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ABSTRACT: We identified and evaluated 54 possible earthquake sources to determine
controlling maximum credible earthquakes within 200 km of 12 dam sites in northwest
Oregon.  Seismic hazard at the sites comes from earthquakes generated by 14 active
crustal faults within 50 km of the dam sites; large, deep earthquakes generated within the
subducted Juan de Fuca plate; great earthquakes occurring on the Juan de Fuca-North
American plate boundary; and a Mw 6 background earthquake 15 km from each dam site.
Our hazard analysis showed that three crustal faults and the interplate subduction
earthquake provide the controlling maximum credible earthquakes for all 12 dam sites.

Estimated peak horizontal ground accelerations (PGA) values range from 0.57g to 0.16g
at the dam sites.  Recommended PGA values are similar to those estimated by the U.S.
Geological Survey to have a 2% probability of exceedence in 50 years (2,475-year return
period).  Acceleration response spectra (5% damping) were developed for each site based
on recommended PGA values.  We developed four spectrally matched acceleration time
histories from instrumental records of strike-slip, normal and subduction zone
earthquakes.

1 INTRODUCTION

The understanding of earthquake hazard in the Pacific Northwest of North America has increased
rapidly during the last 15 years.  Geologic studies have increased the number of known crustal fault
sources (e. g. Geomatrix 1995), and the occurrence of prehistoric great earthquakes offshore has been
confirmed (e.g. Atwater et al., 1995).  The studies have resulted in increased hazard awareness by
owners of major infrastructure such as state and city governments, and utility owners such as Portland
General Electric (PGE).

PGE own and operate 12 dam and diversion structures in northwest Oregon, U.S.A. (Figure 1).
Structures range in height from less than 10 m to 134 m.  Dams were constructed throughout the 20th

Century, and are a mixture of concrete gravity, concrete arch, rockfill embankment and earthfill
structures.  Regular safety evaluations of these structures include seismic stability assessment.

This paper reports the results of a deterministic seismic hazard analysis undertaken to support ongoing
dam safety review by PGE.  We summarize available information on earthquake sources within about
250 km of Portland, Oregon.  This information is used to identify the Controlling Maximum Credible
Earthquakes (CMCE) for each of the 12 PGE structures.  Peak horizontal ground accelerations (PGA)
from the CMCE are used to develop 5%-damped acceleration response spectra at each structure.
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2 PLATE TECTONIC SETTING OF NORTHWEST OREGON

Northwest Oregon is located along the western margin of the North American tectonic plate, near the
boundary of the Juan de Fuca plate (Figure 2).  Relative plate motions result in the Juan de Fuca plate
sinking below the North American plate along the Cascadia Subduction Zone offshore and beneath the
coast of northern California, Oregon, Washington, and British Columbia.  The North American plate is
also deforming as it accommodates strain along its boundaries with the Pacific and Juan de Fuca
plates.

Figure 1. Crustal faults and shallow (< 70 km) earthquakes in northwest Oregon and southwest Washington
states, U.S.A.  Earthquake epicentres from online U.S. databases at http://neic.usgs.gov/.

Plate interactions result in the creation of faults and folds that generate most of the large earthquakes
in the Pacific Northwest.  Based on plate tectonic models and historical observations, major
earthquakes in the Pacific Northwest have five principal origins:

• Large interplate thrust earthquakes at the boundary of the North American and Juan de Fuca
plates (e.g. Mw~9 earthquake on 26 January 1700);
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• Deeper (40-70 km) earthquakes resulting from internal stresses associated with the bending
and arching of the Juan de Fuca plate as it is subducted beneath the North American plate (e.g.
28 February 2001 Mw 6.8 Nisqually earthquake);

• Shallow (< 20 km) earthquakes generated within the different seismotectonic provinces in the
overlying North American plate (e.g. 25 March 1993 ML 5.7 Scotts Mill earthquake);

• Shallow (< 15 km) earthquakes from active spreading at the boundary of the Pacific and Juan
de Fuca plates; and

• Shallow earthquakes associated with ongoing volcanic activity in the High Cascades (e.g.
1980 earthquake swarms associated with the eruption of Mt. St. Helens).

2.1 Fault sources in northern Oregon and southern Washington states (Figure 1)

We reviewed the fault compilations of Geomatrix (1995), Wong et al. (2000), Personius (in review)
and Weldon et al. (2002).  Original published and unpublished sources for fault location and activity
have been re-examined (e.g. Madin, 1990; Geomatrix, 1995; Yeats et al., 1996).  Figure 1 shows the
locations of known faults in northwest Oregon and southern Washington.

