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ABSTRACT: The San Diego-Tijuana Earthquake Planning Scenario Project is an update of
the 1990 Earthquake Scenario developed for the San Diego (United States)-Tijuana (Mexico)
Region. The project is led by the EERI (Earthquake Engineering Research Institute) San Diego
Chapter and includes the participation of about 100 contributors and stakeholders including
organizations and individuals from both sides of the border. The San Diego-Tijuana region
includes over five million residents, making it the largest bi-national conurbation shared
between USA and Mexico, the second-largest shared between USA and another country, and
the fourth largest in the world. Over 50 million people cross the border each year between
Tijuana and San Diego, giving the region the busiest land-border crossing in the world. The
scenario earthquake is based on a mag- nitude 6.9 strike slip earthquake on the Rose Canyon
fault; the main seismic source of the region. The scenario earthquake would produce up to 2 m
of strike slip surface fault rupture. The USGS developed ShakeMaps including spectral acceler-
ations and other intensity measures. With the ground motions defined for the region, ground-
water depth and liquefaction susceptibility zones were created for use in Hazus software-based
loss estimates. Onshore and offshore scenario earthquake-induced potential landslides were also
studied, and special attention was paid to a possible offshore Coronado Canyon submarine
landslide capable of producing a tsunami affecting San Diego Bay and the international border
area. This paper discusses the methodologies used in assessing these hazards and presents the
results which are being applied in the scenario earthquake study.

1 INTRODUCTION

The first Earthquake Planning Scenario for San Diego, California and Tijuana, Mexico was
pub- lished in 1990 titled “Planning Scenario for a Major Earthquake, San Diego-Tijuana
Metropoli- tan Area,” prepared by the California Geological Survey (CGS) as Special Publica-
tion 100 (Reichle et al. 1990). This scenario included the San Diego and Tijuana metropolitan
areas and was designed for international planning where significant earthquake damage could
occur on both sides of the border. The scenario covered San Diego County, from Oceanside
on the north, to Alpine and Ramona on the east, and south to the international border. The
scenario also covered from Tijuana at the international border, southward to Rosarito, Baja
California, Mexico. In 1990, the scenario estimated 3.8 million residents in the planning area;
2.3 million residents in San Diego County, and approximately 1.5 million residents in Tijuana.
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At the time of this 1990 scenario study, there were no “active” faults as defined by the State
of California within the City of San Diego. By 1991, the State had enough data to map the first
“active” fault zones in San Diego (Treiman, 1991). Over the last 28 years, significant research
has changed the knowledge of fault locations, history, and the potential for earthquake hazards
in the San Diego and Tijuana region. Hence, the importance for updating this scenario.
A similar effort was undertaken in the city of Tijuana in 1998 called Risk Assessment Tools

for the Diagnosis of Urban Seismic Risk (RADIUS) project, which was implemented by the
United Nations as part of the International Decade for Natural Disaster Reduction

(IDNDR) ini- tiative. Tijuana was one of nine cities where the program was implemented (Vil-
lacis et al. 2000). This updated earthquake scenario study area includes all of San Diego
County and the Tijuana Region with a population over 5 million. Coastal cities north and
south of the fault rupture will also be impacted. The purpose of the study is to raise awareness
of earthquake hazards and risks, and to provide information to stakeholders to enhance pre-
paredness, emergency response andresiliency.
The technical studies performed in this scenario update are organized in three working

groups: seismic hazard; engineering; and social/economic impacts. This paper focuses on the
seismic hazard aspects and presents the methodologies and procedures used to define the scen-
ario earth- quake, ground motions and the secondary earthquake hazards (liquefaction, seis-
mic landslides and tsunami). This paper includes the scenario earthquake and ground motion
hazards for the United States (U.S.) and Mexico, and the secondary earthquake hazards for
the U.S. side of the border. Studies are underway for the secondary earthquake hazards for
the Mexico side of the border.

