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1. EXECUTIVE SUMMARY

The Northern California Offshore Wind StufNCOWS) is a research project exploring the feasibility of
developing offshore wind farms in the Humboldt Call Area, which is being considered for a lease auction
by the Bureau of Ocean Energy Management (2018). Using existing literature, this reptigdatesthe
geological hazards associated with development of offshore wind and associated facilities in the
seismically active north coast of California. The report reviews geologic and seismic hazards that may
impact North Coast Offshore Wind (NCOW) flitiés including a floating offshore wind farm, cable
landfall on the coastline, interconnection with terrestrial electric transmission infrastructure, and port
infrastructure located within Humboldt Bay. Collectively, these areas are referred to aethi@lpdorth
Coast Offshore Wind facilities (NCOW facilitiedyigure ). Sevengeological hazards are considered in
this report Table ).

Strong Motion (Section 3)

The NCOW facilities lie within what is arguably the most seismically active area aotiterminous
United States. Seismic sources capable of delivering strong motion to any component of the NCOW
facilities include: (1) the Cascadia subduction zevidch encompasses the entire NCOW facilities area,
and iscapable of producing earthquakgeater thaM9; (2) the San Andreas faulgcatedmmediately

to the south of the NCOW facilities, which has produced histbegrthquakes as large as M) the
Mendocino fault, also located immediately south of the study site, which is capabteloting M7
earthquakeg4) faults within the Gorda plateshich isthe subducting oceanic pladtong the
southernmost Cascadia subduction zamet (5) faults within the fold and thrust belt of the Cascadia
subduction zone accretionary wedbat,although they have not ruptured during historical tinsesw
amplegeologicalevidencdor producing M>7 earthquakés the past hundreds to thousands of years
The primary sources of historical seismicity for northwestern California have been activanfthdts
Gorda plate and activity along with the Mendocino fault, with recorded earthquakes as large as M7.2.

All components of the NCOW facilities could be adversely impactatidgffects obtrong ground
motionwhich may includénigh groundacceleratios, longperiod and/or high frequency motion, and
long-duration shaking. In addition to tlirect effect from stronghaking, strong ground motion calso
triggerother adverse geological hazaidsluding destabilizinggas hydratebeneath the seafloor
sedimentiquefactionboth on and offshoreand submarine landslides.

Surface Rupture (Section 4)

Hazards exist to all portions of the NCOW facilities as a result of surface fault rupture and associated
deformation, including foldingOn-land faults havéeen identifiedrom the resultinggeomorphic

expression of thrust faults and folddumerous paleoseismic investigations, including a laagde effort
conducted for the seismic safety assessment of the PG&E Humboldt Bay Power Plant (which has since
been replaced at the same site by the Humboldt Bay Generating Station), have revealed a series of active
faults capable of producing surface offsets that may exceed several meters. The potential offshore
continuations of thesiaults and folds have been identified using higbolution bathymetry and multi

Overview of Geological Hazards 1



California North Coast Offshore Wirstudies

channel seismic studies. These structures existrwtitiei Humboldt Call Area and are crossed by power
transmission corridors.

-125° -124.5° -124°

ol
FREED|
EEENEEEE]

41°

40.5°

Figure 1. Map showing the Northern California Offshore Wind (NCOW) study area, including the

location of proposed offshore wind farms (Humboldt Call Area) and proposed locations of associated
infrastructure (ANCOW f a clocationtai MrsedTermingl Ibr) Notthh e t ur b
Spit; (2) the transmission cable landfall at the north end of South Spit and associated cable crossing

under the adjacent navigation channel in Humboldt Bay; (3) the Humboldt Bay Generating Plant; and (4)

approximate area of a codor for transmission cables from the Humboldt Call Area to the South Spit
cable landing.
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Tablel. Summary of geologic hazards pertinent to the Northern California Offshore Sttidgt

Potential Hazard

Evidence

Potential Effect m
Offshore Wind Farm

Potential Effect on
Electrical Cable
Connecting Offshore
Wind Farm to Humbold{
Bay

Potential Effect on
Onshore Facilities

Srong motion
(seismic shaking

One of most active
seismic areas in North
America. Sources of
potentially large
earthquakes include
Cascadia subduction
zone (M9+), Gorda Plati
(M7+), North America
plate faults (M7+), San
Andreas fault (M8+),
Mendocino fault (M7+).

