADTf? % Diff | Amp ADTflf) % Diff | Amp %Tf? % Diff
1Hz 0.0663 0.0654 |-0.0009 | -1.4% |} 0.0665 | 0.0002 | 0.3% ] 0.0665 | 0.0002 | 0.3% | 0.0686 | 0.0023 | 3.5%
10 Hz 0.278 0.276 |-0.0020| -0.7% 0.278 | 0.0000 | 0.0% 0.278 | 0.0000 | 0.0% 0.280 | 0.0020 | 0.7%
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Table 6. Cuba areal source zone and northern Cuba subzone recurrence parameters

Zone Zone # a- b-value Rate of M, 5 to
area | Events® | value® 7.3 events per
(km?) year/km

Cuba areal 250,286 152 -2.430 0.839 2.341E-7

source zone

Northern Cuba 80,770 46 -2.383 [ 0.839% 2.609E-7

subzone

(a) Events 2 M,, 3.0, filtered for completeness periods
(b) Normalized to events per year/km2

(c) Fixed to Cuba areal source zone b-value

(d) Value represents the 11% increase discussed in text
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Figure 1. Map showing Cuba single areal source zone (Z1) (solid black line), six areal source zones (Z6) (dashed
black lines), and northern Cuba subzone (green shading). Seismicity (blue circles) is from the Phase 2 earthquake

catalog. Thick red lines show plate boundary fault sources included in FSAR PSHA.

80°W

%W

i I N
\ig Turkey Point Units 6 &7 _
~ o & Y

o bW

—125°N




Proposed Turkey Point Units 6 and 7
Docket Nos. 52-040 and 52-041
FPL Revised Response to NRC RAI No. 02.05.02-4 (eRAl 5896)

L-2013-305 Attachment 3 Page 16 of 38

) 1

Figure 2. Map of intraplate Cuba fault sources as modeled for hazard sensitivity calculations
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Figure 3. 1 Hz mean hazard curves showing sensitivity to Cuba source
scenarios. Lower panel is expanded view of yellow box in upper panel.
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Figure 4. 10 Hz mean hazard curves showing sensitivity to Cuba source
scenarios. Lower panel is expanded view of yellow box in upper panel.
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Figure 5. Total mean hazard curves for 1 Hz (upper) and 10 Hz (lower) showing

sensitivity to four Cuba source scenarios
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This response is PLANT SPECIFIC.
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ASSOCIATED COLA REVISIONS:

Several new paragraphs will be inserted into a new FSAR Subsection 2.5.2.4.4.3.4.2 to
describe the hazard sensitivity studies for the Cuba faults and alternative Cuba areal
source zones. The text below will be added in a future FSAR revision:

2.5.2.4.4.3.4.2 Cuba Hazard Sensitivity Calculations

This subsection describes the characterization and results of intraplate Cuba
seismic sources for use in a hazard sensitivity calculation performed to assess the
potential impact on the Turkey Point Units 6 & 7 PSHA. As described in Subsection
2.5.1.1.1.3.2.4, it is unclear which, if any, of the faults in intraplate Cuba are capable
tectonic sources. For this reason, hazard sensitivity calculations are performed to
assess the potential impact of intraplate Cuba seismic sources. The seismic source
parameters for both areal and fault sources used in these hazard sensitivity
calculations were developed through the use of the senior seismic hazard analysis
committee (SSHAC) Level 2 methodology (Reference 318). Subsection 2.5.2.4.4.3.1
describes the SSHAC Level 2 methodology.

For the SSHAC Level 2 study of Cuba seismic sources, the Tl team was comprised of
Dean Ostenaa, Roland LaForge, Scott Lindvall, and Ross Hartleb. Participatory peer
review was provided by Robert Creed. A total of eleven experts were contacted by
the Tl team with questions regarding the sensitivity calculations. These experts
include geologists, seismologists, and hazard analysts from Cuba, the U.S., and
elsewhere (Table 2.5.2-232). The level of detail provided to the Tl team by the experts
varies (Table 2.5.2-232). Some experts provided detailed responses and interacted
with the Tl team, whereas other experts provided only terse responses. Four experts
either declined to participate or did not respond at all.

2.5.2.4.4.3.4.2.1 Cuba Seismic Sources for Hazard Sensitivity Calculation

Based on review of published literature and interaction with experts, the Tl team
developed a seismic source characterization for intraplate Cuba seismic sources for
use in a hazard sensitivity calculation to assess the impact on hazard at the Turkey
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Point Units 6 & 7 site. This subsection describes the chartacteization of both areal
sources and fault sources for the hazard sensitivity calculations.

Three scenarios by which areal source zones are implemented in the hazard
sensitivity calculations are summarized below and in Table 2.5.2-233:

e Single areal source zone scenario (Z1): In the single areal source zone model, a
single areal source for Cuba is used, with a uniform seismicity rate throughout
the zone that is based on observed seismicity from the Phase 2 earthquake
catalog (Figure 2.5.2-271). This is the base case for the hazard sensitivity
calculations and is the seismic source characterization for intraplate Cuba used
in the PSHA (Subsection 2.5.2.4.6). The Z1 model results in a contribution to
hazard that is intermediate between the Z6 and Z11% zone scenarios (Table 2.5.2-
233).

o Elevated rate areal source zone scenario (Z11%): In the elevated rate zone
scenario, a single areal source for Cuba is used, with a uniform seismicity rate
throughout the zone that is based on observed seismicity from the Phase 2
earthquake catalog. The geometry of this zone is equivalent to that in the Z1
scenario. Unlike the Z1 scenario, however, the uniform rate for the Z11% scenario |
is based on a small subzone in northern Cuba (the “northern Cuba subzone” |
shown in Figure 2.5.2-271) that is located partially within the site region and that |
exhibits a higher rate of seismicity than surrounding regions. The seismicity rate
from the northern subzone is approximately 11 percent higher than that for the
entire Cuba areal source zone, and this higher rate is applied to the Z1 scenario. |
The Z11% scenario results in the highest contribution to hazard from the three
zone scenarios (Table 2.5.2-233).

|
) . ) ) |
e Six areal source zones scenario (Z6): In the six areal source zones scenario, Cuba |
is divided into six zones largely on the basis of observed patterns in seismicity

|

\

|

|

|

\

|

|

(Figure 2.5.2-271). The seismicity b-value is constant across all six zones and
equivalent to that used in the Z1 scenario; the seismicity a-values vary from zone
to zone, are uniform within each zone, and are based on the observed seismicity
within each zone. For the six-zone scenario (Z6), the a-values were determined by
counting the number of events in each subzone greater than or equal to M,, 3. The
b-value in base case Z1 is used for all six subzones. The Z6 scenario results in
the lowest contribution to hazard from the three zone scenarios (Table 2.5.2-233).

All areal source scenarios are given equally weighted maximum moment magnitudes
of 7.0 and 7.3 with uniformly distributed seismicity parameters (complete smoothing)
determined from the earthquakes within each zone. Values for Z1 and Z11% are |
shown in Table 2.5.2-234, using the completeness table for Cuba from Garcia et al. |
(Reference 255) (Table 2.5.2-235). Focal depth for all areal sources is the same as
was implemented in Subsection 2.5.2.4.6, which uses a three-point distribution to |
represent the 0 - 15 km seismogenic thickness: 2.5, 7.5, and 12.5 km, equally
weighted.

The input parameters for the Cuba sensitivity fault sources are described below and
summarized in Table 2.5.2-236 and Figure 2.5.2-272:
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Fault sources and geometries: Intraplate Cuba fault sources include Cotilla-
Rodriguez et al.’s (Reference 321) seismoactive faults in Cuba, plus the Pinar
fault (Figure 2.5.2-272). For the purpose of the hazard sensitivity calculation, it is
assumed that all of these faults are capable tectonic sources. The Nortecubana
fault is divided into three sensitivity fault sources, the Nortecubana West,
Nortecubana Central, and Nortecubana East fault sources. The Baconao fault is
divided into two sensitivity fault sources, the Baconao Northwest and the
Baconao Southeast fault sources. Seismogenic depth for all fault sources in the
hazard sensitivity calculation extends from 0 - 15 km. All fault sources are
modeled with vertical dip angle, except the three Nortecubana fault sources, all of
which are modeled as dipping 30 degrees to the south.

Probability of activity: For the purpose of the hazard sensitivity calculation, it is
assumed that each of the Cuba faults listed in Table 2.5.2-236 is a capable
tectonic source with a probability of activity of 1.0. This is a conservative
decision given the available geologic data.

Maximum magnitude assessment: Modeled magnitude distribution [and weight]
for all of the Cuba sensitivity fault sources is M, 7.0 [0.5], 7.3 [0.5]. These values
and weights are the same as those used in the Cuba areal source zone
(Subsection 2.5.2.4.4.3.2.1). The maximum magnitude (Mmax) values for the
sensitivity fault sources are higher than those presented in published literature.
For example, Garcia et al.’s (Reference 254) Table 4 shows the range of Mmax
values for fault sources in intraplate Cuba (their sources 1 through 24) from their
study and previous studies, which range from M,, 5.0 to 7.0, with many at the
middle to low end of this range.

Slip rate assessment: There are no data to directly determine late Quaternary slip
rates for potential Cuba sensitivity fault sources. For most sensitivity fault
sources, slip rates in mm/yr [and weights] are assigned as 0.001 [0.33], 0.01
[0.34], 0.1 [0.33]. For the three sensitivity fault sources most proximal to the
modern plate boundary, higher slip rates are assigned as 0.01 [0.1], 0.1 [0.5], 1.0
[0.4]. These slip rate distributions span orders of magnitude, reflecting the lack of
data and considerable uncertainty. It is assumed that all slip is seismogenic (i.e.,
fully coupled).

Recurrence model: For the purpose of the hazard sensitivity calculation, a
characteristic earthquake recurrence model is assumed for the Cuba sensitivity
fault sources, but with no contribution from the exponential portion of the
recurrence curve at lower magnitudes.

For the hazard sensitivity calculations, there are three scenarios for fault sources, as
shown in Table 2.5.2-233 and summarized below:

No fault sources scenario: This scenario excludes fault sources from the hazard
sensitivity calculations. This is consistent with the seismic source
characterization used for the PSHA presented in Subsection 2.5.2.4.6.

Full fault model scenario (FF): The full fault model scenario includes 15 fault

sources, as summarized in Table 2.5.2-236.
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o Scaled fault model scenario (SF): The SF scenario is derived from the FF scenario
such that the total seismic moment rate from the fault sources is equivalent to the
seismic moment rate from the observed seismicity (Z1 scenario). The SF scenario
results in a contribution to hazard that is lower than that from the FF fault source
scenario (Table 2.5.2-233).

