
5.4. CALCULATION OF MAGNITUDE 

5.4.1 Magnitude for the Cascadia Interface 

Horizontal Extent ofUpdip Boundary 

The downdip widths of the interface given by Geomatrix (1995, p. 2-21) are not consistent with 

the plots on Figure 2-17. To resolve this inconsistency, other sources of this information were 

reviewed. 

The locations of the Cascadia subduction zone's Deformation Front (Geomatrix, 1995, Figure 2-

16 and Plate 1) were compared to the location of the Cascadia Subduction Zone mapped by the 

National Geographic Society (NGS, 1995). Geomatrix (1995, Figure 2-16) shows locations from 

California to north of the Explorer plate (about 40° to 52° N); Geomatrix (1995, Plate 1) extends 

only along the Oregon coast (about 42° to 46° N); NGS (1995) plots the zone only along the U. 

S. coastline and ends at the Canadian border (south of Eureka to about 48.5° N) 

All three sets of distances were measured as distances due west of the U. S. coastline and are 

shown in Table 5-2. Additionally, the location of the Change in Fold Trends (Geomatrix, 1995, 

Plate 1) is included in Table 5-2. 

The distance to the updip subduction zone boundary measured from NGS agrees well with the 

deformation front boundary plotted in Geomatrix Plate 1 but not at all with the deformation front 

plotted in Geomatrix Figure 2-16. The distance to the deformation front plotted in Geomatrix 

Figure 2-16 agrees well with the change in fold trends plotted in Geomatrix Plate 1. Because the 

NGS is a data source independent of Geomatrix (1995), the boundaries in Geomatrix Plate 1 

appear correct. The boundary plotted in Geomatrix's Figure 2-16 should be labeled as the 

change in fold trends boundary, and not as the deformation front. 

Width 

The horizontal extent of the Cascadia interface was measured from Geomatrix (1995, Figure 2-

16) using the change in fold trends boundary (identified incorrectly in their Figure 2-16 as the 

deformation front) as the updip margin and both the zero isobase and transition zone boundaries 
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as the downdip margins (Table 5-3). The Transition Zone plotted in Geomatrix's Figure 2-16 is 

used by Geomatrix (1995) as the Thermal/Geodetic boundary (p. 2-21). The distances measured 

were along lines approximately normal to the updip and downdip margins and intersected the 

coastline at the latitudes listed in Table 5-3. 

The horizontal extent using the deformation front as the updip boundary is computed by adding 

30 km to the extent using the change in fold trends as the updip boundary. Geomatrix (1995, p. 

2-14) states that the change in fold trends is located 30 km landward of the deformation front. 

Later (p. 2-21) they show the downdip width of the rupture is 25 km less using the change in fold 

trends as compared to the deformation front. Based on this, the location of the deformation front 

is assumed to be 30 km seaward of the change in fold trends. 

The down dip width of the Cascadia interface between the change in fold trends and the zero 

isobase and the transition zone boundaries was computed from the horizontal extent (Table 5-3) 

using Eqn. 5-5 and the dip of 16°. The resulting downdip widths are shown in Table 5-4. 

The interface widths were averaged over latitudes corresponding to the segment rupture length 

models (Table 5-1) - between Eureka and the middle of Washington ( 41° to 4 7°) and between 

Eureka and the Explorer plate ( 41 o to 49°). These averaged values were then rounded to the 

nearest 5 km to reflect the accuracy of the measurements. The resulting widths are listed in 

Table 5-5. 

Magnitude 

The magnitude of the characteristic earthquake for the main Cascadia interface is estimated 

using the two alternative relations between magnitude and rupture area for subduction events 

(eq. 5-2 and 5-3) with equal weights. The rupture area is computed by multiplying the segment 

lengths given in Table 5-1 and the downdip widths listed in Table 5-5. All possible 

combinations of widths and segment lengths are considered; the 16 permutations are listed in 

Table 5-6. The total weight is the product of the weights for the updip extent, downdip extent, 

length, and magnitude-area (M(A) model) relation. The mean magnitude listed at the bottom of 

Table 5-6 is computed by summing the wt*Mag values (eq. 5-7). 
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Distance 

The updip location of the Cascadia interface in the region near the HBIP, as described by Carver 

(2002c), is given by the Table Bluff fault. Using Figure 3-3, the horizontal distance between the 

HBIP site and the surface expression of the Table Bluff fault is measured as 5.5 km. The Table 

Bluff fault has a change in dip direction as shown in Figure 3-4. In the top 2 km, the fault has a 

shallow dip to the southwest, whereas below 2 km, the fault has a shallow dip to the northeast. 

The part of the fault below 2 km dipping to the northeast is consistent with the dip direction of 

the subduction zone. Therefore, the distance to the fault is measured to the part of the fault 

dipping to the northeast. Using the cross-section (Figure 3-4), the closest distance between the 

site and the northeast dipping part of the fault is measured to be 7 km. 

5.4.2 Magnitude for the Little Salmon Fault System 

Magnitude 

The magnitude ofthe characteristic earthquake for the Little Salmon fault zone is estimated 

using the relations between magnitude and rupture area for crustal faults (eq. 5-1) and between 

magnitude and fault displacement (eq. 5-4). The two alternative approaches (area or distance) 

are given equal weight. 

Using the dip (column #2 in Table 5-7) from 5.2.3.2 and the thickness (column #4) from 5.2.3.3, 

the downdip width (column #5) is computed using eq. 5-6. The segment length (column #6) is 

from 5.2.3.1. The area (column #8) is computed by multiplying the downdip width and the 

length. The magnitude (column #11) is computed using eq. 5-1 and the area in column #8. The 

total weight (column #12) is the product of weights for the different approaches (column #1), the 

segment weight (column #7), and the dips (column #3). 

Using the displacement approach, the magnitude (column #11) is computed using eq. 5-4 with 

the displacement per event value listed in column #9 (from 5.2.3.4). The total weight (column 

#12) is the product of the approach weight (column #1) and the displacement per event weight 

(column #10). 
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The magnitude is multiplied by the weight (column #13). The mean magnitude is computed 

using eq. 5-7 (sum of values in column #13). The mean weighted magnitude of7.74 from the 

Table 5-7 is rounded to 7.7 for defining the mean characteristic magnitude. 

Distance 

The Bay Entrance fault is the closest strand of the Little Salmon fault to the HBIP site. The 

approximate location of the Bay Entrance fault is shown in the cross section in (Figure 4-21). 

Based on this figure, the shortest distance between the HBIP site and the Bay Entrance Fault is 

measured to be 0.5 km. 

5.5 RESULTS AND CONCLUSIONS 

The Little Salmon fault zone and the Cascadia interface are assumed to rupture synchronously. 

The source types, magnitudes, and rupture distances listed in Table 5-8 represent the MCE for 

these two subsources, and are used for deterministic evaluations of the ground motion at HBIP. 
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Table 5-1 

ALTERNATIVE SEGMENT LENGTHS AND WEIGHTS FOR THE CASCADIA 

INTERFACE USING THE CARVER MODEL (Carver, 2002c, p. SA-3) 

Pacific Gas and Electric Company 
Humboldt Bay ISFSI 

Rupture Extent 

Eureka to the middle of 
Washington 

Eureka to the Explorer plate 

Humboldt Bay ISFSI Project 
Technical Report 
TR-HBIP-2002-01 

5-10 

Segment 
Lenf,!th (km) 

700 

1050 

Weight 

0.5 

0.5 
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Table 5-2 

DISTANCE* (KM) FROM U. S. COASTLINE TO 4 UPDIP REFERENCE 

BOUNDARIES OF THE CASCADIA SUBDUCTION ZONE 

N 

Pacific Gas and Electric Company 
Humboldt Bay ISFSI 

Deformation Deformation Cascadia Change in 
Latitude Front Front Subduction Fold Trends 

e) (Geomatrix, ( Geomatrix, Zone ( Geomatrix, 
1995, Fig. 2-16) 1995, Plate 1) (NGS) 1995, Plate 1) 

41 44 N/A 73 N/A 
42 61 87 85 59 
43 39 63 64 37 
44 67 94 97 76 
45 83 113 109 76 
46 94 119 116 81 
47 100 N/A 135 N/A 
48 94 N/A 138 N/A 

* Accuracy of the distances is approximately: ± 5 km for Geomatrix Figure 2-16, ± 1 km 
for Geomatrix, 1995, Plate 1, and± 2 km for NGS. 

Humboldt Bay ISFSI Project 
Technical Report 
TR-HBIP-2002-0 1 

5-11 

Section 5.0 
Seismic Source Characterization 

Rev. 0, December 27,2002 



Table 5-3 

HORIZONTAL EXTENT (KM) OF THE CASCADIA INTERFACE USING THE 

CHANGE IN FOLD TRENDS (FIGURE 2-16) AS THE UPDIP INTERFACE 

BOUNDARY 

Pacific Gas and Electric Company 
Humboldt Bay ISFSI 

N Latitude Change in Fold Trends 
e) Zero Isobase 

41 100 
42 100 
43 87 
44 83 
45 74 
46 78 
47 83 
48 70 
49 39 
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Transition 
Zone 

65 
57 
52 
52 
57 
78 
117 
126 
83 
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Deformation Front 
Zero Isobase Transition 

130 
130 
117 
113 
104 
108 
113 
100 
69 

Zone 
95 
87 
82 
82 
87 
108 
147 
156 
113 

Section 5.0 
Seismic Source Characterization 

Rev. 0, December 27,2002 



Table 5-4 

DOWNDIP WIDTH (KM) OF THE CASCADIA INTERFACE 

Pacific Gas and Electric Company 
Humboldt Bay ISFSI 

N Latitude Change in Fold Trends 
CO) Zero 

Isobase 
41 104 
42 104 
43 91 
44 86 
45 77 
46 81 
47 86 
48 73 
49 41 

Average (41 o to 90 
47°) 

Average (41 ° to 82 
49°) 
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Transition 
Zone 

68 
59 
54 
54 
59 
81 
122 
131 
86 
71 

79 
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Deformation Front 
Zero Isobase Transition 

135 
135 
122 
118 
108 
112 
118 
104 
72 
121 

114 

Zone 
99 
91 
85 
85 
91 
112 
153 
162 
118 
102 

111 
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Table 5-5 

MAXIMUM RUPTURE DOWNDIP WIDTH (KM) OF THE CASCADIA INTERFACE 

AVERAGED ALONG THE RUPTURE LENGTH 

Pacific Gas and Electric Company 
Humboldt Bay ISFSI 

Rupture Model 
Updip Model Downdip Model 

Deformation Zero Isobase 
Front Thermal/Geodetic 

Change in Zero Isobase 
Fold 

Trends Thermal/Geodetic 
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Eureka to 
Middle of 

Washington 
120 
100 
90 

70 

Eureka to the 
Explorer Plate 

115 
110 
80 

80 
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Table 5-6 

MEAN CHARACTERISTIC MAGNITUDES FOR THE CASCADIA INTERFACE 

USING THE CARVER SEGMENTATION MODEL 

Updip Downdip Width 
Extent Extent (km) 
Zero 

lsobase Def. Front 120 
Zero 

lsobase Def. Front 115 
Zero Fold 

lsobase Trends 90 
Zero Fold 

lsobase Trends 80 
Thermal-
geodetic Def. Front 100 
Thermal-
geodetic Def. Front 110 
Thermal- Fold 
geodetic Trends 70 
Thermal- Fold 
geodetic Trends 80 