Figure 2. Plate tectonic configuration of the Pacific Northwest of North America.  Contours indicate depth to the
Cascadia subduction thrust.  Solid lines are for well-constrained depths, dashed lines for poorly constrained.
Triangles are volcanic centers in the Cascade Range.  After Flück et al. (1997).

2.2 Historical earthquakes

Northwest Oregon is a region of moderate to low historical seismicity (Figure 1).  Earthquakes less
than about M 6 have occurred throughout northwest Oregon and southern Washington.  Most
instrumentally recorded earthquakes have magnitudes less than four.  For example, of the 138
earthquakes recorded within 250 km of North Fork dam (Figure 1) since 1993, only eight have
exceeded M 4.0.  Few historical earthquakes have been recorded east of the Cascade Range.  Wong
and Bott (1995) summarized available records for earthquakes of MW > 3.0 in Oregon since about
1840.  No historic coseismic fault rupture is known from Oregon and Washington states.
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3 MAXIMUM CREDIBLE EARTHQUAKE SELECTION

Deterministic seismic hazard assessments seek to identify the maximum credible earthquakes (MCE)
that will affect a site.  The MCE is the largest earthquake that appears possible along a recognized
fault under the presently known or presumed tectonic framework (USCOLD, 1995).  The controlling
MCE (CMCE) is the MCE that will cause the most severe consequences at the site.  MCE and CMCE
assessments give little consideration to the probability of future fault movements.

In this study, we regard all faults as potential sources for future earthquakes if they have proven or
probable evidence for movement in about the last 130,000 years (Table 1).  The long time period for
activity is conservative for a dam safety study.  However, limited existing fault activity information in
the Pacific Northwest results in major uncertainties concerning the:

• Average fault slip rate;

• Magnitude of earthquakes associated with past fault movements;

• Average surface faulting earthquake recurrence interval; and

• Time of the last coseismic surface fault rupture.

In many cases the lack of information is due to the lack of detailed fault study, rather than the lack of
available evidence.

Table 1. Sources of Maximum Credible Earthquakes affecting PGE dam sites

Fault Name/Source Number
(Fig. 1)

Slip Rate
(m/1,000 yrs)

Rupture
Length (km)

MCE (Mw)

Portland Hills 5 0.05-0.2 40 6.8

Oatfield 6 0.1 20 6.5

East Bank 7 0.2 40 6.8

Damascus-Tickle Creek 11 0.05 17 6.4

Bolton 12 0.005-0.01 9 6.1

Beaverton 16 0.02 14 6.3

Helvetia 18 0.005-0.01 10 6.2

Mount Angel 21 0.01-0.04 31 6.7

Canby-Mollala 22 ? 40 6.8

Mount Hood 30 0.16 21 6.4

Warm Springs 35 0.01 30 6.7

Green Ridge 36a <0.02 40 6.8

Tumalo-Rim Rock 36b <0.01 40 6.8

Sisters 37 <0.02 20 6.5

Background 6.0

Intraplate (Cascadia) 7.5

Interplate (Cascadia) 9.1



5

3.1 Selection of seismic sources and calculation of MCE magnitude

We limited our MCE calculations to the Cascadia Subduction Zone and those earthquake sources
within about 50 km of the PGE dam sites.  We chose this distance because, in most cases, moderate
magnitude earthquakes produce only small ground motions when located more than 50 km from a site.
We found that the nearest trace of only 14 crustal fault sources was located within 50 km of any of the
PGE dam sites (Table 1).

Distances from the nearest fault trace to the dam sites were measured from maps ranging in scale from
1:250,000 to 1:100,000.  Distances to the subduction zone were determined from the subduction zone
model of Flück et al. (1997).  We assumed that co-seismic rupture occurred along both the locked and
transition zones of the Juan de Fuca-North America plate boundary.  Current understanding of the
location and magnitude of the subduction zone earthquakes is largely model-driven.  Significant
uncertainties remain.

3.1.1 Earthquakes occurring on crustal faults

Earthquake magnitudes generated from movement of crustal faults were calculated using the
relationship between fault area and moment magnitude developed by Hanks and Bakun (2002).  Fault
area was calculated from the length of a single surface fault rupture and the estimated rupture depth.
The Hanks and Bakun (2002) relationships produce very similar results to earthquake magnitudes
calculated using the well-established empirical relationships of Wells and Coppersmith (1994).

Total fault length was determined from the estimates of Geomatrix (1995), Wong et al. (2000) and our
updated fault compilation.  We accepted the fault dip, rupture length and rupture probability estimates
of Wong et al. (2000) unless more recent work indicated significant changes.  We accepted the longest
fault rupture with a probability greater than or equal to 20%.  We calculated coseismic fault area and
MCE magnitude assuming a 15 km hypocenter depth across the entire study region.

