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Abstract
From new interpretations of the geometry of the San 

Andreas Fault geometry offshore of the Golden Gate, we 
demonstrate that the tsunami from the great 1906 San Fran-
cisco Mw=7.8 earthquake is best explained by bilateral rup-
ture on discontinuous fault segments starting at an epicentral 
location near an offshore dilatational stepover north of Lake 
Merced. To establish this inference, we use elastic dislocation 
and hydrodynamic models to analyze the tsunami. We com-
pare various scenarios involving different rupture geometries 
and physical properties with the record of the tsunami at the 
Presidio tide-gauge station in the northwestern part of San 
Francisco. A tsunami generated from a continuous rupture 
on the San Andreas Fault west of the Golden Gate is insuf-
fi ciently small and has an arrival time earlier than what was 
observed, whereas a tsunami generated from discontinuous 
rupture defi ned by the 3-km dilatational stepover north of 
Lake Merced and a 1-km compressional stepover south of 
Bolinas Lagoon better explains the observed arrival time and 
waveform. It is unclear from our analysis, however, whether 
the observed peak negative amplitude is better explained by 
a local change in rake at the dilatational stepover (consistent 
with analysis of the genetically similar 1995 Kobe, Japan, 
Mw=6.9 earthquake) or by large-scale exceedance of the 
strength of rocks surrounding the fault (modeled by a material 
that conserves volume during deformation). The apparent epi-

central locations for both the 1906 San Francisco and 1995 
Kobe, Japan, earthquakes at dilatational stepovers suggest that 
the initial stress in these regions is conducive to earthquake 
initiation. With respect to the hydrodynamics of the tsunami, 
the modeled evolution of the tsunami wavefi eld propagating 
from the source region indicates that the oscillations with a 
dominant period of 40 to 45 minutes observed in the coda of 
the tsunami record are best explained by the natural resonance 
of trapped edge waves in the Gulf of the Farallones, rather 
than by reverberation of the tsunami within San Francisco 
Bay.

Introduction
The 1906 San Francisco Mw=7.8 earthquake is commonly 

considered a baseline event for defi ning earthquake hazards in 
the San Francisco Bay region (fi g. 1). Such hazard parameters 
as peak ground acceleration, accumulated slip, and segmenta-
tion all depend on accurate analysis of this event. Although 
many studies have examined this event, defi nition of the 
detailed rupture process is hampered by an absence of near-
fi eld instrumental records. Bolt (1968) and Boore (1977) used 
the only near-fi eld recording of the earthquake in combination 
with teleseismic records to constrain the epicentral location 
of the 1906 earthquake. Wald and others (1993) used record-
ings of the 1984 Morgan Hill, Calif., Mw=6.2 earthquake to 
derive empirical Green’s functions for the 1906 earthquake; 
they were able to resolve an asperity less than 40 km long 
in the area between Point Reyes and Fort Ross from teleseis-
mic recordings of the 1906 earthquake. Recently, Thatcher 
and others (1997) reexamined data from regional and local 
geodetic networks to infer the slip distribution in places along 
the fault.

Another type of near-fi eld recording that can aid in the 
determination of rupture parameters is the tide-gauge record 
of a tsunami resulting from the 1906 San Francisco earth-
quake. The 1906 earthquake rupture propagated bilaterally 
along the offshore section of the San Andreas Fault seaward 
of the Golden Gate (fi g. 1). The only tide gauge in northern 
California operating at that time was located in San Fran-
cisco, only 10 km from the offshore trace of the San Andreas 
Fault. In this study, we use this tide-gauge record to constrain 
the offshore rupture geometry of the 1906 earthquake. The 
essentials of this study were fi rst presented by Geist and 
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Figure 1.—San Francisco Bay region, showing possible fault geometries 
on the Golden Gate platform. Inferred offshore fault structure is 
determined from gradient analysis of new high-resolution aeromagnetic 
data (Jachens and Zoback, 1999; Zoback and others, 1999). Hachures, 
boundaries of individual fault segments used in dislocation modeling; 
circles, epicenters of 1906 Mw =7.8 (Bolt, 1968) and 1957 M=5.3 probable 
normal-faulting earthquakes (Marsden and others, 1995).
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Zoback (1999); we present here more detailed information on 
the modeling technique used, the various source mechanisms 
examined, and the evolution of the tsunami wavefi eld in San 
Francisco Bay and the Gulf of the Farallones.

Because of the small size of the tsunami recorded from 
the 1906 earthquake, the actual local tsunami hazard in the 
San Francisco Bay region is low in comparison with the 
ground-shaking hazard from a similar event. The main contri-
bution of this study is to provide supporting evidence for a 3-
km right stepover in the offshore San Andreas Fault, recently 
discovered by detailed analysis of high-resolution aeromag-
netic data (Jachens and Zoback, 1999; Zoback and others, 
1999). The effect of a dilatational stepover on rupture dynam-
ics, however, is unclear. Segall and Pollard (1980) showed 
that the normal stress on the fault decreases for a dilatational 
step, facilitating sliding, but may also provide a relaxation 
barrier to rupture, as described by Das and Aki (1977). Evi-
dence from the 1995 Kobe, Japan, earthquake (Wald, 1996) 
and the 1906 San Francisco earthquake (Zoback and others, 

1999) also suggests that earthquakes may preferentially initi-
ate at dilatational steps. An accurate defi nition of the rupture 
geometry near the epicenter of the 1906 earthquake is needed 
to better understand the rupture dynamics of the San Andreas 
Fault in the San Francisco Bay region.