Strong motion effects to
anchoring system. Largg
accelerations and
durations.

Strongmotion effects to
transmission line. Large
accelerations and
durations.

Strong motion effects to
onshore facilities. Can b
largely influenced by
local soil/rock conditiong
Large accelerations and
durations.

Surface fault ruptur
anddeformation

Fold and thrust belt in
accretionary prism of
active Cascadia
subduction zone.
Anecdotal evidence fron
other active subduction
zones.

Displacement of
anchoring system within
upper plate of Cascadial
subduction zone.

Displacement o$ubsea
electrical cablesvithin
upper plate of Cascadia
subduction zone.

Displacement of onshor
facilities. Active Little
Salmon fault (thrust) ha
been mapped in close
proximity to Humboldt
Bay power plant.

Gas hydrates

Geophysical evidence f(
solid statemethane in
submarine sediments.

Destabilization of
subsurface sediment
causing landsliek
turbidites or liquefaction
Loss of anchorage
stability.

Destabilization of
subsurface sediment
causing landslies,
turbidites, or
liquefaction.
Displacement ofubsa
electricalcable.

n/a

Liguefaction

Historical documentatiol
of saturated sediment
failure within onshore
and offshore areas.

Failure of anchoring
system due to loss of
sediment strength and
coherency.

Displacement oubsea
electricalcables due to
loss of sediment strengt
and coherency.

Onshore failure of port
facilities due to loss of
sediment strength and
coherency. Possible
lateral spreading at
surface.

Documented large,
submarine displacemen

Displacement of

Displacement oubsea

inundation nearshore
and immediately onshor
northern CA.

(either anchors or
surface water facilities).

Submarine . . - ; :
landslides associated with seismic|anchoring system from |electricalcables from n/a
events and potentially |possible lateral motion. |possible lateral motion.
with large storm events.
Historical and -
. . . . . . Nearshore facilities coul
prehistorical evidence fqNot typically an issue fo|Erosion and strong :
L . be severely impacted by
. significant tsunami deep water structures |currents near shore cou
Tsunans strong currents and

cause disglcement of
subsea electricatable.

significant wave
inundation.

Overview of Geological Hazards



California North Coast Offshore Wirtskudies

Potential Effect on
Electrical Cable
Connecting Offshore
Potential Effect m Wind Farm to Humbold| Potential Effect on
Potential Hazard Evidence Offshore Wind Farm Bay Onshore Facilities

Documented sudden,
vertical coastal
subsidence or emergen
(dependent on location
relativeto megathrust

Greatest impct likely

Nearshore changes in due to sudden

: Not considered a relative sedevel could
displacement offshore).| .~ . e submergence of coasta
significant hazard expose transmission

Vertical displacement in area where facility likely|
cables.

excess of 2 m have bee located.

observed during

subduction zone

earthquakes.

Coseismic land lev:
change

Surface rupture can affect any NCOW facilities including anchorages, footings, seabed and underground
pipeline and transmission structures and onshore facilities.

Gas Hydrates(Secton 5)

Interstitial methane and associated gas are found offshore at ocean depths greater than 500 m and most
commonly between 800 and 1,200 m at suitable pressure and temperature conditions to maintain the gas
in solid form. The thickness of the frozersdga dependent largely on the geothermal gradient caused by
burial of ocean sediments. Gas hydrates often form impermeable layers that trap free gas below, which
may be pressurized. They can become destabilized by external environmental drivers sulelvels sea
change, rising ocean water temperatures, landslides, storm currents and earthquake strong motion. Gas
hydrates have been identified throughout the Humboldt Call Area.