3.1.2 Background earthquakes not associated with faults

Many small and moderate magnitude earthquakes occur without clear association with known
geological faults (Figure 1).  In deterministic seismic hazard analysis these are background or random
earthquakes.  Active volcanoes such as Mt. St. Helens and Mt Hood can also produce moderate
earthquakes in association with impending or active eruption.  We selected a Mw 6.0 strike-slip
earthquake 15 km from each dam site to account for these background earthquakes based on analysis
of the historical seismic record.

3.1.3 Intraplate earthquakes

Weaver and Shedlock (1996) argue that intraplate earthquakes up to Mw 7.5 can occur as far east as
Portland, although none have been recorded in historical times.  Moderate to large intraplate
earthquakes have occurred beneath Puget Sound and northern California.  However, the different
character of the Juan de Fuca plate beneath northwest Oregon may reduce the potential for it to
generate these types of earthquakes.  The closest deep intraplate earthquakes to PGE dam sites would
be 60 km beneath the western edge of the Willamette Valley based on the subduction zone model of
Flück et al. (1997) and the source zone model of Weaver and Shedlock (1996).

3.1.4 Subduction zone earthquakes

A Mw 9.1 subduction zone earthquake magnitude was calculated using the subduction zone model of
Flück et al. (1997).  A fault length of 1000 km, a mean slip of 20 m and rupture width from 7 to 20 km
depth along the Juan de Fuca-North American plate boundary was assumed for the calculation.  Fault
area was calculated assuming an 11º, east-dipping plate interface.
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3.1.5 Uncertainties in earthquake magnitude estimation

Significant uncertainties remain in our estimates of fault rupture length, fault depth and fault dip
shown in Table 1.  For example, if the focal depth of the Portland Hills fault were extended to 20 km,
then for the same fault length and dip, the MCE would increase from Mw 6.8 to Mw 7.0.  MCE
magnitudes and fault slip rates reflect best estimates for maximum magnitude earthquakes based upon
the current understanding of fault characteristics.

3.2 Selection of the controlling maximum credible earthquake

PGA estimates for background and crustal fault CMCE sources were calculated from the attenuation
relationship of Sadigh et al. (1997) for weak rock sites.  Estimates of PGA from intraplate and
subduction zone earthquakes were calculated using the intraplate and interface attenuation
relationships of Youngs et al. (1997) for rock sites.  These results indicate that CMCE’s arise from
both local fault sources and the subduction zone (Table 2).

Table 2:  Source and Magnitude of the Controlling Maximum Credible Earthquakes (CMCE) at PGE
Dam Sites

Dam Source of CMCE CMCE PGA
Value (g)

Recommended
PGA

Time History Source

Willamette Falls Bolton fault 0.57 0.60 Mw 6.1 Morgan Hill

River Mill Damascus-Tickle
Creek fault

0.27 0.30 Mw 7.1 Loma Prieta

Faraday Forebay Subduction Zone 0.20 0.25 Mw 7.8 Central Chile

Faraday
Diversion

Subduction Zone 0.20 0.25 Mw 7.8 Central Chile

North Fork Subduction Zone 0.20 0.25 Mw 7.8 Central Chile

Roslyn Lake Damascus-Tickle
Creek fault

0.27 0.30 Mw 7.1 Loma Prieta

Frog Lake Subduction Zone 0.18 0.20 Mw 7.8 Central Chile

Harriet Lake Subduction Zone 0.17 0.20 Mw 7.8 Central Chile

Timothy Lake Subduction Zone 0.16 0.20 Mw 7.8 Central Chile

Pelton
Reregulating

Warm Springs fault 0.22 0.22 Mw 6.5 Edgecumbe

Pelton Arch Warm Springs fault 0.22 0.22 Mw 6.5 Edgecumbe

Round Butte Warm Springs fault 0.19 0.20 Mw 6.5 Edgecumbe

All recommended CMCE PGA estimates are median values, except for the interplate subduction zone
earthquake.  We used 84th percentile values for the interplate earthquake because of the relatively high
frequency of occurrence (~500 years) compared to the local fault events (~5,000-10,000 years).  In all
cases our recommended PGA is the same or larger (rounded upwards to the nearest 0.05g) than the
CMCE calculated value.  In choosing the level of upward rounding we considered:

• Uncertainties in estimation of the magnitude and distance to the CMCE at each site;

• The number and values of median PGA for other significant fault sources affecting the
particular dam site; and

• The 84th-percentile value of 0.27g for the estimated background earthquake.
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3.3 Comparison to probabilistic hazard model estimates for PGA

Most PGA values selected PGE dam sites in this study have return periods greater than 1000 years and
less than about 2,475 years (Table 3).  CMCE PGA values recommended from this study represent
median earthquake ground motions with average return periods estimated at about 2,000 to 5000
years.