2 SOURCE FAULT

For the scenario magnitude 6.9 earthquake, the Rose Canyon fault was designated as the source
fault for the U.S and Mexico sides of the border, with the earthquake nucleating off-shore near
Oceanside, California and propagating predominantly to the southeast along the fault. The type
of displacement is a crustal right lateral strike slip fault. Although a larger earthquake may be
possible if rupture also extended to the north along the Newport-Inglewood fault zone and into
Orange County, shaking and damage in San Diego would be dominated by rupture through
San Diego, so we chose to limit the rupture to the Rose Canyon fault.
The surface rupture includes directivity towards Tijuana. The southern end of the rupture

was extended to the international border so as to include Baja California (and specifically
Tijuana) in the scenario. The resulting unilateral scenario fault rupture is 69 km in length and
using the D90 depth of seismicity (depth above which 90% of earthquakes occur) of 12 km,
yields a fault rupture area of about 830 km2. Applying standard scaling relationships between
rupture area and magni- tude (Leonard, 2010; Mw = 4 + LogA) results in a magnitude 6.9
(Mw = 6.9) earthquake. Applying the relationships between earthquake magnitude and max-
imum displacement (Wells and Copper- smith, 1994: Log (MD) = -7.03 + 1.03Mw) yields a
maximum displacement of 1.2 m. In contrast, using the relationship between maximum dis-
placement and surface rupture length (Wells and Coppersmith: Log (MD) = -1.69 + 1.16 Log
(SRL)) yields a maximum displacement of 2.75 m. Hence, for this scenario, we averaged the
two for an estimate of maximum displacement of 2 m.
The recurrence of such scenario earthquakes is estimated at about 1,000 years based on the

2 m estimate of displacement and the estimated slip rate of 2 mm/yr (Rockwell, 2010). Recent
pale- oseismic work in the Old Town area of San Diego suggests a slightly more frequent
recurrence of ground-rupturing earthquakes, which probably reflects the fact that average dis-
placement is less than 2 m and requires more frequent ruptures to accommodate the slip rate.
Figure 1 shows the trace of the scenario Rose Canyon fault and location of the assumed epi-
center at a depth of 7.7km.
A primary surface rupture slip value and distribution map was prepared for the scenario

earth- quake. Surface fault rupture is expected to occur as part of the scenario with displace-
ments rang- ing up to 2 m. Numerous linear infrastructure elements cross the fault and would
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be damaged in the scenario. These include highways, railroads, natural gas and fuel lines, elec-
trical lines, water and sewer lines and communication lines.

3 GROUND MOTIONS

With an updated scenario earthquake, the next step was to obtain the spatial distribution of
ground motions around San Diego and Tijuana for the U.S and Mexico sides of the border. The
magnitude of the earthquake, the distance from the fault, and soil conditions among other factors
affect the ground motions. The United States Geologic Survey (USGS) assisted and utilized their
ShakeMap® software to estimate the spatial distribution of the earthquake-induced ground

mo- tions throughout the region. The ShakeMap software includes seismic intensities, peak
ground motions and spectral accelerations. The ground motions include peak ground acceler-
ation (PGA), peak ground velocity (PGV), spectral accelerations at three periods: 0.3, 1.0 and
3.0 seconds and Modified Mercalli Index. The ground motions were calculated using the cur-
rent Ground Motion Prediction Equations (GMPE) developed under the NGA-West 2 project
for Western US, and directivity effects were incorporated using the model by Rowshandel
(2010). The GMPE were the same as those used for California in the 2014 National Seismic
Hazard Map developed by USGS (Bozorgnia et al. 2014).
The USGS incorporated new and updated data for the average shear wave velocity in the upper

30 meters (Vs30) (Wills 2015). The Center for Scientific Research and Higher Education (CISESE)
at Ensenada, Baja California, Mexico produced new Vs30 data for Tijuana and the California Ge-
ological Survey (CGS) provided updated Vs30 data for San Diego. The results of the ShakeMap
show intense earthquake shaking and ground motions near the population centers of San Diego
and Tijuana. For instance, peak ground accelerations are up to 0.55g in downtown San Diego and
up to 0.35g in downtown Tijuana. The ShakeMap intensity graphic presents Modified Mercalli
Index data where warmer colors correlate to areas of greater intensity (Figure 1). The duration for
shaking from the scenario earthquake was estimated between 10 and 30 seconds.