Consequences of gas hydrate destabilization may include surface disruptiohjritegrity of
sediments, liquefaction and landslides, which could disrupt anchors and mooring lines used to connect
floating offshore wind turbines to the seafloor antbsea cables

Liguefaction (Section 6)

Liguefaction is the process of sediment gjtarioss as a result of pore water pressure exceeding the shear
strength of the sediments. Causes of liquefaction include seismic shaking apdesserization of

saturated sediment, such as caused by loading as a result of rapid sedimentation,mgpidcisaa

level due to storms or tsunamis, and cyclic loading due to storm surges. Liquefaction poses a potential
hazard to orand facilities, underground and underwater pipelines, footings and anchorages and other
infrastructure. Consequences of licaetfon include, but are not limited to, slope failure, settling and
tipping of buildings, collapse of retaining walls, lateral spreads of surfaces with low gradients, large
surface deformations and settlement and flooding of large areas.
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Liquefaction coull affect potential NCOW facilities by destabilizing substrate holding turbine platform
anchors in place, disrupting subsurface transmission lines, and causing land settlement or lateral
spreading at otand facilities.

Submarine Landslides(Section 7)

Evidence for slope instability, including slumps, large, unstable sediment masses, sediment waves and
turbidity currents has been documented throughout portions dbiIGKBN facilities areaOffshore

landslides, the result of strong shaking destabilization of saturated sediments, has been documented
within and near the catlut area. Most slumps are located in relatively fggidient portions of the lower
slope of the continental margin agdenced by slide headscarps in upper reaches of canyons. Gullies and
sediment waves, indicative of erosjame located in the upper slope areas of the continental margin.

Consequences of submarine landslides may include destabilization of anchotess,fand
underwater transmission pipelines and cables. Large submarine landslides may also generate local
tsunamis.

Tsunamis(Section 8)

Tsunamis are anomalous waves that may provide rapid currents throughout the entire water column and
can cause sulasttial, repeated changes in local sea level. The North Coast is susceptible to both nearfield
and farfield tsunamis. Potential nearfield tsunami sources include sudden coseismic vertical displacement
of the sea floor as a result of earthquakes on the @iassabduction megathrust, displacement of faults

within the fold and thrust belt or submarine landslides-fieéat tsunamis may be generated by numerous
transPacific earthquake sources.

Consequences of tsunami occurrence includieuot inundation, cadal and shallow seafloor erosion

and potential impacts to dand facilities and structures. The North Coast has experienced both nearfield
and farfield tsunami inundation. Inundation hazard maps indicate that miastcofacilities that would

be associ@d with offshore wind development (i.e. port facilities and electrical interconnection point) are
located within tsunami hazard areas.

Coseismic Landlevel Change(Section 9)

Coseismic coastal and nearastal landevel changes may occur during largegmitude earthquakes

associated with the Cascadia megathrust or faults within the fold and thrust portion of the accretionary
wedge. The lardevel change may be abrupt and can either result in upward (uplift) or downward
(subsidence) motion of the land.I&aseismic investigations within the Humboldt Bay area indicate up to

six Cascadiaelated subsidence events have occurred over the past 3,000 years with the coast dropping as
much as 1m during these events. The result was areas formerly positioneddstaxet were lowered

into the intertidal zone and subsequently buried in muddy sediment.

A potential effect of coseismic subsidence on NCOW facilities located close to sea level along Humboldt
Bay would besusceptibilityto tidal flooding and excess sent accumulation on site
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The findings of this report are not definitive as a decisi@king document for the feasibiliof
developmenfor the Humboldt Call Areand associated NCOW facilities, but instead are intended to
provide guidance for topickat should be explored in more detail as development of offshore wind and
associated facilities afartherconsideredor northern California. Recommendations foture workto
adequately address potential geological hazards in the design and impliemerfitetfshore wind power
generation in the proposed Humboldt Call Area and NCOW facilities areas are liSection 10 and
Table 2.

Table2. Recommendations for future work on geological hazards with the potential to itmpact t
development of offshore wind energy capabilities for northern California.