Zero 
lsobase Def. Front 120 

Zero 
lsobase Def. Front 115 

Zero Fold 
lsobase Trends 90 

Zero Fold 
lsobase Trends 80 

Thermal-
geodetic Def. Front 100 
Thermal-
geodetic Def. Front 110 
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Rupture 
Model 

Eureka to 
Mid Wash. 
Eureka to 
Expl. Plate 
Eureka to 
Mid Wash. 
Eureka to 
Expl. Plate 
Eureka to 
Mid Wash. 
Eureka to 

Expl. Plate 
Eureka to 
Mid Wash. 
Eureka to 
Expl. Plate 
Eureka to 
Mid Wash. 
Eureka to 
Expl. Plate 
Eureka to 
Mid Wash. 
Eureka to 
Expl. Plate 
Eureka to 
Mid Wash. 
Eureka to 
Expl. Plate 

Pacific Gas and Electric Company 
Humboldt Bay ISFSI 

Length M(A) 
Mag 

Updip 
(km) Model Extent 

0.3 
700 Geomatrix 8.69 

0.3 
1050 Geomatrix 8.82 

0.7 
700 Geomatrix 8.59 

0.7 
1050 Geomatrix 8.69 

0.3 
700 Geomatrix 8.62 

0.3 
1050 Geomatrix 8.80 

0.7 
700 Geomatrix 8.50 

0.7 
1050 Geomatrix 8.69 

0.3 
700 Abe 8.91 

0.3 
1050 Abe 9.07 

0.7 
700 Abe 8.79 

0.7 
1050 Abe 8.91 

0.3 
700 Abe 8.84 

0.3 
1050 Abe 9.05 

5-15 

Weights 
Down dip Length 

Extent 
0.6 0.5 

0.6 0.5 

0.6 0.5 

0.6 0.5 

0.4 0.5 

0.4 0.5 

0.4 0.5 

0.4 0.5 

0.6 0.5 

0.6 0.5 

0.6 0.5 

0.6 0.5 

0.4 0.5 

0.4 0.5 

M(A) Total Wt* 
Model Mag 

0.5 0.39 
0.045 

0.5 0.40 
0.045 

0.5 0.90 
0.105 

0.5 0.91 
0.105 

0.5 0.26 
0.03 

0.5 0.26 
0.03 

0.5 0.60 
0.07 

0.5 0.61 
0.07 

0.5 0.40 
0.045 

0.5 0.41 
0.045 

0.5 0.92 
0.105 

0.5 0.94 
0.105 

0.5 0.27 
0.03 

0.5 0.27 
0.03 
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I 
Thermal-
geodetic 
Thermal-
geodetic 

Table 5-6 (Continued) 

MEAN CHARACTERISTIC MAGNITUDES FOR THE CASCADIA INTERFACE 

USING THE CARVER SEGMENTATION MODEL 

Updip I Downdip I Width I Rupture 
Extent Extent (km) Model 

Fold Eureka to 
Trends 70 Mid Wash. 

Fold Eureka to 
Trends 80 Expl. Plate 
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I 
700 

1050 

Pacific Gas and Electric Company 
Humboldt Bay ISFSI 

I I 
I 

Length M(A) 
I 

Updip 
(km) Model Mag Extent 

Abe 8.68 0.7 

Abe 8.91 0.7 

5-16 

Weights 

I 
Downdip I Length I 

Extent 

0.4 0.5 0.5 

0.4 0.5 0.5 

I 

I M(A) I Total 
I 

Wt* 
Model Mag 

0.07 0.61 

0.07 0.62 
Mean 

8.76 
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Approach 

Area 
Area 
Area 
Disp. 
Disp. 

Table 5-7 

MEAN CHARACTERISTIC MAGNITUDES FOR THE 

LITTLE SALMON FAULT SYSTEM 

Pacific Gas and Electric Company 
Humboldt Bay ISFSI 

#1 #2 #3 #4 

Approac Dip Thickness 
hWt Dip Wt (km) 

0.5 40 0.2 15 

0.5 45 0.6 15 

0.5 50 0.2 15 

0.5 

0.5 
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#5 #6 #7 #8 
Downdi Segment 
pWidth Length Seg 

(km) (km) Wt (km2) 

23.3 3IO I 7223 
21.2 310 I 6572 
I9.6 3IO I 6076 

NIA N/A 

N/A N/A 

5-17 

#9 #10 #11 #12 #13 

Area Disp Disp Total Wted 
(m) Wt Mag Wt Mag 

N/A N!A 7.85 0.10 0.79 

N!A N/A 7.81 0.30 2.34 

N/A N!A 7.78 O.IO 0.78 

7 0.5 7.62 0.25 1.91 

9.3 0.5 7.72 0.25 1.93 

Mean 7.74 
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Table 5-8 

MCE FOR CASCADIA INTERFACE AND LITTLE SALMON FAULT 

Pacific Gas and Electric Company 
Humboldt Bay ISFSI 

Subsource Source Type 

Little Salmon Crustal 
Fault Zone Reverse 

Cascadia Interface Subduction 
Interface 
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Moment 
Ma~nitude 

7.7 

8.8 

5-18 

Rupture 
Distance 

(km) 
~0.5 

7 

Section 5.0 
Seismic Source Characterization 

Rev. 0, December 27, 2002 



Section 6.0 

Earthquake Ground Motions 

6.1 APPROACH 

There are two basic approaches to develop design ground motions: deterministic and 

probabilistic. In the deterministic approach, a governing scenario earthquake is specified 

(magnitude and location) and the ground motion is computed using the appropriate attenuation 

relationships. However, even when the design earthquake is given in terms of its specific 

magnitude and distance to the site, there is still a range of potential ground motions that could 

occur at the site. This variability of the ground motions is characterized by the standard 

deviation of the attenuation relationship. Traditionally, in deterministic analyses, either the 

median (50th percentile) or median plus one standard deviation (84th percentile) ground motions 

are selected for use as design ground motions. 

In the probabilistic approach, all potential earthquakes are considered (all magnitudes and 

locations on all seismic sources). That is, the probabilistic approach does not consider just one 

scenario, but all possible scenarios. In addition, the rate of earthquakes (how often each scenario 

earthquake occurs) is also considered. Finally, rather than just considering a median or 84th 

percentile ground motion, the probabilistic approach considers all possible ground motions for 

each earthquake and their associated probabilities of occurring based on the variability of the 

ground motion attenuation relationship. The probabilistic approach yields a probabilistic 

description of how likely it is to observe different levels of ground motion at the site. Typically, 

this is given in terms of the annual probability that a given level of ground motion will be 

exceeded at the site. The inverse of the annual rate at which the ground motion is exceeded is 

called the return period. 
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10 CFR Part 100, Appendix A, specifies a deterministic approach, but 10 CFR 100.23 allows a 

probabilistic approach. The acceptable procedures for a probabilistic approach are given in RG 

1.165. The deterministic and probabilistic approaches provide complementary information, and 

comparing the results of the two approaches provides additional insight into the seismic hazard. 

In this study, the seismic hazard and the final ground motions are based on the deterministic 

approach, consistent with 10 CFR Part 100, Appendix A. 

The site conditions at the Humboldt Bay Power Plant consist of more than 400 feet of firm 

alluvial soils (Valera and others, 1977; Woodward-Clyde Consultants, 1980). There are two 

approaches that can be used to incorporate the site response effects into the ground motion 

estimates, a site-specific geotechnical model, and an empirical model. In the site-specific 

geotechnical model approach, the ground motions are first developed for outcrop rock 

conditions, then the soil ground motions are computed by propagating the rock ground motions 

through the overlying site-specific soil profile using an analytical model of the site response. 

Alternatively, in the empirical model approach, empirical attenuation relationships developed for 

a generic soil category that is similar to the soil conditions at the site are used directly to estimate 

the ground motions at the site. 

As discussed in Sections 3.0 and 5.0, faults in the Little Salmon Fault Zone are very close to the 

site and are capable of generating large-magnitude earthquakes. The ground motions from these 

events could be very large, and the non-linear response under high strain levels of the soils could 

significantly alter the frequency characteristics of the horizontal ground motions from those 

developed for the rock outcrop motions. The expected level of shaking is well outside the range 

of the available empirical data and extrapolation of the non-linear effects contained in empirical 

soil attenuation relations to very high ground motion levels may not be applicable nor 

appropriate. Therefore, in this study, we have used the site-specific geotechnical model 

approach to develop the horizontal components of the ground motion on the top of the soil. 

Vertical ground motions are controlled by compression waves, which typically do not exhibit 

strong non-linear effects as they propagate through the overlying soil deposits. Consequently, 

the empirical model was used to develop the vertical component of the ground motions. 
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In this chapter, a brief description of development of the design basis ground motions using the 

deterministic approach is given. A detailed description of the development of the rock spectra 

for the ISFSI ground motion is provided in calculation GEO.HBIP.02.04 (PG&E, 2002b). 

Ground response analysis was performed to quantify the site effects and to develop the 

amplification factors relating the surface soil motions with respect to the input rock motion. 

Calculation GEO.HBIP.02.06 (PG&E, 2002d) describes in detail this analysis and the 

development of amplification factors. These amplification factors were subsequently used in 

conjunction with the rock spectra to develop the horizontal soil response spectra as described in 

GEO.HBIP.02.04. Development of 4 sets of spectrum compatible ground motions is 

documented in detail in calculation GEO.HBIP.02.05 (PG&E, 2002c). 

6.2 ATTENUATION RELATIONS 

Attenuation relationships describe the amplitude (and spectral ordinates) of the ground motion 

for a given earthquake magnitude, distance to the site, style-of-faulting, and gross site condition. 

All attenuation relationships were developed based on recordings from past earthquakes and 

most attenuation relationships assume the ground motion parameters to be lognormally 

distributed. The uncertainty in the ground motion prediction is typically incorporated into the 

design by the standard deviation of the attenuation relationships. For critical structures, 

conservatism is obtained by using a median plus one standard deviation (or 84th percentile) 

prediction; that is, the ground motion will have only a 16 percent chance of being larger than the 

design value for the given magnitude and site distance. 

Different tectonic environments give rise to different ground motion attenuation relationships 

(Abrahamson and Shedlock, 1997). Three categories of regional ground motion attenuation 

relations are typically used in seismic hazard assessments: shallow crustal earthquakes in active 

tectonic regions, shallow crustal earthquakes in stable continental regions, and earthquakes in 

subduction zones. In the Humboldt region, both shallow crustal earthquakes in active tectonic 

regions and subduction zone earthquakes occur, so two categories of attenuation relationships 

will need to be considered in characterizing the ground motions for the region. 
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Standard attenuation relationships were selected from the published literature. For application to 

the Humboldt Bay Power Plant, results from the standard attenuation relationships were further 

modified to account for directivity effects, synchronous rupture, and outcrop rock conditions. 

These modifications are described following the selection of representative attenuation 

relationships. 

6.2.1 Shallow Crustal Earthquakes 

For shallow crustal earthquakes in active tectonic regions, four sets of up-to-date empirical 

attenuation relationships for horizontal response spectral values on rock site conditions were 

selected. These are the attenuation relations developed by Abrahamson and Silva (1997), 

Campbell (1997) (for soft-rock), Sadigh and others (1997), and Idriss (1991; 1994; 1995). These 

attenuation relationships are based primarily on California strong motion data, and are 

representative of the current state of knowledge about ground motion attenuation relationships 

for rock sites for shallow crustal earthquakes in active tectonic regions. These models include a 

style-of-faulting factor that distinguishes between strike-slip and reverse earthquakes, and 

include a standard deviation that is dependent on the earthquake magnitude. The model by 

Boore and others (1997), often used in seismic hazard studies, was excluded because it is based 

on very few data on rock at short distances, and results in rock ground motions at short distances 

that we judged to be not reliable (and not conservative). 