Background
The 1906 San Francisco earthquake, which occurred at 

5:12 a.m. P.s.t. on April 18, 1906, was recorded by 96 seismic 
stations around the world but by only one local seismic sta-
tion, located at the Lick Observatory on Mount Hamilton 
(Lawson, 1908). In the months after the earthquake, a com-
prehensive report was published by Andrew Cowper Lawson 
describing not only seismic observations but also geologic 
effects and various circumstantial measurements, including 
the tidal anomaly recorded at the Presidio tide-gauge station. 
A review of tidal observations for the 9 years preceding 
the earthquake showed that for at least the period 1903–6, 
no change occurred in the sea-level datum at the Presidio. 
Without the aid of the numerical hydrodynamic models at our 
disposal today, Lawson was able only to conjecture as to the 
origin of the recorded tsunami. On the basis of its traveltime, 
Lawson suggested that the tsunami arose from sea-fl oor sub-
sidence west of the fault trace, interpolated to the offshore 
region. Although this suggestion seemed to contradict onland 
observations of permanent ground movement associated with 
the earthquake, it was supported at the time by Harry Fielding 
Reid (who later would develop the theory of elastic rebound; 
see Reid, 1910) in a note to Lawson:

If a depression occurred on the western side of the fault-
line, extending for some distance to the westward, it would 
start a wave of depression towards the Golden Gate which 
would take 9 minutes to reach Fort Point, and this is just 
about the time recorded by the gage. The time necessary for 
the recovery to normal level would depend upon the extent 
of the area depressed. If this were a narrow block, a wave of 
elevation would follow quickly upon the wave of depression, 
and we should have a rapid elevation of the tide-gage above 
its normal position. As no such wave appeared and recov-
ery was very gradual, we must suppose that the deprest area 
extends for some distance to the westward, so that the recov-
ery was slow. This is the only explanation so far offered that 
would produce the effects observed.

Today, we have much better insight as to the tectonic 
setting of the San Francisco Bay region, as well as to the 
dynamics of the 1906 earthquake. As we show in this chapter, 
however, we are still struggling to explain, as was Reid, the 
unusual tsunami record at the Presidio tide-gauge station.

Previous analysis of this tsunami by Ma and others 
(1991) focused on determining the pattern of sea-fl oor defor-
mation from a linear inversion of the tide-gauge record. The 
resolved pattern of uplift and subsidence is complex but 
largely refl ects subsidence west of the fault, as originally sug-
gested by Lawson (1908). Ma and others (1991) concluded 
that the subsidence resulted from the overall dilatational fault 
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geometry and that a large component of dip slip for the earth-
quake was not needed to explain the tsunami record.

Since the study by Ma and others (1991), Zoback 
and others (1999) reinterpreted the seismotectonics of the 
San Andreas Fault in the San Francisco Bay region. They 
used high-resolution aeromagnetic and multichannel seismic-
refl ection data, in combination with relocated seismicity and 
focal-mechanism determinations, to detail the offshore fault 
geometry of the Golden Gate platform (fi g. 1). The newly 
defi ned offshore trace of the San Andreas Fault includes 
a 3-km right (dilatational) step directly northwest of Lake 
Merced and a smaller, 1-km left (compressional) step near 
Bolinas Lagoon (fi g. 1). Interestingly, the interpreted fault 
traces are closely aligned with the “recent trace” of the San 
Andreas Fault identifi ed by Cooper (1973), using older, sin-
gle-channel seismic-refl ection data. Also, the location of the 
dilatational step northwest of Lake Merced approximately 
coincides with the epicenter of the 1906 earthquake as deter-
mined by Bolt (1968).

In this chapter, we use the offshore fault geometry as 
newly defi ned by Zoback and others (1999) and the slip of the 
event as estimated by Thatcher and others (1997) to construct 
a forward model for the tsunami. We examine different rupture 
scenarios in which the stepover geometry and rake of the slip 
vector vary, and we compare the results with the Presidio tide-
gauge record. We also investigate whether sources other than 
rupture on the San Andreas Fault, such as a triggered normal-
fault earthquake or a coseismically triggered failure of nearby 
coastal cliffs, could explain the observed tsunami.

In addition to constraining the rupture process of the 
1906 earthquake, this tsunami model also helps us better 
understand the wave dynamics in the offshore region and in 
San Francisco Bay from a locally generated tsunami. Several 
sea-level oscillations following the initial wave with an appar-
ent period of 40 to 45 minutes were observed on the Presidio 
tide-gauge record. Lawson (1908) ascribed this phenomenon 
to reverberation of the tsunami in San Francisco Bay, between 
Berkeley and Fort Point (fi g. 1). With a calibrated tsunami 
model, we can better understand the origin of these oscilla-
tions and the overall evolution of the tsunami.

Interpretation of the Offshore San 
Andreas Fault

In the southern part of the San Francisco peninsula, the 
San Andreas Fault makes a broad (~10º–11º) left (restrain-
ing) bend and is situated in a valley following the crest of 
the late Pliocene through Quaternary Coast Ranges (for 
example, Bürgmann and others, 1994). Less than 70 km to 
the northwest, the San Andreas Fault trace is below sea level. 
Projection of the onshore traces northwest of Lake Merced 
and southeast of Bolinas Lagoon suggests a 2- to 3-km right 
step or bend offshore on the Golden Gate platform (fi g. 1). 
Linear pseudogravity maximum gradients inferred from the 
shortest wavelengths in a new high-resolution aeromagnetic 
survey reveal in detail a right-stepping geometry for both the 

San Andreas and subparallel San Gregorio Fault zones on the 
Golden Gate platform (Jachens and Zoback, 1999; Zoback 
and others, 1999).

In this study, we have incorporated an ~3-km right step 
in the San Andreas Fault just offshore from Lake Merced 
(fi g. 1), following Jachens and Zoback (1999) and Zoback 
and others (1999). The position of this inferred right step 
(fi g. 1) is consistent with the interpretation of the “recent 
trace” of the San Andreas Fault from single-channel high-
resolution seismic-refl ection profi les by Cooper (1973). The 
newly defi ned easternmost strand of the San Andreas Fault 
extends northwestward to the east side of Bolinas Lagoon (fi g. 
1), whereas the 1906 earthquake rupture lies along the west 
side of Bolinas Lagoon, implying an additional small (~1 km) 
left step offshore. Cooper also identifi ed such a left step in his 
interpretation of the San Andreas Fault just north of lat 37º51′ 
N. (fi g. 1), where the San Andreas Fault trace mapped by him 
coincides with the fault segment inferred from aeromagnetic 
analysis that connects with the surface trace of the 1906 
earthquake rupture on the west side of Bolinas Lagoon. Thus, 
the available offshore data suggest an ~3-km extensional right 
step and a smaller (~1 km) compressional left step in the San 
Andreas Fault on the Golden Gate platform (fi g. 1). Bolt’s 
(1968) teleseismic location for the 1906 earthquake is close 
to the right stepover (fi g. 1). Zoback and others (1999) have 
suggested that the bilateral 1906 earthquake rupture may have 
initiated in the right stepover region of the San Andreas Fault, 
on the basis of similarities to the bilateral 1995 Kobe, Japan, 
earthquake rupture, which also initiated at a similar right step 
in a right-lateral fault (Wald, 1996). Segall and Pollard (1980) 
demonstrated that normal traction along a right-lateral fault 
decreases at a right-stepping discontinuity, facilitating sliding.