A total of eleven possible combinations of areal and fault scenarios are shown in
Table 2.5.2-233. The results of hazard sensitivity calculations using these scenarios
is presented in Subsection 2.5.2.4.4.3.4.2.2. The hazard sensitivity calculations for
both the areal and fault source scenarios use ground motion attenuation
relationships developed for Caribbean crustal seismic sources described in
Subsection 2.5.2.4.5.2.

2.5.2.4.4.3.4.2.2 Results of Cuba Hazard Sensitivity Calculations

This section describes the results of hazard sensitivity calculations for individual
areal and fault source scenarios, as well as scenarios that combine areal and fault
sources. A total of eleven possible combinations of areal and fault scenarios are
shown in Table 2.5.2-233. One of these (Z1) is the base case used in the PSHA
(Subsection 2.5.2.4.6). In addition to Z1, five of these scenarios are evaluated
quantitatively (26, Z11%, SF, Z1+SF, and FF) and are described below in this
subsection. Figures 2.5.2-273 and 2.5.2-274 present 1 Hz and 10 Hz hazard curves for
these five scenarios. These figures also present the corresponding total hazard
curves that include each of these Cuba scenarios.

» The Z6 scenario results in a decrease in hazard relative to the Z1 base case.

e The Z11% scenario results in an increase in hazard relative to the Z1 base case.
e The SF scenario results in a lower hazard relative to the Z1 base case.

e The Z1+SF scenario results in a higher hazard relative to the Z1 base case.

o The FF scenario results in a higher hazard relative to the Z1 base case.

Of these five scenarios, four are judged by the Tl team to be most likely to
encompass the center, body, and range of the views of the informed technical
community (26, Z11%, SF, and Z1+SF). In contrast, the FF scenario is judged as
overly conservative and therefore technically indefensible. The rationale for this
assessment is based on the discrepancy between the observed historical rate of
large earthquakes in Cuba and that predicted by the moment rate for the FF
scenario. The moment rate for the FF scenario is derived from the weighted mean of
slip rate distributions for the 15 Cuba fault sources. The bottom row of Table 2.5.2-
237 illustrates that the moment rate for the weighted mean slip rate (FF model) yields
a return period of 124 years for M,, 7 events. The completeness period for
earthquakes in Cuba in the M,, 6.0 to 7.0 range is given as about 500 years according
to Garcia et al. (Reference 255) (Table 2.5.2-234). In the approximately 500-year
record of observed seismicity in Cuba, there are no magnitude 7 events and the
largest earthquake in that time in the Phase 2 earthquake catalog from intraplate
Cuba is approximately M,, 6.3 (Subsection 2.5.2.4.4.3.3.1). Another way to examine
the overly conservative rate derived from the FF scenario is to compare the ratio of
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moment rate derived from seismicity to moment rate derived from the assumed fault
slip rates in the middle column of Table 2.5.2-237. That comparison shows that the
FF scenario moment rate is 367 percent greater (3.67 factor in Table 2.5.2-237) than
the moment rate derived from historical seismicity. While the individual FF scenario
is presented in Figures 2.5.2-273 and 2.5.3-274, it is not considered further. Likewise,
combinations involving the FF scenario are also eliminated and not presented, as
they would be overly conservative and technically indefensible.

The remaining five combination scenarios (Z6+FF, Z1+FF, Z11%+FF, Z6+SF, and
Z11%+SF) are discarded from further consideration based on the rationale provided
below: -

e Three combination scenarios, Z6+FF, Z1+FF, and Z11%+FF, are discarded due to
the inclusion of the FF scenario as described above.

e The Z6+SF combination scenario is judged to lie within the likely center, body,
and range of the views of the informed technical community, but would result in
an intermediate hazard not useful for this sensitivity analyses because SF is also
combined with the Z1 scenario. The Z1+SF scenario results in higher hazard
(Figures 2.5.2-273 and 2.5.2-274).

o The Z11%+SF combination scenario includes an areal zone scenario that is based
on an arbitrary activity rate increase applied to the entire zone.

In order to assess the impact of various Cuba sensitivity scenarios on the Turkey
Point Units 6 & 7 site hazard, based on the evaluation of the hazard results
presented in Figures 2.5.2-273 and 2.5.2-274, four sensitivity scenarios (26, Z11%,
SF, and Z1+SF) were selected to represent the Cuba hazard in lieu of the Z1 base
case scenario used for the original base case hazard total. Total hazard curves that
include these four scenarios are presented in Figure 2.5.2-275, along with the
original total hazard.

Detailed comparisons of the differences in total hazard for the four scenarios with
respect to the base case total hazard are compiled in Tables 2.5.2-238 and 2.5.2-239.
Two acceleration spectral response frequencies (1 and 10 Hz) and two MAFE levels
(10* and 10°) are considered. Table 2.5.2-238 shows the percent differences in MAFE
for each scenario at the respective base case amplitudes. Negative values indicate
lower hazard levels than the base case levels, positive values are higher. The base
case values are shown in the first pair of columns, and the subsequent four
scenarios increase in hazard level from left to right. Differences for the Z6 scenario
range from -8.8 percent to -1.1 percent of the base case total. Differences for the SF
scenario range from -12 percent to 1.0 percent. The Z11% scenario is based on an
increased seismicity rate for the entire areal zone compared to the base case and in
differences which range from -0.1 percent to 2.5 percent. For the Z1+SF scenario,
differences are the greatest, ranging from 1.4 percent to 13.1 percent. Note that the
apparent decrease (-0.1 percent) in 10 Hz MAFE at the 10"° MAFE amplitudes for
scenario Z11% is due to the limited number of significant digits presented in the
base case for total mean hazard, the process of interpolation, and rounding. That
this is only an apparent decrease is supported by the fact that the 10° MAFE
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amplitudes for scenario Z11% match the base case amplitudes exactly to three
significant figures (Table 2.5.2-239).

Table 2.5.2-239 shows the changes in rock motion amplitude for the four scenarios.
The largest of these changes are negative relative to the base case amplitudes.
These are shown as absolute and percent differences in amplitudes. The largest
percent increase is 4.4 percent and results from the Z1+SF scenario and the greatest
decrease is -6.9 percent from the SF scenario. Of greater importance than the
percentages is the maximum increase in rock motion amplitude from the different
scenarios. None of the increases in rock motions from all scenarios exceeds 0.004 g.

The scenarios presented in Figure 2.5.2-275 are derived from a reasonable range of
technically defensible seismic source characterizations for intraplate Cuba. As
shown in Table 2.5.2-239, this range of seismic source characterizations results in
only small changes in hazard at the Turkey Point Units 6 & 7 site. Based on the
results of these hazard sensitivity calculations, it is concluded that the use of a
single areal source zone and the parameters used to characterize it as presented in
Subsection 2.5.2.4.6 gives a reasonably conservative estimate of the contribution to
site hazard from intraplate Cuba seismic sources.
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The following table will be revised in a future revision of the FSAR:

Table 2.5.2-217
Summary of Cuba and Northern Caribbean Seismic Source Parameters

Closest Annual Number
Distance to | of Earthquakes of
Area Source Units 6 & 7 M, 5.0 and b-value | Mmax (M,,)
(mi) Greater
1. Cuba areal source zone 7.0[0.5]
14 0.0592 0.839
. 7.25[0.5]*
* For the PSHA calculation, this value was rounded up to M;,, 7.3.
Closest
Distance to Fault Type/ Slip Rate Seismic Mmax
Fait Saure Units 6 & 7 Dip (mmlyr) | Coupling M,)
(mi) ‘
. Strike-slip/ 8[0.1] 0.6 [0.2] 7.5[0.3]
2. Oriente — Western 420 90° 1 [0_7] 0.8 [0.2] 7.7 [0'4]
13[0.2] 1.0 [0.6] 8.0 [0.3]
Strike-slip/ 8[0.1 1.0[1.0 7.5[0.2
3. Oriente — Eastern 445 . Q%os P 11[[0.7]] [1.0] 7.7 {0.6}
13[0.2] 7.9[0.2]
Strike-slip/ 6[0.2 1.0[1.0 8.0[0.5
4. Septentrional 545 : 9%08 P 9 EO.G} 1401 8.25[[0.5]]
12[0.2]
Thrust/ 4[0.2 1.0[1.00 | 7.8[0.2
5. Northern Hispaniola — 550 20_;50 6 {0_7} [1.0] 8.0 EO.S}
Western south 8[0.1] 8.3[0.2]
Thrust/ 4[0.2 1.0[1.0 8.6[0.2
6. Northern Hispaniola — 760 20[l2‘Z° 6 EOJ} [.0] 8.3 EO-G}
Eastern south 810.1] 8.6 [0.2]
Strike-slip/ 18 [0.2 1.0[1.0 7.8[0.2
7. Swan Islands — 620 : geoos P 19 {86% [ ] 8.0 {0.7}
Western 20[0.2] 8.3[0.1]
Strike-slip/ 18[0.2 0.6[0.2 7.2[0.4
8. Swan Islands — Eastern 540 f 9%08 P 19 I[:O.G} 0.8 Eovz} 7.5 {0.5}
20[0.2] 1.0 [0.6] 7.7 [0.1]
Strike-slip/ 6[0.2 0.8[0.3 7.3[0.3
9. Walton — Duanvale 490 90° B 8 Eos} 1.0 Eo-,} 76 EOG%
10[0.2] 7.8[0.1]
ike-slip/ 6[0.2 1. . ; .
10. Enriquillo-Plantain 560 T | oha L
Garden-fauit 101[0.2] 7.9[0.2]
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The following will be added as a new FSAR table in a future revision of the FSAR:
Table 2.5.2-232

Experts Contacted for the SSHAC Level 2 Study in Support of Cuba Hazard
Sensitivity Calculations

source
characterization

Expert Affiliation Expertise Response
Coppersmith, Coppersmith Consulting | Seismic hazard Email response.
Kevin modeling, seismic

Cotilla Rodriguez,
Mario Octavio

Departamento de Fisica
de la Tierra y Astrofisica,
Facultad de Ciencias
Fisicas, Universidad
Complutense de Madrid
(Madrid, Spain)

Cuba faults and
neotectonics

Detailed email response.

Garcia, Julio

Centro Nacional de
Investigaciones
Sismologicas (CENAIS)
(Havana, Cuba)

Seismic hazard
modeling in Cuba

No response.

Hanson, Kathryn

AMEC

Seismic hazard
modeling, seismic
source
characterization

Declined to participate.

Ituralde-Vinent,
Manuel

Museo Nacional de
Historia Natural (Havana,
Cuba) and Departamento
de Geociencias, Instituto
Superior Politécnico J. A.
Echeverria (Havana,
Cuba)

Geology of Cuba

No response.