The median peak acceleration attenuation models are compared for a magnitude 7.5 reverse 

mechanism earthquake using the four attenuation relationships for demonstrate the 

reasonableness and consistency between the four models. In general, the peak accelerations for 

the four models are fairly consistent. At short distances, which are critical for the Humboldt site, 

the median ground motions for the four models differ by about 30 percent. The magnitude 

dependence of the standard deviation for peak acceleration for the models is then compared. The 

standard deviations are fairly similar for the four models, and differ by less than 0.1 natural log 

units. The mathematical forms and coefficients of the attenuation relationships are listed in 

calculation GEO.HBIP.02.04 (PG&E, 2002b). 
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6.2.2 Subduction Zone Earthquakes 

There are two types of subduction zone earthquakes: interface earthquakes, and intraslab 

earthquakes. Although the ground motions can be significantly different for these two types of 

earthquakes, most attenuation studies for subduction zone earthquakes have not distinguished 

between these two types. The exception is the Youngs and others (1997) model. By separating 

the two earthquake types, Youngs and others found a significant difference in the ground 

motions between the two types of subduction earthquakes. Because we judge this difference 

between interface and intraslab earthquakes to be significant, we have used only the Youngs and 

others (1997) attenuation relation for subduction earthquakes. The mathematical forms and 

coefficients of the Youngs and others ( 1997) attenuation relation are listed in calculation 

GEO.HBIP.02.04 (PG&E, 2002b). 

6.2.3 Directivity 

The shallow crustal and subduction attenuation relationships selected above predict the average 

of the two horizontal components for average directivity conditions. Recent studies have shown 

that for sites located close to the causative fault, rupture directivity can have significant effect on 

horizontal spectra at long periods (Somerville and others, 1997). There are two parts to the 

directivity effect. First, the average horizontal components of near fault recordings are generally 

higher than those obtained from far field. Second, directivity leads to a systematic difference in 

the long period ground motion on the two horizontal components: the component oriented 

perpendicular (normal) to the fault strike is systematically larger than the component oriented 

parallel to the fault strike. This due to the constructive interference between the rupture 

propagation and the seismic waves as the rupture is directed toward the site (forward 

directivity).Directivity effects are strongest when the slip direction is aligned with the rupture 

direction (Somerville and others, 1997). For reverse faults, the slip direction and rupture 

direction are aligned when the rupture direction is updip, rather than along strike, which is the 

case for strike-slip faults. The tectonic displacement usually takes place over a time period of a 

few seconds. This effect , often called fling step, also affects the long period motions. 
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The plant site is located directly updip from the Bay Entrance branch of the Little Salmon Fault 

Zone, which is a reverse fault. For design purposes, we have conservatively assumed that the 

rupture will start near the bottom of the fault and continue updip. This site/source geometry 

assumption will lead to forward directivity effects at the site and result in a more conservative 

design spectra. 

Somerville and others (1997) developed empirical relations describing the magnitude, distance, 

and period dependence of these directivity effects. A modified form of these models was used to 

supplement the empirical attenuation relationships to account for directivity effects. Because 

directivity effects lead to different horizontal ground motions in the fault-normal and fault

parallel directions, two horizontal spectra were developed, one for the fault-normal component 

and one for the fault-parallel component. 

6.2.4 Synchronous Rupture 

The design basis event conservatively assumes that the Little Salmon Faults is triggered by the 

rupture of the Cascadia interface event and thus the design earthquake represents a synchronous 

rupture of the Little Salmon fault and the Cascadia interface. The standard attenuation 

relationships used in this study do not consider the case of synchronous rupture of multiple 

faults. Therefore, random vibration theory (square root of sum of squares, or SRSS) was used to 

calculate the synchronous rupture design spectra based on response spectra for independent 

rupture. 
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6.2.5 Outcrop Rock Site Condition 

There are very few empirical data for hard rock site conditions. Therefore, the empirical 

attenuation relations for rock sites are based on data that includes weathered rock and some thin 

soils (less than 20 m thick). On average, the shear-wave velocity at the surface of sites that are 

classified as "rock" is about 1,000 feet per second. The shear wave velocity for the outcrop rock 

used in the site response study is 4,000 feet per second. As a result, the generic "rock" 

attenuation relations are not directly applicable to the outcrop rock site condition. 

The effect of the weathered rock and thin soils that are included in generic "rock" sites has been 

evaluated by Idriss (1999) and Silva (1998). Idriss used recorded ground motion with available 

shear-wave velocity profiles to deconvolve the shallow site response from the recorded ground 

motions, and then estimated outcrop ground motions for a surface shear-wave velocity of 

4,000 feet per second. Silva (1998) used simulated ground motions to compare surface ground 

motions for hard rock (outcrop rock) with those from generic rock. The results of these two 

studies are summarized in terms of response spectral scale factors that can be applied to ground 

motions from generic rock attenuation relations to produce outcrop rock ground motions. These 

scale factors were applied to the median rock attenuation relations. The variability of the ground 

motions may also be affected by the weathered rock and thin soils. It is expected the variability 

of the outcrop rock motion would be less than for the weathered rock motion; however, this 

reduction in variability has not been considered in this study, resulting in some conservatism in 

the deterministic (median plus one standard deviation) ground motions. 

6.3 GROUND MOTIONS 

For the deterministic approach in this evaluation, the magnitude of the mean characteristic 

earthquake is used for the design earthquake. The weighted averages of the alternative mean 

characteristic earthquake magnitudes developed in the source characterization in Section 5.0 are 

used. The distance is the shortest distance from the center of the ISFSI to the fault or source 

zone. 
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Both tectonic frameworks include a high likelihood of synchronous rupture of the Little Salmon 

source and the Cascadia interface. This synchronous rupture produces the largest ground 

motions at the site. As noted previously, the ground motion for the synchronous rupture case is 

computed using SRSS of the ground motions from the individual subsources. The resulting rock 

outcrop ground motions are propagated to the soil surface ground motions as described in 

calculation GEO.HBIP.02.06 (PG&E, 2002d). 

The 84th percentile response spectra on the fault-normal component for the combined rupture are 

shown in Figure 6-1. The ground motion for the synchronous rupture is dominated by the Little 

Salmon subsource. The Cascadia interface sub source increases the amplitude of the ground 

motion by only about 10 percent. The main effect of the Cascadia interface subsource is to 

increase the duration of the shaking. Figure 6-2 shows the response spectra for the fault-parallel 

component. At long periods, the fault-normal component is a factor of 2 to 3 larger than the 

fault-parallel component. This illustrates one part of the directivity effect. Figure 6-3 shows the 

response spectra for the vertical component. Tables 6-1 through 6-3 show the digital values of 

the spectra. 

The spectra discussed above describe the amplitude of shaking, but not the time trace of the 

shaking. Individual realizations of the ground shaking can be fully described by a time history 

that gives the acceleration as a function of time throughout the earthquake; however, there are an 

infinite number of the time histories that have the response spectral amplitudes enveloping the 

target spectrum. The appropriate phasing of the ground motion is given by empirical or 

simulated time histories for the appropriate magnitude and distance range, and directivity 

conditions. 

Because the target spectrum for the rock motions is based on the superposition of two subsources 

(Little Salmon and main Cascadia interface), the initial time histories should also reflect this 

superposition. There are no empirical recordings available that are appropriate for such a 

synchronous rupture. The time histories were first developed for the individual sub-sources and 

the added together (in the time domain) to give the initial time histories for the spectral matching 

to the maximum earthquake target spectrum. The steps in developing the time histories for the 
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individual subsources and how they were then combined are given in calculation 

GEO.HBIP.02.05 (PG&E, 2002c). 

The time histories were modified to match the MCE target spectra using a time domain spectral 

matching procedure. This procedure preserves the overall non-stationary characteristics of the 

acceleration, velocity, and displacement waveforms of the initial time history, while matching 

the target spectrum. The target spectrum was defined over the frequency range of 0.1 to 100 Hz 

with 104 frequencies. After matching to the target design spectra, the vertical and fault normal 

time histories were adjusted to include the fling step in the time domain. The resulting time 

histories met the Standard Review Plan 3. 7.1 criteria for enveloping the design spectra, and the 

ASCE-4 criterion for statistical independence between the 3 components. 

These spectrum-compatible time histories are contained in calculation GEO.HBIP.02.05, Figures 

7-47 through 7-50 (PG&E, 2002c). 
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Table 6-1 

84TH PERCENTILE MCE DESIGN SPECTRA FOR 

THE FAULT NORMAL COMPONENT 

Pacific Gas and Electric Company 
Humboldt Bay ISFSI 

Period 2%, damping 
(sec} 
0.000 1.316 
0.020 1.316 
0.030 1.415 
0.050 1.608 
0.075 1.888 
0.100 2.207 
0.150 2.796 
0.200 3.192 
0.300 4.568 
0.640 4.568 
0.750 4.568 
1.000 4.576 
1.500 4.568 
1.700 4.434 
2.000 3.792 
2.400 3.020 
3.000 2.565 
4.000 1.857 
5.000 1.225 
7.000 0.564 
10.000 0.312 
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4%, damping 5°/o damping 

1.316 1.316 
1.316 1.316 
1.370 1.351 
1.489 1.441 
1.689 1.612 
1.928 1.821 
2.380 2.224 
2.699 2.515 
3.863 3.600 
3.863 3.600 
3.863 3.600 
3.866 3.600 
3.863 3.600 
3.754 3.502 
3.216 3.000 
2.570 2.400 
2.191 2.050 
1.598 1.500 
1.062 1.000 
0.489 0.460 
0.271 0.255 

6-10 

7°/o damping 

1.316 
1.316 
1.324 
1.373 
1.502 
1.672 
2.010 
2.264 
3.240 
3.240 
3.240 
3.236 
3.240 
3.152 
2.703 
2.167 
1.855 
1.365 
0.914 
0.420 
0.233 

Section 6.0 
Earthquake Ground Motions 

Rev. 0, December 27,2002 



Table 6-2 

84TH PERCENTILE MCE DESIGN SPECTRA FOR 

THE FAULT PARALLEL COMPONENT 

Pacific Gas and Electric Company 
Humboldt Bay ISFSI 

Period 2°/o damping 4°/o damping 5°/o damping 7°/o damping 
(sec) 

0.000 1.316 
0.020 1.316 
0.030 1.415 
0.050 1.608 
0.075 1.888 
0.100 2.207 
0.150 2.796 
0.200 3.192 
0.300 4.552 
0.640 4.114 
0.750 3.934 
1.000 3.559 
1.500 3.122 
1.700 2.784 
2.000 2.275 
2.400 1.510 
3.000 1.001 
4.000 0.557 
5.000 0.331 
7.000 0.159 
10.000 0.085 

Humboldt Bay ISFSI Project 
Technical Report 
TR-HBIP-2002-01 

1.316 1.316 
1.316 1.316 
1.370 1.351 
1.489 1.441 
1.689 1.612 
1.928 1.821 
2.380 2.224 
2.699 2.515 
3.849 3.587 
3.479 3.242 
3.326 3.100 
3.007 2.800 
2.640 2.460 
2.357 2.199 
1.930 1.800 
1.285 1.200 
0.855 0.800 
0.479 0.450 
0.287 0.270 
0.138 0.130 
0.073 0.069 