Tsunami Record
The tsunami from the 1906 San Francisco earthquake 

was recorded at the U.S. Coast and Geodetic Survey’s Presi-
dio tide-gauge station, which has been in operation since July 
15, 1897. In the early 1900s, the station was located at the 
Presidio Wharf at the east end of the Presidio Military Res-
ervation, approximately 1.5 km east of the tide-gauge station 
currently operated by the National Oceanic and Atmospheric 
Administration near Fort Point (fi g. 1; Disney and Overshiner, 
1925). A detailed description of the standard automatically 
recording tide gauge was given by Bowditch (1966).

The fi rst arrival of the tsunami from the 1906 earthquake 
was recorded as a 10-cm lowering of sea level for a period 
of ~16 minutes (fi g. 2A). Lowering of sea level commenced 
approximately 7.5 minutes after the earthquake, although 
absolute timing is uncertain, as described below. Unlike on 
most tide-gauge recordings of tsunamis (fi g. 2B), no positive 
defl ection of sea level followed the initial solitary depression. 
A series of two to three oscillations with an apparent period 
of 40 to 45 minutes and a maximum amplitude of 5 cm were 
recorded approximately a half-hour after the initial solitary 
depression (fi g. 2A). Likewise, distant tsunamis recorded at 
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this tide-gauge station are characterized by a solitary wave 
(commonly bipolar, however) followed by an oscillatory 
coda, as exemplifi ed by the recording of the tsunami from the 
1960 Chile M

w
=9.6 earthquake (fi g. 2B; Lander and others, 

1993). During the time of the 1906 earthquake, ambient short-
period wave energy due to meteorologic effects is apparent in 
the tide-gauge record for 2 days before the earthquake, slowly 
diminishing but continuing while the tsunami was recorded 
(fi g. 2A; Disney and Overshiner, 1925).

The tide-gauge record was digitized at a sampling rate of 
7 s, corrected to remove the tidal signal, and then analyzed. 
The tidal signal was removed from the digitized tide-gauge 
record by calculating tidal harmonic constants for the obser-
vation site (Foreman, 1993). Absolute timing of the tide-
gauge record is uncertain for the following reasons. (1) In 
comparison with the astronomical clocks stopped by the 
earthquake, the running clock of the tide gauge was probably 
too slow, whereby the earthquake was indicated by blurring 
of the tide-gauge pencil mark (Lawson, 1908). (2) The timing 
marks on the record are generally ambiguous as to where they 
cross the sea-level curve. The time interval between the blur-
ring mark and the initial lowering of sea level appears to be 
7.5 minutes, although Lawson indicated that the time interval 
was 9 to 10 minutes. (The direct P-wave traveltime would 
be ~3 s, with a direct S-wave arriving ~2 s later, assuming 
average P- and S- wave velocities of 5.7 and 3.3 km/s, respec-
tively; Holbrook and others, 1996.)

We calculated the power spectrum of the tide-gauge 
record at three different 2-hour time windows to determine 
the dominant periods of the tsunami (fi g. 3). Rabinovich 
(1997) explained that the nearshore wave spectrum of a tsu-
nami can be separated into components dependent on the 
source parameters of the earthquake and the natural resonant 
periods of the nearshore bathymetry. The fi rst time window, 3:
00–5:00 a.m. P.s.t., shows the spectrum for the 2 hours before 
the tsunami. The short-period-wave energy is mainly within 
two frequency ranges: 11–13 cycles per hour and 20–24 
cycles per hour. Disney and Overshiner (1925) attributed this 
wave energy to a wind-generated imperfect oscillation across 
the Golden Gate (fi g. 1). In the second time window, 5:00–7:
00 a.m., the tsunami energy is apparent in the frequency range 
2–4 cycles per hour and is largely dictated by the source 
parameters of the earthquake. Interestingly, wave energy at 11 
to 13 cycles per hour is subdued during the 2 hours after the 
earthquake. The wind-generated oscillation across the Golden 
Gate may have been interrupted by the passage of the tsunami 
and then gradually resumed (presumably, the wind forcing 
continued over this time). Conceivably, the seismic com-
pressive waves propagating through the water column may 
have disrupted the self-organization of the surface waves, in 
much the same way (though on a smaller scale) that vortex 
rings produced by raindrops disrupt surface waves (Poon 
and others, 1992; Tsimplis, 1992). We cannot exclude the 
possibility, however, that the response of the tide gauge was 
somehow temporarily affected by the ground shaking. In the 
third time window, 7:00–9:00 a.m., the wave energy at 11 to 
13 cycles per hour is again apparent, as is lower-frequency 

energy from oscillations excited by the tsunami, owing to 
resonant periods of the bathymetry within the Gulf of the Far-
allones (see Eva and Rabinovich, 1997).