Moreno Toiran,

Inst. Of Solid Earth

Seismology and

Email response.

modeling, seismic
source
characterization

Bladimir Physics, University of geophysics of Cuba
Bergen (Norway) and
Centro Nacional de
Investigaciones
Sismologicas (CENAIS)
(Santiago de Cuba,
Cuba)
Slejko, Dario Istituto Nazionale di Seismic hazard Detailed email response.
Oceanografia e di modeling in Cuba
Geofisica Sperimetale
(OGS) (Trieste, Italy)
Toscano, Department of Marine terrace Email response and
Marguerite Paleobiology, mapping and dating telephone conversation
Smithsonian Institute in northern Cuba regarding marine terraces
in northern Cuba.
Wong, Ivan URS Corporation Seismic hazard Detailed email responses.

Youngs, Robert AMEC Seismic hazard Declined to participate.
modeling
Zapata Balanque, | Universidad de Oriente Cuba faults and Email response regarding
Jose Alejandro (Santiago de Cuba, neotectonics plans for future
Cuba) paleoseismic studies in

Cuba.
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The following will be added as a new FSAR table in a future revision of the FSAR:

Table 2.5.2-233
Cuba Seismic Source Alternatives for Hazard Sensitivity Calculations

Source Zone Scenarios

Increasing hazard >

Z11%
26 Z1
No areal Elevated rate
sources Six areal Single areal areal source
sources source (+11% increase
in rate)
” No fault sources N/A Z6 Z1 Z11%
£8P
@
g8 SF «
o = SF Z1+SF*
2 @ | Scaled fault sources
0w
33
3 5 FF
==
E N Full fault sources i

Shaded source scenarios not quantitatively evaluated.

* Z1+SF was evaluated as a reasonable combination scenario in the hazard sensitivity
calculations. As discussed in the text, area source scenario Z6 was found to result in lower
hazard than area source scenario Z1. Thus, it is unnecessary to further investigate the
combination scenario Z6+SF.

** As discussed in the text, source area scenario Z11% is considered a conservative
assessment of the seismic hazard derived from the cataloged seismicity, therefore the
combination scenario Z11%+SF is considered overly conservative for consideration in the
hazard sensitivity calculations.

*** As discussed in the text, fault source scenario FF was determined to be technically
indefensible compared to the cataloged seismicity. Therefore, any combination scenarios with
FF were similarly eliminated as technically indefensible.
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The following will be added as a new FSAR table in a future revision of the FSAR:

Table 2.5.2-234
Cuba Areal Source Zone and Northern Cuba Subzone Recurrence Parameters

Zone 4 ) Rate of M, 5 to
Zone (il:‘g) Events® | value®™ b-value 7.3;\;?;::: per
::Sfc:‘f:r'. . | 250286 | 152 -2.430 0.839 2.341E-7
E:gtz':::;‘ Cuba | go770 | 46 | -2.383® | 0.839© 2.609E-7

(a) Events 2 M,, 3.0, filtered for completeness periods.

(b) Normalized to events per yearlkm2

(c) Fixed to Cuba areal source zone b-value

(d) Value represents the 11 percent increase discussed in text

The following will be added as a new FSAR table in a future revision of the FSAR:

Table 2.5.2-235
Completeness Periods and Earthquake Counts in Each Bin from the Phase 2

Earthquake Catalog
Magnitude Range Number of Earthquakes from
(M) Start Data End Date Phase 2 Earthquake Catalog
3.0-4.0 1/1960 3/2008 119
40-5.0 1/1940 3/2008 17
5.0-6.0 1/1850 3/2008 14
6.0-7.0 1/1500 3/2008 2

Source: Reference 255
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The following will be added as a new FSAR table in a future revision of the FSAR:

Table 2.5.2-236
Summary of Seismic Source Parameters for Intraplate Cuba Fault Sources for
Hazard Sensitivity Calculation

Rupture . Slip Rate
Sensitivity Fault Source Dip Depth Lﬁ:‘rg;h ME?: &t&‘:? ('I:i”) (mmlyr)
Range (km) 9 [and weight]
Baconao SE 90° 0-15 101 7.0 [0.5] 0.01 [0.1]
7.3 [0.5] 0.1 [0.5]
1.0 [0.4]
Baconao NW 90° 0-15 191 7.0 [0.5] 0.001 [0.33]
' 7.3 [0.5] 0.01 [0.34]
0.1 [0.33]
Camaguey 90° 0-15 131 7.0 [0.5] 0.001 [0.33]
7.3 [0.5] 0.01 [0.34]
0.1 [0.33]
Cochinos 90° 0-15 68 7.0 [0.5] 0.001 [0.33]
) 7.3 [0.5] 0.01 [0.34]
0.1 [0.33]
Cubitas 90° 0-15 283 7.0 [0.5] 0.001 [0.33]
7.3 [0.5] 0.01 [0.34]
0.1 [0.33]
Guane 90° 0-15 292 7.0 [0.5] 0.001 [0.33]
7.3 [0.5] 0.01 [0.34]
0.1 [0.33]
Habana-Cienfuegos 90° 0-15 269 7.0 [0.5] 0.001 [0.33]
7.3 [0.5] 0.01 [0.34]
0.1 [0.33]
Hicacos 90° 0-15 114 7.0 [0.5] 0.001 [0.33]
7.3 [0.5] 0.01 [0.34]
0.1 [0.33]
La Trocha 90° 0-15 257 7.0 [0.5] 0.001 [0.33]
7.3 [0.5] 0.01 [0.34]
0.1 [0.33]
Las Villas 90° 0-15 197 7.0 [0.5] 0.001 [0.33]
7.3 [0.5] 0.01 [0.34]
0.1 [0.33]
Nipe 90° 0-15 292 7.0 [0.5] 0.01 [0.1]
7.3 [0.5] 0.1 [0.5]
1.0 [0.4]
Nortecubana West 30°S 0-15 595 7.0 [0.5] 0.001 [0.33]
7.3 [0.5] 0.01 [0.34]
0.1 [0.33]
Nortecubana Central 30°S 0-15 441 7.0 [0.5] 0.001 [0.33]
7.3 [0.5] 0.01 [0.34]
0.1 [0.33]
Nortecubana East 30°S 0-15 340 7.0 [0.5] 0.01 [0.1]
7.3 [0.5] 0.1 [0.5]
1.0 [0.4]
Pinar 90° 0-15 215 7.0 [0.5] 0.001 [0.33]
7.3 [0.5] 0.01 [0.34]
0.1 [0.33]
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The following will be added as a new FSAR table in a future revision of the FSAR:

Table 2.5.2-237
Moment Rates, Ratio of Seismicity-Based Moment Rate to Fault-Based Moment
Rates, and Return Periods for My, 6.5 and 7.0 from Cuba Sensitivity Options

Ratio, Return Period | Return Period
Moment Rate Options I;l(lior:eelma:? Seismicity/Fault- for for
y y based M, 6.5 (years) | M, 7 (years)

Historical Seismicity* 7.7844E+23 Not applicable 81 456
Low Slip Rate Option** 6.6686E+22 0.0857 946 5321
:J)I:)(:;ﬂﬁi‘)hp Rate 6.6686E+23 0.8567 95 532
High Slip Rate Option** | 6.6686E+24 8.5666 9.5 53
Weighted Mean Slip 2.8535E+24 3.6657 22 124
Rate***

* Moment rate obtained from seismicity catalog and used for Cuba areal source (Z1) and for scaled fault
scenario (SF). g

** Moment rates obtained from low, middle, and high slip rate values presented in Table 2.5.2-236.

*** Moment rate obtained from weighted mean of slip rate values presented in Table 2.5.2-236 and used
for full fault scenario (FF).

The following will be added as a new FSAR table in a future revision of the FSAR:

Table 2.5.2-238
Summary of Hazard Sensitivity Study Results: Comparison of MAFE

Base case Scenario Scenario Scenario Scenario
Z1 Z6 SF Z11% Z1+SF
10" mean annual frequency of exceedance (MAFE)

Freq MAFE Amp* MAFE % Diff | MAFE % Diff MAFE % Diff | MAFE % Diff

1Hz 1'%35‘ 0.0343 9'4359'5' 5.0% 9'607:5' 3.2% 1'°ng' 1.8% 1'1(::5' 11.4%
1.00E- 9.122E- — | 8.798E- T.025E- 1.094E-
10hz | M99 | 0.0822 . 8.8% | 120% e 2.5% o 9.4%

10” mean annual frequency of exceedance (MAFE)

Freq MAFE Amp* MAFE % Diff | MAFE % Diff MAFE % Diff | MAFE % Diff

1Hz 1'225‘ 0.0663 9'5§‘§E‘ 4.6% 1'°;§E' 1.0% 1'001:5' 1.3% 1'103; E- | 13.4%
T.00E- 9.891E- 9.969E- 9.992E- T.014E-
10Hz | 190 0.278 i 114% oo 0.3% = 0.1% s 1.4%

* Rock motion (g)
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The following will be added as a new FSAR table in a future revision of the FSAR:

Table 2.5.2-239
Summary of Hazard Sensitivity Results: Comparison of Rock Motion Amplitudes

Base Scenario Scenario Scenario Scenario
case 26 SF 211% Z1+SF
Z1
Rock motions (g) at 10" mean annual frequency of exceedance (MAFE)
0,
Freq | Amp | Amp | 7P | % | Amp ‘})’;'f‘,? % Diff | Amp | ‘W | 9 piff | Amp AD'}'f’f’ % Diff

1Hz 0.0343 | 0.0338 | -0.0005 |-1.5%] 0.0340 | -0.0003 | -0.9% | 0.0345 | 0.0002 | 0.6% | 0.0354 | 0.0011 | 3.2%

10 Hz | 0.0822 |0.0784 |-0.0038 |-4.6%| 0.0765 | -0.0057 | -6.9% | 0.0832|0.0010 | 1.2% | 0.0858 | 0.0036 | 4.4%

Rock motions (g) at 10"° mean annual frequency of exceedance (MAFE)

Amp % Amp . Amp . Amp | o,
Diff | Diff Amp Diff % Diff | Amp % Diff | Amp % Diff

Freq Amp Amp Diff Diff

1Hz 0.0663 | 0.0654 | -0.0009 |-1.4%| 0.0665 | 0.0002 | 0.3% |0.0665|0.0002| 0.3% |0.0686 | 0.0023 | 3.5%

10 Hz 0.278 0.276 | -0.0020 |-0.7%] 0.278 | 0.0000| 0.0% | 0.278 | 0.0000 | 0.0% | 0.280 | 0.0020 | 0.7%
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The following will be added as a new FSAR figure in a future revision of the FSAR:

Figure 2.5.2-271 Map showing Cuba single areal source zone (solid black line), six sensitivity areal source zones
(dashed black lines), and northern Cuba subzone used in hazard sensitivity calculation (green shading).
Seismicity (blue circles) is from the Phase 2 earthquake catalog. Thick red lines show plate boundary fault
sources included in PSHA.