6-11 

1.316 
1.316 
1.324 
1.373 
1.502 
1.672 
2.010 
2.264 
3.228 
2.918 
2.790 
2.517 
2.214 
1.979 
1.622 
1.083 
0.724 
0.410 
0.247 
0.119 
0.063 
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Table 6-3 

84TH PERCENTILE MCE DESIGN SPECTRA FOR THE VERTICAL COMPONENT 

Pacific Gas and Electric Company 
Humboldt Bay ISFSI 

Period 2% damping 4o/o damping 5°/o damping 
_{sec) 

0.000 1.673 
0.020 1.673 
0.030 2.634 
0.050 4.309 
0.075 5.513 
0.100 5.403 
0.120 5.011 
0.150 4.462 
0.170 4.183 
0.200 3.756 
0.240 3.285 
0.300 2.752 
0.400 2.251 
0.500 1.907 
0.750 1.526 
1.000 1.196 
1.500 0.773 
2.000 0.578 
3.000 0.385 
4.000 0.283 
5.000 0.222 
7.000 0.157 
10.000 0.109 
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1.673 1.673 
1.673 1.673 
2.415 2.329 
3.724 3.503 
4.625 4.299 
4.428 4.076 
4.086 3.753 
3.628 3.328 
3.407 3.127 
3.074 2.828 
2.701 2.489 
2.270 2.095 
1.857 1.714 
1.573 1.452 
1.259 1.162 
0.985 0.909 
0.638 0.589 
0.479 0.443 
0.322 0.299 
0.239 0.223 
0.189 0.177 
0.134 0.125 
0.093 0.087 

6-12 

7o/o damping 

1.673 
1.673 
2.209 
3.205 
3.864 
3.612 
3.316 
2.935 
2.760 
2.504 
2.210 
1.864 
1.525 
1.292 
1.034 
0.808 
0.524 
0.395 
0.268 
0.201 
0.161 
0.114 
0.079 
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Figure 6-1. Fault normal design spectrum for damping values of 2%, 4%, 5%, and 7%. 
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Figure 6-2. Fault parallel design spectrum for damping values of 2%, 4%, 5%, and 7%. 
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Section 7.0 

Liquefaction and Landslide Potential 

7.1 INTRODUCTION 

To assess liquefaction and landslide potential at the proposed ISFSI site (hereinafter, "the site") 

and along the proposed transport route during earthquake loading, a series of borings were 

drilled at the site, and laboratory tests on soil samples obtained from the borings were conducted 

to define soil properties. Liquefaction potential was assessed using field blowcounts and 

standard liquefaction susceptibility charts relating blowcounts to earthquake-induced cyclic 

stress ratios (calculation GEO.HBIP.02.02 (Geomatrix, 2002f)). Slope stability and potential 

earthquake-induced displacements were analyzed using field and laboratory data, postulated 

design ground motions, and a Newmark-type procedure incorporating a finite element model of 

the site and a critical section along the transport route (calculations GEO.HBIP.02.07 and 

GEO.HBIP.02.08 (Geomatrix, 2002f), respectively). 

7.2 FIELD EXPLORATION AND LABORATORY TESTING AT THE ISFSI SITE 

Subsurface conditions at the site were characterized by drilling three exploratory borings, 

GMX99-3, GMX99-4, and GMX99-5 (Figure 7-1 ofGEO.HBIP.02.07). Borings were drilled 

and sampled to depths ranging from 61.9 to 77.3 feet. Two additional borings, GMX99-1 and 

GMX99-2, were drilled to depths of95 and 402 feet, respectively, somewhat south of the site, to 

investigate other potential sites, obtain in situ geophysical properties, and evaluate the continuity 

of soils underlying Buhne Point hill. Borings were drilled using mud-rotary drilling techniques. 

A more detailed description of the field exploration program appears in Data Report B 

(Geomatrix, 2002c). 

Selected soil samples retrieved from the exploratory borings were delivered to the laboratory for 

examination and testing to evaluate their physical characteristics and engineering properties. 

Samples were tested to derive their moisture content, unit weight, plasticity, grain-size 
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distribution, and undrained shear strength using both unconsolidated- and consolidated

undrained triaxial compression tests. The laboratory tests performed are discussed in more detail 

in Data Report E (Geomatrix, 2002h). Test results are presented in Data Report E, and also are 

summarized at the corresponding sample locations on the boring logs in Data Report B. 

7.3 SITE AND SUBSURFACE CONDITIONS AT THE ISFSI SITE 

The proposed ISFSI site is located on a relatively flat area of the Buhne Point hill, approximately 

300 feet northeast of the Unit 2 Fuel Oil Tank, and approximately 70 feet south of the bluff cut 

into the hill that overlooks Humboldt Bay (Figure 4-2). The ground surface slopes gently 

southeast (the elevation drops by 4 to 6 feet across the site), and has been altered only slightly 

since plant construction. 

Clayey sand and clay underlie the site to a depth of approximately 23 feet. Trenches excavated 

at the site indicate these strata are relatively continuous laterally, and dip 2 to 4 degrees to the 

southeast (Section 4). For the purposes of these analyses, however, it was assumed that these 

and the underlying layers lie horizontally. Very dense sand and silty sand underlie these upper 

cohesive materials, to a depth of 50 to 53 feet. In boring GMX99-5, the sand grades to very stiff 

to hard sandy silt and silt. A relatively thin layer (less than 10 feet thick) of hard silt and silty 

clay having a thin stratum of very stiff peat was encountered in all borings at a depth of 

approximately 55 feet. The borings were terminated in the dense to very dense sand and gravel 

below this layer. A generalized soil profile used for engineering analyses is presented on 

Figure 7-2 ofGEO.HBIP.02.07. 

Standard penetration test (SPT) blowcounts were obtained in the borings to analyze the potential 

for liquefaction of sandy soils. The depth to groundwater was not recorded in the field because 

drilling fluid was used to remove cuttings during drilling. However, geophysical data obtained 

in two of the borings indicate soils are saturated to an elevation of approximately 6 feet above 

mean lower low water (MLL W) as documented in Data Report C (Geomatrix, 2002g). This 

places the groundwater level at a depth of about 37 feet below the existing ground surface at the 

ISFSI site. SPT blowcounts from the borings were normalized to (N I)6o blowcounts as described 

in GEO.HBIP.02.02. 
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The liquefaction susceptibility curve developed by Seed and others (1985) shows that at very 

high earthquake-induced cyclic stress ratios, values of (N 1) 60 asymptotically approach a limiting 

value of30 blows per foot. The curve developed by Seed and others (1985) was reviewed and 

adopted, with minor modifications, in a workshop on the evaluation of liquefaction resistance of 

soils (Y oud and Idriss, 1997) as published in Y oud and others, 2001, and shown in Figure 3 of 

GEO.HBIP.02.02. The modifications did not affect this limiting blowcount value. Data from 

borings drilled during previous studies in the vicinity of Unit 3 (Woodward-Clyde Consultants, 

1980) were also analyzed to assess liquefaction susceptibility. The (N 1) 6o-cs blowcounts from 

previous studies and this study are presented on Figure 2 ofGEO.HBIP.02.02. Because nearly 

all the (N 1)60-cs blowcounts are greater than 30, the site and nearby transport route are judged not 

susceptible to liquefaction. 

7.4 SLOPE STABILITY ANALYSES AT THE ISFSI SITE 

Slope stability analyses were performed to evaluate the factor of safety against sliding at the site. 

Two cross sections were analyzed in this study (Figure 7-1 ofGEO.HBIP.02.07). Cross section 

A-A' is on the bluffside of the hill. The front edge of the proposed ISFSI site is about 70 feet 

from the slope break at elevation 44 feet above mean lower low water. A 20-foot-wide pressure 

load of 3,000 pounds per square foot (psf) was placed at a depth of about 15 feet below the 

ground surface to represent the ISFSI vault load. The two-dimensional slope stability analysis 

conservatively assumed an infinite pad length. 

The second cross section, B-B', is on the plant side of the hill. The proposed site is about 

150 feet from the top of the cut slope near the Unit 2 Fuel Oil Tank. A generalized soil profile is 

presented on Figure 7-2 of GEO.HBIP.02.07. The water table was assumed to be at elevation 

6 feet above mean lower low water. 

Soil strengths were assigned to the various units as described in GEO.HBIP.02.07. Subsurface 

layers and soil properties used in the stability analyses are presented in Table 7-1 of 

GEO.HBIP.02.07. 
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Searches were conducted for the minimum factor of safety using the general limit equilibrium 

method and the long-term (effective stress) soil-strength parameters described above for circular 

slide masses daylighting beneath the pad. The results of the stability analyses are shown on 

Figures 7-6 and 7-7 of GEO.HBIP .02.07 for the two cross sections analyzed. The minimum 

factors of safety computed range between 2.7 and 4.9, which are sufficiently high to preclude 

unlimited slope displacements (slope failure) during earthquake shaking. 

7.5 SLOPE DISPLACEMENT ANALYSES AT THE ISFSI SITE 

The slopes were further analyzed for their potential to undergo limited earthquake-induced 

displacements. Using the slide masses having the lowest factor of safety, the potential for 

permanent displacements were evaluated using the concept of yield acceleration proposed by 

Newmark (1965) and modified by Makdisi and Seed (1978). 

The slope stability computations were repeated for the slide mass having the lowest static factor 

of safety by incrementally increasing the horizontal pseudostatic acceleration to derive the yield 

acceleration, ky, that reduced the factor of safety of the slip surface to one. For the critical slide 

masses at the site, computed values ofky are about 0.69 g and 0.66 g for the bluff-side and plant

side slopes, respectively. 

The earthquake-induced seismic coefficient time histories (and their peak values kmax) for the 

critical slide masses were computed using two-dimensional dynamic finite element analyses. 

Soil properties required for the analyses were derived as described in GEO.HBIP.02.07. 

Properties are presented in Table 7-3 ofGEO.HBIP.02.07. A finite element representation ofthe 

site is shown on Figure 7-13 ofGEO.HBIP.02.07. Two separate horizontal motions (sets 1 and 3 

from Section 6) were rotated to the direction of each section and input at the base of the model. 

The seismic coefficient time history for each critical slide mass was output from the analyses. 

Plots of the seismic coefficient time histories for each input ground motion are shown in Figures 

7-14 through 7-17 of GEO.HBIP.02.07. 
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Newmark-type displacement analyses were performed to determine the earthquake-induced 

permanent displacements of each critical slide mass. The analyses utilized the seismic 

coefficient time histories and the yield accelerations calculated as described above. 

For a yield acceleration of 0.69g, the earthquake-induced downslope displacements for the 

critical bluff-side slide mass are calculated to range from 0.1 to 1.1 feet. Permanent 

displacements for the slide mass on the plant-side slope range from 0.1 to 3.7 feet for a yield 

acceleration of 0.66g. The average displacement for the full range of displacements is 1.2 feet. 

7.6 SITE AND SUBSURFACE CONDITIONS ALONG THE TRANSPORT ROUTE 

The most critical location along the transport route in terms of slope stability is denoted by 

Section C-C' on Figure 8-1 ofGEO.HBIP.02.08. The selected cross section shown on Figure 8-1 

meets the following two criteria simultaneously: a) closest approach of transporter to slope (in 

this case, the bank of the Discharge Canal) and b) greatest height of slope. Beyond this location, 

the distance between the transport route and the Discharge Canal bank increases as the route 

continues up the hill, thereby reducing the effect of the transporter load on the bank. 