Tide gauges are designed to record energy that occurs 
at tidal periods (diurnal and semidiurnal) and to attenuate 
shorter-period wave energy. Tsunamis typically occupy a gap 
in the wave spectrum between tidal periods and the short peri-
ods of wind-generated waves. Although tsunami periods are 
shorter than tidal periods, they are not as greatly attenuated as 
wind-generated waves. Several workers have examined the 
response of tide gauges to tsunamis (Cross, 1968; Loomis, 
1983; Satake and others, 1988). The response of most tide 
gauges installed by the U.S. Coast and Geodetic Survey is 
distinctly different from that of the tide gauges used in Japan 
(Satake and others, 1988). For U.S. tide gauges, the outfl ow is 
faster than the infl ow, whereas for Japanese gauges, the oppo-
site is the case. The response of tide gauges is nonlinear and 
frequency dependent. For tsunami waves of small amplitude 
(<1.5 m) and long period (>12 minutes), such as the tsunami 
from the 1906 San Francisco earthquake, there is little attenu-
ation in amplitude and little lag in the response of the tide 
gauge relative to the actual wave (Cross, 1968; Loomis, 1983).

Hydrodynamic Modeling
During an earthquake, coseismic vertical displacement 

of the sea fl oor creates a gravitational instability in the water 
column that generates a tsunami. Because of the large wave-
length of the coseismic displacement fi eld, the length of the 
initial tsunami wave is nearly identical to the displacement at 
the sea fl oor. Only when the wavelength of displacement is 
less than about 3 times the water depth, or in regions of very 
steep bathymetry, do special modifi cations need to be made 
in approximating the initial tsunami wavefi eld to the vertical 
coseismic displacement. During propagation, the gravitational 
potential energy is transferred to kinetic energy, such that the 
wave travels at a long-wave phase velocity c, of              , 
where g is the gravitational acceleration (in meters per second 
squared) and h is the water depth (in meters). The large 
wavelength of tsunamis also permits us to use the following 
shallow-water-wave equations to describe the evolution of the 
tsunami during propagation and, eventually, to reconstitute 
the wave recorded at the tide gauge station:           

                                                          (continuity equation)

and      

                                                               (momentum equation)

where η is the water-surface elevation, v is the depth-averaged 
horizontal-velocity fi eld, and γ is the bottom-friction coeffi cient. 
The substantial derivative is given by

∂ η
∂

ν η
( )

[ ( )]
+

+ ∇ ⋅ + =
h

h 0

Dv

Dt
g v+ ∇ + =η γ 0

Dv

Dt t
v= + ⋅∇

∂
∂

( ).



33

To model the tsunami from the 1906 San Francisco earth-
quake, we modify the TRIM (tidal, residual, intertidal mud-
fl at) shallow-water-circulation model of Casulli (1990) and 
Cheng and others (1993) that has been extensively used to 
study tidal and residual circulation in San Francisco Bay. Sev-
eral recent examples have shown how sophisticated estuarine-
circulation models can be used for regional tsunami studies 
(Peraire and others, 1986; Greenberg and others, 1993; Myers 
and Baptista, 1995; Tinti and Piatanesi, 1996).

The TRIM model is based on a semi-implicit, fi nite-
difference numerical approximation of the nonlinear shal-
low-water-wave equations. Hydrostatic pressure is assumed, 
and so dispersive effects, which are commonly observed for 

far-traveled tsunamis, are unaccounted for. Unlike many fully 
explicit fi nite-difference techniques used to model tsunami 
propagation, the TRIM model uses a semi-implicit technique 
to achieve unconditional stability, and so does not need to 
satisfy the Courant-Friederichs-Lewy (CFL) stability condi-
tion. The TRIM model also avoids spurious numerical effects 
at channel constrictions that are present with alternating-
direction implicit (ADI) methods. The velocity-divergence 
term in the continuity equation and the water-surface-gradi-
ent term in the momentum equations are fi nite-differenced 
explicitly, whereas the remaining terms are fi nite-differenced 
implicitly (Casulli, 1990; Cheng and others, 1993). In addi-
tion, a Eulerian-Lagrangian method is used to calculate 

Figure 2.—Tsunami records. A, Tsunami from 1906 San Francisco earthquake recorded at the Presidio tide-gauge station, with tidal signal 
removed. Arrow denotes approximate origin time of earthquake. Inset shows original, uncorrected record from Lawson (1908). B, Tsunami from 
April 22, 1960, Mw =9.6 earthquake recorded at the Presidio tide-gauge station (uncorrected). Note difference in waveform of source signal (fi rst 
arrival), followed by natural resonance excited by tsunami.

4 6 8 10

-0.10

-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

W
AT

E
R

 H
E

IG
H

T,
 IN

 M
E

T
E

R
S

TIME, IN HOURS
B

lu
rr

ed
 b

y 
ea

rt
h

qu
ak

e

4

5

6

7

HOUR

F
O

O
T

A

0 1

0
1

B6

5

4

3

2

1

0W
AT

E
R

 H
E

IG
H

T,
 IN

 F
E

E
T

10 222120191817161514131211
APPROXIMATE GREENWICH MEAN TIME, IN HOURS

Examination of the Tsunami Generated by the 1906 San Francisco Earthquake



34 Crustal Structure of the Coastal and Marine San Francisco Bay Region, California

the convective terms. The bilinear interpolation used in the 
Eulerian-Lagrangian method gives rise to artifi cial diffusion, 
which may be a concern for tsunami-propagation applications 
(P.L.-F. Liu, oral commun., 1998). Cheng and others demon-
strated that the artifi cial diffusion is functionally dependent 
on the grid size and that for the fi ne-grid scales used in many 
regional estuary studies (~250 m), this artifact is not a signifi -
cant problem.

To use the TRIM model for tsunami propagation, bound-
ary and initial conditions need to be modifi ed. Because the 
data for comparison is the residual tide-gauge record with 
the tidal component removed, tidal forcing along the open 
boundaries of the model is replaced with passive, radiation 
boundary conditions (Reid and Bodine, 1968). Assuming 
incompressibility in the water column, initial conditions 
are specifi ed by the vertical coseismic displacement fi eld 

Figure 3.—Spectral analysis of 1906 tide-gauge record for three 2-hour time windows: immediately before (top), 
during (middle), and after (bottom) passage of initial tsunami. Spectral analysis was performed on residual (tidal com-
ponent removed) record, using a 1,024-point fast Fourier transform.
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calculated from elastic-dislocation theory (Okada, 1992), 
using different source parameters for the 1906 San Francisco 
earthquake, as described in the next section. The water-depth-
dependent bottom-friction coeffi cients are the same as those 
described by Cheng and others (1993). Baroclinic forcing is 
not considered in this application of the TRIM model, and so 
initial conditions for salinity do not need to be specifi ed. Sim-
ilarly, a turbulent-closure scheme used in the model of Cheng 
and others is not used in this study, although Sato (1996) 
incorporated a similar scheme to model the effects of wave 
breaking for much larger tsunamis. One particular advan-
tage of the TRIM model is that the emergence and fl ooding 
of shallow and low-lying areas are properly accounted for 
(Cheng and others, 1993).