Geological Hazard Recommendations for Future Work

9 evaluate hypocentral information for both offshore and onshore earthquakes to im
earthquake location anchagnitude estimates;

1 develop deterministic and/or probabilistic seismic hazard assessments for facilitieg
Strong motion including anchorages, footings, seabed and underground pipeline and transmissio
structures and onshore facilities; and

1 develop geological and geotemical designs that utilize seismic hazard parameters f
all NCOW facilities.

1 compile existing onshore and offshore fault mapping data including public agency
documents (e.g. USGS and CGS); data collected for offshore mineral exploration,
AyOf dzRAYy3 3IS2LKeaAOlt AygSadaalidarzyal
residential and commercial facilities.

1 identify in detail the locations of offshore structures that may be able to produce sy

Surface rupture rupture, incorporating existindata and acquiring new data for this project using

established geophysical methods; and

1 for each potential surface rupture source, create deterministic and probabilistic
assessments of maximum surface deformation or displacement, style of faulting of
folding and, in the case of probabilistic assessment, recurrence information for sur;
rupture.

1 complete geological, geophysical and exploratory investigations of the project areg
order to assess gas hydrate and free gaantities, including locations and ocean dep
Gas hydrates occurrences, hydrate thicknesses, and burial depths below the sea bed; and

1 develop geotechnicdbased data resulting in design and remediations, using establi
industry guidelines for offshore facilities.

1 complete a geological and geotechnical assessment of the liquefaction potential fg
sediments for both offshore and onshore facilities that include probabilistic

. ) assessments; and
Liguefaction ) ) ) )
1 develop design parameters that either account for the occureeotliquefaction or

incorporate remediation efforts that minimize the liquefaction potential of affected
sediments.

1 assess the locations and sizes of submarine landslides along offshore portions of {
NCOW facilities;

Submarine landslides 1 complete geolgical and geotechnical investigations that estimate landslide potentig
that might impact NCOW facilities; and

1 develop measures to mitigate or minimize hazards associated with seabed instabil

Overview of Geological Hazards 6
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Geological Hazard Recommendations for Future Work

1 assess seafloor, near coastal, and coastal camditthat may be conducive to increas
impacts from tsunamis, including evaluation of bathymetry, coastal geometry and
onshore terrain;

Tsunamis I assess available, and, if deemed necessary, naedyired onshore paleoseismic
evidence for timing of and inundation &xt for tsunamis; and

1 incorporate geological and geotechnical design considerations to minimize impact
tsunami inundation.

1  assess the potential amounts of coseismic uplift or subsidence along the onshore
of NCOW facilities using current geological evidence, and, if necessary;awwiyed
information along with incorporation of geophysical models that estimate locations

Coseismic lantevel amounts of coseismic laAdvel change; and

change
g 1 undertake geological and geotechnicalédstigations and design that consider

deterministic and/or probabilistic assessments of ldedel changes that might occur
during operation of NCOW facilities.

2. INTRODUCTION

The Northern California Offshore Wind Study (NCOWS) is a research project iexptbe feasibility of
developing floating offshore wind electricity generation along the offshore margin of Humboldt County

in the Humboldt Call Area, as identified by the Bureau of Ocean Energy Management (2018). The
potential offshore wind project thit being studied will include: (1) an offshore area where electricity
generating wind turbines will be located, possibly within an area defined as the Humboldt Call Area, (2) a
port location at Redwood Marine Terminal | on the North Spit where the tunbithé® assembled

referred to as the staging area, (3) an electricity interconnection and transmission facility located adjacent
to the current PG&E Humboldt Bay Generating Station, and (4) transmission cables from the Call Area to
the power plant and fro the power plant to outside areas. Collectively, these areas are referred to as the
potential North Coast Offshore Wind (NCOW) facilities.

This offshore wind study scenario is located in coastal Humboldt County, possibly the most seismically
active areari the conterminous United States

The purpose of this report is to provide an overview of the current knowledge of potential geological

hazards that could influence devel opment of offsh
Coast. The geobical hazards should be considered in more depth by project developers if future
construction is proposed inthisregiprse e e Secti on 10, ARecomnmiendati ons

geological hazards that are discussed are (Table 1): (1) Strong motioarfé2eSupture, (3) Gas
hydrates, (4) Liquefaction, (5) Submarine landslides, (8) Tsunamis and (9) Coseisnievédmthange.

