CHAPTER 4: THE SFBR EARTHQUAKE SOURCE
MODEL: MAGNITUDES AND L ONG-TERM RATES

Introduction: Calculating Rupture Sour ce Ratesin a Complex M odel

The tectonically complex San Francisco Bay Region (SFBR) contains both known and unidenti-
fied faults that produce a broad range of earthquake sizes at different rates of occurrence. In this
chapter we use fault zone information developed in the previous chapter to construct an earth-
guake source model that describes long-term rates of earthquake production in the SFBR. Spe-
cifically, this SFBR earthquake model defines the sizes and locations of earthquake rupture
sources in the region, the magnitudes of the earthquakes produced by those sources, and the
long-term recurrence rates of those earthquakes. The earthquakes described by the model include
large segment-breaking and floating events on the seven characterized faults, and background
events on uncharacterized or unknown faults. The SFBR earthquake model is constructed using
the variety of geologic, geodetic, and seismic data summarized in the previous chapter, and is
faithful to what is currently known about the rates of seismic moment accumulation and release
across the region.

Mean rates of earthquake occurrence are primary inputs into the calculations of earthquake prob-
ability presented in the following chapters. Information on earthquake recurrence timesis limited
because of the shortness of the historical and paleoseismic records. However, estimates of geo-
logic dlip rates alow us to estimate rates of seismic moment release on each of the characterized
faults. There is also information on segment lengths, widths, and seismogenic scaling factors R,
which provide an estimate of the seismogenic areas A of each rupture source (Figure 2.3). These
area estimates are the basis for estimating the magnitude M of earthquakes that occur on them,
through M- og A relations. The main focus of this chapter is the estimation of earthquake rates,
which is obtained from the moment release rate and the size of earthquakes that release the mo-
ment.

If each fault segment in the SFBR acted as an independent rupture source, the calculation of
earthquake rates would be straightforward: the long-term dlip rate for each segment would be
achieved by arepeating sequence of similar-sized earthquakes. Given the long-term moment re-
lease rate of the segment, M, (obtained from its seismogenic area and slip rate) and the mean
moment of those repeating earthquakes, M, (obtained from its seismogenic area), their ratio
would define the rate of earthquakes, or rupture sourcerate, y.

(4.1)
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However, our model allows segmentsto fail in combination, such that the long-term earthquake
history of afault ssgment may involve failure in anumber of different rupture scenarios involv-
ing combinations with its neighbors or failure of portions of the fault system in floating earth-
guakes. Also, we specify that a small fraction of the fault system’s moment budget, F..,, goes
toward the production of smaller (sub-segment sized) earthquakes. Because each fault may pro-
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duce such avariety of earthquakes, we modify equation (4.1) to define a system of equations,
one for each characterized rupture source, that together satisfy the long-term dlip rates of all the
fault segments:

Viter, =~ (4.22)

where subscript char refersto characterized (fixed and floating) rupture sources, Mo, isthe
moment rate of rupture sourcei, Moml is the mean moment of earthquakes produced by rupture

source i, and F ., isthe fraction of seismogenic moment rate expended in characterized earth-
guakes. Equation (4.2a) corresponds to the right-most box in the calculation flow diagram Fig-
ure 2.10. In the first three mgjor sections that follow, we summarize the approach taken by
WGO2 to calculate the three quantities on the right side of (4.2a).

For the purpose of calculating large-earthquake rates—the primary purpose of this chapter—we
need only discover the moment rate fraction F,,, and other quantitiesin (4.2a). However, esti-
mating F.,, will require usto also estimate the moment rate fraction expended in aftershocks,

F oo @Nd that expended in other small earthquakes on the fault system, F.,,;, such that F, +
F oo T Farar = 1. 1t turns out to be useful in some applications to specify the rate and magni-
tude distribution of those smaller events. For that purpose one may employ an expression analo-
gousto (4.2a) for the rate of smaller earthquakes within a specified magnitude range:

= Mo P (4.2b)

Yeman, = &
M ogra,

where I\Wow“ is the mean moment of smaller earthquakes (within that magnitude range), and

F.a 1S the fraction of seismogenic moment rate expended in smaller earthquakes. We expand
briefly upon this application later in the chapter (see box later in this chapter).

Calculations are carried out independently for each of the seven characterized fault systems. We
also estimate the rate of background earthquakes (those which occur el sewhere than on the seven
characterized ones). Finaly, the rates of earthquakes on the fault systems and the background are
combined to find the long-term earthgquake rate (as a function of magnitude) for the SFBR asa
whole. Calculations were performed using a computer program that is released with this report;
interested readers are directed to Appendix G.

Readers who wish to skip directly to the results of this analysis may turn to the section entitled
“Results: Long-term earthquake rates in the SFBR” later in this chapter. There, the results of the
WGO02 earthquake source model calculations are presented in two tables: Table 4.8 presents
long-term rates of rupture and mean magnitudes for each fixed and floating rupture source. Ta-
ble 4.9 contains calculated earthquake occurrence rates and recurrence intervals for each fault
segment. In the final sections of this chapter, the modeled values for regional, fault, and segment
recurrence are evaluated by comparison to historical seismicity and pal eoseismic recurrence ob-
servationsin the SFBR, and to the results from other earthquake models.
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Stepsin the Calculation Sequence

The SFBR model is developed using the calculation steps summarized in the following chart.
Thefirst four steps collect the information needed to calculate rupture source rates from equation
(4.28). The remaining three steps complete the description of the SFBR earthquake model.

Table 4.1. Stepsin the calculation sequence for the SFBR earthquake model:

Calculation step: Strategy and equations: Outputs:
Calculate the mean mo- | a Calculate the mean magnitude M, as | Valuesof Aand M are
ments of characterized listed in Table 4.4.

rupture sources, Mg, in
(4.29).

afunction of seismogenic area A using
M-og A relations, (4.4)-(4.6).

b. Define variability of M as Gaussian, and
determine the degree of variability, o,,.

c. Calculate MOchar, as a function of M,
and o, (4.7).

2. Calculate rupture
source moment rates,
M, in(4.23).

a. Calculate the fault segment moment
rates as afunction of A andv (4.8).

b. Adjust parametersin fault rupture model
(Chapter 3) to balance the long-term mo-
ment rate of each fault segment, Appendix
G.

c. Use fault rupture models to calculate
relative rupture source rates.

d. Combine resultsto obtain M, .

Vauesof M, are

computed for each
rupture source.

3. Determine moment rate
fractions, F,, and Fg,;.

a. Analyze historical seismicity on SFBR
faults (Table 4.6) to determine F,.

b. Determine fraction of fault moment rate
expended in aftershocks, F e snock

c. Caculate Fy,, = 1 —Fq ) — Fafierdock

Fya determined to be
0.06 [0.04 to 0.08,
95%] . Faftershock deter-
mined to be small and
Set to zero.

4. Cdculate mean rate of
characterized earth-
quakes, ¥, On each rup-
ture source and on each
fault segment.

a. Apply equation (4.2a) to obtain the fail-
ure rate of each rupture source.

b. For each fault segment, sum the rates of
al rupture sources that involve the seg-
ment.

Rupture source rates
are shown in Table
4.8. Fault segment oc-
currence rates are
shownin Table 4.9.

5. Calculate the long-
term frequency-
magnitude relation for
each fault.

For each magnitude increment within the
range of interest, sum the rates of each
rupture source (4.9), (4.10).

Results are plotted in
Figures4.6 and 4.8.

6. Estimate the fre-
guency-magnitude distri-
bution of background
earthquakes.

For each magnitude increment within the
range of interest, calculate background rate
(4.13).

Results are plotted in
Figures4.6 and 4.8.
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Estimating the magnitudes and moments of earthquakes

The goal of this part of the calculation sequence isto determine the mean moment of character-
istic earthquakes, M, for each rupture source. We first determine the mean earthquake mag-
nitude, M, and define the natural variability of magnitude as a distribution around that mean.
Then we calculate the mean moment from that distribution.

For earthquakes on fixed rupture sources, a mean earthquake magnitude is calculated from the
seismogenic area of its rupture source. For floating earthquakes, the mean magnitude was set a
priori (Chapter 3). For both types of earthquakes, we allow for natural variability in earthquake
magnitude (for a given rupture area) by describing the magnitude as a probability density func-
tion with truncated normal distribution (Figur e 4.1). Once the mean magnitude and distribution
function are in hand, it will be straightforward to calculate the mean moment of repeated earth-
guakes on each rupture source from equation (4.7).

Seismogenic area
The seismogenic area is the effective portion of fault surface that produces earthquakes
A=LWR 4.3)

L is segment length, the distance between two segmentation points (Figure 2.5). Wis down-dip
segment width, corresponding to the thickness of the brittle upper crust in which strain energy
available to be released as earthquakesis stored. R is a seismogenic scaling factor (ranging from
0to 1) that accounts for the role of fault creep in reducing the fault surface area available for
earthquake rupture. These quantities are further described in Chapter 3, and tabulated for each
fault segment in Table 3.8.

The seismogenic area of a rupture source is sum of seismogenic areas of the fault segments
which comprise it. Rupture source areas are listed in Table 4.4, along with the mean magnitudes
calculated in the following section.

Mean characteristic magnitude.