The subsurface stratigraphy at the selected location is determined based on nearby borings. Logs 

from nearby borings were reviewed and stratigraphy from the logs summarized as shown on 

Figure 8-2 of GEO.HBIP.02.08. Soil stratigraphy as determined from nearby borings consists of 

the same sequence of stiff clays overlying dense sands and gravels as found in boring 99-2 near 

the proposed ISFSI site further up the hill, as summarized in Table 8-1 of GEO.HBIP .02.08. 

7.7 SLOPE STABILITY ANALYSES AT THE TRANSPORT ROUTE CRITICAL 

CROSS SECTION 

Because available data indicate soil stratigraphy and properties are consistent with those 

determined at the ISFSI site, static and dynamic properties of the subsurface soils at the critical 

transport route cross section are selected to be the same as at the ISFSI site as presented in 

GEO.HBIP.02.07, as summarized in Tables 8-1 and 8-2 ofGEO.HBIP.02.08. 

A static slope stability analysis was performed at the most critical location along the transport 

route to obtain the short term static factor of safety with transporter loading. It was 
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conservatively assumed that there is no water in the adjacent Discharge Canal but that clay and 

sand layers are saturated to elevation 6. The results of the stability analyses are shown on Figure 

8-3 ofGEO.HBIP.02.08. The minimum factor of safety computed is 1.7. 

7.8 SLOPE DISPLACEMENT ANALYSES AT THE TRANSPORT ROUTE 

CRITICAL CROSS SECTION 

The slope was further analyzed for its potential to undergo limited earthquake-induced 

displacements. As for the ISFSI site, the potential for permanent displacement at the transport 

route critical section was evaluated using the concept of yield acceleration proposed by 

Newmark (1965) and modified by Makdisi and Seed (1978). 

The slope stability computations were repeated by incrementally increasing the horizontal 

pseudostatic acceleration to determine the yield acceleration, ky, that reduced the factor of safety 

of the slide mass to 1.0. The resulting yield acceleration is 0.84. 

The earthquake-induced seismic coefficient time histories (and their peak values kmax) for the 

critical slide mass were computed using two-dimensional dynamic finite element analyses. The 

analyses were performed at the cross section analyzed using the dynamic properties summarized 

in Table 8-2 ofGEO.HBIP.02.08. A finite element representation of the site is shown on Figure 

8-4 of GEO.HBIP.02.08. Ground motion sets 1 and 3 from Section 6 were rotated to the 

direction of the section and input at the base of the model. The seismic coefficient time histories 

of the critical slide mass were output from the analyses. Plots of the seismic coefficient time 

histories for each input ground motion are shown in Figures 8-5 and 8-6 ofGEO.HBIP.02.08. 

Newmark-type displacement analyses were performed to determine the earthquake-induced 

permanent displacements of the critical section. The analyses utilized the seismic coefficient 

time histories and the yield accelerations calculated as described above. 

For ground motion set 1 and a yield acceleration of 0.84, displacements range from 3.0 to 5.4 

feet. For ground motion set 3, displacements range from 3.6 to 10.5 feet. The average 

displacement for the full range of displacements is 5.6 feet. 
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7.9 SUMMARY OF LIQUEFACTION AND LANDSLIDE POTENTIAL 

• Geologic assessments described in Section 4 indicate that wave-induced erosion 

along the bluff has been largely eliminated by the placement ofriprap at the base of 

the bluff in the 1950s, although shallow landslides along the bluff have occurred 

infrequently since then. 

• Analyses of slope stability indicate that static factors of safety for circular failure 

surfaces daylighting beneath the ISFSI site are 2.7 or greater. The static factor of 

safety beneath the critical section of the transport route is 1. 7. 

• During the postulated design ground motions, analyses indicate displacements of the 

failure surface beneath the ISFSI site average about 1 foot. Displacements of the 

critical section along the transport route average about 5 feet. 

• Very high blowcounts in sands underlying the site indicate that the site is not 

susceptible to liquefaction. 
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Section 8.0 

Surface-Faulting Potential 

8.1 INTRODUCTION 

The assessment of the potential for surface faulting at the Humboldt Bay ISFSI site is based on 

many studies of the geology of the site and vicinity conducted throughout the past 50 years, 

particularly the detailed investigations performed during the 1970s and in 1999 and 2000 for the 

Humboldt Bay Power Plant and the ISFSI. The earliest major study that recognized the Little 

Salmon fault was Ogle's work in 1953. Pertinent data from this and other investigations are 

presented in Sections 3.0 and 4.0, which describe regional and site geology, respectively. 

The following factors were considered in assessing the potential for surface fault rupture at the 

ISFSI site: 

• the proximity of the site to known active faults, based on regional mapping of the Little 

Salmon fault zone and interpretations of faulting near the site developed from borings, 

trenches, and geologic mapping; 

• comparison of the geologic structure in the vicinity of the Humboldt Bay ISFSI site with 

the characteristics of surface faulting associated with historical thrust-faulting 

earthquakes and with well-documented Quaternary thrust faults in the Humboldt Bay 

region; 

• the age and continuity of strata beneath the site, based on data from borings and 

continuous exposures in trenches excavated at the site; 

• the recurrence of surface faulting on the Little Salmon fault zone relative to the ages of 

unfaulted strata beneath the site; and 

• comparison of the hanging-wall deformation at Buhne Point fault with the 1999 surface 

rupture on the Chelungpu fault in Taiwan. 
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This trench exposure near Trinidad, approximately 36 kilometers north of the ISFSI site, is an example of 
surface deformation produced by a displacement on a low-angle thrust fault (from Woodward-C(vde 
Consultants, 1980, Figure B-14). The style of deformation corresponds to Type bon Figure 8-1. 
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Figure 8-2 Log of northwall of trench WWC-11-T2a across 
the Trinidad fault (Mad River fault zone) . 
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(a) Composite cross section across the Bay 
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the Redwoods (from LACO Associates, 1999b, 
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Figure 8-3 Comparison of faulting near the Humboldt Bay ISFSI site 
with deformation mapped in the hanging wall of the Little 
Salmon fault zone at College of the Redwoods, about 5 
kilometers south of the site. 
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+- Northeast Southwest~ 

1) 

(a) Complex zones of deformation in the hanging wall of the McKinleyville fault (Mad River fault zone) exposed in the sea cliff 
at Clam Beach, north of Arcata {photograph by Thomas Dunklin, Arcata, California, 1999}. The displacement is up to the 
northeast. The cliff is about 35m high, and the photo shows a section about 150m long. 

3) 
2) 

4) 

(b) The evolution of complex zones of deformation is shown sequentially with (1) initiation of faulting and development of synthetic shears and (2) continued deformation and 
development of antithetic shears. Repeating the process during continued movement (during either the same earthquake or subsequent earthquakes) produces a complex 
rhombohedral pattern of closely spaced shears (3) and (4) that individually have small displacements, but collectively can accommodate a large amount of crustal shortening. 

Figure 8-4 Complex zones of deformation where crustal 
shortening is accommodated by numerous 
small-displacement conjugate faults. 
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Figure 8-5 Schematic progressive development of fault bend and fault 
propagation folds {from Suppe, 1983}. Folds develop as thrust sheet 
rides over a step in decollement. 
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The fault displaces a late Pleistocene marine terrace near Humbolt Bay (from Carver and 
McCa1pin, 1996, Figure 5.13). The terrace deposits are underlain by very ductile , 
intensely sheared shaley melange. The thrust fault is blind, and displacement occurs at 
the surface as a sharp, overturned fault-propagation fold. The marine terrace platform 
(heavy line) and overlying terrace sand and gravel are overturned in the forelimb of the 
fold. The sequence of colluvial deposits, labeled 1 through 6 (from youngest to oldest), is 
interpreted to have formed on the scarp face between slip events, indicating there have 
been repeated surface displacements along this fault trace. The style of deformation 
corresponds to Type i on Figure 8-1. 

Figure 8-6 Log of trench across a trace of the Mad River fault zone. 
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c) Topographic profile C-C' across the Chelungpu fault, along the paved road directly north of Kuang Fu Middle School. 
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d) Topographic prof1le at Taiwan Studio City, showing locations of tilted fish pond , and other structures. 
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(a) Composite cross section across the Bay Entrance, Buhne Point, and Discharge 
Canal faults at the site {based on Figure 4-21 and Woodward-Clyde Consultants, 
1980, Figure C-8}. 

(b through d) Geologic cross sections across the 1999 Chelungpu fault rupture 
(from Kelson and others, 2001}. 

Figure 8-7 Comparison of faulting near the Humboldt Bay 
ISFSI site with 1999 surface rupture along the 
Chelungpu fault, Taiwan. 
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Photo 8-1 Collapsed fault scarp in alluvium on the Hanning Bay fault, Montague Island, Alaska. The 
fault dips to the left into the scarp that formed during the 1964 Alaska earthquake {from 
Plafker and others, 1969}. 
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Photo 8-2 Fault scarp on the Chelungpu fault at the Kuang Fu Middle School, Taiwan. The scarp, 
formed during the 1999 Chi-Chi earthquake, illustrates the type of faulting in which the 
fault tip follows the ground surface. 
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A) Fault bend fold appears as flexure on the floor of a building destroyed by surface faulting during the 
1999 Chi-Chi earthquake. 

B) Shears and fractures in wall over the fault bend fold shown above in Photo 8-3A. 

Photo 8-3 Fault bend fold and associated shears and fractures on the 
Chelungpu fault, Fengyuan, Taiwan . 

.. Appendix A to Section 2.5 
~.~ Humboldt Bay ISFSI Site 

Safety Analysis Program 

Section 8.0 
Surface Faulting Potential 

Draft of August 1, 2002 



A) Tensional cracks and normal faults that formed in the 1980 El Asnam earthquake along a 
secondary fault that is about 7 kilometers from the main fault trace (photograph by F. H. Swan). 

B) Normal fault scarp in the hanging wall near the same location as above in Photo 8-4A. 

Photo 8-4 Fractures and faults in the hanging wall of the Oued Fodda fault, 
Algeria. 
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8.2 PROXIMITY OF SITE TO KNOWN ACTIVE FAULTS 

As described in Sections 3.2.2 and 4.4, the ISFSI site sits on the hanging wall of a capable thrust 

fault, the Little Salmon fault zone. In the vicinity of the site, the fault zone has two primary 

traces and two subsidiary traces (Figure 3-7). These traces are referred to as the Little Salmon, 

Bay Entrance, Buhne Point, and Discharge Canal faults. The first three strike northwest and dip 

to the northeast beneath the site. The Little Salmon fault projects to the surface about 2.2 

kilometers southwest of the ISFSI site (Figure 4-12), and either dies out south of, or is more than 

1,600 meters below, the site (Section 4.4.1). The Bay Entrance fault is the closest of the main 

fault traces of the Little Salmon fault zone to the ISFSI site. The fault projects to the surface 

about 500 meters west of the site, and the closest distance (fault-normal distance measured to the 

center of the site) is between about 410 and 470 meters (Figures 4-13 and 4-16). The Buhne 

Point fault, a secondary fault in the Little Salmon fault zone, projects to the surface about 200 

meters southwest of the ISFSI site and lies about 140 to 160 meters beneath the site (Figures 4-

14 and 4-16). The fourth fault, the Discharge Canal fault, is a southwest-dipping backthrust 

splay of the Buhne Point fault that intersects the surface about 125 to 150 meters northeast of the 

site (Figures 4-2, 4-16, and 4-17). 