3. STRONG MOTION

The North Coast of Californjavhich includeghelocations of thdHumboldt Call Area angroposed

NCOW facilities is a highly seismically active area because of its proximity to the intersection of three
tectonic plates: the PacifiGordaandNorth America plate(Furlong & Schwartz, 2004; Oppenheimer et
al., 1993; Schwartz & Hubert, 1997; Velasco et al., 19Bigjure?2).
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Figure 2. Map of the intersection of the Gorda, Pacific, and North America plates at the Mendocino triple
junction. Arrows show relative plate motion at faults and spreading ridges. (From Dengler et al., 1995,
their Figure 1).

The zone where the plates makeé Mendocino triple junction (MTJAtwater, 1989; Merritts, 1996;
Velasco et al., 1994Figure?2) is a tectonically complex area that encompassesnshore and offshore
vicinity of Cape Mendocino. The MTJ forms a major tectonic transition from transform plate motion to
the south, where the Pacific platamisvingin a northwest direction k&tive to the North America plate,

to convergent plate motion to the north, where the plates are colliding at an oblique angle and the denser,
oceanic Gorda plate is being subducted beneath the North America plate. The boundary between the
Gorda plate tohte north and Pacific plate to the south is the-east trending Mendocino faul, 260km

long rightlateral transfornboundary that accommodates the motion of the Pacific plate relative to the
motion of the Gorda plai@ryant, 2001) Regional geological strugtes associated with the tectonic
forces acting at the MTJ are interpreted as forming over the past ~1 millior(Beegsr et al., 2002a;
Carver, 1992)
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Earthquakes and their impacts on the built environment are described using the concepts of either
magnitideor intensity Magnitude is a quantitative measurement of the amount of energy released by an
earthquake at its sour@gSGS, 2020b)In this report we se the moment magnitude scale (here denoted

as AMO) to describe and compare different earthaqu
refers to how strongly shaking is felt at a location during an earthquake, and is described with the

Modified Mercalli Intensity Scale (MMIYUSGS, 2020n{Table 3. The MMI is divided into 10 levels{l

X) ranging from an MMI value of | (Not felt) to a value of X (Extreme). Because of the descriptive nature

of the MM, it is typically used for communicating information about earthquakes tsgientists and
communties in generallin contrast to earthquake magnitude, which is a single numerical value,

earthquake intensity varies and generally decreases with distance from the earthquake epicenter, although
variabilities will occur based oa number of factorcluding geologic substrate, building type, and site
location(for exampleyalley versus ridgetopYherefore, eports of intensity do not necessarily provide
information about magnitude as intensity is not only dependent on distance from the earthquake source
(hypocenter) but also on the sienditions

Table3. The Modified Mercalli Intensity Scale (MMI).

Intensity  Shaking Description/Damage

Not felt Not felt except by a very few under especially favorable conditions.
1l Weak Felt only by a few persons at rest,especially on upper floors of buildings.
i Weak Felt quite noticeably by persons indoors, especially on upper floors of buildings. Many people do not recognize it as an earthquake.

Standing motor cars may rock slightly. Vibrations similar to the passing of a truck. Duration estimated.

Felt indoors by many, outdoors by few during the day. At night, some awakened. Dishes, windows, doors disturbed; walls make cracking

v Light sound. Sensation like heavy truck striking building. Standing motor cars rocked noticeably.

v Moderate  Felt by nearly everyone; many awakened. Some dishes, windows broken. Unstable objects overturned. Pendulum clocks may stop.

Vi Strong Felt by all, many frightened. Some heavy furniture moved; a few instances of fallen plaster. Damage slight.

Vil Very Damage negligible in buildings of good design and construction; slight to moderate in well-built ordinary structures; considerable damage
strong in poorly built or badly designed structures; some chimneys broken.

il Severe Damage slight in specially designed structures; considerable damage in ordinary substantial buildings with partial collapse. Damage great

in poorly built structures. Fall of chimneys, factory stacks, columns, monuments, walls. Heavy furniture overturned.