Because the source region for the tsunami is along the 
Golden Gate platform (fi g. 1), offshore bathymetry was 
appended to the bathymetric-data base for San Francisco Bay 
in the study by Cheng and others (1993). The bathymetry 
for San Francisco Bay was merged with a gridded offshore 
bathymetric-data base digitized from hand-contoured maps 
of U.S. Geological Survey soundings from several cruises in 
the region. The grid spacing used to model the tsunami from 
the 1906 San Francisco earthquake was 250 m, corresponding 
to the gridded bathymetry available for San Francisco Bay 
most recently used by McDonald and Cheng (1997). A 35-s 
time interval was used to model the evolution of the tsunami, 
which is much less than the 9-minute time interval used to 
model tidal circulation. Because the TRIM model uses the 
semi-implicit numerical scheme described above, the time 
interval is not required to satisfy the CFL stability condition 
(∆t 5.6 s) that applies to fully explicit fi nite-difference meth-
ods.

To estimate how much the results depend on the par-
ticular hydrodynamic model used, we compare the synthetic 
marigram calculated by Ma and others (1991) with that calcu-
lated by using the TRIM model (fi g. 4A). We use the offshore 
vertical displacement determined by Ma and others (1991) 
as initial conditions for the TRIM model. Although the pub-
lished fi gure showing the marigram comparison is very small 
(Ma and others, 1991, fi g. 1b), we seem to have approxi-
mately reproduced the results of Ma and others (1991) by 
using the TRIM model. The only difference is that the oscil-
lations after the initial negative pulse may be slightly larger 
with the TRIM model than with the linear long-wave model 
of Ma and others.

Offshore-Rupture Scenarios
We compared modeled tsunami time series at the Presi-

dio tide-gauge station generated by different offshore-rupture 
scenarios with the observed record. Rather than constructing 
an inverse model to determine the source parameters for the 
tsunami, as did Ma and others (1991), we constructed forward 
models of the tsunami from geodetic analysis (Thatcher and 
others 1997), geophysical imaging, and coastal ground-fail-
ure observations soon after the earthquake (Lawson, 1908). 

The fi rst and most likely set of offshore-rupture scenarios are 
those in which the tsunami is generated solely by slip along 
either continuous or discontinuous strands of the San Andreas 
Fault, as interpreted by Jachens and Zoback (1999) and 
Zoback and others (1999). The second set of offshore rupture 
scenarios involve slip on nearby faults in addition to the San 
Andreas Fault. In addition to tsunamis generated by coseismic 
deformation, we consider a third set of scenarios in which the 
tsunami is generated by local cliff failures. The predicted and 
observed tsunami marigrams for each scenario are compared 
in fi gures 4 through 7.

For the fi rst set of offshore-rupture scenarios, we use 
coseismic slip values for the 1906 earthquake rupture interpo-
lated in the offshore region between the Tomales Bay and 
Colma local geodetic networks by Thatcher and others (1997). 
Our fi rst objective is to determine whether we can use the 
tide-gauge record to discriminate between continuous and 
discontinuous rupture on offshore strands of the San Andreas 
Fault in generating the tsunami. First, we calculate the tsu-
nami derived from rupture on a continuous strand of the San 
Andreas Fault. The fault trace is identical to that used by 
Thatcher and others (1997) in their geodetic analysis. The 
dominant source region (that is, the region with the largest 
static vertical displacement) extends over a broad area near 
the fault bend, directly across from the Golden Gate (fi g. 1). 
Thus, the amplitude of the fi rst arrival from the computed 
tsunami is smaller and arrives earlier than what was observed 
(fi g. 4B).

We also tested three discontinuous-rupture scenarios to 
explain the observed tsunamis, using surface traces of the San 
Andreas Fault as interpreted by Jachens and Zoback (1999) 
and Zoback and others (1999). Because the available seismo-
grams for the 1906 San Francisco earthquake do not permit 
a detailed analysis of local changes in source parameters, we 
use a genetically similar event as a proxy for the 1906 rup-
ture. The fault geometry for the 1906 earthquake is patterned 
after the source geometry of the 1995 Kobe, Japan, M

w
= 6.9 

earthquake from the detailed analysis by Wald (1996) and 
Spudich and others (1998). In the 3-km right-stepover region 
offshore of Lake Merced (fi g. 1), the overlapping strands 
were specifi ed as dipping 83º toward each other, such that the 
fault segments intersect at a presumed hypocentral depth of 
10 km for the 1906 earthquake. This is one possible model 
of how rupture can be facilitated through a stepover region. 
However, because we cannot invert the tsunami or seismic-
waveform data to determine the detailed fault geometry in the 
stepover region, the antithetic fault structure fashioned after 
the 1995 Kobe, Japan, earthquake may not uniquely explain 
the 1906 tsunami record. For this stepover fault geometry, the 
initial tsunami amplitude is considerably greater (fi g. 4C) than 
for the tsunami modeled by using a continuous fault trace (fi g. 
4B). The resulting tsunami record more closely matches the 
predicted fi rst-arrival time (fi g. 4C) than does the synthetic 
record derived from continuous rupture on the San Andreas 
Fault (fi g. 4B). Nonvertical fault dips in the stepover region 
result in a greater amount of subsidence, and so the predicted 
peak negative amplitude in fi gure 4C is larger than for the 

Examination of the Tsunami Generated by the 1906 San Francisco Earthquake



36 Crustal Structure of the Coastal and Marine San Francisco Bay Region, California

synthetic record shown in fi gure 4B, though still less than the 
observed peak negative amplitude.