85°W 80°W 75°W
I 1 N 1

Turkey Point Units 6 & 7 _ Mw




Proposed Turkey Point Units 6 and 7

Docket Nos. 52-040 and 52-041

FPL Draft Revised Response to NRC RAI No. 02.05.02-4 (eRAI 5896)
L-2013-305 Attachment 3 Page 34 of 38

The following will be added as a new FSAR figure in a future revision of the FSAR:
Figure 2.5.2-272 Map of intrapiate Cuba Fault Sources for Hazard Sensitivity Calculation
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The following will be added as a new FSAR figure in a future revision of the FSAR:

Figure 2.5.2-273 1 Hz mean hazard curves showing sensitivity to Cuba source
scenarios. Lower panel is expanded view of yellow box in upper panel.
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The following will be added as a new FSAR figure in a future revision of the FSAR:

Figure 2.5.2-274 10 Hz mean hazard curves showing sensitivity to Cuba source
scenarios. Lower panel is expanded view of yellow box in upper panel.

1E-1 ; : FSAR Total
: 1)
; == waTotal (Z1+SF)
§ 1E-2 e ~=w=w==Total (FF)
S — — — Total (SF)
§ e U - = Total (Z11%)
“g 5“‘!&;5 R =EEEEEH — e eaTotal (26)
§ N e FSAR Cuba
T (1)
E 1E-4 e et c— 7 ] +SF
g .NA s CUba faults
2 ; (FF)
| e CUba faults
1E-5 * = scaled (SF)
N ‘ Cuba (Z11%)
L% \\
' ‘P;-—m Cuba 6 zones
0.001 0.01 01 1.
10 Hz Spectral Acceleration, g
1E-3 -
. \‘ <
@
% )
8 P RN
'@ \ \!Q
)
>1E-4 S
g N %
g \‘\\ Y
1 \,
E N
5 P
1E-5 - \ ‘
0.01 0.1
10 Hz Spectral Acceleration, g




Proposed Turkey Point Units 6 and 7

Docket Nos. 52-040 and 52-041

FPL Draft Revised Response to NRC RAI No. 02.05.02-4 (eRAI 5896)
L-2013-305 Attachment 3 Page 37 of 38

The following will be added as a new FSAR figure in a future revision of the FSAR:
Figure 2.5.2-275 Total mean hazard curves for 1 Hz (upper) and 10 Hz (lower)

showing sensitivity to four Cuba source scenarios
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ASSOCIATED ENCLOSURES:
None
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NRC RAI Letter No. PTN-RAI-LTR-037

SRP Section: 02.05.02 - Vibratory Ground Motion

Question for Geosciences and Geotechnical Engineering Branch 1 (RGS1)
NRC RAI Number: 02.05.02-5 (eRAI 5896)

FSAR Subsection 2.5.2.1.3.1 states that Mw was used as the uniform magnitude measure
in Phase Il (Caribbean region) earthquake catalog development efforts. Phase | earthquake
catalog (EPRI updates), on the other hand, uses mb as the uniform magnitude measure. In
accordance with NUREG-0800, Standard Review Plan, Chapter 2.5.2, "Vibratory Ground
Motion," and Regulatory Guide (RG)1.208, "A Performance-Based Approach to Define the
Site-Specific Earthquake Ground Motion", please explain the rationale for selecting Mw as
the uniform magnitude measure for the Caribbean earthquake catalog rather than mb.
Discuss what impact, if any, this choice had on the number of earthquakes listed in the
Caribbean earthquake catalog. Were there any earthquakes with mb of 3.0 (or perhaps
larger) that did not make the Mw >= 3.0 cut used in Phase Il catalog development?

FPL RESPONSE:
Introduction

The rationale for selecting moment magnitude (M,,) as the uniform magnitude scale for the
Phase 2 earthquake catalog, as is discussed below, is because M,, gives a better measure
of the energy released for a greater range of magnitudes, including the very large
earthquakes occurring in the Caribbean. The total number of earthquakes of body-wave
magnitude (my) greater than or equal to 3.0 or of M,, greater than or equal to 3.0 in the
Caribbean earthquake catalog depends on details of magnitude conversion among many
different magnitude scales given in many different parent catalogs. Using the FSAR
magnitude conversion process for earthquakes in the Caribbean region, no earthquakes of
my, 3.0 or larger were excluded by adopting M, to characterize the size of Caribbean
earthquakes. Alternative magnitude conversion schemes could lead to more or fewer
earthquakes of magnitude 3.0 or greater for either choice of magnitude, m, or M. As an
example of this, magnitude scale conversion relations used for the recently published
central and eastern United States seismic source characterization (CEUS SSC) model
(EPRI et al., 2012) are found to lead to more earthquakes of M,, greater than or equal to
3.0 for the Caribbean catalog but fewer earthquakes of My, 5.0 and greater. The CEUS
SSC magnitude conversion scheme, although specific to the CEUS and not presented here
as applicable to the Caribbean, is investigated following a request from the NRC staff. The
M,, scale that was used for the FSAR remains the preferred uniform magnitude scale

Rationale for Selecting M,, as the Uniform Magnitude Scale for the Phase 2 Catalog

Seismologists performing current conventional probabilistic seismic hazard analyses, as
well as development of ground motion prediction equations [e.g., the 2008 USGS seismic
hazard maps (FSAR Reference 300) and the 2008 Next Generation of Ground-Motion
Attenuation models (Chiou et al., 2008)], prefer the use of M,, over other magnitude scales,
including my, scale, because it is a more direct indication of the seismic energy associated
with an earthquake, particularly for both shallow and deep focus earthquakes with large
fault dimensions and/or complex rupture mechanisms that occur in the Caribbean. The my,
magnitude scale saturates, or is progressively insensitive to energy release beginning with
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magnitudes greater than about 5.0 due to the difference in the period and the seismic-wave
type used to determine the magnitude size. While the magnitudes of earthquakes within the
CEUS region have generally and traditionally been adequately represented by the m,
scale, the largest events in the Caribbean are not. This rationale for selecting moment
magnitude was the basis for its use in developing the Phase 2 earthquake catalog.

Also, the update of the Phase 1 earthquake catalog was constrained to maintain the
magnitude scale in my because both the EPRI-SOG seismicity catalog and recurrence
characterization of the EPRI-SOG seismic sources already used the my, scale.

NUREG-0800 Section 2.5.2 and RG 1.206 specify that the earthquake catalog should
include all earthquakes having Modified Mercalli Intensity (MMI) greater than or equal to IV
or magnitude greater than or equal to 3.0 that have been reported within 320 km (200
miles) of the site. Large earthquakes outside of this area that would impact the SSE (in
NUREG-0800) or the GMRS (in RG 1.206) should be reported. The Phase 1 and Phase 2
catalogs.were developed to meet these requirements. The magnitude scale is not explicitly
specified in these requirements, although, both documents later state that “magnitude
designations such as my, M, Ms, M,, should be identified.” There is no specification of the
magnitude scale for the earthquake catalog given in RG 1.208.

The magnitude conversion relations between the moment magnitude scale and many other
scales, such as my scale, show that the magnitudes less than about 4.5 (very short fault
lengths) are assumed to be numerically equivalent to M,, and that the conversion relations
are nonlinear at large magnitude values to reflect the saturation of some magnitude scales,
specifically, my, scale (Heaton et al., 1986). Therefore, in the development of the Phase 2
catalog, all small earthquakes of any magnitude scale less than 4.5 were assumed to be
numerically equivalent to M,,. As a result of this assumption for small events, the selected
threshold magnitude scale M,, = 3.0 for the Phase 2 earthquake catalog and m,, (or (E)mb)
2 3.0 for the Phase 1 earthquake catalog presents no inconsistency in terms of minimum
size or minimum seismic energy of a given earthquake considered in the two catalogs.
Therefore, under the process used to develop moment magnitudes for the Phase 2 catalog,
all earthquakes of magnitude 3.0 and larger, regardless of characterization as moment
magnitude or body-wave magnitude, are included in both Phase 1 and Phase 2 earthquake
catalogs, and there is no impact on the number of earthquakes in the two earthquake
catalogs associated with the different magnitude scales used in the two earthquake
catalogs.

During a public meeting conference call with the NRC, there was a brief discussion on the
matter of characterization of magnitudes for the Phase 2 catalog of earthquakes and the
question of the correlation between my,, and M,, was again raised with specific reference to
new work on correlating these two scales as part of the recently completed study on
seismic sources in the CEUS region. Both topics are discussed below.
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Details of the FSAR Magnitude Conversion Process for Earthquakes in the
Caribbean Region

The differences that exist among published seismotectonic region-specific magnitude
conversion relations make the selection of appropriate relations for a given region important
and, if such relations are not available, difficult. Seismic network operational histories are
such that catalogs of events in a given region contain earthquakes located with different
location programs. These programs use different station configurations and different
crustal-velocity models with magnitudes calculated using different calibration. Therefore,
conversions of diverse best estimates of magnitudes determined in different regions to a
given uniform magnitude scale may show notable differences, dependent on tectonic
setting (FSAR Reference 240).

In contrast to the CEUS tectonic environment considered for the Phase 1 earthquake
catalog, the Caribbean region with its 1) different tectonic environments (e.g., plate
boundary and near plate boundary shallow crustal faults and subduction zones), 2) different
magnitude scales, and 3) different seismic network instrumentation and operational
histories, required consideration of different global or regional magnitude conversion
relationships for the Phase 2 earthquake catalog development.

In order to contrast the nature of earthquakes from the Caribbean region to the CEUS
region, a magnitude conversion process was developed to consider the various magnitude
scales used in the original source catalogs considered in the development of the Phase 2
earthquake catalog, and these various magnitude scales were converted to M.

Among the various earthquake source catalogs used for compiling the Phase 2 catalog,
there were 19 different magnitude types that needed to be converted to moment
magnitude. These different magnitude scale conversions are discussed further below, but
as discussed in the FSAR, the process was based on the following simplified process.
First, magnitudes of any type less than 4.5, with reference to the Heaton et al. (1986)
correlation plot described below, were assumed to be equivalent to M, directly. For
magnitudes of any type of 4.5 and larger, the following simplified process was followed:

e Moment magnitudes were already moment magnitudes, so no conversion was
necessary.

e Surface-wave magnitudes M; were converted to M,, considering the Ekstrom and
Dziewonski (1988) relations (FSAR Reference 240) and the Kanamori (1977)
relation (FSAR Reference 269).

e Body-wave magnitudes my, were converted to Ms using the Garcia et al. (2003)
relation (FSAR Reference 254), and then the above process of conversion from Mg
to M,, was followed.

e Intensity-based magnitudes in the Cuba catalog were considered equivalent to Mg
magnitudes (FSAR Reference 254) and then the above process of conversion from
Ms to M,, was followed.

e All other magnitude types were considered equivalent to my and then the above
process to convert from mj,, to M to M,, was followed.
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The Heaton et al. (1986) magnitude correlations, following similar work by Kanamori
(1983), plot various magnitude scales relative to M,, for a seismotectonic setting region
(e.g., western US region or other active plate boundary) more similar to the Caribbean than
the CEUS region, allowing conversion of Caribbean earthquake magnitudes in other scales
into moment magnitude. These magnitude-scale plots graphically show relationships
between the moment magnitude scale and several other magnitude scales, applicable
magnitude ranges, and how they are nonlinear to reflect the saturation of some of the
magnitude scales.