Following the findings of Wells and Coppersmith (1994), we utilize M —log A relations to ob-
tain mean magnitude of characteristic earthquakes, where A is seismogenic area. From regression
of datafor 83 continental strike-dlip earthquakes, Wells and Coppersmith (1994) found (their
Table 2A and Figure 16a):

M = (3.98 + 0.07) + (1.02 + 0.03) log,, A, (4.4)

where A has units of km?. The regression is well determined, as indicated by the small standard
errors (x one sigma) for the regression coefficients. However, WG99 noted that equation (4.5)
significantly underestimates M for large (M = 7) strike-dlip earthquakesin California, Figure
4.2a. For their report, WG99 assembled from several sources larger data sets for global strike
dip earthquakes. Those data appear in Appendix D, accompanied by a brief analysis of likely

Working Group 2002 Chapter 4, page 4 USGSOFR 03-214



measurement uncertaintiesin M and A. There is considerable uncertainty in the data available for
the correlation analysis that we rely upon for our estimates of M. Therefore, two different ap-
proaches were followed to develop new relations consistent with available datain the magnitude
range of primary interest in this report.

In the first approach, the data A > 500 km? were fitted with simple, one-parameter equations:

M =4.1+log,, A (4.5a)
M =4.2+log,, A (4.5b)
M =4.3+log,, A (4.5¢)

The preferred equation (4.6b) is obtained from maximum likelihood fitting of the data with coef-
ficient on the logarithm held fixed at 1.0. For M = 6.7, (4.5b) fitsthe datawell, with anr.m.s.
error of 0.19 for A > 500 km? (Figure 4.2€). Although this relation over-predicts M for A < 500
km?, the measured rupture areas of those earthquakes may be biased, particularly by the use of
aftershock area as a measure of rupture area by Wells and Coppersmith (1994). (See Mendoza
and Hartzell (1987) for adiscussion of the systematics of aftershock areas and rupture areas.)
Equations (4.5a) and (4.5c¢) represent approximately 95% bounds on the fit (Figures 4.2d and
4.2f).

Hanks and Bakun (2001) took a different approach. For M < 7, where the Wells and Copper-
smith (1994) relations work well, Hanks and Bakun (2001) noted that they could be reproduced
theoretically using constant stress drop (Ao) source scaling, with Ac=30 bars. For M = 7, they
invoked L-model (length) scaling of average fault dip U=aL, where a=2 x 10°, found elsewhere
in Wells and Coppersmith (1994). The Hanks and Bakun (2001) model for converting segment
and multi-segment areasto M comes in the form of two pairs of equations (Figure 4.2b,c), each
expressing a bilinear relation between M and A above and below some area threshold:

M =4.03 + log,, A (A < 1000 km?), M =3.03 +4/3log,, A (A> 1000 km?) (4.6a)
and
M =3.98 + log,, A (A< 468 km?), M =3.09 + 4/3log,, A (A> 468 km?). (4.6b)

Equations (4.6a) are purely amode! construct, based on Ac=30 bars and a=2 x 10°. Equations
(4.6b) result from least-squares adjustments of the intercept values (but not the slopes), yielding
abest-fitting Ao=26 bars and a=2.3 x 10°. Ther.m.s. error is0.21 for A > 500 kn.

Branch weights for the six candidate M—og A models, above, were obtained through a vote of
the WG02 Overview Group (OG), following extensive discussion of the relative merits of each
of the six equations above. Consideration was given to the magnitude, slip, and recurrence inter-
val implied by each equation, particularly for the San Andreas and Hayward/Rodgers Creek fault
systems for which paleoseismic and historical data are available. Opinions varied considerably
on the importance to be place on matching the observed magnitude and slip of the 1906 San An-
dreas earthquake. There emerged two, very different views on thisissue: (1) that the 1906 earth-
guake is one instance in aglobal dataset, in which it sits near the bottom in M— ogA space for M
> 7.5 continental strike-dlip earthquakes, or (2) that the 1906 earthquake is a dataset of one—but
the one such earthquake we know to be relevant to SFBR. In the latter way of looking at the
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1906 earthquake, the 1906 earthquake isindeed in aleague of its own, with considerably longer
rupture than even its southern California cousin, the 1857 Fort Tegjon event, of comparable M but
far shorter fault length.

For some perspective on where the 1906 event sitswithregardto M vsL, ashort table of data
for large continental strike-dlip earthquake follows.

Table 4.2. Magnitudes and rupture lengths for selected continental strike-slip earthquakes.

Year  Earthquake Magnitude Length (km)
1857  Fort Tejon M7.9 300
1905 Bulnay, Mongolia M8.0-8.1 300-350
1906  San Francisco M7.8 480
1920 Kansu, China M8.0 220
1939  Erzihcan, Turkey M7.9 330-360
1957  Gobi-Altay, Mongolia M7.8-8.1 260

Opinion was nearly evenly divided within the OG on these two ways at looking at the 1906
earthquake.

Members of the WG02 Oversight Group were polled on the relative likelihood of each relation.
Resulting weights were rounded to increments of 0.05, and equation (4.5¢), which received little
support, was abandoned. Results are shown in Table 4.3. These models and model weights su-
persede those developed by WG99.

Table 4.3: Expert-opinion weights of M—og A models.

Equation #  Mean voted weight Adopted weight

(4.4) 0.138 0.15
(4.5a) 0.229 0.25
(4.5b) 0.377 0.40
(4.5¢) 0.033 0

(4.6a) 0.150 0.15
(4.6b) 0.073 0.05
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Table 4.4. Areas, mean magnitudes of SFBR rupture sources.

Seismogenic area (km”2)

(km~2) Mean magnitude
Fault Name Rupture Source Mean 2.5% 97.5% | Mean 2.5% 97.5%
San Andreas SAS 829 606 1141 7.03 6.84 7.22
SAP 1066 765 1483 7.15 6.95 7.32
SAN 2042 1545 2678 7.45 7.28 7.61
SAO 1434 1093 1817 7.29 7.12 7.44
SAS+SAP 1907 1483 2412 7.42 7.26 7.56
SAP+SAN 3121 2478 3815 7.65 7.48 7.79
SAN+SAO 3482 2755 4432 7.70 7.53 7.86
SAS+SAP+SAN 3958 3187 4779 7.76 7.59 7.92
SAP+SAN+SAO 4559 3621 5537 7.83 7.65 8.01
SAS+SAP+SAN+SAO 5397 4341 6531 7.90 7.72 8.10
floating — — — 6.90 6.90 6.90
Hayward/RC HS 367 210 599 6.67 6.36 6.93
HN 235 119 391 6.49 6.18 6.78
HS+HN 616 400 882 6.91 6.68 7.12
RC 736 563 949 6.98 6.81 7.14
HN+RC 981 756 1267 7.11 6.94 7.28
HS+HN+RC 1359 1044 1737 7.26 7.09 7.42
floating — — — 6.90 6.90 6.90
Calaveras CS 48 1 107 5.79 0.00 6.14
cC 132 53 353 6.23 5.75 6.68
CS+CC 176 59 395 6.36 5.87 6.75
CN 465 348 610 6.78 6.58 6.97
CC+CN 616 433 861 6.90 6.68 7.11
CS+CC+CN 657 464 921 6.93 6.72 7.14
floating - - - 6.20 6.20 6.20
floating CS+CC — — — 6.20 6.20 6.20
Concord/GV CON 137 44 323 6.25 5.75 6.67
GVS 131 46 285 6.24 5.75 6.65
CON+GVS 291 111 541 6.58 6.13 6.91
GVN 85 25 213 6.02 5.45 6.49
GVS+GVN 235 93 439 6.48 6.03 6.81
CON+GVS+GVN 395 182 668 6.71 6.34 7.00
floating — — — 6.20 6.20 6.20
San Gregorio  SGS 701 504 958 6.96 6.75 7.17
SGN 1272 966 1683 7.23 7.04 7.41
SGS+SGN 1983 1556 2513 7.44 7.27 7.58
floating — — — 6.90 6.90 6.90
Greenville GS 311 199 460 6.60 6.37 6.83
GN 351 225 512 6.66 6.41 6.88
GS+GN 670 488 892 6.94 6.74 7.13
floating — — — 6.20 6.20 6.20
Mt Diablo MTD 350 210 489 6.65 6.42 6.89
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Natural variability in magnitude about its mean

For repeated ruptures of afault of given area, one expects some variation in magnitude about its
mean due to variations in factors such as earthquake stress drop. WG99 considered various dis-
tributions; thisis an arearich in controversy but poor in constraining data. Lacking afirm prece-
dent, we chose a truncated Gaussian distribution in moment magnitude, M (over, say, atruncated
Gaussian distribution in moment), Figure 4.1. The variability in magnitude is approximately
Gaussian when variations in magnitude arise from Gaussian variations in the length, width and
mean dlip, all with comparable coefficients of variation (ratio of standard deviation to the mean).
Under this assumption, the corresponding variability in moment is approximately lognormal.

The aleatory (natural) variability in M of 0,,=0.12 magnitude units was derived by considering
the influence of errorsin the measurement of both M and rupture area, A, on M—og A relation-
ships. Independent estimates of M and A for 16 strike slip earthquakes were used to estimate
their epistemic uncertainty (Appendix D). The measurement error of M corresponds to a stan-
dard deviation of approximately 0.08 magnitude units. Similarly, the measurement error for
log(A) is0.15 log-units (afactor of 1.4). Taking the observational errorsinto account in plots of
M versuslog A (Figure 4.2), we find that an aleatory variation of 0.12 for M is consistent with
available data, whereas larger values, such as 0.25 based on ignoring measurement errors, are
not.