8.3 SURFACE DEFORMATION ASSOCIATED WITH THRUST FAULTS 

The characteristics of surface deformation from earlier episodes of fault rupture commonly are 

replicated during subsequent faulting events. Descriptions of surface faulting associated with 

historical earthquakes, therefore, can help to characterize the geometry and style of surface 

deformation that may be associated with a future surface-faulting event. Well-documented 

thrust-faulting events (Table 8-1) comprise a variety of types of surface deformation that 

commonly include both fault displacement and folding. The style of faulting and related surface 

deformation, width of the deformed area, amount of surface displacement, and relative 

contributions of fault displacement and folding to the total slip on a fault commonly change 

within short distances along strike. Assessments of historical thrust-faulting earthquakes 

worldwide, and detailed studies of late Quaternary faulting in northern California, support 
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characterization of the nature and extent of surface deformation (faulting and folding) that may 

be associated with future displacements on the Little Salmon fault zone near the ISFSI site. 

8.3.1 Characteristics of Thrust Faults 

The near-surface structures of thrust faults range from a single low-dip-angle fault plane to 

complex systems that contain many branching reverse faults, backthrusts, secondary normal, 

strike-slip, or oblique-slip faults and folds (Figure 8-1 ). A single, narrow surface trace represents 

one end-member of the range of near-surface thrust fault structures (Figure 8-1a). Such a 

structure accommodates all displacement on a single fault plane, or on a few closely spaced 

imbricate faults that intersect the ground surface along a narrow, generally well-defined scarp. 

The scarp, which commonly is at or near the angle of repose of the sediment or broken rock 

along the fault, represents the collapsed tip of the hanging wall that was thrust upward during the 

faulting event. The 1964 scarp along much of the length of the Patton Bay and Hanning Bay 

faults on Montague Island in Alaska is of this type (Photo 8-1) (Plafker and others, 1969). In 

general, thrust faults made up of single or multiple imbricate thrust surfaces are more likely in 

more competent rocks and well-consolidated sediments and where the geometry of the fault is 

simple (not changing dip or strike and not at a stepover or ramp). 

Where near-surface sediments are unconsolidated and weak, the overthrust fault tip may roll over 

and follow the ground surface during thrusting. The result is an anticlinal flexure and a rounded 

scarp in which the thrust intersects the ground surface near the base of the scarp slope (Figures 8-

1 b through 8-1d). Such surface displacements produce a fault plane that has inherited the slope 

of the former ground surface on the footwall and commonly results in a nearly horizontal fault 

beneath the scarp. This style of surface displacement was characteristic of the 1968 Meckering 

earthquake in Australia (Gordon, 1971); examples from northern California include the scarp and 

trench exposure of the Trinidad fault near Trinidad, California (Figure 8-2). Many examples of 

this style of surface deformation also were generated by the Chi-Chi earthquake in Taiwan 

(Photo 8-2 (Bilham and Yu, 2000; Kelson and others, 2001). 

Both synthetic thrust and antithetic backthrust faults are common along large thrusts near the 

surface. Backthrusts represent reversals in dip of the fault plane, in which slip is accommodated 
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in the conjugate shear direction (Figure 8-1 e). Where secondary backthrust faults break through 

the hanging wall of a main thrust, an uplifted wedge-shaped block bounded by thrusts having 

opposing dip angles is produced in the hanging wall. In some places, all the slip is 

accommodated on backthrusts, resulting in thrust-wedge structures (Figure 8-1 f). Backthrusts 

have been found along the Little Salmon fault zone at several places, including College of the 

Redwoods (Figures 3-9 through 3-12) and near the Humboldt Bay Power Plant (Figure 4-16). 

The ISFSI site sits on the internally coherent, uplifted wedge-shaped block defined by the Buhne 

Point fault (a synthetic main thrust) and the Discharge Canal fault (an antithetic back thrust) 

(Figures 4-16 and 8-3a). 

Another end-member of the thrust fault structural style is a system of many (hundreds or even 

thousands) of small, closely spaced synthetic and antithetic conjugate thrust and backthrust fault 

planes that intersect the ground surface across a broad zone of deformation that is tens to 

hundreds of meters wide, producing the geomorphic appearance of an anticlinal flexure or 

monocline. These faults form conjugate fault sets (Figure 8-1h) that represent coulomb shear 

failure of the near-surface sediments under nearly horizontal compression (Carver and McCalpin, 

1996). The synthetic and antithetic faults intersect at the shear angle of the faulted material. 

One of the best-exposed local examples of conjugate faulting is in the sea cliff where the 

McKinleyville fault crosses the coastline north of Eureka (Figure 8-4) (Cashman and Cashman, 

1999). This faulting pattern also was found in trenches across a trace of the Mad River fault 

zone at the Humboldt County Airport, southeast of Clam Beach near McKinleyville (Figure 4-

20). Several examples of this type of faulting have been identified on the Little Salmon fault 

system near the site, such as at the quarry exposure in Humboldt Hill that is across US Highway 

101 from the power plant (Woodward-Clyde Consultants, 1980). Displacement on this type of 

thrust is distributed on many fault surfaces, each accommodating a small part of the total. This 

type of shallow thrust fault commonly results in a wide, gently sloping scarp that geomorphically 

is poorly defined. Conjugate microfaults also are common adjacent to larger-displacement thrust 

faults. The numerous small-displacement faults in the hanging wall of the Buhne Point fault 

exposed in trenches WCC-11-T6b and WCC-11-T6c are of this type (Figures 4-19 and 4-20). 
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Some or all of the displacement on many thrust faults may be expressed at the surface by folding 

(Figures 8-1 d, -1 g, -1 i). Several kinds of surface-folding processes have been recognized. 

Where the fault is made up of one or a few well-defined fault planes that end before reaching the 

surface, fault-propagation anticlines (Woodward and others, 1985), can be produced at the fault 

tip (Figures 8-1 i and 8-5). If surface sediments are highly plastic, such as wet, compact, clayey 

sediments, the anticline can be very sharp and even overturned. Such a fault-propagation fold 

was found in trenches across one of several traces of the Mad River fault at McKinleyville 

(Figure 8-6). However, this type of faulting has not been seen in the vicinity of the Humboldt 

Bay ISFSI site. 

Fault bend folds are common along the surface traces of many thrust faults. Such folds result 

from horizontal rotation of the hanging wall above segments of the fault plane having different 

dip angles (Figures 8-1 c, -1 d, -1 g). The dip angles of many thrusts decrease as the fault 

approaches the surface and are "blind" (do not reach the surface). This type of folding was 

described extensively for large, deep-seated thrusts (Suppe, 1983), but also is common in the 

near surface associated with low-angle, dip-slip thrust faults. Fault bend folds are characterized 

by limbs that have planar panels separated by relatively sharp hinge lines (Figures 8-1 d, -1 g). 

The panels lie above planar segments of the underlying fault, and the hinges form above bends in 

the fault plane. Where horizontal geomorphic or stratigraphic datums such as marine terraces 

overlie shallow thrusts, the effects of underlying fault bends commonly are expressed by tilting 

of the originally horizontal surface. This process forms two types of hinges: permanent hinges 

that migrate up-dip, away from the underlying fault bend, and stationary hinges, which remain 

above the underlying fault bend. During fault displacement, the hanging wall migrates through 

the axial plane of the stationary hinges and rotates to a new dip angle by shearing. Surface 

deformation and damage associated with this type of hanging-wall shearing were observed in 

Taiwan along the Chelungpu fault during the 1999 Chi-Chi earthquake (Photo 8-3) (Kelson and 

others, 2001). Fault bend folds having hinge-line deformations of this type have been described 

in trench exposures and boreholes across the Little Salmon fault zone at College of the 

Redwoods, about 5 kilometers south of the Humboldt Bay ISFSI site (LACO and Associates, 

1999b; Figures 3-9 through 3-12). Figure 8-3 compares the faulting observed at College of the 

Redwoods with faults near the ISFSI site. 
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Secondary normal faults produced by extension of the upper surface of the hanging wall above 

fault-generated folds are common on some thrusts. These faults, called bending-moment faults 

(Yeats, 1986), generally are parallel to the strike of the underlying thrusts and associated fold 

axes. They commonly include both antithetic and synthetic normal faults bounding graben 

localized in the hanging wall near the tip of the thrust. Slip on such secondary normal faults 

occurred along the Chelungpu fault during the 1999 Chi-Chi earthquake (Bilham and Yu, 2000; 

and Kelson and others, 2001 ). Another dramatic example is seen on the hanging wall of the fault 

from the 1980 El Asnam, Algeria, earthquake (Photo 8-4) (Philip and Meghraoui, 1983). The 

small, rootless graben exposed in trench WCC-11-T6a (see Appendix 4A, Figure 4A-12, Sheet 3, 

Station 160m), about 35 meters west of the ISFSI site, may represent minor bending-moment, 

normal faulting in the hanging wall of the Buhne Point fault (Section 4.4.5). 

The geometry and deformation characteristics of surface rupture on thrust faults in the Humboldt 

Bay region fit the above-described faulting types as reconstructed from scarp morphology and 

from shallow subsurface fault structures observed in trenches and other near-surface exposures 

(Woodward-Clyde Consultants, 1980; Carver and Burke, 1992; Clarke and Carver, 1992; LACO 

Associates, 1999b). Each of the various styles of thrust-fault-generated surface deformation has 

produced distinctive geomorphic and shallow subsurface structures that have persisted as 

enduring evidence of the deformation style of the generating fault. 

8.3.2 Hanging-Wall Deformation on the Buhne Point Fault 

The Humboldt Bay ISFSI site occupies a relatively stable wedge-shaped block of a raised, tilted, 

and faulted late Pleistocene1 marine terrace with underlying marine sediments. The Buhne Point 

fault displaces the terrace block along the south boundary of the power plant property. Trenches 

across part of this fault exposed closely spaced conjugate thrusts having small (a few millimeters 

to centimeters) displacements. A small backthrust, the Discharge Canal fault, has been mapped 

cutting the terrace on the north side of the property. Between the backthrust and the Buhne Point 

fault, the marine terrace is uplifted and gently tilted to the northeast, indicating the presence of a 

1 The geologic time scale is presented in Table 1-1. 
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fault bend ramp at depth beneath the site. This ramp probably is on the Bay Entrance fault. 

Trenches across the site area between the backthrust and the Buhne Point fault revealed 

unfaulted, tilted planar bedding consistent with the tilted terrace surface. The single exception is 

the small graben-like structure that was interpreted by Woodward-Clyde Consultants (1980) as 

soft-sediment deformation unrelated to the underlying fault. Alternatively, as discussed in 

Sections 4.4.5 and 8.3.1, this feature may represent secondary, bending-moment deformation 

related to folding. However, neither axial hinges associated with fault bend folds nor secondary 

bending-moment faults were found in the late Pleistocene strata exposed in trenches at the ISFSI 

site. 

8.4 AGE, CONTINUITY, AND STABILITY OF STRATA BENEATH THE SITE 

The strata beneath the ISFSI site consist of late Pleistocene interbedded estuarine and alluvial 

sand, silt, and clay of the Hookton Formation (Section 4.3.3). A distinctive marker horizon in 

the lower Hookton Formation, the top of the Unit F clay, is about 40 meters below the ISFSI site, 

where the contact between Unit F and the overlying sand and gravel strikes N30°-40°E and dips 

about 5°SE (Figures 4-5,4-10, 4-17 and 4-21). This marker horizon, which is known from 

borings in the uplifted block, is bounded by the Buhne Point and Discharge Canal faults 

(Figure 4-21). Analysis of borehole data regarding the elevation of the top of the Unit F clay, 

along with projections between borings, indicates that the clay has no major displacements. 