The second discontinuous-rupture scenario involves both 
the right stepover and a smaller 1-km left stepover near Boli-
nas Lagoon (fi g. 4D). In comparison with the single-stepover 

scenario, inclusion of the second stepover results in only 
slight changes to the synthetic marigram: short-period fl uctua-
tions are observed before the peak negative defl ection.

The third discontinuous-rupture scenario involves two 
stepovers as before, but with a local change of rake to −172º 

Figure 4.—Observed, residual marigram (solid curve) and synthetic marigram (dashed curve) at the Presidio tide-gauge station calculated for 
different initial conditions. A, Using sea-fl oor displacement values of Ma and others (1991) calculated from inversion of tide-gauge record (rather 
from forward modeling using elastic-dislocation solutions, as in this study), such that a good fi t with observed marigram is expected. B, Using 
initial conditions specifi ed by static, elastic displacements for rupture on a continuous trace of the offshore San Andreas Fault (fi g. 1). C, Using 
initial conditions specifi ed by static, elastic displacements for rupture on a discontinuous trace of the offshore San Andreas Fault that includes 
a single dilatational stepover north of Lake Merced (fi g. 1). Note that observed record is shifted over time with respect to other scenarios by an 
amount that is within uncertainty of origin time. D, Using initial conditions specifi ed by static, elastic displacements for rupture on a discontinuous 
trace of the offshore San Andreas Fault that includes both dilatational stepover north of Lake Merced and a smaller compressional stepover south 
of Bolinas Lagoon (fi g. 1). E, Using initial conditions specifi ed as in fi gure 4D, but with a local change of rake to 172° for fault segments bounding 
dilatational stepover.
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in the region of the right stepover (fi g. 4E). Like the assign-
ment of dipping fault segments in the stepover region, the 
additional assignment of a local change in rake is modeled 
after the source parameters of the 1995 Kobe, Japan, earth-
quake. This change results in greater downdropping in the 
stepover region and thus a larger negative amplitude of the 
fi rst arrival (fi g. 4E). Although the ratio of the synthetic to 
observed peak negative amplitude is close to 1 for the this 
scenario, a trailing positive phase is evident on the synthetic 
marigram but not on the tide-gauge record. Although an opti-
mal fi t that accounts for both the peak negative amplitude of 
the fi rst arrival and the absence of a trailing positive phase 
cannot be made with the three discontinuous-rupture sce-
narios considered, the timing and amplitude predicted from 
these scenarios strongly support the inference that the 1906 
earthquake rupture occurred on discontinuous strands of the 
offshore San Andreas Fault.

The tsunami is affected not only by the source parameters 
of the earthquake but also by the response of the surround-
ing material. The foregoing analysis assumed that the blocks 
adjacent to the fault deformed as a Poisson solid (ν= 0.25). 
Natural variations in the Poisson ratio due to rock type only 
slightly affect the resulting tsunami (Geist, 1998). For such 
large events as the 1906 San Francisco earthquake, however, 
the bulk strength of much of the surrounding material may 
have been exceeded, such that the effective Poisson ratio was 
greatly increased. This result is somewhat inconsistent, how-
ever, with patterns of permanent deformation that indicate 
localized subsidence within the graben defi ned by the dila-
tational stepover (see next section). To determine the effect 
on the tsunami from a material that closely preserves volume 
during deformation, we recalculate the scenarios in fi gures 
4B, 4C, and 4E, using a Poisson ratio near 1/2 (ν= 0.45) (fi g. 
5). Changes in the synthetic marigrams for the continuous-
rupture scenario (fi g. 4B) are subtle. However, using a high 
Poisson ratio for the discontinuous-rupture scenario without 
a local change in rake (fi g. 4C) results in a larger peak nega-
tive amplitude, closer to what was observed. The conclusion 
that the tsunami resulted from discontinuous rupture remains 
unchanged, although it remains unclear whether the 10-cm 
defl ection recorded at the Presidio tide-gauge station was 
caused by a local change in rake in the stepover region or by 
postelastic failure during the earthquake in the offshore region.

Other scenarios for the source of the tsunami from the 
1906 San Francisco earthquake can also be envisioned. For 
example, localized coseismic slip on neighboring faults may 
have occurred. Combined slip on the San Gregorio and San 
Andreas Faults results in slight changes to the coda of the 
tsunami but does not greatly alter the signature of the fi rst 
arrival. In addition, normal faulting on the Golden Gate plat-
form (fi g. 1) is indicated by seismic-refl ection data and focal 
mechanisms (Zoback and others, 1999). Combined slip on a 
continuous strand of the San Andreas Fault and on a normal 
fault west of the San Gregorio Fault does not signifi cantly 
increase the amplitude of the tsunami at the Golden Gate over 
using a continuous rupture on the San Andreas Fault alone 
(fi g. 6), primarily because earthquake-scaling relations permit 

only a limited amount of slip for the maximum possible 
length of normal faults in the offshore region.

Finally, ground shaking from the earthquake may have 
caused a massive seacliff failure as the source for the tsu-
nami. One particular example of seacliff failure was well 
documented by Lawson (1908). Near Mussel Rock, where 
the onshore strand of the San Andreas Fault south of the ste-
pover intersects the coastline, Lawson noted that “The cliff 
was severely shaken, and great quantities of earth and rock 
were caused to fall or slip down.” Although it is exceedingly 
diffi cult to formulate an accurate model of a tsunami gener-
ated from slides without knowing the exact dimensions and 
time history, traveltime information for the tsunami alone can 
be used to test whether seacliff failures may have caused or 
contributed to the tsunami. For the Mussel Rock landslide, 
the tsunami would have arrived too late to explain the record 
at the Presidio tide gauge station (fi g. 7). Likewise, a pos-
sible slide near Point Bonita would have arrived too early 
(fi g. 7). In summary, in only a few places could a massive 
slide triggered by the earthquake have occurred to explain the 
observed arrival time of the tsunami.

