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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 II (Caribbean region) earthquake catalog development efforts. Phase I 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 II catalog development? 

FPL RESPONSE: 

Introduction 

The rationale for selecting moment magnitude (Mw) as the uniform magnitude scale for the 
Phase 2 earthquake catalog, as is discussed below, is because Mw 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 (mb) greater than or equal to 3.0 or of Mw 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 
mb 3.0 or larger were excluded by adopting Mw 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, mb or Mw.  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 Mw greater than or equal to 
3.0 for the Caribbean catalog but fewer earthquakes of Mw 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 
Mw scale that was used for the FSAR remains the preferred uniform magnitude scale  

Rationale for Selecting Mw 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 Mw over other magnitude scales, 
including mb 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 mb 
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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 mb 
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 mb because both the EPRI-SOG seismicity catalog and recurrence 
characterization of the EPRI-SOG seismic sources already used the mb scale. 

The SRP [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 mb, ML, Ms, Mw 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 mb scale, show that the magnitudes less than about 4.5 (very short fault 
lengths) are assumed to be numerically equivalent to Mw and that the conversion relations 
are nonlinear at large magnitude values to reflect the saturation of some magnitude scales, 
specifically, mb 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 Mw. As a result of this assumption for small events, the selected 
threshold magnitude scale Mw ≥ 3.0 for the Phase 2 earthquake catalog and mb (or (E)mb) 
≥ 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 mb, and Mw 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 Mw.   

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 Mw directly.  For 
magnitudes of any type of 4.5 and larger, the following simplified process was followed: 

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

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

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

 Intensity-based magnitudes in the Cuba catalog were considered equivalent to Ms 

magnitudes (FSAR Reference 254) and then the above process of conversion from 
Ms to Mw was followed. 
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 All other magnitude types were considered equivalent to mb and then the above 
process to convert from mb to Ms to Mw was followed. 

The Heaton et al. (1986) magnitude correlations, following similar work by Kanamori 
(1983), plot various magnitude scales relative to Mw for a seismotectonic setting [i.e., 
western US region or other active plate boundary regions] 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 Mw 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. 

 Moment magnitudes (Mw) 

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 Mw magnitude scale, these Mw values were directly included 
in the catalog. 

 Surface-wave  magnitudes  (Ms) 

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 Mw.  For Ms values equal to or greater than 4.5, 
the 1988 global surface-wave magnitude to average seismic moment (Mo) 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 Mw in the Phase 2 earthquake catalog 
development.  

 Body-wave magnitudes (mb) 

The Heaton et al. (1986) mb-Mw magnitude correlation plot suggests that body-wave 
magnitude (mb) less than about 4.5 are consistent with Mw, and thus, they were assumed to 
be numerically equivalent to Mw 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. 
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As may also be seen in the Heaton et al. (1986) magnitude correlation plot, there is an 
issue of saturation of the mb scale beginning with magnitudes larger than about 5.0.  The 
mb scale stops increasing with increasing earthquake size at about magnitude 6.4 
corresponding to a moment magnitude of about 7.5. Therefore, for mb magnitudes of 4.5 
and larger the magnitude conversion relation for mb to Ms from the Garcia et al. study 
(FSAR Reference 254) was used, and then the Ms to Mw scaling, discussed above, was 
applied for these larger mb values in the Caribbean Phase 2 catalog.   

 Intensity-based magnitudes (MI and Mk ) in the Cuba catalog 

The majority of earthquakes in the Cuba catalog have an estimate of intensity-based 
magnitude, MI and Mk, 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 Mw, these MI and Mk magnitudes were taken as equivalent to Mw for magnitudes less 
than 4.5, following Heaton et al. (1986), and equivalent to Ms for magnitudes 4.5 and larger, 
following the Garcia et al. study (FSAR Reference 254). The Ms magnitude scale values 
were then converted to Mw, as described above.  