Following is a detailed summary of the approach that was used to provide specific
magnitude scale conversions in order to estimate M,, for the Phase 2 earthquake catalog.

Specific Magnitude Scales Used in the Phase 2 Earthquake Catalog

The Phase 2 earthquake catalog developed for the Caribbean region contains 19 different
measures of size for earthquakes that have occurred in notably different tectonic regions as
compared to the CEUS region. i

¢ Moment magnitudes (My)

The moment magnitude scale, which provides an estimation of total energy released in an
earthquake, was the preferred magnitude scale in the Caribbean Phase 2 catalog under the
rationale given above. Therefore, for all earthquakes in Phase 2 earthquake catalog that
were originally reported in the M,, magnitude scale, these M,, values were directly included
in the catalog.

e Surface-wave magnitudes (M)

The surface-wave magnitude (Ms) scale is commonly used for shallow events larger than
Ms 5.0 (Kanamori, 1983; Mueller et al., 1997) which, by definition, are earthquakes where
surface waves may have been generated. Since the surface-wave magnitude gives the
poorest results for small earthquakes or those deep or at intermediate depth, there are
relatively few earthquakes of this type of magnitude scale in the Phase 2 catalog. For
those reported earthquakes with Ms less than 4.5, these Ms magnitude scales were
considered to be numerically equivalent to M,,. For M values equal to or greater than 4.5,
the 1988 global surface-wave magnitude to average seismic moment (M,) conversion
relation of Ekstrom and Dziewonski (FSAR Reference 240) and then the seismic moment
to moment magnitude conversion relation of Kanamori (1977) (FSAR Reference 269) was
used to convert surface-wave magnitudes to M,, in the Phase 2 earthquake catalog
development.

e Body-wave magnitudes (mp)

The Heaton et al. (1986) my,-M,, magnitude correlation plot suggests that body-wave
magnitude (my) less than about 4.5 are consistent with M,,, and thus, they were assumed to
be numerically equivalent to M,, for the Caribbean region. This consideration is also
consistent with USGS Open File Report 97-464 (Mueller et al., 1997) for body-wave
magnitudes in the western US region. :

As may also be seen in the Heaton et al. (1986) magnitude correlation plot, there is an
issue of saturation of the m, scale beginning with magnitudes larger than about 5.0. The
my, scale stops increasing with increasing earthquake size at about magnitude 6.4



Proposed Turkey Point Units 6 and 7

Docket Nos. 52-040 and 52-041

FPL Revised Response to NRC RAI No. 02.05.02-5 (eRAI 5896)
L-2013-305 Attachment 4 Page 5 of 19

corresponding to a moment magnitude of about 7.5. Therefore, for m, magnitudes of 4.5
and larger the magnitude conversion relation for m, to Ms from the Garcia et al. study
(FSAR Reference 254) was used, and then the M; to My, scaling, discussed above, was
applied for these larger my, values in the Caribbean Phase 2 catalog.

e Intensity-based magnitudes (M, and My ) in the Cuba catalog

The majority of earthquakes in the Cuba catalog have an estimate of intensity-based
magnitude, M, and My, as discussed in the Garcia et al. study (FSAR Reference 254). Both
of these magnitude types are considered to be correlated to coda or duration magnitudes
[see below]. For the FSAR, where there were no region-specific magnitude conversion
relations for intensity-based magnitudes, as well as none for coda- or duration-magnitudes,
to M,,, these M, and M¢ magnitudes were taken as equivalent to M,, for magnitudes less
than 4.5, following Heaton et al. (1986), and equivalent to M for magnitudes 4.5 and larger,
following the Garcia et al. study (FSAR Reference 254). The Mg magnitude scale values
were then converted to My, as described above.

¢ Local, Duration, and Coda magnitudes (M., Mg, DR and M)

The local magnitude (M), duration magnitude (Mq) [sometimes designated “DR” or “Mp” in
the National Geophysical Data Center database (NGDC), see FSAR 2.5.2] and coda
magnitude (M.) are three types of measurements for earthquakes that are used to
determine the local magnitudes and are conventionally considered equivalent. The
instrumental M, and My are typically reported for small and moderate magnitude
earthquakes less than about 6.0, while it is found that M, is also reported for larger
earthquakes up to about 7.0. These three magnitude scales in the Phase 2 earthquake
catalog, which are provided by different seismic networks with varying operational histories
and different station calibrations, are comparable on average to M,, for magnitudes less
than 4.5 in the Phase 2 earthquake catalog (Mueller et al., 1997, Heaton et al., 1986).
Nuttli and Herrmann (1982) report that M, and m, values are nearly equal in the western
United States. Given the common equivalence of M., Mg, and M magnitudes, and the Nuttli
and Herrmann observation, these magnitudes when larger than 4.5 are considered
equivalent to m, and converted to M,,, as detailed above.

¢ Broad-band body-wave magnitudes (mg).

There are also some earthquakes larger than 6.0 in the Phase 2 catalog that are
designated broad-band body-wave magnitude (mg). The main advantage of mg magnitude
scale rather than M is its applicability to both shallow and deep earthquakes. These mg
magnitude-scale events in the Phase 2 catalog are considered to be equivalent to Mg over
the applicable magnitude range of events between about 6.0 and 8.0 (Heaton et al., 1986;
Kanamori, 1983), and then converted to My, as described above.

¢ Intensity-based magnitudes (M(l,)), not in the Cuba catalog

These magnitudes are estimated from maximum intensity (l) using the Gutenberg-Richter
(1956) relationship, which correlates to local magnitude M,. Therefore, these earthquakes
are converted from M to M,,, as described above.

e Equivalent local and coda-duration magnitudes (m;, my, fm, xm, MA, and my)
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The Puerto Rico Seismic Network [PRSN] earthquake catalog, which locally collects the
events in the Caribbean region, has recorded earthquakes whose magnitudes are
determined using different local magnitude relations (mq and xm), as well as different
magnitude-coda duration relations (mz and fm) — the xm and fm magnitudes are
determined using the earthquake location program Hypoellipse (Lahr, 1999). An event less
than magnitude 3.0, excluded from the Phase 2 catalog, is reported as a type MA
magnitude, attributed to PRSN — it may be expected that this small magnitude is one of or
an average of the other PRSN magnitudes. Also reported in the PRSN catalog are
earthquakes from the Jamaica Seismic Network [JSN], which determines average coda
magnitudes (m;) based an the regression between standard m, and log of the signal
duration (Wiggins-Grandison, 2001).

As for local, duration, and coda magnitudes described above when greater than 4.5 these
magnitudes are considered equivalent to m, and are converted to M,,.

¢ Unspecified magnitudes (nk and MG)

Finally, there are some earthquakes in the Phase 2 catalog with unknown magnitude scale
labeled “nk” or “ " (e.g., the computational method was unknown and could not be
determined from published sources), as well as an unspecified magnitude scale labeled
‘MG” (e.g., magnitudes either have been reported by the contributor without listing the type
[e.g., "MG 3.5"] or have been computed using procedures, which are not defined by the
magnitude types routinely reported). These types of earthquakes were considered to be
equivalent to my, for small (3 < M,, < 4.5) and moderate (4.5 < M,, < 6) earthquake
magnitudes in the Phase 2 catalog. Lamarre and Shah (1988) have plotted the unspecified
magnitude scales versus M, for the NGDC database used in the Phase 2 earthquake
catalog, and have indicated that it is very closely approximated by the M, and m,, for
earthquakes in magnitude range less than about 5.0. Taken as equivalent to my, these
magnitudes were converted to M,,, as described above.

Since the types of data used in determination of these magnitude scales are very different
from region to region (e.g., observational errors and intrinsic variations in source
properties), it is important to establish tectonically-similar regional magnitude scale
correlations (Kanamori, 1983). Therefore, it should be emphasized that this magnitude
conversion process was not incorporated into Phase 1 earthquake catalog that includes all
events in the CEUS region with a notably different tectonic environment as compared to the
Caribbean region (FSAR 2.5.1).
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Application of CEUS-SSC Magnitude Conversion Relationships to the Phase 2
Catalog

While recognizing that, according to the findings of the CEUS SSC study (EPRI et al.,
2012), the correlation between m, and M,, is region-dependent, and that nothing in the
CEUS SSC study addresses earthquakes in the Cuba and Caribbean region, an analysis
was performed to investigate the hypothetical effect of the use of CEUS-SSC magnitude
conversions (EPRI et al., 2012) on the number of earthquakes listed in the Phase 2
earthquake catalog.

In this section, an alternative methodology of magnitude conversion is considered using the
magnitude conversion relations from the CEUS SSC report (EPRI et al., 2012), as
proposed by the NRC staff.

Maanitude Conversion Using CEUS SSC Relations

In order to consider the impact on the Phase 2 earthquake catalog of using the CEUS SSC
magnitude conversion relationships from CEUS SSC report (EPRI et al. 2012), there are
two primary elements that need to be addressed. First, the 19 different magnitude types of
the original earthquake catalogs have to be correlated to the magnitude conversion
relationships available in the CEUS SSC report. Second, given the possibility that some of
the CEUS SSC magnitude conversions could result in larger values of moment magnitude
than obtained originally in the FSAR Phase 2 catalog, it is necessary to consider the
smaller magnitude events that had been filtered in the development of the final Phase 2
earthquake catalog. This addresses the fundamental issue raised originally in RAI
02.05.02-5.

Given that the final Phase 2 earthquake catalog has been developed to include only
independent events, it is necessary to perform cluster analysis on any additional smaller
events that may arise for use of the CEUS SSC correlations. Therefore, the steps required
for consideration of the CEUS SSC magnitude conversion relations are the following:

e Bring the smaller magnitude events back into the Phase 2 earthquake catalog that
had been previously filtered out to obtain the final FSAR catalog of M,, 3.0 and
greater.

o Perform de-clustering analysis to identify and remove dependent events among the
added-in smaller magnitude events.

¢ Convert all magnitudes to moment magnitudes using the CEUS SSC relations.

These steps result in a modified Phase 2 earthquake catalog, where the CEUS SSC-
derived moment magnitudes can be compared to those of the FSAR Phase 2 catalog.

Smaller Magnitude Events

As will be shown below, in order to capture any earthquake of moment magnitude 3 or
greater converted using the CEUS SSC magnitude conversion equations, it is necessary to
consider magnitudes of any type greater than 2.0. One exception could have been for
earthquakes whose M,, would be developed from a very small M value. However, the
smallest Mg magnitude in the preferred source catalogs from which a modified Phase 2
catalog M,, would be developed, is Ms 2.1, corresponding to a CEUS SSC M,, 3.5 (see
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below), Therefore, in practice the smallest Ms magnitude has been considered in this
response.