Damage considerable in specially designed structures; well-designed frame structures thrown out of plumb. Damage great in substantial

Violent
- ‘ buildings, with partial collapse. Buildings shifted off foundations.

Extreme Some well-built wooden structures destroyed; most masonry and frame structures destroyed with foundations. Rails bent.

(USGS/Public Domain)

In the followingsectionswve describdive seismicsourceswith the potential to generate intense and
possbly long-duration shaking ilmnshore and offshomreas of th€alifornia North CoastThese sources
are (1) the southern end of the Cascadia subduction zone (CSZ); (®rthern end of th8an Andreas
transform fault zone; (3) the Mendocino fault; {d4¢ Gorda plate; and (5) the fold and thrust belt of the
accretionary wedge of the overriding North America plate, whidderlieshe coastal andearshore
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areas of Humboldt CountyWe describe sources of strong motion first in teigew as other geogpcal
hazardswith possible implicationfor NCOW facilities (e.qg., liquefaction, submarine turbidites or
landslides, disruption and release of gas hydrates) may be driven or triggered by seismic shaking.

3.1 Potential Sources of Seismicity and Strong Shaking

3.1.1 Cascadia subduction zone (CSZ)

The Cascadia subduction zone (CSZ) consists of the megathrust (regional thrust fault) and associated
deformation zone formed at the tectonic boundary between the subducting Juan de Fuca and Gorda plates
and the overriding North Ameri¢g®NSN, 2020)Figure3). The CSZ extends for approximately 1,300

km (800 mi) from northern California to Vancouver Islandtigh Columbia(Zimmerman et al., 2005)

The mapped location of the megathrust where it intersects the seafloor is at the western edge of the
deformation front of the accretionary wedgersonius & Nelson, 2006} his location increas in

distance from shore from a few kilometers off northern California at Cape Mendocino to more than 100
km off Washington state at the Olympic Peninsula. At the southernt extdne CSZ, along the

California North Coast, the megathrust dips landwamba10615°, and separates the subducting mafic
oceanic rocks and capping pelagic sediment of the Gorda plate from the Cretaceous, Miocene, and
younger rocks of the overlying North American pl@#eLaughlin et al., 2000)

Subduction zones are the only sources on the earth capable of generating > M8.5 earfRtj&iKes

2020) as megathrusts may rupture along great distances, 100s of km, in a single event. Earthquakes of
this magnitude generate strong shaking lasting for several minutes, a featurequiadartiehavior
commensurate with the area (length and width) of the fault ruptve#ts & Coppersmith, 1994)

Destructive tsunamis are commonly generated during subduction zone earthquakes as large volumes of
seawater are displaced from sudden upheavakdaseafloor during fault ruptu(Satake & Atwater,

2007; Sugawara et al., 2008; Voit, 19831 from massive submarine landslides set in motion by the
shaking(Didenkulova et al., 2010; Earthweb, 2020; Lgvholt et al., 2015; McAdoo & Watts, 2004; Watts,
2002)

For example, th&960 M9.5 southern Chile subduction zone earthquake ruptured over a distance of 1,000
km with subsequent shaking lasting ninutes, and produced a tsunami that impacted coastal sites
around the Pacific Oced@ifuentes, 1989; Fujii & Satake, 2013; Plafker & Savage, 10i/l)le 4) The

1964 M9.2 Alaska earthquake ruptured 850 km of fault, with shaking laséngidutes. A tsunami was
generated from the megathrust rupture that propdgatross the Pacific, causing loss of life and millions

of dollars in damage to coastal infrastructure in Hawaii and the U.S. Pacific Northwest, including
Crescent City in Northern Californigriffin, 1984; Lander et al., 1993The 2011 M9.1 Tohokaki

earthquake in Japan ruptured the megathrust over an area 500 km long and 200 km wide. Shaking lasted
as long as 6 minutes and was felt across much of island of HOHAIBA, 2011) The height of the

tsunami from this event wary well documente(Tsuji et al., 2014)with the measured variability of

tsunami wave heights in the area of greatest impact shown to be correlated with local topddoaipdty

al., 2011; Suppasri et al., 2010n the Sanriku coast, the tsunami wave height averag8a adwith a
maximum of 40.5 m. Areas of Ielying coastal plain in the Miyagi and Fukushima prefectures were
impacted by lower but still significant waves-20 m high.
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Figure 3. Map showing the extent of the Cascadia subduction zone off northwestern North America.