There is a small (less than 2.5-meter) vertical displacement of Unit Fin the hanging wall of the 

Buhne Point fault about 170 meters southwest of the ISFSI site (the Buhne Point splay fault on 

Figures 4-2,4-17, and 4-21). There also may be a small (1.2 to 1.5 meter) vertical displacement 

of the top of the Unit F clay 220 meters east of the ISFSI site (between borings WCC80-CH3 and 

WCC80-CH4; see Figures 4-2 and 4-25). The Unit F marker horizon beneath the site does not 

appear to have been displaced significantly (within the limits of interpretation of the boring 

data), even though numerous displacements have occurred on the nearby Buhne Point and Little 

Salmon faults. 

The Unit F clay marker horizon, which is in the upper part of the lower Hookton Formation, is 

unconformably overlain by the upper Hookton Formation and the Buhne Point terrace surface. 

These deposits and the terrace surface predate formation of a well-developed paleosol (Table 4-
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1) that is at least 83,000 years old (equivalent to or older than Oxygen Isotope Stage 5a). 

Geologic cross section Y-Y1 (Figures 4-2 and 4-1 0) illustrates the stratigraphic relations in the 

near-surface (upper Hookton Formation) deposits beneath the ISFSI site. Based on observations 

of borings, trenches, and the sea cliff exposure, upper Hookton deposits are continuous, 

providing direct evidence that these deposits are not faulted beneath the site. 

Deposits of the upper Hookton Formation were continuously exposed in trenches that trend 

almost east/west and north-northeast/south-southwest across the ISFSI site (Figures 4-3, 4-8 and 

4-9). Trench exposures provide the most direct means of detecting faults and assessing the 

continuity of bedding in the near-surface strata beneath and adjacent to the site (see Section 4.5.2 

and Appendix 4A). The well-bedded sediments exposed in trench walls made it possible to 

detect faults having very small (a few millimeters to a few centimeters) displacements. Figures 

4-2 and 4-3 show the locations of fractures and small displacements mapped in the trench 

exposures. Except for the Discharge Canal fault, nearly all the deformation observed in the 

trenches was in the western part of Buhne Point hill, and is interpreted to be deformation in the 

hanging wall close to the Buhne Point fault (within 100 to 150 meters of the projected surface 

trace). The only stratigraphic displacements observed near the ISFSI site bound a small graben 

in a silt bed about 35 meters west of the site (Figure 4-2 and Appendix 4A, Figure 4A-12, Sheet 

3, Station 160m). The graben consists of two narrow zones of antithetic faults about 30 

centimeters apart that form a depression in the silt bed about 15 centimeters deep; there is no 

apparent vertical separation across the feature. Woodward-Clyde Consultants (1980) attributed 

the feature to soft-sediment deformation during deposition of the Hookton sediments, because 

the underlying and overlying sediments are not similarly disturbed. However, it is possible that 

the small normal faults represent bending-moment faults above a fault bend fold in the hanging

wall of the Buhne Point fault. Other discontinuous fractures exposed in trenches GMX-T1 and 

GMX-T2 and in the other trenches near the ISFSI site displace none of the prominent lithologic 

contacts within the upper Hookton Formation. No displacements were observed in any of the 

site area trenches within about 30 meters of the site. The generally well-bedded strata exposed in 

these trenches provide confidence that no faults are present having offsets greater than a few 

millimeters in most places and not greater than 2 centimeters in areas where bedding is less well 
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defined. The trench exposures provide direct evidence for no faulting in the upper Hookton 

Formation deposits beneath the site during the past 83,000 years at a minimum. 

8.5 RECURRENCE OF SURFACE FAULTING RELATIVE TO AGES OF STRATA 
BENEATH THE SITE 

Paleoseismic investigations along the Little Salmon fault zone by Carver (1992), Clarke and 

Carver (1992), and Witter and others (2002), and at the edge of South Bay by Patton and others 

(2002) constrain the approximate timing of individual surface-faulting events. Radiocarbon ages 

for events on the western trace indicate that faulting occurred about 300; 800; 1 ,600; 2, 150; and 

3,500 years ago (Clarke and Carver, 1992). The timing of events identified in trenches across 

the eastern trace is unknown, but they may have been synchronous with events on the western 

trace. 

Estimates of the late Holocene (past approximately 6,000 years) slip rate on the Little Salmon 

fault zone, based on trenching studies, are 6 to 12 millimeters per year (Carver, 1987a; Clarke 

and Carver, 1992) and 2.9 to 6.9 millimeters per year (Witter and others, 2002), rates that are in 

general agreement with the long-term (past 700,000 years) slip rate across all three main fault 

traces (Geomatrix Consultants, 1994). Estimates of the frequency of large-magnitude 

earthquakes based on the geologic slip rate (Geomatrix Consultants, 1994) are similar to those 

based on paleoseismic evidence. Despite uncertainties in the size and interval between events, 

the data indicate that during the late Holocene, surface-faulting earthquakes occurred every few 

hundred to a thousand years or so. The similarity between the long-term and short-term slip 

rates suggests that surface-faulting events have occurred with the same frequency for hundreds 

of thousands of years. 

There are no data on the timing of individual events on the Bay Entrance trace of the Little 

Salmon fault zone west of the ISFSI site. The estimated 1- to 2-millimeter-per-year slip rate on 

the Bay Entrance trace (Section 4.4.2) is about one-third to one-twelfth the slip rate on the Little 

Salmon fault zone to the south. This slower rate indicates that slip on the Bay Entrance fault 

trace has been transferred to other branches of the fault, or surface-faulting events along this 

section of the fault either are less frequent or are characterized by smaller displacements. In 
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either case, tens to hundreds of rupture events have occurred on the fault zone near the ISFSI site 

during the past 83,000 years. (Calculated by dividing the range of estimates of the recurrence of 

late Holocene faulting from trenching data [Section 3] into the minimum age of the Buhne Point 

terrace [Section 4 ]). 

The repeated faulting events have produced deformation in the hanging wall of the Bay Entrance 

fault. This deformation is evident as 6 to 10 meters of post-Unit F displacement on the Buhne 

Point fault, at least 4.5 meters of displacement on the Discharge Canal fault, distributed faulting 

near the leading edge of the Buhne Point fault, and at least 20 meters of uplift and 2 to 4 degrees 

of tilting of the Buhne Point terrace. No displacements have been found in the late Pleistocene 

deposits that underlie the proposed ISFSI site. 

8.6 COMPARISON OF DEFORMATION AT BUHNE POINT WITH 1999 SURFACE 
FAULT RUPTURE ON THE CHELUNGPU FAULT, TAIWAN 

The Chelungpu fault in Taiwan shares several general structural and tectonic characteristics with 

the Little Salmon fault zone, including its subduction-zone setting, long length, relatively large 

amount of slip per event, and high slip rate. Surface faulting along the Chelungpu fault during 

the 1999 magnitude 7.62 Chi-Chi earthquake produced vertical displacements of2 to 9 meters 

along an 80-kilometer-long rupture (Bilham and Yu, 2000; Kelson and others, 2001). 

Kelson and others (2001) provide well-documented examples ofthe various styles of surface 

deformation associated with this large thrust earthquake, giving numerous examples of the 

response of building foundations and reinforced-concrete structures along the Chelungpu fault to 

the permanent ground deformations produced by tectonic faulting and folding. There is a direct 

correlation between the pattern and style of surface deformation and the damage to engineered 

structures. The following general observations were made. 

• Building collapses and extensive damage caused by surface faulting were concentrated on the 

hanging-wall side of the fault. Most damage was concentrated along the primary trace, 

where displacements were the largest and where rollover of the hanging wall was most 

2 Earthquake magnitudes are moment magnitudes (M), unless stated otherwise. 
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pronounced. Locally significant damage was also concentrated along the larger secondary 

faults. 

• Permanent ground deformation and associated damage to buildings were relatively minor to 

absent on the footwall side of the surface rupture, even for buildings located very close to the 

fault scarp. 

• Tilting and secondary faulting occurred in the hanging wall as much as 3 50 meters from the 

primary fault trace. Secondary faults that generated local damage included synthetic thrusts, 

backthrusts, and normal faults (bending-moment faults). Away from the main trace, 

reinforced-concrete structures, such as swimming pools and large building foundations, were 

tilted and intersected by small secondary faults (bending-moment faults and synthetic and 

antithetic thrust faults), but did not sustain significant damage. 

• The zone of hanging-wall deformation contained extensive areas between surface traces 

where deformation was limited to uplift and minor tilting of the near-surface deposits. 

Building damage in these areas generally was limited to the effects of strong ground shaking. 

• Faults commonly were deflected around large reinforced-concrete structures founded on 

weak, unconsolidated deposits. 

• The location and style of deformation from the 1999 Chi-Chi earthquake generally replicated 

the deformation produced during previous surface-faulting events, as manifested in the 

geomorphology, stratigraphy, and near-surface geology. 

Figure 8-7 shows a comparison of faulting near the Humboldt Bay ISFSI site with the style of 

faulting observed along the 1999 surface rupture on the Chelungpu fault. The ISFSI site is 

situated near the center of a wedge-shaped block approximately midway between, and about 150 

meters from, a synthetic thrust fault (the Buhne Point fault) and an antithetic backthrust (the 

Discharge Canal fault) on the hanging wall of the Little Salmon fault zone (Bay Entrance fault 

trace) (Figures 4-2 and 8-7a). The closest primary fault trace, the Bay Entrance fault, is about 

500 meters west of the site. Tilted, but otherwise undeformed, late Pleistocene sediments 

underlie the site. By analogy to the Chelungpu fault (Figures 8-7b through 8-7d), one might 

expect slip on the Buhne Point and Discharge Canal faults in response to a moderate- to large

magnitude surface-faulting event on the Little Salmon fault zone. However, the ISFSI site is on 
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the part of the hanging wall where only some uplift and minor tilting (less than 1 degree) is 

expected. 

8.7 SUMMARY OF SURFACE-FAULTING POTENTIAL AT THE SITE 

• During at least the past 83,000 years (the minimum age of the Buhne Point terrace), multiple 

displacements (tens to hundreds of events) on the Little Salmon fault zone have uplifted the 

hanging-wall block between the Buhne Point fault and the Discharge Canal backthrust and 

have tilted the Buhne Point terrace a total of 2 to 4 degrees to the southeast. The present 

terrace surface reflects cumulative tilting; any one event represents a small fraction of the 

total. The long history (2:: 83,000 years) of recurrent faulting in localized areas indicates that 

future displacements likely will recur on and be restricted to the Buhne Point and Discharge 

Canal faults. 

• The Bay Entrance, Buhne Point, and Discharge Canal faults have been the locus of repeated 

displacement events during the late Quaternary. The total vertical displacement of the Unit F 

· clay across these faults is about 270 meters, 6 to 9, and 3 meters, respectively. The Buhne 

Point terrace has been uplifted more than 20 meters. Repeated faulting events have produced 

a zone of fractures and small faults in the hanging wall that is concentrated near (within 100 

to 150 meters of) the projected surface trace of the Buhne Point fault. 

• Detailed mapping of trenches at the ISFSI site provide direct evidence for no surface faulting 

at or within 30 meters of the ISFSI site with a very high degree of resolution (millimeters to a 

few centimeters). The late Pleistocene strata beneath the site have not been faulted during at 

least the past 83,000 years, and there are no abrupt changes in the dip of those late 

Pleistocene strata that would indicate the presence of a hinge line or shallow fault bend fold 

at or near the site. Therefore, no new faults are expected to form at the site during future 

surface-faulting events on the Little Salmon fault zone. 