De-clustering Analysis of the Smaller Magnitude Events

In order to consistently add any additional small earthquakes [2.0 < magnitude < 3.0] to the
FSAR Phase 2 catalog, dependent events (foreshocks and aftershocks) must be identified
within this magnitude range and excluded from the modified Phase 2 earthquake catalog.
For the purpose of de-clustering, the magnitudes of any type of the additional small events
were considered equivalent to M,,, similar to the methodology considered in the FSAR. As
described in the FSAR, the Gardner and Knopoff (1974) de-clustering method (FSAR
Reference 256) was used to identify dependent events among the added-in small
magnitude events, which were then removed from the originally modified catalog.

Magnitude Conversion Using CEUS SSC Relations

In order to apply the limited number of types of CEUS SSC magnitude conversion relations,
it is necessary to defensibly correlate the 19 magnitude types of the original Phase 2
catalog with the six magnitude types considered in the CEUS SSC report. Given the
descriptions of the original 19 magnitude types above, Table 1 indicates the correlation of
magnitude types used in this analysis.

Table 1. Correlation of the Original Magnitude Types to those in the CEUS SSC Report
(EPRI et al., 2012)

Original Magnitude Types Corresponding CEUS SSC Magnitude Type
my, MG, nk or {blank} Mg
M, fm, MA, M, My, m;, m; M.
Mgy, DR My
M., xm, my, lo M,
Ms. Mg Ms
M., M,

1) my-My, magnitude conversion

Using the my-M,, magnitude conversion from CEUS SSC report (EPRI et al., 2012, Table
3.3-1 in Chapter 3) — as specified for midcontinent, exclusive of the northeast region and
Canada, and exclusive of recordings from the Geological Survey of Canada — to convert
body-wave magnitudes in the Phase 2 earthquake catalog to moment magnitudes:

M, = m, —0.316 (1)

leads to a smaller estimate of moment magnitude than considered in the FSAR — see
Figure 1. For example, if the CEUS-SSC magnitude conversion relations had been
considered for the Phase 2 catalog, the moment magnitude equivalent to my, 3.0 would be
about My, 2.7, instead of the My, 3.0 in the FSAR.
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2) (Mq Mg, M)-M,, magnitude conversion

The CEUS SSC report (EPRI et al., 2012) (M., M, ML)'-Mw magnitude conversion equation
is:

M, =  0.762[M, My M]+0.869 )

Figure 1 indicates that for about M,, 3.5 and greater, the CEUS SSC leads to smaller
converted M,, magnitudes, notably so for the largest magnitudes. For M,, less than about
3.5 the CEUS SSC magnitude conversions lead to slightly larger M, magnitudes. Further,
considering the intent of presenting the Phase 2 catalog as M,, 3.0 and greater, the CEUS
SSC magnitude conversions would add some additional events which the FSAR catalog
would have considered M,, 2.8 to 3.0.

3) Ms- My, magnitude conversion

Using the quadratic Ms- My, magnitude conversion from CEUS SSC report (EPRI et al,,
2012),

M, = 2.654+0.334 Ms+0.04 Ms* M (3)

leads to very similar estimates of moment magnitude for earthquakes larger than 4.5 as
those that were considered in the FSAR (FSAR 2.5.2) — see Figure 1. For the relatively few
events with M; less than 4.5 in the Phase 2 catalog, the CEUS SSC magnitude conversion
leads to larger M,, magnitudes than the conversion assumption of equivalence in the FSAR.

Conclusions

Using the FSAR magnitude conversion process for earthquakes in the Caribbean region,
no earthquakes of m, 3.0 or larger were excluded.

The impact on the number of Phase 2 catalog earthquakes of M,, 3.0 and greater,
considering the CEUS SSC magnitude scale conversion relations in lieu of the relations
used in the FSAR, is summarized in Table 2. The number of M,, 3.0 and greater events
would increase from 8747 to 9212 when using the CEUS SSC relations. The number of M,,
5.0 and greater would decrease from 787 events to 552 events. Figure 1 graphically
presents the related conclusion, that considering the CEUS SSC magnitude scale
conversion relations, there would be an increase in the number of smallest magnitude
events, while there would be an equivalence or decrease in magnitude for all events of
FSAR M,, 4.5 and greater.
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Table 2. Comparison of the Binned Seismicity for the Phase 2 Catalog Considering

Moment Magnitudes as Determined in the FSAR as Compared to Application of the CEUS

SSC (EPRI et al., 2012) Magnitude Conversion Relations.

Magnitude Range Number of Events: FSAR Number of Events: CEUS SSC
3.0sM,<40 5815 7150
40=<M,<50 2145 1510
50<M,<6.0 541 333
6.0sM,<7.0 167 159
7.0<sM,<8.0 73 56

8.0sM, 6 4
5.0 M, 787 552
3.0sM, 8747 9212

The CEUS SSC magnitude conversion scheme, although specific to the CEUS and not

presented here as applicable to the Caribbean, is investigated following a suggestion from

the NRC staff. The M,, scale that was used for the FSAR remains the preferred uniform

magnitude scale.
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Figure 1. Comparison of converted magnitudes for the complete modified Phase 2 catalog:
FSAR vs. CEUS SSC (EPRI et al.,, 2012). This figure represents the M,, correlation among
10,747 events.

This response is PLANT SPECIFIC.
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ASSOCIATED COLA REVISIONS:
The entire FSAR subsection 2.5.2.1.3.1 should be replaced with the following new text.

2.5.2.1.3.1 Uniform Magnitude M,,

MO N3245 20 O11.4Ms  53[Ms 0 [5.8

In this section, the rationale for selecting moment magnitude (M,,) as the uniform
magnitude scale for the Phase 2 earthquake catalog is discussed and the magnitude
conversion process adopted for all events in the Cuba and Caribbean Phase 2
earthquake catalog is described in detail.
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Rationale for Selecting My, as the Uniform Magnitude Scale for the Phase 2 Catalog

Seismologists performing current conventional probabilistic seismic hazard
analyses, as well as development of ground motion prediction equations (e.g.,
References 300 and 344), prefer the use of M,, over other magnitude scales,
including my, scale, because it is a more direct indication of the seismic energy
associated with an earthquake, particularly for both shallow and deep focus
earthquakes with large fault dimensions and/or complex rupture mechanisms that
occur in the Caribbean. The m, magnitude scale saturates, or is progressively
insensitive to energy release beginning with magnitudes greater than about 5.0 due
to the difference in the period and the seismic-wave type used to determine the
magnitude size. While the magnitudes of earthquakes within the CEUS region have
generally and traditionally been adequately represented by the m;, scale, the largest
events in the Caribbean are not. This rationale for selecting moment magnitude was
the basis for its use in developing the Phase 2 earthquake catalog.

Also, the update of the Phase 1 earthquake catalog, as discussed in subsection
2.5.2.1.2, was constrained to maintain the magnitude scale in m, because both the
EPRI-SOG seismicity catalog and recurrence characterization of the EPRI-SOG
seismic sources use the my, scale.

NUREG-0800 Section 2.5.2 and RG 1.206 specify that the earthquake catalog should
include all earthquakes having Modified Mercalli Intensity (MMI) greater than or equal
to IV or magnitude greater than or equal to 3.0 that have been reported within 320 km
(200 miles) of the site. Large earthquakes outside of this area that would impact the
SSE (in NUREG-0800) or the GMRS (in RG 1.206) should be reported. The Phase 1
and Phase 2 catalogs were developed to meet these requirements. The magnitude
scale is not explicitly specified in these requirements, although, both documents
later state that “magnitude designations such as my,, M, Mg, M,, should be
identified.” There is no specification of the magnitude scale for the earthquake
catalog given in RG 1.208.

The magnitude conversion relations between the moment magnitude scale and many
other scales, such as m; scale, show that the magnitudes less than about 4.5 (very
short fault lengths) are assumed to be numerically equivalent to M,, and that the
conversion relations are nonlinear at large magnitude values to reflect the saturation
of some magnitude scales, specifically, m, scale (Reference 346). Therefore, in the
development of the Phase 2 catalog, all small earthquakes of any magnitude scale
less than 4.5 were assumed to be numerically equivalent to M,,. As a result of this
assumption for small events, the selected threshold magnitude scale M,, 2 3.0 for the
Phase 2 earthquake catalog and m;, (or (E)mb) 2 3.0 for the Phase 1 earthquake
catalog presents no inconsistency in terms of minimum size or minimum seismic
energy of a given earthquake considered in the two catalogs. Therefore, under the
process used to develop moment magnitudes for the Phase 2 catalog, all
earthquakes of magnitude 3.0 and larger, regardless of characterization as moment
magnitude or body-wave magnitude, are included in both Phase 1 and Phase 2
earthquake catalogs, and there is no impact on the number of earthquakes in the two
earthquake catalogs associated with the different magnitude scales used in the two
earthquake catalogs.
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Magnitude Conversion Process for Earthquakes in the Caribbean Region

The differences that exist among published seismotectonic region-specific ‘
magnitude conversion relations make the selection of appropriate relations for a ‘
given region important and, if such relations are not available, difficult. Seismic |
network operational histories are such that catalogs of events in a given region \
contain earthquakes located with different location programs. These programs use *
different station configurations and different crustal-velocity models with \
magnitudes calculated using different calibration. Therefore, conversions of diverse
best estimates of magnitudes determined in different regions to a given uniform |
magnitude scale may show notable differences, dependent on tectonic setting |
(Reference 240). ‘
\

In contrast to the CEUS tectonic environment considered for the Phase 1 earthquake
catalog, the Caribbean region with its 1) different tectonic environments (e.g., plate
boundary and near plate boundary shallow crustal faults and subduction zones), 2) -
different magnitude scales, and 3) different seismic network instrumentation and
operational histories, required consideration of different global or regional
magnitude conversion relationships for the Phase 2 earthquake catalog
development.

In order to contrast the nature of earthquakes from the Caribbean region to the
CEUS region, a magnitude conversion process was developed to consider the
various magnitude scales used in the original source catalogs considered in the
development of the Phase 2 earthquake catalog, and these various magnitude scales
were converted to M,,.

Among the various earthquake source catalogs used for compiling the Phase 2
catalog, there were 19 different magnitude types that needed to be converted to
moment magnitude. These different magnitude scale conversions are discussed
further below based on the following simplified process. First, magnitudes of any
type less than 4.5, with reference to the Heaton et al. (Reference 346) correlation plot
described below, were assumed to be equivalent to M,, directly. For magnitudes of
any type of 4.5 and larger, the following simplified process was followed:

e Moment magnitudes were already moment magnitudes, so no conversion was
necessary.

o Surface-wave magnitudes Ms were converted to M,, considering the Ekstrom
and Dziewonski relations (Reference 240) and the Kanamori relation
(Reference 269).

e Body-wave magnitudes m, were converted to M considering the Garcia et al.
relation (Reference 254), and then the above process of conversion from M; to
M,, was followed.