We truncate the normal distribution of M at +2 standard deviations = £0.24. In other words, we
assume that a rupture source of a given areawill produce earthquakes that vary in magnitude
over arange of 0.48 magnitude units. This truncation prevents there from being rare earthquakes
that deviate greatly from a*“reasonable” magnitude for a given area and those with slips and im-
plied stress drops far greater than those observed in nature. Again, thisis consistent with the
available data, but those data are insufficient to test the correctness of this treatment. (The mag-
nitude variability implied by this truncation isillustrated graphically in several figuresin Ap-
pendix D.)

Calculating mean moment

The mean moment of the characteristic earthquake is a function of its mean magnitude M . and
the shape and truncation limits of the magnitude pdf. For magnitude described by a Gaussian

truncated at £20,,, the moment is approximately log-normally distributed. The mean moment is

z %
- ; I 101.5(M +0 mX) +16.05e 2 dX (47a)
\s"‘ 27T -2

M,

Ochar

which can be approximated by the following expression:

M — 101.5Mcha, +16.05-0.04810 , +1.7750 (4.7b)
Ochar .
To determine the constantsin (4.7b), the mean moment was estimated numerically for arange of

0,,. Theratio of the mean moment to the moment for the mean magnitude was computed for each
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0,,, then the resulting ratios were fitted to the form of equation (4.7b) using ordinary least-
squares. This avoids having to compute the integral in (4.7a).

Estimating rupture sour ce moment rates

The following calculations define the long-term rate of seismic moment release on each rupture
source, M, in equations (4.2a,b). The moment release rate for each rupture source is found by

summing contributions from its component fault segments. Quantifying those contributionsis
not straightforward, because a given fault segment may fail in one-segment, multi-segment,
and/or floating earthquakes. We must ask: How much of afault segment’ slong-term moment
rate is expended in each type of earthquake? For example, on atwo-segment fault such as the
San Gregorio, how much of each segment’s moment rate is expended in one-segment, two-
segment, and floating earthquakes? The dlip (or moment) from those various earthquakes must
balance the long-term dlip rate (or moment rate) for each segment.

Three steps are taken to define the rupture source moment rates:
1) Query panels of experts for fault rupture models that define the relative likelihood for
fault failure in various modes (this was done by WG99 as described in Chapter 3),
2) Cadculate the available moment rate from the seismogenic area and dlip rate of the fault
segments, and
3) Combine afault rupture model and fault segment moment rates to obtain a set of relative
rupture source moment rates that balance the long-term dlip rate.

Fault ssgment moment rate

Each segment is represented as arectangular fault patch with uniform long-term dlip rate (Figure
2.5). The moment rate of each fault segment is obtained from its seismogenic area A from equa-
tion (4.3) and itslong-term dlip rate v:

M, = LAV (4.8)

where U is shear modulus (taken here as 3x10™ dyne/cm?). Values of v for each fault segment
were developed in the previous chapter and are listed in Table 3.8.

Regional dlip-rate (plate rate) constraint

Global Positioning System (GPS) data collected between 1992 and 2000 in central California
(Prescott and others, 2001) document the deformation across the Pacific-North America plate
boundary that drives the earthquake activity in the SFBR (Figure 1.1). Prescott and others
(2001) model most of the deformation as 39.8+1.2 mm/yr (£10) of shear on planes parallel to the
San Andreas fault system, in agreement with 39£2 mm/yr obtained by Argus and Gordon (2001)
using GPS and VBLI data. A longer-term estimate, 41 £ 1 mm/yr (x10), was obtained by De-
Mets and Dixon (1999), and Prescott and others (2001) using global plate-motion models. The
shear deformation is distributed across a 120-km wide zone in the SFBR that corresponds to the
width of the study region. Because there are uncertainties on the long-term dlip rate of each fault
segment, it is possible for a SFBR source model to contain combinations of segment dlip rates
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that violate the region-wide geodetic constraint. Therefore, we check the viability of each candi-
date model by summing the chosen dlip rates across three transects (Figure 1.3), and rejecting
those models for which the sum lies outside the range 36 to 43 mm/year (Table 4.5). The 36 to
43mm/yr range reflects the greatest upper 2o limit and least lower 20 limit of the short-term
GPS and longer-term plate-motion estimates of deformation. The transects cross known faults
not characterized in our model (e.g., the Zayante, Sargent, Coyote Creek, Madrone Springs, and
Ortigalitafaults); we account for these faults by adding asmall, additional dlip rate (see Table
4.5) to the fault-segment sums before comparing to the geodetic range.

Table 4.5: Plate-motion constraint transects.

Transect Fault segments Added slip Range of Percent of
Rate increment possible slip rate trials rejected’
Northern SAN+RC+GVN 3 mml/yr 33t049 18%
Central SGN+SAP+HS+CN+GN 1 mml/yr 30to 54 33%
Southern SGN+SAS+CC 2 mm/yr 31to51 19%

* Candidate model isrejected if any (at |east one) transect lies outside the range 36-43 mm/year.

The plate-motion constraint rejects 18%, 33%, and 19% of the candidate aggregate models for
the northern, central, and southern transects respectively. 42% of the aggregate models are re-
jected on the basis of at least one transect. Thus, 17,120 trials were required in order to obtain the
10,000 viable models used to obtain the results of this report.

Defining relative likelihoods of rupture

This step defines the suite of rupture sources for which earthquake magnitudes and rates will be
calculated, and employs expert opinion to assign arelative likelihood of rupture to each source.
Two types of rupture sources are considered: 1) fixed rupture sources that consist of one or
more contiguous fault segments that fail together in an earthquake. 2) floating rupture sources
that can occur anywhere along the fault.

As described in the previous chapter, the fault characterization sub-groups assigned preliminary
relative likelihood to the various rupture sources by assembling fault rupture models for each
system. A fault rupture model consists of combinations of rupture scenarios that define the com-
plete rupture of the fault system (e.g., Figure 3.2). Each scenario is assigned aweight, or relative
frequency, which specifies the amount that that mode of failure contributes to the long-term
seismic behavior of the fault. Recall that the sub-groups used a combination of available evi-
dence and expert opinion to develop alternative fault rupture models, i.e., aternative combina-
tions of scenario frequencies. The fault rupture models were weighted collectively by expert
opinion. The variation in scenario frequencies between models (e.g., across arow of Table 3.4)
reflects the degree of certainty that exists in the community about the strength and persistence of
segmentation points on each fault. In each realization of the model, a single fault rupture model
(aset of relative scenario rates, e.g., acolumn of Table 3.4) is selected for each of the seven fault
systems.

In general, the relative scenario frequencies within a given fault rupture model will not resultin a
moment-rate-balanced model (i.e., will not satisfy M, on each fault segment) because the rup-
ture sources within each segmentation scenario have different moments, and those moments vary
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with the choices of L, W and R made in a given realization of the SFBR model. The problem of
moment-rate balancing the model is over-determined because there are generally more rupture
source rates determined from the relative scenario frequencies than segment moment rates (or
dip rates) to constrain them. Therefore, we use |east-squares regression to obtain a set of revised
relative rates that are the best fit to the relative rates supplied by the subgroups. Details of this
procedure and comments on its effectiveness are given in Appendix G.

Rupture source moment rate

The moment rate for each rupture source, Mo, (numerator of (4.24)) is calculated as product of the

available moment rate (sum of segment moment rates (4.8)) times the moment-balanced partition
factors (above), summed across all rupture scenarios that include the given rupture source.

Partitioning moment rate acr oss earthquake types

Fault segmentsin our model are typically tens of kilometersin length. Because fault segments
are the smallest units of the characterized faults that can rupture in the model, the set of charac-
teristic rupture sources does not provide a compl ete description of independent earthquakesin
the SFBR. The lower size limit on characterized earthquakes varies from fault to fault; for the
region as a whole the model isincomplete below about M6.7. Small earthquakes on character-
ized faultsfall into two classes: aftershocks, the occurrence of which is dependent on an earlier
main shock, and those that occur on afault system but are not part of an aftershock sequence. It
IS necessary to account for the fraction of fault system moment expended in such events, lest the
rate of characterized earthquakes be overestimated. In the following sections we calculate the
moment rate fraction expended in these two classes of earthquakes. The moment rate expended
in aftershocks will be shown to be small, and will be ignored in our analysis (i.€., F e 40s=0)-
The moment rate fraction in small earthquakes, F.,,, will be shown to be afew percent.

Seismic moment rate in aftershocks

Aftershocks occurring on the characterized fault plane contribute to the long-term moment
budget. Their occurrence is contingent upon the recent occurrence of a main shock, and therefore
cannot be considered to be independent earthquakes as are those of the other three types. How-
ever, to the extent that their occurrence contributes to the long-term moment rate of the fault, the
moment due to aftershocks should be accounted for, and our model allows a fraction of the mo-
ment rate for each source to be removed. Analysis of main shock/aftershock sequencesin Cali-
fornia (Appendix E) demonstrates that the summed moment of aftershocks equals, on average,
10% of the main shock moment. That is a considerable fraction of the moment budget; however,
that average value is held high by the occasiona occurrence of avery large aftershock, typically
on afault plane other than that which hosted the main shock. Restricting the analysis to after-
shocks occurring on or near the main shock plane, F g0 1S roughly 3+2%. The WG99 Over-
view Group had substantial disagreement among OG members on the relationship between after-
shocks and the seismic moment rate on the parts of faults responsible for the generation of large
earthquakes, in particular whether the spatial distribution of aftershock moment release on the
fault plane is similar to, or complementary to, the pattern of moment release in mainshocks. Due
to thislack of consensus, and because F ;. 4,00 1S STall compared to uncertainties in other parts of
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the calculation sequence, we chose not to remove aftershock moment in our calculations'. All
else being equal, removing this small moment-rate increment would have dlightly lowered earth-
guake rates and 30-year earthquake probabilities.