 Local, Duration, and Coda magnitudes (ML, Md, DR and Mc) 

The local magnitude (ML), duration magnitude (Md) [sometimes designated “DR” or “MD” in 
the National Geophysical Data Center database (NGDC), see FSAR 2.5.2] and coda 
magnitude (Mc) are three types of measurements for earthquakes that are used to 
determine the local magnitudes and are conventionally considered equivalent.  The 
instrumental Mc and Md are typically reported for small and moderate magnitude 
earthquakes less than about 6.0, while it is found that ML 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 Mw 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 ML and mb values are nearly equal in the western 
United States. Given the common equivalence of ML, Md, and Mc magnitudes, and the Nuttli 
and Herrmann observation, these magnitudes when larger than 4.5 are considered 
equivalent to mb and converted to Mw, as detailed above.  

 Broad-band body-wave magnitudes (mB).   

There are also some earthquakes larger than 6.0 in the Phase 2 catalog that are 
designated broad-band body-wave magnitude (mB).  The main advantage of mB magnitude 
scale rather than Ms is its applicability to both shallow and deep earthquakes. These mB 
magnitude-scale events in the Phase 2 catalog are considered to be equivalent to Ms over 
the applicable magnitude range of events between about 6.0 and 8.0 (Heaton et al., 1986; 
Kanamori, 1983), and then converted to Mw, as described above.  
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 Intensity-based magnitudes (M(Io)), not in the Cuba catalog 

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

 Equivalent local and coda-duration magnitudes (mI, m2, fm, xm, MA, and mt) 

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 (m1 and xm), as well as different 
magnitude-coda duration relations (m2 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 (mt) based on the regression between standard mb 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 mb and are converted to Mw. 

 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 mb for small (3 ≤ Mw < 4.5) and moderate (4.5 ≤ Mw < 6) earthquake 
magnitudes in the Phase 2 catalog. Lamarre and Shah (1988) have plotted the unspecified 
magnitude scales versus ML for the NGDC database used in the Phase 2 earthquake 
catalog, and have indicated that it is very closely approximated by the ML and mb for 
earthquakes in magnitude range less than about 5.0. Taken as equivalent to mb, these 
magnitudes were converted to Mw, 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 mb and Mw 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.    

Magnitude 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: 

 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 Mw 3.0 and 
greater. 

 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 Mw would be developed from a very small Ms value.  However, the 
smallest Ms magnitude in the preferred source catalogs from which a modified Phase 2 
catalog Mw would be developed, is Ms 2.1, corresponding  to a CEUS SSC  Mw 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 Mw, 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 
mb, MG, nk or {blank} mb 

Mc, fm, MA, MI, Mk, mt, m2 Mc 
Md, DR Md 

ML, xm, m1, Io ML 
Ms, mB Ms 

Mw Mw 

1) mb-Mw magnitude conversion 

Using the mb-Mw 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: 

  Mw = mb – 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 mb 3.0 would be 
about Mw 2.7, instead of the Mw 3.0 in the FSAR.  
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2) (Mc, Md, ML)-Mw magnitude conversion 

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

Mw = 0.762 [Mc, Md, ML] + 0.869     (2) 

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

3) Ms- Mw magnitude conversion 

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

Mw = 2.654+0.334 Ms+0.04 Ms* Ms     (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 Ms less than 4.5 in the Phase 2 catalog, the CEUS SSC magnitude conversion 
leads to larger Mw 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 mb 3.0 or larger were excluded. 

The impact on the number of Phase 2 catalog earthquakes of Mw 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 Mw 3.0 and greater events 
would increase from 8747 to 9212 when using the CEUS SSC relations. The number of Mw 
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 Mw 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 
3.0 ≤ Mw < 4.0 5815 7150 
4.0 ≤ Mw < 5.0 2145 1510 
5.0 ≤ Mw < 6.0 541 333 
6.0 ≤ Mw < 7.0 167 159 
7.0 ≤ Mw < 8.0 73 56 

8.0 ≤ Mw 6 4 

3.0 ≤ Mw 8747 9212 
5.0 ≤ Mw 787 552 

 

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 Mw scale that was used for the FSAR remains the preferred uniform 
magnitude scale. 