¢ Intensity-based magnitudes in the Cuba catalog were considered equivalent to
Ms magnitudes (Reference 254) and then the above process of conversion
from M; to M,, was followed.
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e All other magnitude types were considered equivalent to m, and then the
above process to convert from my to M to M,, was followed.

The Heaton et al. (Reference 346) magnitude correlations, following similar work by
Kanamori (Reference 347), plot various magnitude scales relative to M,, for a
seismotectonic setting region (e.g., western US region or other active plate
boundary) more similar to the Caribbean than the CEUS region, allowing conversion
of Caribbean earthquake magnitudes in other scales into moment magnitude. These
magnitude-scale plots graphically show relationships between the moment
magnitude scale and several other magnitude scales, applicable magnitude ranges,
‘and how they are nonlinear to reflect the saturation of some of the magnitude scales.

Following is a detailed summary of the approach that was used to provide specific
magnitude scale conversions in order to estimate M,, for the Phase 2 earthquake
catalog.

Specific Magnitude Scales Used in the Phase 2 Earthquake Catalog

The Phase 2 earthquake catalog developed for the Caribbean region contains 19
different measures of size for earthquakes that have occurred in notably different
tectonic regions as compared to the CEUS region.

e Moment magnitudes (M)

The moment magnitude scale, which provides an estimation of total energy released
in an earthquake, was the preferred magnitude scale in the Caribbean Phase 2
catalog under the rationale given above. Therefore, for all earthquakes in Phase 2
earthquake catalog that were originally reported in the M,, magnitude scale, these M,,
values were directly included in the catalog.

o Surface-wave magnitudes (Ms)

The surface-wave magnitude (M) scale is commonly used for shallow events larger
than M, 5.0 (References 347 and 350) which, by definition, are earthquakes where
surface waves may have been generated. Since the surface-wave magnitude gives
the poorest results for small earthquakes or those deep or at intermediate depth,
there are relatively few earthquakes of this type of magnitude scale in the Phase 2
catalog. For those reported earthquakes with Ms less than 4.5, these Ms magnitude
scales were considered to be numerically equivalent to M,,. For M; values equal to
or greater than 4.5, the 1988 global surface-wave magnitude to average seismic
moment (M,) conversion relations of Ekstrom and Dziewonski (Reference 240) and
then the seismic moment to moment magnitude conversion relation of Kanamori
(Reference 269) was used to convert surface-wave magnitudes to M,, in the Phase 2
earthquake catalog development.

e Body-wave magnitudes (mp)

The Heaton et al. (Reference 346) m,-M,, magnitude correlation plot suggests that
body-wave magnitude (my) less than about 4.5 are consistent with M,,, and thus, they
were assumed to be numerically equivalent to M,, for the Caribbean region. This
consideration is also consistent with USGS Open File Report 97-464 (Reference 350)
for body-wave magnitudes in the western US region.
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As may also be seen in the Heaton et al. (Reference 346) magnitude correlation plot,
there is an issue of saturation of the m;, scale beginning with magnitudes larger than
about 5.0. The my, scale stops increasing with increasing earthquake size at about
magnitude 6.4 corresponding to a moment magnitude of about 7.5. Therefore, for m,,
magnitudes of 4.5 and larger the magnitude conversion relation for m;, to M from the
Garcia et al. study (Reference 254) was used, and then the M to M,, scaling,
discussed above, was applied for these larger my, values in the Caribbean Phase 2
catalog.

¢ Intensity-based magnitudes (M, and My ) in the Cuba catalog

The majority of earthquakes in the Cuba catalog have an estimate of intensity-based
magnitude, M, and My, as discussed in the Garcia et al. study (Reference 254). Both
of these magnitude types are considered to be correlated to coda or duration
maghnitudes [see below]. For the magnitude conversion process, where there were
no region-specific magnitude conversion relations for intensity-based magnitudes,
as well as none for coda- or duration-magnitudes, to M,,, these M, and My magnitudes
were taken as equivalent to M,, for magnitudes less than 4.5, following Heaton et al.
(Reference 346), and equivalent to Mg for magnitudes 4.5 and larger, following the
Garcia et al. study (Reference 254). The Ms magnitude scale values were then
converted to My, as described above.

e Local, Duration, and Coda magnitudes (M., My, DR and M.)

The local magnitude (M,), duration magnitude (My) [sometimes designated “DR” or
“Mp” in the National Geophysical Data Center database (NGDC)] and coda magnitude
(M.) are three types of measurements for earthquakes that are used to determine the
local magnitudes and are conventionally considered equivalent. The instrumental M,
and My are typically reported for small and moderate magnitude earthquakes less
than about 6.0, while it is found that M, is also reported for larger earthquakes up to
about 7.0. These three magnitude scales in the Phase 2 earthquake catalog, which
are provided by different seismic networks with varying operational histories and
different station calibrations, are comparable on average to M,, for magnitudes less
than 4.5 in the Phase 2 earthquake catalog (References 346 and 350). Nuttli and
Herrmann (Reference 351) report that M, and m,, values are nearly equal in the
western United States. Given the common equivalence of M, My, and M,
maghnitudes, and the Nuttli and Herrmann observation, these magnitudes when
larger than 4.5 are considered equivalent to m, and converted to M,,, as detailed
above.

« Broad-band body-wave magnitudes (mg).

There are also some earthquakes larger than 6.0 in the Phase 2 catalog that are
designated broad-band body-wave magnitude (mg). The main advantage of mg
magnitude scale rather than M; is its applicability to both shallow and deep
earthquakes. These mg magnitude-scale events in the Phase 2 catalog are
considered to be equivalent to M over the applicable magnitude range of events
between about 6.0 and 8.0 (References 346 and 347), and then converted to M,,, as
described above.
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¢ Intensity-based magnitudes (M(l,)), not in the Cuba catalog

These magnitudes are estimated from maximum intensity (lo) using the Gutenberg-
Richter (Reference 345) relationship, which correlates to local magnitude M..
Therefore, these earthquakes are converted from M, to M,,, as described above.

o Equivalent local and coda-duration magnitudes (m;, mz, fm, xm, MA, and my)

The Puerto Rico Seismic Network [PRSN] earthquake catalog, which locally collects
the events in the Caribbean region, has recorded earthquakes whose magnitudes are
determined using different local magnitude relations (m and xm), as well as different
magnitude-coda duration relations (m, and fm) — the xm and fm magnitudes are
determined using the earthquake location program Hypoellipse (Reference 348). An
event less than magnitude 3.0, excluded from the Phase 2 catalog, is reported as a
type MA magnitude, attributed to PRSN - it may be expected that this small
magnitude is one of or an average of the other PRSN magnitudes. Also reported in
the PRSN catalog are earthquakes from the Jamaica Seismic Network [JSN], which
determines average coda magnitudes (m¢) based on the regression between
standard m,, and log of the signal duration (Reference 352).

As for local, duration, and coda magnitudes described above when greater than 4.5
these magnitudes are considered equivalent to m, and are converted to M,,.

e Unspecified magnitudes (nk and MG)

Finally, there are some earthquakes in the Phase 2 catalog with unknown magnitude
scale labeled “nk” or “ ” (e.g., the computational method was unknown and could
not be determined from published sources), as well as an unspecified magnitude
scale labeled “MG” (e.g., magnitudes either have been reported by the contributor
without listing the type [e.g., "MG 3.5"] or have been computed using procedures,
which are not defined by the magnitude types routinely reported). These types of
earthquakes were considered to be equivalent to m;, for small (3 < My, < 4.5) and
moderate (4.5 £ M,, < 6) earthquake magnitudes in the Phase 2 catalog. Lamarre and
Shah (Reference 349) have plotted the unspecified magnitude scales versus M, for
the NGDC database used in the Phase 2 earthquake catalog, and have indicated that
it is very closely approximated by the M, and m;, for earthquakes in magnitude range
less than about 5.0. Taken as equivalent to my, these magnitudes were converted to
M,,, as described above.

Since the types of data used in determination of these magnitude scales are very
different from region to region (e.g., observational errors and intrinsic variations in
source properties), it is important to establish tectonically-similar regional
maghnitude scale correlations (Reference 347). Therefore, it should be emphasized
that this magnitude conversion process was not incorporated into Phase 1
earthquake catalog that includes all events in the CEUS region with a notably
different tectonic environment as compared to the Caribbean region (Section 2.5.1).
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NRC RAI Letter No. PTN-RAI-LTR-037

SRP Section: 02.05.02 - Vibratory Ground Motion

Question for Geosciences and Geotechnical Engineering Branch 1 (RGS1)
NRC RAI Number: 02.05.02-9 (eRAI 5896)

FSAR Subsection 2.5.2.5.1 states that P-wave velocities from eight deep wells were used
to develop the deeper (>636 ft) sections of the site response model. The wells that provide
the P-wave velocity information are approximately 100 km to 180 km away from the site. In
accordance with Regulatory Guide (RG) 1.208, "A Performance-Based Approach to Define
the Site-Specific Earthquake Ground Motion", please provide:

a. additional information on the applicability of seismic velocity information obtained at
such great distances to the Turkey Point site. How was the variation in geology
considered in these projections?

b. individual velocity profiles for each of the eight wells used in estimating the average
profile shown in FSAR Figure 2.5.4-211

c. further details on how larger uncertainties in deeper layers’ thicknesses/depths are
taken into account in the randomization of the site profile

FPL RESPONSE:
Background

Sonic logs 0001, 0002, 0005, 0007, 0008 and 0010 (files purchased from the Florida
Geological Survey Division of Oil and Gas) were derived from wells located approximately
66 miles (approximately 106.2 kilometers), 62 miles (approximately 100.0 kilometers), 81
miles (approximately 130.4 kilometers), 110 miles (approximately 177.0 kilometers), 82
miles (approximately 132.0 kilometers), and 71 miles (approximately 114.3 kilometers) from
the FPL Turkey Point site, respectively (FSAR Figure 2.5.4-210). The measurements
recorded by the probe at these locations were depth, expressed in feet below the drill rig’s
Kelly bushing, and the interval travel time (Delta T (DT,)) expressed in microseconds

(10 seconds) per foot. The logs were initiated at an upper depth of 3,610 to 4,100 feet
(El. -3,555 to -4,059 feet NAVD 88) below each drill rig's Kelly bushing and terminated at a
lower depth of 11,600 to 11,920 feet (El. -11,564 to -11,879 feet NAVD 88) below Kelly
bushing.

Because these six sonic logs do not possess DT, data for depths above 3,610 (El. -3,555
feet NAVD88), a gap in the compression wave velocity data existed between the depths of
620 and 3,610 feet (El. -600 and -3,555 feet NAVD 88). To fill much of this data gap, two
sonic logs, LAB-TW and PBF-12, obtained from U.S. Geological Survey (Reference 1)
were manually digitized over ten- foot intervals.