Seismic moment ratein smaller earthquakes

Previous studies have examined fault and regional seismicity to determine the ratio of moment
expended in characteristic events versus smaller ones. Y oungs and Coppersmith (1985)separated
fault seismicity into characteristic events with magnitudes distributed around a central value, and
smaller earthquakes with an Gutenberg-Richter (G-R) magnitude-size distribution, or “exponen-
tial tail” (see Figure 4.1) Based on examination of datafrom several faults, they specified distri-
bution parameters that corresponded to placing 94% of the moment in the characteristic events
and 6% in the exponential tail. Similarly, Field et a. (1999) examined the moment rates in char-
acteristic and smaller earthquakes in southern California. They found that roughly 15% moment
rate in a G-R distribution of earthquakes capped at M=6.7 enabled the observed rates of interme-
diate-magnitude seismicity to be matched; this percentage was shown to be sensitive to the num-
ber of seismogenic faults contained in the model, as their model combined our “background”
seismicity and small (sub-segment-sized) earthquakes on the characterized faults.

We used Wesson et d.’s (2003) analysis of 150 years of historical seismicity (Bakun, 1999) to
estimate the value of F,, appropriate for the SFBR. The probabilities for each historical earth-
guake associated with each of the characterized faults and with the background are listed in Ta-
ble 3 of Wesson et al. (2003). Table 4.6 isWesson et a’s Table 3 reordered so that the earth-
gquakes are listed in order of increasing M and the probabilities are multiplied by the moment for
that M. The moment listed for the 1906 earthquake is for that part of the 1906 rupture within the
SFBR (Bakun, 1999). The summed moment for all earthquakes on afault with M less than some
magnitude threshold M; is easily obtained from the list.

The threshold M; for each fault system is our minimum mean characteristic M less0.24 (i.e,,
20,,): M=6.65 for the San Andreas fault, etc. (See M; at bottom of table.) The seismic moment
rate for small earthquakes for each fault is the summed moment for events with M <M divided
by 150 years. Whereas 150 yearsis not long enough to sample many characteristic earthquakes,
it may be long enough to establish the character of smaller events on each fault. If M, ismuch
larger than 5.5 on a fault, then the moment for missing M <5.5 events can be ignored. The Calav-
eras fault, with M;=5.56, does not meet this criteria, so we omit that fault from the mean estimate
below. M /yr isthe moment rate in the exponential tail for each fault.

Theline“*Model Moment/yr” in Table 4.6 is the moment rate for the characterized segments on
that fault using approximate values of fault lengths, widths, geologic dlip rates, and R values.
Theline“% of model” isthe % of seismic moment in the exponential tail = My/yr divided by
“Model Moment/yr”. For example, according to this analysis, 8.93% of the model moment rate
for the SAF has been released in earthquakes M <6.65. Lacking alonger catalog, we assume that
this percentage is typical for the fault.

! The WG02 computer code allows the removal of aftershock moment rate by specifying Foqeraos > 0. This moment
isremoved entirely from the model, thereby lowering the moment rate available for making characteristic earth-
quakes.
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The mean % of model + 10 is0.062 + 0.010, close to the value of 0.06 obtained by Y oungs and
Coppersmith (1985) for the San Francisco Bay area. From this analysis, we adopt the mean + 20
to define branch values for F,,, of 0.04, 0.06, and 0.08 with appropriate weights.

Note on occurrence rate of smaller earthquakes

This probability report is not concerned with the probability of small earthquakesin the region,
and we do not report either the rate of small earthquakes nor the probability of their occurrence
within specified time intervals. However, certain applications of our results may require that the
frequency of earthquakes be specified over a broad range of magnitude. The WG02 computer
code includes the provision to compute the time-independent rate of earthquakes over a specified
magnitude interval. In designing this feature of the code, we follow the lead of previous authors
(e.g., Youngs and Coppersmith, 1985, and Field et al., 1999) and specify that smaller earth-
guakes obey a Gutenberg-Richter (G-R) distribution of rates on a given fault system. The upper
end of this G-R distribution is defined here as 20,,, below the smallest mean magnitude of any
rupture source on the fault system of interest; this ensures that the exponential-tail and charac-
teristic parts of the frequency-magnitude distribution remain distinct. We note that evidenceis
scant at best that small earthquakes on individual faults obey G-R statistics, and urge interested
users to consider arange of treatments before employing this feature of the code.
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Table 4.6. Historical Seismicity and the calculation of F,,, (seetext for explanation).

Date
27 Aug 1855
2 Jan 1856
17 Apr 1860
30 Apr 1892
9 Aug 1893
2 June 1899
November 9, 1914
September 5, 1955
21 May 1864
26 Mar 1866
2 Apr 1870
31 July 1889
March 31, 1986
October 2, 1969
2 Jan 1891
August 6, 1979
October 2, 1969
15 Feb 1856
4 July 1861
17 Feb 1870
12 Oct 1891
13 Nov 1892
March 11, 1910
January 24, 1980
26 Feb 1864
5 Mar 1864
24 May 1865
15 July 1866
28 June 1882
30 Mar 1883
30 Apr 1899
6 July 1899
19 May 1902
February 15, 1927
19 May 1889
26 Nov 1858
10 Apr 1881
26 Mar 1884
11 June 1903
3 Aug 1903
October 22, 1926
July 1, 1911
April 24,1984
24 Apr 1890
20 June 1897
31 Mar 1898
19 Apr 1892
21 Apr 1892
10 June 1836
8 Oct 1865
June 1838
21 Oct 1868
October 18, 1989
March 21, 1906

Total moment
Threshold M
MO/yr (M<MT)
Model Moment/yr
% of Model

5.50
5.50
5.50
5.50
5.50
5.50
5.50
5.50
5.60
5.60
5.60
5.60
5.60
5.60
5.70
5.70
5.70
5.80
5.80
5.80
5.80
5.80
5.80
5.80
5.90
5.90
5.90
5.90
5.90
5.90
5.90
5.90
5.90
5.90
6.00
6.10
6.10
6.10
6.10
6.10
6.10
6.20
6.20
6.30
6.30
6.30
6.40
6.40
6.50
6.50
6.80
6.80
6.90
7.85

Moment
1.995E+24
1.995E+24
1.995E+24
1.995E+24
1.995E+24
1.995E+24
1.995E+24
1.995E+24
2.818E+24
2.818E+24
2.818E+24
2.818E+24
2.818E+24
2.818E+24
3.981E+24
3.981E+24
3.981E+24
5.623E+24
5.623E+24
5.623E+24
5.623E+24
5.623E+24
5.623E+24
5.623E+24
7.943E+24
7.943E+24
7.943E+24
7.943E+24
7.943E+24
7.943E+24
7.943E+24
7.943E+24
7.943E+24
7.943E+24
1.122E+25
1.585E+25
1.585E+25
1.585E+25
1.585E+25
1.585E+25
1.585E+25
2.239E+25
2.239E+25
3.162E+25
3.162E+25
3.162E+25
4.467E+25
4.467E+25
6.310E+25
6.310E+25
1.778E+26
1.778E+26
2.512E+26

2.85E+27

4.082E+27

Moment Fractions

SAF
2.62E+22
3.31E+23
2.24E+23
2.21E+14
1.16E+22
3.10E+23
8.92E+23
0.00E+00
4.85E+23
5.78E+23
2.59E+23
2.91E+23
0.00E+00
0.00E+00
1.44E+24
0.00E+00
0.00E+00
1.50E+24
3.04E+23
2.62E+24
1.45E+21
1.67E+24
1.55E+24
0.00E+00
1.69E+24
1.75E+24
1.42E+24
1.57E+23
3.45E+24
2.11E+24
2.34E+24
6.74E+23
2.24E+14
1.24E+24
7.27E+18
2.64E+24
9.36E+21
2.91E+24
8.27E+24
3.96E+24
1.00E+25
2.17E+24
0.00E+00
1.46E+25
9.92E+24
1.01E+22
8.97E+06
3.31E+06
1.41E+25
3.56E+25
5.80E+25
0.00E+00
4.62E+16
2.85E+27

6.65
8.77E+23
9.815E+24
8.93%

Hay/RC
6.08E+23
9.98E+22
3.41E+20
4.71E+20
9.20E+23
8.45E+23
7.59E+21
2.52E+14
1.52E+23
9.21E+20
1.24E+24
1.62E+24
0.00E+00
1.76E+21
2.56E+23
0.00E+00
8.54E+22
1.41E+24
1.47E+24
1.15E+23
2.89E+24
2.99E+21
1.27E+22
0.00E+00
5.49E+22
2.54E+23
3.26E+22
1.29E+22
1.00E+23
6.66E+19
2.02E+20
8.27E+19
4.94E+20
1.39E+20
1.83E+23
2.84E+24
1.79E+23
2.11E+22
4.18E+23
2.75E+24
1.78E+22
3.05E+24
0.00E+00
7.64E+20
1.41E+19
1.84E+25
6.27E+18
2.73E+18
2.01E+23
3.50E+24
3.26E+25
1.78E+26
0.00E+00
0.00E+00