4 GROUNDWATER

For the U.S. side, a revised depth to groundwater map for San Diego County was created
with new groundwater measurement data collected since the publication of the 2008 Shakeout
report and accompanying depth to groundwater map (Jones et al. 2008). This new map was
developed using GIS software and follows the data collection and analytical methods used in
the 2008 report with some modifications.
The new depth to groundwater map is comprised of groundwater data collected in August

through December (late summer to fall) for the years 2007–2017. The August-December

Figure 1. Source Fault and distribution of seismic intensities
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collec- tion period focuses the investigation on the several months prior to the onset of the
rainy season (January and February historically have the most rainfall in San Diego) since the
hypothetical earthquake scenario date is in October).
Groundwater data for San Diego County was collected from groundwater monitoring well

sites from three sources: USGS National Water Information System (NWIS); California
Statewide Groundwater Elevation Monitoring Program (CASGEM); and California State
Water Resources Control Board.
Since shallow groundwater relevant to liquefaction triggering was of interest, groundwater

measurement data was used from only those wells with listed screen depths within 100 ft of
ground surface, or, if screen depths were not specified, from wells with listed total depths no
deeper than 100 ft. Data from wells where screen depth or total depth could not be verified

were not used. Individual groundwater measurements were removed if there was any indica-
tion of nearby or recent pumping when the measurement was taken, if there were noted issues
during sampling of the well (such as an obstruction), or if the well is considered “Dry”. Water
level measurements for each well site were combined, and overall depth to groundwater statis-
tics were calculated (i.e. mean, minimum, maximum and standard deviation of depth ground-
water). In total, 33,074 groundwater measurements from 4,550 sites passed the above criteria.
The liquefaction susceptibility map of San Diego County (described later) was used as a

base- map for the regional depth to groundwater calculation. The liquefaction susceptibility
map clas- sifies surface geologic units as None, Very Low, Low, Moderate, High, or Very
High (with None being not susceptible to liquefaction due to ground shaking, to Very High
being most susceptible), and is comprised of a series of polygons with these classifications.
Depth to groundwater was estimated for all liquefaction susceptibility classifications of “Very

Low” or higher. The average of all maximum depth to groundwater values from well sites within
each mapped liquefaction susceptibility polygon was calculated and used to represent the depth to
groundwater for that polygon. Where no well sites were present in a given polygon, the reported
depth to groundwater value from the 2008 Shakeout report was used. Like the 2008 report, the
depth to groundwater data in this revised map contains considerable uncertainties due to dispari-
ties in the distribution of data in time and space. Depth to groundwater estimates from only a few
sites are likely to have greater uncertainties than estimates with a substantial number of sites.

5 LIQUEFACTION

For the U.S. side, liquefaction loss assessments were made using the methodology in Hazus V4.2
(FEMA 2018) in which a GIS-based maps of relative liquefaction susceptibility (LS), ground-
water depth (GD) and ground motion intensity (GMI) are used in calculations of dam- ages and
losses for buildings and infrastructure. Space limitations preclude a full recitation of the Hazus
methodology, but the basic steps are as follows. The LS, GD and GMI are used to calculate the
probability of liquefaction and the expected value of lateral spreading and seismic settlement per-
manent ground deformation (PGD). The probability of extensive or complete building damage
states to occur is calculated (slight and moderate damage states are ignored) based on building
fragilities as a function of PGD. The number of buildings with damage states is calculated for
each U.S. census tract area based on the damage probabilities and building in- ventories.
The LS map developed as part of the San Andreas fault ShakeOut Scenario (Ponti, et al.

2008) was used as the base map in this study. This map was developed from various geologic
maps with the LS categories assigned according to geologic unit type and age using the Youd
and Per- kins (1978) criteria. The LS categories and their numeric scores consist of None (0),
Very Low (1), Low (2), Moderate (3), High (4), and Very High (5). Some examples from the
Youd and Perkins (1978) classification scheme are: uncompacted fill = Very High; modern
(<500 years old) lagoonal deposits = High; post-modern Holocene (500 to 11,000-year-old)
flood plain deposits = Moderate; and all pre-Pleistocene materials = Very Low. We reviewed
the Ponti et al. (2008) map and made adjustments based on knowledge of liquefaction suscep-
tibility from the group’s experience performing local site specific studies. For example, in the
ShakeOut base map all fill soils were conservatively assigned to the Very High LS category
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since the geologic maps used did not differentiate between compacted (Low LS) and uncom-
pacted (Very High LS) fills. In the current study, local experience was used to assign com-
pacted fills to the Low LS category. The resulting LS map is presented on Figure 2. High and
Very High liquefaction susceptibility areas in San Diego County generally lie near the San
Diego and Mission Bay margins where hydraulic fill is present, and in low-lying valley bot-
toms where Holocene alluvium and estuarine deposits are present.
Hazus calculates liquefaction losses on a U.S. census track basis and can only use a single value