• The style of faulting near the ISFSI site is similar to well-documented examples of active 

thrust faults elsewhere in the Humboldt Bay region, and to the 1999 thrust-faulting 

earthquake in Taiwan. Detailed fault mapping and paleoseismic studies demonstrate that the 

pattern of faulting associated with these thrust faults is replicated during successive surface-
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faulting events. Therefore, the potential for surface faulting (including the potential for 

secondary faulting and folding) at the Humboldt Bay ISFSI site, where the Quaternary 

stratigraphic record spans numerous earthquake cycles, can be assessed with a very high 

degree of confidence. 

• One cannot preclude the possibility that fractures and small displacements may occur in the 

foundation materials beneath the ISFSI site during future earthquakes (i.e., less than about 2 

centimeters, which is the limit of resolution of trench-wall mapping at the ISFSI site). 

However, such small displacements do not constitute a significant hazard. For example, 

reinforced-concrete structures, such as swimming pools and large building foundations, on 

the hanging wall of the Chelungpu fault were tilted and intersected by small secondary faults 

(bending-moment faults and synthetic and antithetic reverse faults) without sustaining any 

significant damage. This experience demonstrates that the ISFSI' s reinforced foundation can 

be designed and constructed to resist minor surface displacements from secondary faulting 

and tilting, similar to that observed along the Chilungpu fault in Taiwan and on the Little 

Salmon fault at College of the Redwoods. 

The structure and style of deformation at and near the ISFSI site indicate that future activity on 

the Little Salmon fault zone will not produce surface faulting at the site. Fault displacement 

along the Buhne Point fault southwest of the ISFSI site probably will result in small amounts of 

slip on many conjugate faults, and perhaps additional small displacements within the existing 

zone of conjugate faulting on the hanging wall near the primary trace of the Buhne Point fault. 

Minor displacements also may accrue on the backthrust northeast of the site (the Discharge 

Canal fault). The terrace underlying the site can be expected to be elevated up to a few meters 

during future faulting events on the Little Salmon fault zone, but the angle of tilt is not likely to 

change much, if at all (less than 1 degree), and no significant secondary faults are expected to 

form in the hanging wall that passes through the ISFSI site. The possibility cannot be precluded 

that small fractures and faults having as much as about 2 centimeters of vertical displacement 

may occur in the strata that underlie the site during future great earthquakes along the Little 

Salmon fault zone, but these are not considered to pose a significant hazard. Based on this 

analysis of the geologic data, surface fault rupture does not pose a hazard to the Humboldt Bay 

ISFSI site. 
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Date 

1952 

1964 

1968 

1968 

1971 

1978 

1980 

1988 

1988 

1999 

TABLE 8-1 

WELL-STUDIED HISTORICAL THRUST EARTHQUAKES 

ASSOCIATED WITH SURFACE FAULT RUPTURES 

Location 

Kern County, 
California 

Prince William Sound 

Meckering, Australia 

Inanghua, 
New Zealand 

San Fernando, 
California 

Tabas-e-Golshan, Iran 

El Asnam, Algeria 

Tennant Creek, 
Australia 

Spitak, Armenia 

Chi-Chi, Taiwan 

Pacific Gas and Electric Company 

Humboldt Bay ISFSI 

M L v H References 

7.7 Ms 57 1.2 0.8 
Buwalda and St. Amand, 1955; 
Stein and Thatcher, 1981 

9.2Mw 57 6-9 
Plafker and Rubin, 1967; 
Plafker and others, 1969; 
Malloy, 1964 

6.9Ms 37 2 1.5 Gordon and Lewis, 1980 

Lenson and Suggate, 1968; 
7.1 Ms >2 0.4 0.2 Lenson and Otway, 1971; 

Anderson and others, 1994 

6.5 Ms 16 2.5 Sharp, 1975 

7.5 Ms 85 3 Berberian, 1979; 1982 

7.3 Ms 31.2 6.5 
Philip and Meghraoui, 1983; 
Yielding and others, 1981 

6.3 Ms 10.2 0.1-0.2 0.25 
6.4 Ms 6.7 1.1 0.1 Crone and others, 1992 
6.7 Ms 16 1.7 0.4 

6.8 Ms 24 2 Philip and others, 1992 

7.6Mw 80 9 8 
Bilham and Yu, 2000 
Appendix 8A (this report) 

M = magnitude; L = total length of rupture zone in kilometers, including unbroken sections; 
V = maximum vertical displacement in meters; H = maximum horizontal displacement in meters. 
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9.1 INTRODUCTION 

Section 9.0 

Tsunami Potential 

Tsunami hazards along the coast of northern California have been recognized for many decades. 

The tsunami associated with the 1964 Alaska earthquake was very destructive in Crescent City, 

and caused minor runups within Humboldt Bay (Figure 1-1). Following this event, at the request 

of the Atomic Energy Commission, PG&E prepared a report that reviewed the historic 

occurrence of far-field tsunamis in northern California, the exposure of the Humboldt Bay Power 

Plant site to past tsunamis, and estimated the likelihood of future tsunami flooding at the site 

(PG&E, 1966). 

During the past 15 years, tsunami hazards along the coast of northern California have received 

increased attention by scientists, engineers, and public safety agencies because of new findings 

and interpretations of the tsunamigenic potential of the Cascadia subduction zone, 1 and their 

implications for near-field tsunami generation (Bernard and others, 1994; Toppozada and others, 

1995; Myers and others, 1999; Priest and others, 2000). In this section, we first summarize the 

recent tsunami history of Humboldt Bay, and then present the results of current geologic studies 

of prehistoric tsunamis (paleotsunamis) along the northern California coast, including Humboldt 

Bay. Finally, we review several analytic estimates of tsunami inundation at Humboldt Bay and 

in the vicinity of the ISFSI site, and compare those estimates with the geologic estimates of past 

tsunami flooding in the region. 

1 The reference is to rupture of a large part or the entire 1,100-kilometer long Cascadia subduction zone. For the 
tsunami evaluation, tsunami generation from rupture of short segments (less than 100 km long) at the south end of 
the subduction zone, or segments less than several hundred km long at the northern part ofthe zone is not important. 
Although earthquakes on the Petrolia or Eel River segments may cause small tsunamis, it is rupture of a long 
segment of the Cascadia subduction zone that has the potential to produce the large tsunamis we are considering in 
this section. 
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Seismogenic tsunami generated 
by tectonic displacement of the 
sea floor 

Tsunami generated above 
submarine landslide 

Vertical scale is greatly exaggerated 

Fault causes an earthquake as it displaces 
the sea floor along the fault trace (wave 
height at the source is roughly equal to the 
vertical sea-floor displacement) 

Landslide displaces the sea floor along a 
landslide scarp (wave height depends on 
landslide mass, vertical travel distance, 
and velocity of movement) 

Figure 9-1 Schematic diagrams of major tsunami sources. 
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Figure 9-2 Illustration of tsunami terms. 

m Humboldt Bay ISFSI Project 
Technical Report 
TR-HBIP-2002-01 

Tsunami inundation 

Shoreline of high 
storm tides 
(marked by 
highest driftwood) 

::~(MHHW) 
\ (MSL) 

(MLLW) 

Section 9.0 
Tsunami Potential 

Rev. 0 , December 27, 2002 



Pre-tsunami conditions 
Relatively quiet water; normal 
accumulation of mud, sand, and 
organic matter 

Sand and debris in-----. 
suspension 

Maximum tsunami flood 
deposition 
Tsunami reaches maximum runup, 
water quiets, and sand and debris 
settle 

New deposit of tsunami-----. :· . .-~ ~·:•.::•;: ·.~::.:· ~.~· .; 4 :~: 
sand 

II 

II 

Ill 

Ill 
Tsunami sand settles 
and is deposited as 
thin layer 

Figure 9-3 Diagrams illustrating progression of tsunamis at the coast, and 
stratigraphic columns in the quiet water of bays and ponds. 
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Figure 9-4 Coastal sites investigated for evidence of paleotsunamis in northwestern 
California. 
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(Modified from Carver and others, 1998) 

Figure 9-5 Cross section of a typical intertidal marsh. Figure shows the idealized relationship between 
tsunami sand deposits and stratigraphic and biostratigraphic features caused by coseismic 
subsidence. The key to the numbers is shown in Table 9-2. 
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Lithologies 

b;d Peat 
[2] Sand 
D Mud 
~Diamicton 

Contacts 

Sharp 
Parting 
Erosive 
Gradational 

-e- Leaf 

f"Fiopover" 

Symbols 
(j Spruce cone dm> Wood chunk 

a:::=:> Stick 0 Brackish-marine diatoms 
~ Twig ;1 Freshwater diatoms 
G Rip-up clast 

(From Carver and others, 1998) 

Figure 9-6 Cross section of a typical coastal freshwater marsh. Figure shows an idealized tsunami sand layer 
interbedded with peat and mud. The key to the numbers is shown in Table 9-2. 
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others (1998); Washington data from Atwater and Hempiii-Haley (1997); 
Hookton slough data from Patton and others, (2002); and Oregon data from 
Kelsey and others (2002) . 

Figure 9-7 Compatison of ages for Cascadia earthquakes from tsunami data between northern California and Washington. 
Width of lines showing Cascadia events ("Y", "W", "U", "S", "N", "L", and "]" ) from Kelsey and others , 
2002). 
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Figure 9-8 Location of cores in Crescent City marsh. 
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Capital letters ("Y", "W", "U", "S", "N" and "L") designate sand layers correlated to dated 
Cascadia subduction zone earthquakes, queried layers are uncorrelated sand layers 
interpreted to be of Cascadia origin, arrows indicate sand layers from distant -source 
tsunamis. BP dates refer to calibrated radiocarbon years before 1950. "Q" is a local event 
intermediate between "Y" and "W". 
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Figure 9-9 Correlation of tsunami sands in selected cores across Crescent City marsh. 
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(From Carver and others, 1998) 

Figure 9-10 Idealized detailed section showing multiple graded sands in a tsunami deposit. 
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Figure 9-11 Location of cores in the Lagoon Creek marsh. Map shows topography, 
bathymetry (dashed contours) and vibracore locations. Cross section A-A' is 
shown on Figure 9-12. 
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Figure 9-12 Correlation of tsunami sands in selected cores across the Lagoon Creek marsh. 
The location of cross section A-A' is shown on Figure 9-11. 
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LITHOFACIES CODES 

Lithologies 
CJ peat 
~muddy peat 
~peaty mud 
C]mud 
~sand 

CONTACTS AND SYMBOLS 

--- Abrupt (s1 mm) 
- - - - - - Sharp (1 -3 mm) 

s sandy 
m muddy 
p peaty 
c coarse 
f fine 

- ·-·- · Gradational ( 4-10 mm) 
~ Diffuse (11-20 mm) 
~ Diffuse (:::50 mm) 

Lithologic Modifiers 
d detritus a:=:> stick 
ru rip-ups ~ twig 
~ leaves (J spruce cone 
c wood chunks -;>?~ roots 
o charcoal ~ sand tunnel 

DIATOM PRESERVATION 

D Very good to excellent 

ITIJ Moderate 

[;883 Fair to poor 

Figure 9-13 Detailed stratigraphy of core LC-16 from the Lagoon Creek marsh. Diagram 
shows typical marsh, sand deposits and diatoms near the coast. 
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