6.19
1.24E+23

Calav.
1.71E+22
2.36E+23
5.81E+23
1.31E+18
6.05E+20
4.65E+22
3.70E+23
9.76E+23
7.73E+23
1.28E+24
2.56E+23
2.14E+23
0.00E+00
0.00E+00
1.64E+24
7.59E+23
0.00E+00
3.63E+23
1.92E+24
1.10E+24
6.69E+20
1.71E+24
1.32E+24
0.00E+00
2.24E+24
2.56E+24
3.48E+24
1.50E+24
2.01E+24
3.60E+24
1.50E+24
5.33E+24
6.09E+19
3.06E+24
6.91E+23
6.81E+24
2.05E+24
2.27E+24
4.49E+24
6.81E+24
2.73E+24
1.52E+25
2.22E+25
1.19E+25
1.55E+25
5.20E+22
1.41E+15
7.35E+13
2.45E+25
1.37E+25
4.80E+25
0.00E+00
0.00E+00
0.00E+00

5.56
1.48E+22

3.7325E+24 2.49E+24

3.32%

0.60%

Con/GV
4.41E+23
2.32E+22
1.01E+18
2.92E+23
7.93E+22
1.17E+23
9.84E+17
0.00E+00
1.88E+22
4.85E+17
3.56E+23
1.35E+23
0.00E+00
0.00E+00
4.05E+20
0.00E+00
0.00E+00
1.27E+23
3.13E+23
2.18E+19
1.89E+24
8.85E+16
1.28E+19
0.00E+00
9.18E+20
1.96E+22
4.54E+20
7.84E+21
6.48E+19
3.43E+12
4.12E+14
6.02E+14
1.87E+24
1.82E+14
4.85E+24
9.47E+22
1.13E+22
1.21E+19
1.37E+18
3.33E+21
2.20E+12
2.25E+20
0.00E+00
1.36E+11
1.43E+07
1.02E+25
4.34E+24
1.51E+24
6.99E+20
2.51E+19
3.15E+23
0.00E+00
0.00E+00
0.00E+00

5.95
3.80E+22
5.7E+23
6.66%

San G
1.11E+22
4.22E+23
4.59E+23
2.70E+13
4.23E+21
9.99E+22
2.75E+23
0.00E+00
2.16E+23
3.08E+23
6.61E+22
5.11E+22
0.00E+00
0.00E+00
9.07E+22
0.00E+00
0.00E+00
5.83E+23
4.49E+22
6.50E+23
3.00E+20
6.98E+23
1.17E+24
0.00E+00
1.58E+24
8.75E+23
8.40E+23
2.93E+22
8.08E+23
3.55E+23
1.40E+24
5.43E+22
1.80E+13
1.20E+24
3.69E+17
2.61E+23
5.87E+19
5.06E+24
4.33E+23
1.81E+23
3.79E+23
8.97E+21
0.00E+00
2.63E+23
4.61E+23
1.21E+21
1.35E+05
7.36E+04
8.42E+24
9.24E+23
6.60E+24
0.00E+00
0.00E+00
0.00E+00

6.65
1.91E+23
3.69E+24

5.18%

Greenville
8.99E+21
2.68E+22
1.22E+21
1.61E+19
9.62E+19
2.42E+21
1.19E+21
0.00E+00
1.34E+23
5.14E+20
3.47E+22
5.57E+21
0.00E+00
0.00E+00
2.99E+22
0.00E+00
0.00E+00
2.20E+22
4.15E+23
9.10E+21
7.02E+19
9.55E+20
2.35E+21
3.39E+24
3.00E+22
1.94E+23
5.55E+22
1.41E+23
1.31E+22
7.94E+18
2.48E+19
1.25E+21
8.25E+20
3.60E+20
1.03E+24
6.57E+23
2.95E+24
1.34E+22
7.28E+21
4.19E+22
2.28E+20
1.84E+23
0.00E+00
2.44E+19
7.34E+17
1.41E+21
8.46E+16
4.26E+15
1.03E+23
4.48E+21
8.73E+23
0.00E+00
0.00E+00
0.00E+00

5.95
3.01E+22
6.57E+23

4.59%

Mt Diablo
1.86E+22
1.54E+22
1.59E+19
1.73E+20
6.43E+20
2.38E+22
2.49E+19
0.00E+00
3.21E+22
4.38E+18
1.24E+23
7.38E+22
0.00E+00
0.00E+00
3.90E+21
0.00E+00
0.00E+00
7.02E+22
4.50E+23
4.97E+20
2.43E+21
5.29E+18
9.56E+19
3.95E+23
2.97E+21
3.74E+22
2.73E+21
1.03E+22
7.62E+20
1.88E+15
3.28E+16
2.69E+17
7.52E+21
9.90E+16
2.36E+24
2.68E+23
2.08E+23
2.53E+20
1.85E+20
2.83E+22
7.18E+16
1.90E+22
0.00E+00
1.78E+15
2.73E+12
1.36E+23
1.94E+19
8.16E+17
4.89E+21
1.39E+21
9.99E+23
0.00E+00
0.00E+00
0.00E+00

6.4
2.86E+22
3.195E+23
8.95%

Background
6.512E+23
8.086E+23
7.298E+23
1.703E+24
5.836E+23
3.025E+23
4.487E+23
1.019E+24
9.805E+23
6.539E+23
3.479E+23
3.394E+23
2.818E+24
2.817E+24
5.150E+23
3.222E+24
3.896E+24
1.290E+24
6.819E+23
1.135E+24
8.158E+23
1.537E+24
1.565E+24
1.837E+24
2.354E+24
2.237E+24
2.110E+24
6.082E+24
1.562E+24
1.875E+24
2.707E+24
1.881E+24
6.063E+24
2.451E+24
2.110E+24
2.254E+24
1.045E+25
5.581E+24
2.235E+24
2.077E+24
2.677E+24
1.739E+24
1.478E+23
4.858E+24
5.789E+24
2.722E+24
4.033E+25
4.316E+25
1.578E+25
9.377E+24
3.029E+25
0.000E+00
2.512E+26
0.000E+00

4.93E+26
2.65915E+24
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Magnitude-frequency distributionsfor faults

In order to illustrate the long-term seismic behavior of the modeled faults, we calculate the rate
of earthquakes as a function of earthquake magnitude. For each realization of the SFBR model,
the frequency of earthquake occurrence is calculated at tenth-magnitude increments for each
fault, for the background, and for the region as awhole.

The magnitude of each fixed and floating rupture source is described by a pdf, defined above as a
truncated normal distribution (Figure 4.1). Therefore, we must take into account the probability
that each given rupture will or will not contribute to the long-term rate at a given magnitude
threshold value M+:

Nrup

Ve, M > M) = >y (M > M) (4.9)

i=1

where P,(M >M;) is the probability that the magnitude of rupturei is greater than the threshold
value, and the summation is made over the suite of Nrup fixed and floating rupture sources on
the fault of interest. This quantity is evaluated by integrating the pdf from M; upwards:

P(M>M;)= ]o' f,, (M)dm (4.10)

My

where f,,(m) is the magnitude probability density function (pdf) for thei™ rupture source. This
procedureisillustrated schematically in Figure 4.3. In that figure, the pdf for Rupture 1 lies en-
tirely below the threshold magnitude M;, so P,(M>M;)=0 and its rate does not contribute to the
fault rate at or above this magnitude. The pdf for Rupture 2 lies entirely above M, so
P,(M>M;)=1 and its entire rate contributes to the fault rate. The pdf for Rupture 3 straddles M-,
so P;(M>My), theratio of the shaded areato the entire area under the pdf, is found from (4.10).

Earthquake rate for fault segments

It is useful, for comparison with available geologic data, to calculate the rate at which a segment
isruptured by a characterized earthquake. The segment rupture rate is computed by summing the
rate of the rupture sources (fixed and floating) that affect the given segment.

The rate of floating earthquakes are distributed uniformly along the rupture (pro-rated to the
segments according to length).

The rate at which afault segment ruptures in earthquakes greater than some threshold level of
interest (e.g. M=6.7) is given by (4.9), where the summation is restricted to those ruptures that
involve that fault segment.

Background earthquakes

We use the Gutenberg-Richter form, truncated at high magnitude, to describe the frequency of
occurrence of background earthquakes. Historical rates of earthquake occurrence were drawn
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from the analysis of Wesson and others[in prep.]. Two G-R relations, log N/yr = a - bM, that
describe the magnitude-frequency distributions of background earthquakes were developed: one
for the 1951-1998 period (M =3) with a=3.67 [3.60 to 3.74 at 95% confidence] and b=0.89; and
the other for the 1836-2001 period (M =5.5) with a=3.94 [3.62 to 4.31 at 95% confidence] and
b=0.89.

The 1951-1998 relation provides a rate based on recent activity, and the 1836-2001 relation pro-
vides arate based on longer-term activity. We use both rates to estimate the 30-year conditional
probability of M = 6.7 earthquakes in the background. That is, we define 2 models, one based on
the recent rate of M > 6.7 earthquakes and the other on the longer-term rate. Each model is then
split into 3 branches, based on the mean rate, the +20 rate and the -20 rate. The WG steering
committee voted on the relative weights of the 2 models (weights of 0.483 and 0.517, respec-
tively), which were then apportioned across the 6 resulting branches in the cal culation sequence
(Table4.7).