Discussion

Implications for Rupture Mechanics

The conclusion that the 1906 earthquake rupture occurred 
on discontinuous fault strands has specifi c implications for 
the rupture mechanics of this section of the San Andreas 
Fault. The infl uence of dilatational stepovers (for example, 
north of Lake Merced, fi g. 1) and compressional stepovers 
(for example, south of Bolinas Lagoon) on the mechanics of 
fault rupture has been studied by using quasi-static models by 
Segall and Pollard (1980) and by using dynamic models by 
Harris and others (1991), Harris and Day (1993), and Kase 
and Kuge (1998). Results from these models indicate that 
generally rupture is facilitated at dilatational stepovers and 
inhibited by compressional stepovers. Whether dynamic rup-
ture propagates through a stepover region, however, depends 
on the separation distance, the velocity of rupture, and the 
state of pore pressure (Harris and Day, 1993). Because of the 
small separation distance of the compressional stepover south 
of Bolinas Lagoon (fi g. 1), the stepover would probably not 
present a barrier to rupture propagation. In addition, given the 
dimension of the dilatational stepover north of Lake Merced, 
a fault rupture propagating from either the north or the south 
would probably propagate through the stepover, unless the 
pore fl uids in the region were in an “undrained” state (see 
Sibson, 1985, 1986). More information on the geometry and 
secondary faulting of the dilational stepover is needed to criti-
cally assess whether this stepover may be a likely barrier to 
rupture propagation.

The fact that the epicenters for both the 1906 San Fran-
cisco earthquake (as determined by Bolt, 1968, and Boore, 
1977) and the 1995 Kobe, Japan, earthquake occurred at dila-
tational stepovers also suggests that the state of stress in these 
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regions facilitates not only continued propagation of rupture 
but also initiation of rupture (Zoback and others, 1999). 
Because the orientation of principal stresses varies with the 
geometry of the stepover region (Rodgers, 1980; Segall and 
Pollard, 1980), probably only those stepovers with a specifi c 
range of fault overlap can serve as sites for preferential earth-
quake initiation. Although some progress has been made in 
determining whether stepovers serve as barriers to rupture 
propagation, little theoretical work has examined the state of 
initial stress at stepover regions during the period when faults 
are locked.

Inferred Long-Term Rates of Subsidence

An approximately 3-km-wide Pliocene and Quaternary 
basin that may be an older equivalent of the active pullapart 
basin offshore is exposed onland directly northeast of the 
San Andreas Fault on the northernmost part of the San Fran-
cisco peninsula, in the sequence of ~3.0- to 0.2-Ma shallow 
marine to estuarine deposits known as the Pleistocene Merced 
Formation (Ingram, 1992). Jachens and Zoback (1999) inter-
preted detailed gravity data on the northern part of the penin-
sula to indicate a 2- to 3-km-wide, southeast-trending trough 
fi lled locally with more than 1 km of young deposits, bounded 
on the southwest by the onshore San Andreas Fault and on the 
northeast by the onshore extension of the right-step strand. 
This trough coincides closely with the narrow belt of out-
cropping Merced Formation and shallows gradually to the 
southeast over a distance of about 10 km, just as the Merced 
Formation thins to the southeast. Hengesh and Wakabayashi 
(1995) argued that the Merced Formation was deposited in a 
marine basin developed within a pullapart structure which has 
migrated with the Pacifi c Plate (and currently lies offshore 
from the Golden Gate, fi g. 1), an interpretation consistent 
with the geophysical data.

The tsunami modeling presented here suggests that the 
estimated 3.65 to 4.5 m of strike-slip offset in the 1906 San 

Francisco earthquake on the Golden Gate platform (fi g. 1; 
Thatcher and others, 1997) may have been accompanied 
by an average tectonic subsidence of about 0.65 m within a 
6.25-km2 area centered on the stepover. Assuming that the 
right stepover in the San Andreas Fault is a long-term geo-
logic feature which represents a “moving” depocenter for 
the Merced Formation (Hengesh and Wakabayashi, 1995), 
then this “secondary” subsidence accompanying major 
strike-slip earthquakes can be compared with geologically 
determined subsidence rates for the Merced Formation. 
The estimated recurrence interval for large San Andreas 
Fault events ranges from 250 to 300 years (Schwartz and 
others, 1998). If the ratio of subsidence to horizontal slip 
that occurred here in 1906 is typical, this interval implies a 
subsidence rate of 2.36 m per 103 years (0.65 m per 275 yr), 
substantially greater than the geologically estimated subsid-
ence rate of about 0.6 m per 103 years determined from a 
total of 1,750 m of sedimentary section accumulated over 
2.9 m.y. Clifton (1988) originally suggested a subsidence 
rate of 1 to 1.5 m per 103 years for the Merced Formation, 
assuming that it was entirely Pleistocene (past 1.6 m.y.). 
Ingram (1992) used Sr-isotopic data and sedimentation rates 
to determine ages of 3.1 Ma for the base of the formation 
and about 0.2 Ma for the top—hence our updated rate. The 
source of the discrepancy may be that much of the slip on 
the San Andreas Fault occurs along shorter segments that 
do not break through the Golden Gate stepover. In addition, 
possible interevent changes in the rake of the slip vector, 
as well as the overall complexity of rupture through the 
stepover region, makes quantifi cation of long-term subsid-
ence rates diffi cult. More research is needed to reconcile the 
coseismic deformation inferred from the 1906 earthquake 
with long-term geologic observations along the Golden Gate 
platform.