of LS, GD and GMI for each census tract. In some cases, there were wide variations in LS and
GD within census tracts (relatively less variation was observed in ground motion intensity). When
LS or GD variations occur within a census tract, Hazus performs weighted averaging to calculate
a single value to use in its calculations. The weighted averaging is a linear process, but the
liquefaction triggering and ground deformation estimates in Hazus are highly nonlinear, so

we performed some tests to evaluate the accuracy of the weighted averaging scheme for this
scenario. The use of linear spatial averaging of LS and GD was found to be reasonably accur-
ate (compared to an exact answer) for PGA greater than about 0.3g whereas the modal value
tended to produce a more accurate result when PGA was less than about 0.3g.
The team manually reviewed the raw liquefaction LS maps and made adjustments using the

following logic: 1) When a census tract included a combination of developed and undeveloped
land, the LS scores used were the predominant score in the developed areas; 2) If a single
score did not predominate in the developed area, then the weighted average was used when
the PGA was greater than 0.3g and the modal value was used when the PGA was less than
0.3g. In addition, where it was known that buildings within a census tract were predominantly
constructed with foundations that mitigated liquefaction hazard (e.g., basements or piles that
penetrated below liq- uefiable zones) then the LS score was downgraded.
Preliminary Hazus analyses conducted with the liquefaction module activated produced ap-

proximately 4 percent more building damage-related losses compared to a run conducted with-
out the liquefaction calculations. This appeared to be reasonable considering that only a small
per- centage of developed areas within San Diego County fall within the High or Very High LS
cate- gories that tend to result in high damage rates. Liquefaction impacts on transportation,
energy and water/wastewater infrastructure were ongoing at the time of this writing.

6 EARTHQUAKE-INDUCED LANDSLIDES

For the U.S. side, seismic slope failures were assessed using a methodology similar to that of
CGS (2004) in which a Newmark-type analysis was used to calculate seismic slope displacements.

Figure 2. San Diego Liquefaction Susceptibility Map
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The yield acceleration was calculated for an infinite slope without groundwater according to the
fol- lowing equation: ky = (FS-1) sin b; where b is the slope inclination and FS is the static factor
of safety against slope instability FS = (tan phi)/(tan b) where phi is the internal angle of friction
of the geologic material. The calculations were performed for a 10 m grid using GIS software.
The slope inclination data were based on USGS (2009). Friction angles were assigned using cri-
teria of CGS (2004) based on geologic mapping according to the criteria in Table 1.
The yield acceleration was used along with the Bray and Travasarou (2007) method to cal-

culate seismic slope displacements based on the scenario PGA map and magnitude. These
analyses assumed the slide mass acted like a rigid block (e.g., period of the slide mass was
zero), which is convenient since it avoids the need to specify a slip surface depth. The resulting
slope displace- ments were grouped into ranges of 0 to 5 cm, 5 to 15 cm and > 30 cm for map-
ping purposes. A portion of the seismic slope stability map is presented in Figure 3.
The preparation of geographically broad seismic slope instability maps requires reliance on

crude strength characterization, relatively coarse topographic data and simplified seismic
slope displacement estimation methods. As such, the map is not considered a precise predictor
of seis- mic slope failure occurrence under the earthquake scenario. Rather, the map serves as
an index of regional relative seismic slope instability susceptibility. The maps are being used in
the sce- nario study to identify zones where building development and infrastructure may be
exposed to damage. This assessment is being done outside of the Hazus software framework.

7 CORONADO CANYON SUBMARINE LANDSLIDE TSUNAMI

A submarine landslide triggered as a result of the scenario earthquake shaking could impact
the border area with a tsunami. The Coronado Canyon is located approximately 12 miles

Table 1. Geologic Unit Strength Criteria

Group No. Typical Soil Types phi (deg.)