For this study the maximum magnitude for background earthquakesis 7.25+0.25. For
M=4.1+logA, M 7.5 implies A=2500km2, or afault patch 180x14km. M7.25 implies
A=1400km2, or afault patch 100x14km. While thrust fault events on blind faults are likely
sources of large background events they, will most likely not exceed M 6 1/2-M 6 3/4, and larger
strike-slip events on uncharacterized faults are possible. WG02 has not characterized the strike-
dip Bartlett Springs fault, judged capable of producing an M 7.1 segment-rupturing event
(WGNCEP, 1996). If the 85-km-long Bartlett Springs segment ruptured with adjoining segments
to the north, an M7.25 or perhaps M 7.5 might result. Therefore, a strike-dlip "background"
events as large as M 7 .5 might occur in the in the northeast part of the study region. Because the
truncated G-R distribution falls off sharply as the maximum magnitude is approached, the rate of
background earthquakes above M7 islow and their probability extremely small.

Table 4.7. Background earthquake distribution parameters a and b, and branch weights.

a b Weight

From 1951-1998 catalog. Group weight 0.483.

3.60 0.90 0.054
3.67 0.90 0.434
3.74 0.90 0.054

From 1836-2001 c

atalog. Group weight 0.517.

3.62 0.89 0.046
3.94 0.89 0.366
4.31 0.89 0.046
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Results: Long-term earthquakeratesin the SFBR

Each realization of the SFBR model yields one complete characterization of each of the seven
fault systems and the rate of background earthquakes. For the results presented herein, we com-
piled 10,000 realizations, a number sufficient to adequately sample the range of weighted branch
choices. For each realization we retained mean values of the rate of failure of each fault segment
in characterized (fixed or floating) earthquakes, the mean magnitude and mean rate of failure of
each characteristic and floating earthquake source, and the rate and maximum magnitude of
background earthquakes. We then noted the mean, median and 95% bounds on the resulting dis-
tribution of 10,000 values. Those statistical measures are summarized for the rupture sources and
fault segments, respectively, in Tables 4.8 and 4.9. For each rupture source listed in Table 4.8,
the mean magnitude and its rate of occurrence represent rupture of that source by itself. There-
currence intervals for the rupture sources are displayed graphically in Figure 4.4. For each fault
segment listed in Table 4.9, the mean rate represents the rate at which a rupture occurs on that
segment, whether or not the rupture initiated in that segment. (In other words, the segment rates
are the sum of rates of the rupture sources that affect the segment.)
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Table 4.8. Long-term magnitudes and occurrence rates of rupture sources. For reference, recur-

rence intervals are also listed; these are smply calculated as the inverse of the occurrence rate

statistics listed in the center columns.

Mean magnitude Occurrence rate (/yr) Recurrence interval (yr)
Fault Name Rupture Source Mean 2.5% 97.5% Mean 2.5% 97.5% Mean 2.5% 97.5%
San Andreas SAS 7.03 6.84 7.22 0.0007 0 0.0015 1402 646 00
SAP 7.15 6.95 7.32 0.0005 0 0.0010 2017 967 00
SAN 7.45 7.28 7.61 0.0001 0 0.0008 7180 1316 00
SAO 7.29 7.12 7.44 0.0002 0 0.0011 4540 897 00
SAS+SAP 7.42 7.26 7.56 0.0010 0.0002 0.0029 1037 343 4863
SAP+SAN 7.65 7.48 7.79 0 0 0 o0 o 0
SAN+SAO 7.70 7.53 7.86 0.0012 0.0004 0.0035 809 282 2772
SAS+SAP+SAN 7.76 7.59 7.92 0.00002 0 0.0001 42489 8240 00
SAP+SAN+SAO 7.83 7.65 8.01 0.0001 0 0.0004 13046 2676 00
SAS+SAP+SAN+SAO 7.90 7.72 8.10 0.0026 0.0012 0.0042 378 239 808
floating 6.90 6.90 6.90 0.0009 0.0001 0.0019 1104 536 7723
Hayward/RC HS 6.67 6.36 6.93 0.0034 0.0012 0.0069 292 144 830
HN 6.49 6.18 6.78 0.0032 0.0011 0.0069 312 146 907
HS+HN 6.91 6.68 7.12 0.0024 0.0009 0.0047 413 211 1100
RC 6.98 6.81 7.14 0.0040 0.0023 0.0063 250 159 438
HN+RC 7.11 6.94 7.28 0.0005 0 0.0013 2086 766 00
HS+HN+RC 7.26 7.09 7.42 0.0003 0.0001 0.0007 3524 1511 19158
floating 6.90 6.90 6.90 0.0003 0.0001 0.0006 3524 1706 7294
Calaveras Cs 5.79 0.00 6.14 0.0075 0 0.0158 134 63 00
ac 6.23 5.75 6.68 0.0054 0.0025 0.0097 184 103 397
CSs+CC 6.36 5.87 6.75 0.0018 0 0.0065 541 155 00
CN 6.78 6.58 6.97 0.0035 0.0015 0.0065 284 154 685
CC+CN 6.90 6.68 7.11 0.0001 0 0.0011 10958 924 00
CS+CC+CN 6.93 6.72 7.14 0.0006 0 0.0018 1555 543 00
floating 6.20 6.20 6.20 0.0030 0.0009 0.0077 331 130 1158
floating CS+CC 6.20 6.20 6.20 0.0120 0.0025 0.0285 83 35 405
Concord/GV  CON 6.25 5.75 6.67 0.0014 0.0002 0.0038 690 264 5374
GVS 6.24 5.75 6.65 0.0007 0.0001 0.0018 1527 551 12725
CON+GVS 6.58 6.13 6.91 0.0005 0.00003 0.0016 2158 640 40002
GVN 6.02 5.45 6.49 0.0017 0.0002 0.0043 582 231 4474
GVS+GVN 6.48 6.03 6.81 0.0009 0.0001 0.0024 1125 411 10866
CON+GVS+GVN 6.71 6.34 7.00 0.0017 0.0003 0.0050 580 199 2888
floating 6.20 6.20 6.20 0.0026 0.0001 0.0126 386 80 9327
San Gregorio SGS 6.96 6.75 7.17 0.0007 0 0.0023 1403 444 00
SGN 7.23 7.04 7.41 0.0012 0 0.0034 828 295 00
SGS+SGN 7.44 7.27 7.58 0.0008 0 0.0021 1202 483 00
floating 6.90 6.90 6.90 0.0008 0.0004 0.0014 1220 733 2833
Greenville Gs 6.60 6.37 6.83 0.0010 0.0004 0.0019 976 515 2622
GN 6.66 6.41 6.88 0.0010 0.0004 0.0018 1040 550 2824
GS+GN 6.94 6.74 7.13 0.0005 0.0002 0.0009 1994 1063 5393
floating 6.20 6.20 6.20 0.0002 0.0001 0.0003 5897 3131 15835
Mt Diablo MTD 6.65 6.42 6.89 0.0026 0.0006 0.0053 389 189 1609
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Table 4.9. Long-term earthquake recurrence rates and recurrence intervals for SFBR fault seg-
ments. Rates include earthquakes on al fixed and floating rupture sources that affect agiven
segment. For reference, recurrence intervals are also listed; these are smply calculated as the in-
verse of the occurrence rate statistics listed in the center columns.

Recurrence rate (/yr) Recurrence Interval (yr)
Fault Name Segment Mean 2.5% 97.5% Mean 2.5% 97.5%
San Andreas SAS 0.0045 0.0028 0.0064 224 156 363
SAP 0.0044 0.0027 0.0063 229 160 377
SAN 0.0045 0.0025 0.0065 223 153 397
SAO 0.0044 0.0025 0.0065 225 154 405
Hayward/RC HS 0.0062 0.0035 0.0101 161 99 283
HN 0.0065 0.0037 0.0105 155 95 273
RC 0.0049 0.0029 0.0073 205 136 345
Calaveras cs 0.0134 0.0026 0.0245 75 41 390
ac 0.0185 0.0094 0.0326 54 31 106
CN 0.0054 0.0030 0.0085 187 117 339
Concord/GV CON 0.0046 0.0015 0.0084 219 118 646
GVS 0.0048 0.0015 0.0089 210 112 665
GVN 0.0050 0.0016 0.0094 201 106 622
San Gregorio SGS 0.0019 0.0007 0.0031 540 319 1441
SGN 0.0026 0.0011 0.0043 392 232 926
Greenville GS 0.0016 0.0006 0.0030 623 330 1677
GN 0.0016 0.0006 0.0029 644 343 1748
Mt Diablo MTD 0.0026 0.0006 0.0053 389 189 1609

Evaluating the SFBR Model

The products of the calculation sequence are a) the mean occurrence rate for earthquakes on 18
fault segments and the 7 characterized faults and b) the mean magnitude and recurrence rate of
each rupture source. Adding the mean rupture rate of the background yields arate for the entire
SFBR. While the resulting SFBR model accounts for all M = 6.7 events, it does not include all of
the M < 6.7 eventsin the region. How well does the SFBR model work as a physically realistic
earthquake machine? There are a number of consistency checks available to evaluate whether the
numerical operations in the WG02 cal culation sequence produce reasonable results. First, we
compare the predicted rate of M > 6.7 earthquakes with the historical record back to 1836 and
pal eoseismic earthquake records back to about 1600. Second, the recurrence rate of M > 6.7
events for each fault segment is compared to paleosei smic recurrence rates obtained from
trenches excavated across the fault trace within that segment. Finally, regional results from the
SFBR model are compared to other regional models.