Tsunami Hydrodynamics at the Entrance to San 
Francisco Bay

In comparison with tsunamis generated more commonly 
by subduction-zone earthquakes, the propagation of the 
tsunami generated by the 1906 San Francisco earthquake is 
highly unusual. Because the dominant source region for the 
tsunami (the 3-km right stepover) is very near shore, the neg-
ative-polarity fi rst arrival recorded at the Presidio tide-gauge 
station propagated northward as a trapped wave (fi g. 8). 
This tsunami contrasts with tsunamis from subduction-zone 
earthquakes in which the largest coseismic displacements are 
typically far offshore and the fi rst-arrival broadside from the 
source region propagates as a direct wave. For those rupture 
scenarios of the 1906 earthquake that result in large displace-
ments at the stepover, soon after the negative-polarity phase 
leaves the source region, a positive phase emanates from the 
source region, as suggested by H.F. Reid (in Lawson, 1908) 
and as shown in early theoretical work by Momoi (1964). 
Because of the large-amplitude changes, horizontal currents 
near the source region are signifi cantly higher than anywhere 

Figure 5.—Observed, residual marigram (solid curve) and synthetic 
marigrams calculated using a Poisson ratio (n) of 0.45 for initial condi-
tions in fi gures 4B (long-dashed curve), 4C (short-dashed curve), and 
4E (alternating short- and long-dashed curve).
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else during propagation. It is unclear why a strong trailing 
positive pulse is not predicted at the Presidio tide-gauge sta-
tion for the scenario with two stepovers and horizontal rake 
(fi g. 4D). Analysis of the evolution of the tsunami wavefi eld 
indicates that although trailing pulses of opposite polarities 
are generated by the two stepovers, the phase propagating 
southward from the compressional stepover is scattered at 
Point Bonita before reaching the Golden Gate (fi g. 8), such 
that the positive trailing pulse from the dilatational stepover 
is not obviously eliminated through destructive interference. 
The combination of a complex shoreline geometry and a near-
shore source that excites coastally trapped edge waves pre-
cludes a simplifi ed analysis of observed phases at the Presidio 
tide-gauge station.

Although it is diffi cult to track individual phases of 
the tsunami, coastally trapped edge waves do seem have 
caused the fl uctuations observed in the coda of the tsunami 
record, with an apparent period of 40 to 45 minutes. Edge 
waves propagate parallel to the shoreline and occur in dis-
tinct modes, with highest amplitudes near the shoreline 
(LeBlond and Mysak, 1978; Carrier, 1995). Sharp changes 
in the shape of the shoreline will cause edge waves to scat-
ter, refl ect back, and generate nontrapped modes. The phase 
and group velocity for edge waves depend on the shelf slope 
(Ishii and Abe, 1980) and are typically much lower than for 
nontrapped modes. (Most of the nontrapped energy from the 
1906 tsunami was directed offshore.) Largely because of edge 
waves, the response from a tsunami at different places along 
a coastline can vary drastically, as evidenced by the tsunami 
from the 1992 Cape Mendocino, Calif., earthquake (González 
and others, 1995). The dominant 40- to 45-minute period 
observed on the tide-gauge record of the 1906 tsunami most 
likely refl ects the natural resonance of edge waves within the 
Gulf of the Farallones. The suggestion by Lawson (1908) that 
the 40- to 45-minute periodic waves resulted from reverbera-
tion within San Francisco Bay does not conform with the 
results from hydrodynamic modeling. The Golden Gate (fi g. 
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Figure 6. —Observed, residual marigram (solid curve) and synthetic 
marigram (dashed curve) at the Presidio tide-gauge station, calcu-
lated for initial conditions specifi ed by static, elastic displacements 
for coseismic rupture on an offshore normal fault in addition to con-
tinuous rupture of the San Andreas Fault (fi g. 4B).

Figure 7.—Observed, residual marigram (solid curve) and synthetic 
marigram (dashed curve) at the Presidio tide-gauge station calculated 
for initial conditions specifi ed by coseismically triggered seacliff fail-
ures at Mussel Rock (long-dashed curve) and at Point Bonita (short-
dashed curve). Initial conditions are assumed such that predicted 
amplitude of marigrams is arbitrary. Traveltime predictions alone 
argue against generation of tsunami by seacliff failure.
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Figure 8.—San Francisco Bay region, showing primary pathways 
for tsunami fi rst arrivals generated by dilatational stepover (nega-
tive polarity) north of Lake Merced and by compressional stepover 
(positive polarity) south of Bolinas Lagoon. Most energy propagates 
as coastally trapped edge waves. Southward-propagating edge wave 
from compressional stepover is scattered at Point Bonita. Same sym-
bols as in fi gure 1.
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1) permits only a limited amount of tsunami energy to enter 
San Francisco Bay. Once through the Golden Gate, tsunami 
energy is further attenuated during slow propagation through 
the shallow reaches of the bay. Because little tsunami energy 
is refl ected back through the Golden Gate from the bay, the 
most likely source of the periodic oscillations is refl ected and 
scattered edge waves outside the Golden Gate.

Summary
On the basis of new interpretations of the fault geom-

etry west of the Golden Gate (fi g. 1) by Jachens and Zoback 
(1999) and Zoback and others (1999), we have shown that the 
tsunami from the 1906 San Francisco earthquake originated 
from localized coseismic subsidence associated with a 3-km 
dilatational stepover just offshore of Lake Merced. On the 
basis of traveltime, amplitude, and phase characteristics of 
the tsunami record, the 1906 earthquake rupture most likely 
occurred on discontinuous strands of the San Andreas Fault 
bounding the dilatational stepover. Although derivation of the 
tsunami from rupture on an antithetic fault structure in the 
stepover region with a small amount of dip slip (analogous to 
the 1995 Kobe, Japan, earthquake rupture) provides the best 
match to the tsunami record, we cannot reliably determine the 
uniqueness of this model of rupture through the dilatational 
stepover from these data alone. However, the fact that both 
the 1906 San Francisco and 1995 Kobe, Japan, earthquakes 
initiated at a dilatational stepover and propagated bilaterally 
suggests that the initial state of stress at dilatational stepovers 
is conducive to the initiation of such large events. We have 
also shown in this study that estuarine-circulation models, 
such as that constructed for San Francisco Bay by Casulli 
(1990) and Cheng and others (1993), are particularly well 
suited to study near-shore, local tsunamis. The evolution of 
the tsunami wavefi eld predicted by this model indicates that 
(1) the fi rst arrival at the Presidio tide-gauge station was 
primarily a coastally trapped edge wave, (2) tsunami wave 
energy was restricted through the Golden Gate such that 
reverberation within San Francisco Bay is unlikely the source 
of the 40- to 45-minute oscillations in the coda of the tsunami 
record, and (3) instead, the source of these oscillations is most 
likely the natural resonance of refl ected and scattered edge 
waves within the Gulf of the Farallones.
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