DRAFT



Proposed Turkey Point Units 6 and 7 
Docket Nos. 52-040 and 52-041 
FPL Response to NRC RAI No. 02.05.02-5 (eRAI 5896) 
Page 11 of 19 

1

2

3

4

5

6

7

8

9

1 2 3 4 5 6 7 8 9

C
EU

S 
SS
C
 M

w

FSAR Phase 2 Mw

Magnitude Conversion: Mw
Magnitude Conversion: mb
Magnitude Conversion: Mc, Md, ML
Magnitude Conversion: Ms
one‐one slope
Threshold magnitude cutoff line (CEUS)
Threshold magnitude cutoff line (FSAR)

 
 

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 Mw 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 Mw 
 
In the Phase 2 earthquake catalog, Mw was used as the unifying magnitude 
because it is the most commonly used magnitude in recent seismic hazard 
studies. 
 
Converting Various Magnitude Scales to Mw 
 
Various magnitude scales may be available for a given event. Each available 
magnitude was considered in the evaluation of Mw for that event. If an Mw was 
available, it was adopted directly. Other magnitudes were converted to estimates 
of Mw using the Equation 2.5.2-8 (Reference 240). 
 
Global average relationships between MS and log M0 (logarithm of the seismic 
moment) were used in which the independent variable is log M0 based on the 
assumption that the slope of the regression is 1 for small and 2/3 for large values 
of M0 (Reference 240). The following global log M0-MS relation was used to 
convert surface-wave magnitude (MS) to seismic moment (M0) for all events: 
 
logM0 = 19.24 + MS    MS< 5.3    Equation 2.5.2-8 
logM0 � 30.20 92.45 11.4Ms       5.3 ≤Ms ≤6.8 
logM0 = 16.14 + 1.5MS   MS > 6.8 
 
Moment magnitudes were estimated from seismic moment for all events as a 
linear transformation of the logarithm of the seismic moment, M0, given by 
(Reference 269): 
 
Mw = (2/3) log M0 – 10.7        Equation 2.5.2-9 
 
in which M0 is in dyne-cm units (10-7 Nm). 
 
A new linear relationship to compute MS from mb, valid in the interval 4.0 < mb < 
6.0 and 3.1 < MS < 6.7, was applied by the following linear regression 
(Reference 254): 
 
MS = 1.37 mb - 2.34         Equation 2.5.2-
10 

In this section, the rationale for selecting moment magnitude (Mw) 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 Mw 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 Mw over other magnitude scales, 
including mb 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 mb 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 mb 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 mb because both the 
EPRI-SOG seismicity catalog and recurrence characterization of the EPRI-SOG 
seismic sources use the mb scale. 

The SRP [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 mb, ML, 
Ms, Mw 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 mb scale, show that the magnitudes less than about 4.5 (very 
short fault lengths) are assumed to be numerically equivalent to Mw and that the 
conversion relations are nonlinear at large magnitude values to reflect the saturation 
of some magnitude scales, specifically, mb 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 Mw. As a result of this 
assumption for small events, the selected threshold magnitude scale Mw ≥ 3.0 for the 
Phase 2 earthquake catalog and mb (or (E)mb) ≥ 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 
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earthquake catalogs associated with the different magnitude scales used in the two 
earthquake catalogs.    

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 Mw.   

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 Mw directly.  For magnitudes of 
any type of 4.5 and larger, the following simplified process was followed: 

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

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

 Body-wave magnitudes mb were converted to Ms considering the Garcia et al. 
relation (Reference 254), and then the above process of conversion from Ms to 
Mw was followed. 
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 Intensity-based magnitudes in the Cuba catalog were considered equivalent to 
Ms magnitudes (Reference 254) and then the above process of conversion 
from Ms to Mw was followed. 

 All other magnitude types were considered equivalent to mb and then the 
above process to convert from mb to Ms to Mw was followed. 

The Heaton et al. (Reference 346) magnitude correlations, following similar work by 
Kanamori (Reference 347), plot various magnitude scales relative to Mw for a 
seismotectonic setting [i.e., western US region or other active plate boundary 
regions] 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 Mw 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. 

 Moment magnitudes (Mw) 

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 Mw magnitude scale, these Mw 
values were directly included in the catalog. 

 Surface-wave  magnitudes  (Ms) 

The surface-wave magnitude (Ms) scale is commonly used for shallow events larger 
than Ms 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 Mw.  For Ms values equal to 
or greater than 4.5, the 1988 global surface-wave magnitude to average seismic 
moment (Mo) 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 Mw in the Phase 2 
earthquake catalog development.  