These model earthquake rates are determined by factors we can loosely describe as "absolute”,
factors that more or lessraise (or lower) the rates uniformly, and "relative", factors that change
the rates of earthquakes by changing the distribution of earthquakes with respect to size. The
"relative" factors operate differently on different faults, but the sum of the earthquake rates on
the faultsis the principal determinant of the regional rates.
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For the region as awhole, such "absolute” factors include the regional dlip rate across SFBR (36
- 43 mm/yr), theweighted M - log A relations, and the background earthquake rate. For indi-
vidual faults, the fault-specific dlip velocity and the weighted M - log A relations are also "ab-
solute" factors. Significant "relative" factors operating on individual faults include the weighted
fault-rupture models which express the fault's seismogenic character; M for the floating earth-
guake (the larger the floating earthquake, the more seismic moment it releases and the less fre-
guently it occurs); and the seismic dlip factor R. Inthisanalysis, R < 1 reduces fault area A for
all affected fault segments and rupture sources, thereby reducing the mean magnitudes and in-
creasing the rates of these earthquakes.

Checks on the SFBR model
Regional comparisons

The mean rate of occurrence and magnitude distribution of M = 6.7 earthquakes are the two most
important model results for evaluating the SFBR model since observations of these quantities
were not a part of the model construction. The SFBR model produces 0.031 M = 6.7 earth-
quakes/yr (0.024 to 0.041 at the 95% confidence level), and b=1.02 £ 0.03 (10) for 6.7<M <
7.7 (Figure 4.5). The 1.02 slope of the magnitude frequency distribution is greater than the b-
value of 0.90 obtained by Bakun (1999) for the SFBR but Bakun's (1999) b-value for the M =
5.5 earthquakes since 1850 was 0.99 + 0.11. The modeled mean rate of 0.031 M = 6.7 earth-
guakes/yr is consistent with that observed since 1836. The observed rate, 0.024 M = 6.7 earth-
gquakes/yr, includes only four events; assuming a Poisson model, regional ratesof M > 6.7 earth-
guakes lower than 0.007 and greater than 0.047 respectively can be rejected with 95% confi-
dence (Reasenberg et al, 2003). Finaly, the M = 5.5 historical/instrumental rate of seismicity
connects with the SFBR model, both in the vicinity of M=6.7 and at larger magnitudes (Figure
4.5).

Another regional check isthe comparison between the SFBR long-term rates and the regional
paleoseismic record. The timing of the most recent rupture associated with alarge magnitude
earthquake on each of the characterized faultsis described in Chapter 3 and summarized in Fig-
ure 4.6. The most robust observations of recent rupture are on the San Andreas, northern and
southern Hayward, and Rodgers Creek faults, each occurring after 1600 AD. Thetiming of the
most recent event on the northern Calaverasis less certain and its size is also not as well con-
strained. The most recent event on the San Gregorio fault has large uncertainties but is permis-
sively post-1600. |If each of the 10 events shown on Figure 4.6 is an independent M > 6.7 earth-
guake, then arate of N(M = 6.7) of 0.024 events/yr have occurred over the past 400 years. This
is the same rate as obtained above for the historical record since 1836. If the San Gregorio event
occurred earlier than 1600 and two of the Hayward-Rodgers Creek events represent a combined
rupture source, the region would have experienced 8 events during the past 400 years for arate
N(M = 6.7) of 0.020 events/yr. In either case the paleoseismic record, as presently understood, is
in good agreement with both the historical regional seismicity rate and the earthquake production
rate of the long-term SFBR model, excluding background earthquakes not yet seen in the pal eo-
seismic record.
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Although the San Andreas and Hayward-Rodgers Creek faults are the two principal faults that
contribute most significantly to the regional M = 6.7 seismicity of SFBR, these faults generate
earthquakes in very different ways from each other and from SFBR as awhole. The Hayward-
Rodgers Creek fault is composed of three segments, the southern Hayward (HS), northern
Hayward (HN) and Rodgers Creek (RC) segments. More than 95% of the model ruptures of the
Hayward-Rodgers Creek fault occur either as single-segment ruptures or in the HS + HN combi-
nation, all with mean M < 7.0 (Table 4.8). More than 60% of the ruptures of the San Andreas
fault, on the other hand, occur as the 2-segment SAN+SAO or 4-segment SAS+SAP+SAN+SAO
ruptures, both with mean M = 7.75. These two, very different modes of rupture, with asmall
contribution from the San Gregorio fault at intermediate magnitudes (7.0<M < 7.4), add upto a
G-R regional distribution for 6.7 <M < 7.85. That is, another consequence of the SFBR model is
the strong asymmetry in the production of more-frequent M < 7.0 earthquakes on the East Bay
faults, principally the Hayward-Rodgers Creek fault, with respect to the production of lessfre-
guent, (M = 7.2 earthquakes on the West Bay faults, principally the San Andreas fault.

This East Bay-West Bay asymmetry is due to two features of the model, the shorter segment
lengths of the East Bay faults relative to the San Andreas and San Gregorio faults and the expert-
opinion assignments of the relative frequency of occurrence of multi-segment ruptures, based on
the perceived strength of segment boundaries and site-rupture chronologies. It does not seem
likely, for example, that the four known co-seismic ruptures inferred from the paleoseismic re-
cord for the southern Hayward segment between AD 1470 and 1868 (Lienkaemper and others,
2002) could involve more than one multi-segment rupture, given the rate at which these events
occurred; The first known event, ca. AD 1470, may have been multi-segment rupture and may
have followed along quiescence. Andrews and Schwerer (2000) found the same East Bay-West
Bay asymmetry in the production of small and large earthquakes without recourse to expert
opinion. Their Figure 4a shows not only this East Bay-West Bay asymmetry, but also nearly the
same transition magnitude (at M =7.0) produced by the SFBR model.

Figure 4.5 aso reveals that the background sources contribute significantly to the SFBR model
in the magnitude range 6.7 < M < 7.0. The background is based on Wesson €l a.’s (2003)
analysis of historical seismicity relative to known faults and WG02' s expert-opinion assignments
of weighted maximum magnitudes for the magnitude-frequency distribution. The uncharacter-
ized faultsin SFBR that contribute to the background, with the exception of the Bartlett Springs
fault, are not likely capable of producing M > 7.0 earthquakes. The rate of background earth-
guakes accounts for 6% of the potential seismic moment in the SFBR (Figure 4.5).

Fault-specific comparisons

The SFBR model is next compared on afault-by-fault basis to the seismicity of that fault for the
past 165 years and to the paleoseismic record of significant earthquakes on that fault, as ex-
pressed in trenches excavated across them.

Historical/Instrumental Seismicity Data

The seismicity of the seven characterized faults, the background, and the SFBR as awhole, to-
gether with their associated 5% and 95% ranges, are shown in Figure 4.7. Seismicity in the
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SFBR, even since 1836, is sparse, and sparser still when partitioned onto seven faults and the
background. Three general features of the SFBR selsmicity are apparent. First, there is general
concordance of the M = 5.5 seismicity since 1836 (open squares) with the SFBR model rates of
M = 6.7 earthquakes, at |east for the more active San Andreas, Hayward-Rodgers Creek, and
Calaverasfaults. (Thereisless agreement for the lower dlip-rate faults; the agreement between
the model and observed seismicity for the background is predetermined, the model background
seismicity being the observed background seismicity.) Second, with the exception of the
Greenville fault, the pronounced drop in the regiona seismicity rate following the 1906 earth-
guake is expressed by every source (compare N/yr of pre-1906 open diamonds to post-1906 solid
squaresin Figure 4.7). Third, the 1951 to 1998 seismicity, mostly at M < 5.5, isgenerdly dis-
connected from the SFBR model rates of M > 6.7 earthquakes. This discrepant rate for the last
severa decades is pronounced for the San Andreas and Hayward-Rodgers Creek faults, the two
faults that contribute the most to seismicity rates for the SFBR model and for the historical re-
cord since 1836.

The Mt. Diablo thrust has no surface expression; its geometry, a 25-kilometer-long WNW-ESE
zone dipping to the northeast, isinferred from structural and kinematic models of Mt. Diablo.
Although modeled by WGCEP (1996) as an unsegmented plane, the Mt. Diablo thrust likely
contains tear faults. Most, if not all, of the recent events that are associated with the Mt. Diablo
thrust on Figure 4.7g are known by their focal mechanisms to be associated with vertical, east-
west striking strike-dlip faults (Walter and others, 1998; Wesson and others, 2003) that crosscut
the Mt. Diablo thrust.