The return period for the 0.60g recommended for the Willamette Falls dam site is much greater than
2,475 years because it is about 1 km from the Bolton fault.  While this fault is included in the U.S.
Geological Survey probabilistic seismic hazard model, the characteristic earthquake recurrence
interval is about 40,000 years (Frankel et al., 1996).  The long recurrence interval means that the
Bolton fault makes little or no contribution to the 2,475-year return period probabilistic hazard at
Willamette Falls.

Table 3:  U.S. Geological Survey 1996 probabilistic seismic hazard and recommended deterministic
estimates for PGA at PGE Dam Sites, northwest Oregon, USA.

Dam 10% in 50 yrs
(475 yrs)*

2% in 50 yrs
(2475 yrs)*

This Study
(Deterministic)

Willamette Falls 0.17 0.36 0.60

River Mill 0.15 0.35 0.30

Faraday Forebay 0.15 0.32 0.25

Faraday Diversion 0.15 0.32 0.25

North Fork 0.14 0.31 0.25

Frog Lake 0.12 0.24 0.30

Harriet Lake 0.11 0.23 0.20

Timothy Lake 0.11 0.23 0.20

Roslyn Lake 0.15 0.32 0.20

Pelton Reregulating 0.08 0.17 0.22

Pelton Arch 0.08 0.16 0.22

Round Butte 0.08 0.17 0.20

*PGA values measured relative to gravitational force (1.0g).

4 DEVELOPMENT OF EARTHQUAKE RESPONSE SPECTRA

The CMCEs presented in Table 1 were considered in developing site-specific, deterministic
acceleration time histories.  Actual recorded time histories were spectrally matched to target
acceleration response spectra (5% damping) for the four CMCEs at the 12 sites (Table 2).  The
spectral attenuation relationships of Abrahamson and Silva (1997) and Youngs et al. (1997) for rock
sites were used to model the dependency of PGA and spectral acceleration on magnitude and distance
for shallow crustal sources, and from intraplate and interplate subduction zone earthquakes,
respectively.

The four CMCE acceleration time-histories applied to the 12 PGE dam sites represent a:

• Mw 6.1 near-field event (approximately 6 km from the site) on a right-lateral strike slip fault.
This represents the Bolton fault MCE;

• Mw 6.8 intermediate-field event (approximately 25 km from the site) on a right-lateral strike
slip fault.  This represents the Damascus-Tickle Creek fault zone MCE;
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• Mw 6.7 intermediate-field normal fault event (approximately 25 km from the site).  This
represents the Warm Springs fault MCE; and

• Mw 9.1 far-field earthquake to represent the subduction zone MCE.

Acceleration-time histories were selected from earthquakes recorded in similar tectonic regimes, and
with the appropriate magnitude and source-to-site distance of the CMCE (Table 2).  Time-histories
were scaled to the appropriate median—84th percentile for the subduction zone—PGA and spectrally
matched to the 5%-damped acceleration response spectra for “outcropping” rock.

We developed four site-specific, deterministic 5%-damped acceleration response spectra for
evaluating the response of the 12 PGE dams and appurtenances.  The dam sites were grouped
according to CMCE source, source-to-site distance and recommended PGA.  Figure 3 shows the
initial, target and computed spectral accelerations recommended for the three dams in the eastern
Cascade Ranges.  The record is for a Mw 6.7 normal fault earthquake with a PGA of 0.22g.
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Figure 3. Acceleration response spectra for Mw 6.7 intermediate-field normal fault event recommended for the at
the Pelton Reregulating, Pelton Arch and Round Butte Dams.

5 CONCLUSIONS

• This study identified and evaluated 54 possible earthquake sources within about 200 km of 12
dam and diversion structures operated by Portland General Electric in northwest Oregon,
U.S.A.  Seventeen of these sources are recognized as active and capable of producing
significant accelerations at the dam sites.

• Four different sources provide the CMCE at the 12 dam sites.  These sources comprise the
Juan de Fuca plate interface, two strike-slip faults and a normal fault.  None of these sources
has been active in historical time (last 200 years).

• Deterministic hazard analysis indicates PGA ranging from 0.16g to 0.57g at the dam sites.
The accelerations have mean return periods of about 2,000 to 5,000 years based on the 1996
U.S. Geological Survey probabilistic hazard model for the U.S.A.
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