1 Granitic, gneissic basement, some metasedimentary rocks, some metavolcanics

rocks, some Cretaceous sediments, and few Tertiary sediments

38

2 Cretaceous sediments, Tertiary sediments with favorable bedding, and

volcanic rocks

33

3 Cretaceous and Tertiary units with unfavorable bedding, artificial fill, and

some alluvial units which include marine terraces and colluvium

28

4 Tertiary sediments with high clay content and some alluvium 24

5 Existing landslide deposits 16

6 Alluvial and other unconsolidated deposits 31

Figure 3. Portion of San Diego Seismic Slope Stability Map
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off-shore from the U.S. and Mexico border and was selected to model a submarine landslide
tsunami for the scenario. The 2009 State of California Tsunami Inundation Maps include the
Coronado Can- yon submarine landslide as one of the scenarios used for emergency planning
in the San Diego, California area. Coronado Canyon is a late Quaternary submarine canyon
that cuts across the Coronado Bank offshore Tijuana and north of Islas Los Coronados, Baja
California, Mexico. Coronado Bank is a crustal block that was tilted down to the west above
the Thirtymile Bank detachment fault during the Miocene oblique rifting of the Inner Border-
land (Legg, 1991). Mio- cene sedimentary and volcanic rocks of Coronado Bank are overlain
by a Pliocene to Holocene sediment drape in the vicinity of the canyon (Kennedy et al., 1980).
Surficial sediments from the area include muddy sands and gravels. The dip of the Coronado
Escarpment is parallel to the dip of the underlying Miocene strata north of Coronado Canyon
and fan valley, whereas the slope to the south may be steepened by a fault mapped along the
base of the escarpment (Legg, 1985). The deepest part of the Coronado Canyon lies near the
axis of the tilted Coronado Bank block and may present the greatest slope failure potential
due to erosional down-cutting.
The relative seismic slope stability was calculated for the northern channel wall in this sec-

tion using the Newmark method (Wilson and Keefer, 1985) including a correction for buoy-
ancy ef- fects due to the submarine character. Three different lithology groups were
considered: 1) Qua- ternary unconsolidated sandy clay or clayey sand; 2) Tertiary consoli-
dated shale, mudstone, silt- stone; 3) Tertiary consolidated sandstone, conglomerate, poorly
cemented. The shear strength parameters for regional seismic slope stability analysis were
provided by Doug Moran (Legg and Slosson, 1984), and saturated conditions are assumed
for the submarine canyon slopes. The rela- tive seismic slope stability is quantified by the
yield acceleration which, when exceeded during strong shaking, will induce downslope
movement of the slide block. The slide block thickness is assumed to be shallow, 10 feet for
Quaternary sedimentary cover; 16.4 feet for Tertiary bedrock. For slope angles exceeding 27
degrees, slopes for all lithology groups on dip slopes are unstable (ac <0.01g). For anti-dip
slopes, the Tertiary bedrock has low to moderate stability for the range of slope angles
observed in the canyon narrows. Without more detailed geologic information within the
canyon, a simple dipole tsunami source model was used which involves a 4-meter sea level
depression above the head scarp and a 4-meter rise above the toe region where the slide
deposits accumulate.
A Hazus Tsunami model was completed by the Pacific Disaster Center. The tsunami warn-

ing time is zero because the source is only 12 miles off-shore so the ground shaking provides
the warning. Estimates for casualties were based on a tsunami travel time of 5 minutes, and 10
minutes to maximum inundation. Hazus provided an economic loss evaluation of buildings
ex- posed to tsunami, though losses to harbor facilities are not considered. Hazus also pro-
vided a submarine landslide tsunami inundation area. Casualties, economic losses and inunda-
tion areas will be included in the final scenario report.

8 CONCLUSIONS

The San Diego-Tijuana Earthquake Planning Study is currently underway with the goal of
raising earthquake hazard and risk awareness and enhancing preparedness and resilience. This
paper described the scenario earthquake and the resulting secondary earthquake hazards
including liq- uefaction, seismic landslides and tsunami. The scenario includes surface fault
rupture with strike slip displacements up to 2 m that would impact numerous lifelines cross-
ings. Significant strong ground shaking would occur as a result of the postulated scenario
earthquake. Areas of liquefac- tion would occur, mostly around the San Diego and Mission
Bay margins and within alluvial valleys and estuaries. Areas of potential seismic slope stability
have been identified and a tsunami triggered by an offshore landside is postulated. These seis-
mic hazards are being used in ongoing studies of impacts to the built environment and social
and economic systems.
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