Paleoseismic Data

Paleoseismic recurrence interval data (Chapter 3) arein short supply for SFBR faults, but those
values that are available (Table 4.10) can be compared to recurrence intervals calculated by the
SFBR model. The column “WG02 mean RI” in Table 4.10 is the frequency of occurrence of all
segment-rupturing characteristic earthquakes for that segment (i.e., no M 6.7 threshold). The 95%
confidence range of the model RI are given in parentheses. These recurrence intervals are di-
rectly comparable to the trench data (RI Trench), which provide frequency of occurrence of
ruptures at a site regardless of whether they represent single or multiple-segment events. The
valuesin the “RI Trench” column are estimates of mean rupture rate based on the number of
events and intervals defined in atrench during a measured period of time (Chapter 3). The col-
umn “RI Calculated” gives average repeat time derived from dlip/event divided by the dlip rate
for those faults for which these data are available.
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Table 4.10. Comparing Paleoseismic and SFBR Model Mean Recurrence Intervals (RI) (years)

Fault Segment SFBR Model Mean  RI Trench RI Calculated

RI
San Andreas (SAN) 223 (153t0397) 180to0 370 218 (181 to 262))
Southern Hayward 161 (99t0283) 110to 170 211 (136 to 328)
Northern Hayward 155(95t0273) 270to 710 --
Rodgers Creek 205 (136t0 345) 235t0 387 230 (131 to 370)

Northern Calaveras 187 (117t0 339) 250to 850 --
San Gregorio North 392 (23210 926) 300 to 690 571 (300 to 1250)

Geologic information for the Hayward-Rodgers Creek fault system is the most robust for SFBR
faults. Paleosel smic observations on the Rodgers Creek fault (Budding and others, 1991,
Schwartz and others, 1992) show the occurrence of three surface-rupturing earthquakes between
about AD 1000 and 1776. These three events produced 5.1 to 7.2 m of offset, with dlip during the
most recent event of 1.8 to 2.3 meters. The trench-based recurrence intervals have large uncer-
tainties but, along with the mean calculated RI of 230 years, are reasonably close to the mean
SFBR model rupture rate. On the southern Hayward fault there is evidence for four coseismic
ruptures (3 intervals) between AD 1470 and 1868 (Lienkaemper and others, 2002). An average
dip of 1.9 meters was estimated from geodetic data for the 1868 earthquake, which ruptured this
segment (Yu and Segall, 1998). The horizontal offset for older eventsis not known. Both the
paleoseismic (trench) recurrence and the calculated recurrence intervals (average slip in 1868
divided by the 9 £ 2 mm/yr dlip rate) are shorter than, but within the uncertainties of, the recur-
rence intervals predicted by the SFBR model.

The geologic recurrence interval of 270 to 710 years for the northern Hayward fault is based on
observations at the Mira Vistasite (Chapter 3, Figure 3.1) of at least four to seven surface-
faulting events that occurred during the past 1630 to 2130 years). The event history islikely in-
complete at the Mira Vista site because slip can occur here along the main creeping trace without
producing brittle deformation in the associated sag pond deposits and short depositional hiatuses
in the pond stratigraphic section can also mask event occurrence. The actual rupture rate on the
northern Hayward, therefore, is likely to be shorter than the 270 to 710 year trench Rl shownin
Table 4.10. Note that the mean M of HN segment rupturing eventsis 6.18, too small to berelia-
bly detected in trench excavations. The NH model RI, therefore, cannot meaningfully be com-
pared with the trench results. No horizontal offset data/event are available at the Mira Vista site
for usein calculating a dlip-based recurrence interval.

Recurrence data for the North Coast segment of the San Andreas fault are sparse but arealsoin
general agreement with WG02 mean rupture rates. Schwartz and others (1998) suggest the pe-
nultimate event dates from AD 1630 to 1660. A broader age range, AD 1600 to 1670, is permis-
sive and 235 to 300 years between it and 1906 is reasonable. Based on buried peats at Bolinas
lagoon, Knudsen and others (1999) have interpreted the third event back on this segment of the
fault to have occurred between AD 1290 to 1340, providing an interval of 390 to 370 years be-
tween it and the penultimate event. The intervals for the two surface rupturing events on the
SAN segment before 1906 average 298 years. Noller and others (1993) calculate a recurrence
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interval of 300 to 350 yearsin trenches at Ft. Ross, and Prentice (1989) concludes that intervals
between large ruptures along this part of the fault range from 188 to 340 years, averaging about
260 years.

On the northern San Gregorio fault at Seal Cove (Chapter 3, Figure 3.8), Simpson and others
(1998) found evidence for two large surface faulting eventsin the AD 600 to AD 1380 year pe-
riod. They estimated lateral slip of 5 (3 to 11) m for the most recent event and 3 (+0.2) m for the
penultimate event. The SFBR model mean rupture interval for the northern San Gregorio seg-
ment is within the range of repeat times estimated from the limited paleosei smic data and an av-
erage recurrence interval calculated from the slip per event and adlip rate of 7 £ 3 mm/yr.

At Leyden Creek on the northern Calaveras fault (Chapter 3, Figure 3.8) Kelson et a. (1996)
identified 5 to 6 surface-rupturing earthquakes during the past 2500 years or so, yielding arecur-
rence interval of 250 to 850 years. No measurement of horizontal slip per event is available at the
site. The SFBR model mean RI of 187 yearsis outside the range of observed recurrence intervals
but the 95% confidence ranges of the model Rl and observed RI overlap.

Comparison of the SFBR model to other models
Comparison with Andrews and Schwerer (2000)

Andrews and Schwerer (2000) found frequencies of events in Northern California by fitting to
two types of truncated G-R distributions for the region as awhole. Here we compare to their cut-
off model, in which the cumulative G-R distribution is cut off abruptly at a maximum magnitude.
The associated differential distribution has a spike at the maximum magnitude, so thereis a char-
acteristic earthquake component (see Figure 1 in Field and others, 1999). They find that the fre-
guency of events within or partly within the SFBR with M > 6.7 is 0.0378 /yr. They assume
b=0.9 and use M ,,=7.77, the magnitude of the 1906 event using the Wells and Coppersmith
(1994) magnitude-area relationship. For given total moment release rate, the a value of the dis-
tribution varies with maximum magnitude, decreasing by 0.6 for aunit increasein M, . If M,
in the Andrews and Schwerer (2000) model is increased by 0.14 to equal the Working Group’s
mean M for repeats of the 1906 source, then their a value decreases by 0.084, and the frequency
of eventswith M > 6.7 becomes 0.0312/yr. They assumed along-term regional dlip rate of 39
mm/yr, al of which was released seismically. If only 36 mm/yr isreleased seismically, then the
rate for M > 6.7 becomes 0.029/yr. This result does not depend on details of the Andrews and
Schwerer model, but only on the total moment rate, the b value, M ., , and the assumed shape of
the distribution (the cutoff model).

The frequency of eventswith M > 6.7 on modeled faultsin the SFBR modél is

0.031/yr. The close agreement with the result in the previous paragraph is only a coincidence,
because Andrews and Schwerer used dlightly different seismogenic depths, and there is ambigu-
ity about counting events that are partly outside the SFBR. In the Andrews and Schwerer (2000)
model, large events predominate on the San Andreas fault and single-segment events predomi-
nate on the East Bay faults, in qualitative agreement with the features of the SFBR model de-
scribed above.
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Comparison of rate with formulas for various distributions

A different comparison can be made using the WGO02 total moment rate in the following formula,
which applies to the truncated incremental (“cutoff”) distribution. Thisis equation (18) in An-
drews and Schwerer (2000) and equation (9) in Molnar (1979).

N= (1-B) [ My / Mo ] [ Mo/ Mo 1° (2.13)

Where N isthe rate of occurrence of events with moment greater than M, , B =(2/3)b, My 1S
the moment of the maximum size event, and M, isthetotal long-term moment release rate of
the region. We use the following values; B=0.6, M,,,,,=0.82x10?® dyne-cm (corresponding to

M, .=7.91), and M,=1.26x10? dyne-cm (corresponding to M=6.7). The total moment rate is

M, =4.72 x10? dyne-cm/yr. Then the formula for the truncated incremental distribution given
above predicts N(M >6.7)=0.028/yr. Analogous formulas for the truncated cumulative (“roll-off”)
and gamma distributions (equations 16 and 14 of Andrews and Schwerer) predict rates of
0.043/yr and 0.045/yr respectively. The rate of the SFBR model, N(M >6.7)=0.031/yr, is much
closer to the rate predicted by the cutoff distribution than to that of the roll-off or gamma distri-
butions. This means that the distribution of events, neglecting background, chosen by WG02
closely fits a cumulative G-R distribution with b=0.9 and having an abrupt cutoff at M, =7.91.

Comparison of the SFBR rate with Ward (2000)

Ward (2000) ssimulated seismicity in northern California by modeling the San Andreas fault sys-
tem as a system of dislocationsin athin elastic plate. His cumulative distribution of event sizes
for M > 6 closdly fitsa G-R distribution with b=1.1 and with arather abrupt cutoff near

M ..=7-75. He designed his model to start with the 1906 event having M =7.9. Subsequent mod-
eled events on the same length of fault had smaller magnitudes, averaging 7.7. His maximum
magnitude could be adjusted by changing the friction parameters. Excluding events on the
Maacama fault (outside the SFBR), hisrate for eventswith M > 7 is 0.016/yr. The corresponding
rate from the SFBR model isN (M >7)=0.010/yr. The discrepancy arises from the different val-
uesof band M, .

Comparison of the WG99 rate to a truncated (“ roll-off” ) G-R model

WGO02' s fault characterization model, consisting of specified fault segments that rupture either
alone or in contiguous combinations, is but one possible model for earthquakesin the SFBR.
Alternate models, such as one without segmentation, or one in which non-integer segment rup-
tures are allowed, were not considered by WG02, but have been previously proposed for the
SFBR and other regions (e.g., Jackson, 1996; Andrews and Schwerer, 2000). Here, we compare
the SFBR model with a moment-balanced, truncated G-R model for earthquakes on the charac-
terized faults. Thismodel issimilar, at least in spirit, to Jackson (1999).

To define amoment-balanced G-R model, we specify a b-value and a maximum magnitude,
M. that truncates the incremental magnitude-frequency distribution. Historical seismicity for
the SFBR (Bakun, 1999) allows us to confine our exploration of G-R models to those with
b=0.9. We compare the SFBR model to truncated G-R models for each characterized fault in the
SFBR with b=0.9 and M,,,,=8.25 (Figure 4.8). These are “roll-off” models in the terminology of
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