Sonic logs LAB-TW and PBF-12 (Reference 1) were derived from wells located
approximately 115 miles (approximately 185.1 kilometers) and 64 miles (approximately
103.0 kilometers) from the Turkey Point site, respectively (FSAR Figure 2.5.4-210). The
measurements recorded by the probe at these locations were depth, expressed in feet
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below land surface, and DT, expressed in microseconds (10°® seconds) per foot. The logs
were initiated at an upper depth of 500 to 900 feet (El. -482 to -834 feet NAVD88) below
land surface and terminated at a lower depth of 1,900 to 2,350 feet (El. -1882 to -2334 feet
NAVD88) below land surface.

The wells noted in the preceding two paragraphs are the closest wells to the Turkey Point
Units 6 & 7 site with available subsurface seismic velocity data. This response is structured
to respond to parts a, b, and c of the RAI.

a),

The well locations with the sonic logs used for this analysis are shown on FSAR
Figure 2.5.4-210. FSAR Figure 2.5.1-232 shows a north-south regional geologic
cross section (Section E-F) through the Upper Mesozoic and Lower Cenozoic
rocks in southern Florida. Point 39 on the cross section (and on the Inset Map
on FSAR Figure 2.5.1-232) is the closest location on the regional geologic cross
section to the majority of the sonic log locations on FSAR Figure 2.5.4-210. The
distance from Point 39 to the Turkey Point site is about 80 miles (128.7
kilometers). Based on the review of publications (FSAR Subsection 2.5.1
References 374, 377, 378, and 397), regional geologic cross sections (FSAR
Figures 2.5.1-232, 233, 235, and 236) and the sonic logs (0001, 0002, 0005,
0007, 0008, 0010, LAB-TW and PBF-12), there appears to be relatively little
variation, on a regional scale, in the stratigraphy of the upper 6,000 ft between
the Point 39 area and the Turkey Point site. Based upon this review the
stratigraphic units generally show less variation with increasing depth.
Therefore, it is reasonable to assume that the lack of stratigraphic variation on
the scale shown in FSAR Figure 2.5.1-232 continues below 6,000 feet. The
stratigraphic information and shear wave velocity data, which is calculated from
Poisson’s ratio and interval travel time derived from the sonic logs, were migrated
down the gentle regional dip from the locations of the wells shown on FSAR
Figure 2.5.4-210 to the Turkey Point Units 6 & 7 site. Geologic variations, where
they exist, are most likely due to facies changes within the gross stratigraphic
units. This regional geology-based approach is a reasonable means for
developing a stratigraphic and shear wave velocity column for the stratigraphic
units below the deepest site borings. This approach provides a technical basis
for the development of the deep portion of the site response model. Variations in
both unit thickness and material properties, that might be the result of facies
changes within stratigraphic units, are accounted for by the randomization
process described in part ¢ of this RAIl response.

The compression and shear wave velocity profiles for each of the 8 wells are
shown in Figures 1 through 8.
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C) The uncertainties in the dynamic properties of the deeper layers were taken into
account by the following two steps.

1.

The calculated logarithmic standard deviation for each of the converted
shear-wave velocity (Vs) values was increased to account for uncertainty in
Poisson’s ratio and to account for the number of profiles used to construct the
deep portion of the base case profile.

The layer thicknesses of each synthetic profile were obtained using a
randomization approach where the rate of layer boundary changes at a given
depth (which is closely related to the probability of having a layer boundary at
that depth) is the sum of a smooth continuous function and a non-smooth
function that takes non-zero values where the base case profiles have
discontinuities in Vs. The value of the latter function is proportional to the
relative change in Vs and inversely proportional to the logarithmic standard
deviation of Vs. Because the size of the steps in the base case V; profile is
relatively small compared to the logarithmic standard deviation of Vs, these
discontinuities tend to occur at different depths in different synthetic profiles,
as can be verified in FSAR Figure 2.5.2-239. This implies that the layer
thicknesses are strongly randomized in the lower portion of the profile.
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Figure 1. Shear Wave (Vs) and Compression Wave (V;) Velocity Profiles for Sonic Log 0001
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Figure 2. Shear Wave (Vs) and Compression Wave (V,) Velocity Profiles for Sonic Log 0002
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Figure 3. Shear Wave (V;) and Compression Wave (V) Velocity Profiles for Sonic Log 0005
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Figure 4. Shear Wave (Vs) and Compression Wave (V,) Velocity Profiles for Sonic Log 0007
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Figure 5. Shear Wave (Vs) and Compression Wave (V,) Velocity Profiles for Sonic Log 0008
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Figure 6. Shear Wave (Vs) and Compression Wave (V) Velocity Profiles for Sonic Log 0010
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Figure 7. Shear Wave (V;) and Compression Wave (V,) Velocity Profiles for Sonic Log LAB-TW
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Figure 8. Shear Wave (V;) and Compression Wave (V,) Velocity Profiles for Sonic Log PBF-12
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NRC RAI Letter No. PTN-RAI-LTR-037

SRP Section: 02.05.02 - Vibratory Ground Motion

Question for Geosciences and Geotechnical Engineering Branch 1 (RGS1)
NRC RAI Number: 02.05.02-13 (eRAI 5896)

The FSAR does not list the USGS national seismic hazard map project as a potential
source for EPRI seismic source model updates. The USGS regularly updates its own
national seismic hazard maps using the most recent data and information. Within the last
decade, the USGS published two comprehensive national seismic hazard reports in 2002
and 2008. RG 1.208 indicates that existing seismic source models should be evaluated in
light of more recent data and evolving knowledge. Please discuss why the USGS national
seismic hazard maps and model parameters are not discussed as potential studies to be
considered in updating the existing EPRI seismic source geometries and/or

model parameters.

FPL RESPONSE:

A new discussion of the USGS National Seismic Hazard Mapping Project (NSHMP) will be
added to the FSAR. The USGS NSHMP (FSAR Reference 300) characterizes seismic
sources throughout the continental United States using multiple classes of earthquake
source models. The general approach used by the USGS for modeling distributed
seismicity in the Central and Eastern United States (CEUS) is based on gridded, spatially
smoothed seismicity in large background zones. Seismic sources within the CEUS most
relevant to the Turkey Point Units 6 & 7 site are modeled with: (1) a regional uniform
background source model dividing the Extended Margin of the CEUS from the Craton; (2)
special zones accounting for variability in catalog completeness, seismicity, maximum
magnitude, and b-value, such as the uniform source zones for the Eastern Tennessee and
New Madrid seismic zones; and (3) finite fault sources, such as those included for the New
Madrid and Charleston seismic sources.

The 2008 NSHMP earthquake sources are depicted in Figure 1. Significant changes from
the 2002 NSHMP (FSAR Reference 251) model of seismic hazard in the CEUS include: (1)
uncertainty in the maximum magnitude (Mmax) assigned to Mmax zones (e.g., Extended
Margin); (2) revised geometry of the Charleston seismic source zones; and (3) revised
magnitudes, rates, and geometry for the New Madrid seismic source. As a resuit of these
updates, the 2008 NSHMP characterizes Mmax for the Extended Margin and Craton as
weighted distributions ranging between M7.1 - 7.7 and M6.6 - 7.2, respectively. The two
areal zones defining the Charleston source are both assigned Mmax distributions of M6.8 -
7.5 with a recurrence interval of 550 years, unchanged from the 2002 NSHMP (FSAR
Reference 251). The Charleston seismic source updates from the NSHMP (FSAR
Reference 300) are discussed in Subsections 2.5.2.4.4.2.2 and 2.5.2.4.4.2.3.

The NSHMP model only covers a small portion of the site region (Figure 1) and does not
include seismically active areas in the southern part of the site region and beyond, such as
Cuba and the North America-Caribbean plate boundary that contribute to the seismic
hazard in southern Florida. Therefore, a direct comparison between the NSHMP SSC
model and the FSAR SSC model is not presented in the FSAR.
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Figure 1. Seismic Sources from the U.S. Geological Survey’s 2008 National Seismic Hazard Mapping Project
(Petersen et al. 2008 FSAR Reference 300)
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ASSOCIATED COLA REVISIONS:
FSAR Subsection 2.5.2.4.4 will be revised in a future COLA revision as follows:

2.5.2.4.4 New Seismic Source Characterizations

To complement the updated EPRI seismic source model described above, three new
seismic source characterizations are included for analysis. These three new source
characterizations are:

e Supplemental seismic source zones that fill the area of the site region beyond the area
covered by the original EPRI source model (Subsection 2.5.2.4.4.1).

e New, post-EPRI characterization of the Charleston seismic source (Subsection
25.2442).

e New, post-EPRI characterization of seismic sources located in the Cuba area and the
North America-Caribbean plate boundary region (Subsection 2.5.2.4.4.3).

An additional post-EPRI model is the USGS National Seismic Hazard Mapping
Project (NSHMP) (Reference 300), which characterizes seismic sources throughout
the continental United States using multiple classes of earthquake source models.
While the NSHMP source model is described below, source parameters from this
model are not included in the updated PSHA for the Turkey Point Units 6 & 7 site.
The general approach used by the USGS for modeling distributed seismicity in the
CEUS is based on gridded, spatially smoothed seismicity in large background zones.
Seismic sources within the Central and Eastern United States (CEUS) most relevant
to the Turkey Point site are modeled with: (1) a regional uniform background source
model dividing the Extended Margin of the CEUS from the Craton; (2) special zones
accounting for variability in catalog completeness, seismicity, maximum magnitude,
and b-value, such as the uniform source zones for the Eastern Tennessee and New
Madrid seismic zones; and (3) finite fault sources, such as those included for the
New Madrid and Charleston seismic sources.

The 2008 NSHMP earthquake sources are depicted in Figure 2.5.2-258. Significant
changes from the 2002 NSHMP model of seismic hazard in the CEUS (Reference 251)
include: (1) uncertainty in the maximum magnitude (Mmax) assigned to Mmax zones
(e.g., Extended Margin); (2) revised geometry of the Charleston seismic source
zones; and (3) revised magnitudes, rates, and geometry for the New Madrid seismic
source. As a result of these updates, the 2008 NSHMP characterizes Mmax for the
Extended Margin and Craton as weighted distributions ranging between M7.1 - 7.7
and M6.6 - 7.2, respectively. The two areal zones defining the Charleston source are
both assigned Mmax distributions of M6.8 - 7.5 with a recurrence interval of 550
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years, unchanged from the 2002 NSHMP. The USGS NSHMP Charleston seismic
source update is discussed in FSAR Subsections 2.5.2.4.4.2.2 and 2.5.2.4.4.2.3.

2.5.2.4.4.1 Supplemental Source Zones
The following new figure will be included in a future COLA revision.

Figure 2.5.2-276 USGS National Seismic Hazard Map Earthquake Sources
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Source: Petersen et al. 2008 FSAR Reference 300
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None