Table4. Exampleof historical subduction zone earthquakes.

Tsunami average
Subduction zone Duration of height / maximum
earthquake year Length of rupture | Width of rupture shaking height in area of

and location Magnitude (M) (km) zone (km) (minutes) greatest impact
1960 Chile 9.5 1,000 200 56 210 m/25matlsla
Mochat
1020 m /32 m at
Prince William Sound
1964 Alaska 9.2 850 250 4-5 (Whittier, Chenega
Cove}

2004 Sumatra 5-10 m /50 m at
Andaman 9.2 1,200 180 810 Northern Sumatra
2010 Chile 8.8 500 200 3 510729 m at Maule

regiong Constitucion
2011 Tohokeaki, 91 500 200 6 203(_) / 40.5 mat
Japan Sanriku coast

References for tsunami observationgNICE(2020) 2¢Nicolsky(2013) Earthweh(2020) 3¢Choi et al2006) 4¢Fritz et al(2011a) 5¢

Suppasri et al2011)
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The largest earthquakes em@mg from the Cascadia subduction zone will be from sudden rupture and
strain release along the megathrust, but significant earthquakes > M7 are possible from displacement of
crustal faults within the overriding North America plate or faults deep witleistbducting Gorda plate

(USGS, 2020i)Like other subduction zones, the data show thatC®& has and will rupture along

segments of different lengths as well in folargin ruptureg¢Goldfinger et al., 2012, 2013; Leonard et al.,
2010; Nelson eal., 1995,2006; Satake et al., 2008jodeling suggests that segment ruptures that only
incorporate portions of the southern and central CSZ possess the potential to generate earthquakes in the
range M7.48.7 (Goldfinger et al., 2013)

Prior to thel980s, the potential for the CSZ to produce great earthquakes was not well understood,
because unlike other subduction zones fringing the Pacific, the CSZ had not ruptured in an M8 or larger
earthquake during the moreain 250 years since the arrival of European settlers on the northwestern coast
of North Americaand introduction of written history for the aré¢#owever, in the mid980s the

potential for the CSZ to generate great earthquakes was revealed throughrdughaktin two areas of
earthquake science: (1) geodetic and geophysical modeling that demonstrated the similarities between the
CSZ and other subduction zones fringing the Pacific that produced major ruptures in the 20th century
(Heaton & Hartzell, 1986, 1987; Heaton & Kanamori, 1984 (2) a geological and geochronological

study that provided field evidence filvat greatCSZ earthquakedsad occurred in the past, and the

approximate timing of those prehistorical evetsvater, 1987)

The analyses by Heaton and Kananfd€84)and Heaton and Hartz€l1986, 1987xhowed that the CSZ
had more characteristics in common with strongly coupled subduction zones that rnugteia (M8) to
giant (M9) earthqguakes t han(Heaiort &hHarfizéllalp8i7,mp.dl6platey pe, w
boundaries that do not produce large earthquakes. In particular they noted the simidvites b

convergence rate and age of the subducting slab at the CSZ with other subduction zones that had
produced great historical ruptures: the 1960 M9.5 southern Chile subduction zone earthquake; the 1944
and 1946 M8.1 earthquakes off southwestern Japathe 1906 M8.8 earthquake in the northern Peru

Chile subduction zone off Carhbia and Ecuador. The combination of high convergence rates, young and
relatively buoyant subducting oceanic lithosphere, and amount of sediment supply at the megathrust
interface of Cascadia compared to other seismogenic subduction zones suggest that the CSZ is capable of
great earthquakes (Oleskevich et al., 1999).