 Body-wave magnitudes (mb) 
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The Heaton et al. (Reference 346) mb-Mw magnitude correlation plot suggests that 
body-wave magnitude (mb) less than about 4.5 are consistent with Mw, and thus, they 
were assumed to be numerically equivalent to Mw 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. 

As may also be seen in the Heaton et al. (Reference 346) magnitude correlation plot, 
there is an issue of saturation of the mb scale beginning with magnitudes larger than 
about 5.0.  The mb scale stops increasing with increasing earthquake size at about 
magnitude 6.4 corresponding to a moment magnitude of about 7.5. Therefore, for mb 
magnitudes of 4.5 and larger the magnitude conversion relation for mb to Ms from the 
Garcia et al. study (Reference 254) was used, and then the Ms to Mw scaling, 
discussed above, was applied for these larger mb values in the Caribbean Phase 2 
catalog.   

 Intensity-based magnitudes (MI and Mk ) in the Cuba catalog 

The majority of earthquakes in the Cuba catalog have an estimate of intensity-based 
magnitude, MI and Mk, as discussed in the Garcia et al. study (Reference 254).  Both 
of these magnitude types are considered to be correlated to coda or duration 
magnitudes [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 Mw, these MI and Mk magnitudes 
were taken as equivalent to Mw for magnitudes less than 4.5, following Heaton et al. 
(Reference 346), and equivalent to Ms for magnitudes 4.5 and larger, following the 
Garcia et al. study (Reference 254). The Ms magnitude scale values were then 
converted to Mw, as described above.  

 Local, Duration, and Coda magnitudes (ML, Md, DR and Mc) 

The local magnitude (ML), duration magnitude (Md) [sometimes designated “DR” or 
“MD” in the National Geophysical Data Center database (NGDC)] and coda magnitude 
(Mc) are three types of measurements for earthquakes that are used to determine the 
local magnitudes and are conventionally considered equivalent.  The instrumental Mc 
and Md are typically reported for small and moderate magnitude earthquakes less 
than about 6.0, while it is found that ML 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 Mw for magnitudes less 
than 4.5 in the Phase 2 earthquake catalog (References 346 and 350).  Nuttli and 
Herrmann (Reference 351) report that ML and mb values are nearly equal in the 
western United States. Given the common equivalence of ML, Md, and Mc 
magnitudes, and the Nuttli and Herrmann observation, these magnitudes when 
larger than 4.5 are considered equivalent to mb and converted to Mw, as detailed 
above.  

 Broad-band body-wave magnitudes (mB).   

There are also some earthquakes larger than 6.0 in the Phase 2 catalog that are 
designated broad-band body-wave magnitude (mB).  The main advantage of mB 
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magnitude scale rather than Ms is its applicability to both shallow and deep 
earthquakes. These mB magnitude-scale events in the Phase 2 catalog are 
considered to be equivalent to Ms over the applicable magnitude range of events 
between about 6.0 and 8.0 (References 346 and 347), and then converted to Mw, as 
described above.  

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

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

 Equivalent local and coda-duration magnitudes (mI, m2, fm, xm, MA, and mt) 

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 (m1 and xm), as well as different 
magnitude-coda duration relations (m2 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 (mt) based on the regression between 
standard mb 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 mb and are converted to Mw. 

 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 mb for small (3 ≤ Mw < 4.5) and 
moderate (4.5 ≤ Mw < 6) earthquake magnitudes in the Phase 2 catalog. Lamarre and 
Shah (Reference 349) have plotted the unspecified magnitude scales versus ML for 
the NGDC database used in the Phase 2 earthquake catalog, and have indicated that 
it is very closely approximated by the ML and mb for earthquakes in magnitude range 
less than about 5.0. Taken as equivalent to mb, these magnitudes were converted to 
Mw, 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 (Reference 347). Therefore, it should be emphasized 
that this magnitude conversion process was not incorporated into Phase 1 

DRAFT



Proposed Turkey Point Units 6 and 7 
Docket Nos. 52-040 and 52-041 
FPL Response to NRC RAI No. 02.05.02-5 (eRAI 5896) 
Page 19 of 19 

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). 

The following references will be added to FSAR subsection 2.5.2.7 in a future COLA 
revision. 
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ASSOCIATED ENCLOSURES:  

None 
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