The geophysical theories that the CSZ could produce great earthquakes were validated by1®8Wter

who discovered geological field evidence for past subduction zone earthquakes and associated tsunami
inundation in coastal southwestern Washington. The geological and chronological data at the type
localities in Willapa Bay, Washington, showed evidence for 6 CSZ earthquakes in the past 3,500 years,
some of which were associated with tsunamis. The strpligraignature of the past earthquakes

discovered by Atwater (1987) adjacent to the CSZ is comparable to what is observed at coastal localities
along other subduction zones such as Gi8karrett et al., 2015; Nelson et al., 2008ska(Hamilton &
Shennan, 2005; Savage & Plafker, 1991; Shennan & Hamilton, 2@0@h)apa(Imakiire & Koarai,

2012a) It is characterized byarsh or forest soils showing evidence for abrupt burial by tidal flat mud,

caused by |l and surfaces physically dropping relat
subsidencedo), a result of t he dudngthde subndctioszmie and f |
earthquake.
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Since Atwateros (1987) seminal paper on field evi
coastal and estuarine sites along the length of the CSZ from California to maritime British Columbia have
documenred field evidence for CSZ earthquakes, and worked to demonstrate earthquake correlation and
recurrence among different sites. The accepted view now is that the CSZ has ruptured in >M8

earthquakes in the past, and is currently locked by friction at ddplievger than about 30 km, building

seismic stresses for a future rupt(idyndman & Wang, 1995; Savage et al., 1991; Wang et al., 2003;

Wang & Tréhu, 2016)

The most recent major CSZ earthquake occurred on 27 Januanyitlig@@erpreted as a >M9 full
margin ruptureand documented Mield evidencealong the length of the CSrom California to British
Columbia. The uniquely precise date of 0 C.E. earthquakevhich preceded written history in
maritime British Columbiandthe U.S. Pacific Northwess based otistorical records in Japari a
destructivasunamithat had no local source, but was consistent with originating &r6®Z earthquake
across the Pacific Ocegtwater et al., 2005)Using data on the inundation in Japan, Satake €396,
2003)were able to calculate both the date of the event and the amount of rupture (~M9) required to
produceatsunamiof that size ordaparcoast

In northern California, investigations into the record of past CSZ earthghakefcused on Humboldt

Bay and the lower Eel River vallgCarver et al., 1998a; Engelhart et al., 2016; E. Hemplailey, 2017;
W.-H. Li, 199; Padgett et al., in press; Patton, 2004b; Pritchard, 2004; Valentine et al.aR@ERps
between the Klamath River and northern Crescent(@lbyamson, 1998; Carver et al., 1998a; Garris
Laney, 1998; E. HemphilHaley et al., 2019; Peterson et al., 20P8rtinent studies in central and

southern Oregon includeoldfinger et al., 2012, 2013; Graehl et al., 2015; Hawkes et al., 2011; Kelsey et
al., 2002a, 2005a; Milker et al., 2016; Nelson et al., 2006; Peterson et al., 2015; Witt&0&1a2003

In southern HumboldBay, at Hookton Slough, Patton (2004) reported evidence for 4 past CSZ
earthquakes, 2 of which may have been accompanied by tsufiaiss).

Valentine et al(2012)includes a compilation of stratigraphic, biostratigraphic, and radiocarbon data for
sites between the lower Eel River valley and northern Humboldt Baby€5). The earthquake

chronology presented in this papeb&sed on unpublished masters theses and reports, in the 1980s and
1990s(Carver, 1992; Carver et al., 1998; Li, 1992; Valentine, 1992; Vick, 1988)relies on bulk
radiocarbon age@®/alentine et al., 2012, p. 106@jth the exception of 2 higprecision ages from other
studies included to support findings for the 1700 C.E. event at upper Mad River slough: (1) a high
precision C14 age from the 17Q0E. buried soi(Nelson et al., 1995nd a dendrochronological age

from a tree stumplacoby et al., 1995 hey conclude that these Humboldt Bay area data show
deformation from 34 earthquakes from CSZ ruptures, ar8l @arthqukes from local faults, in the past
2,000 years.

Recent work in northern Humboldt Bay provides the most updated evidence for the timing and amount of
deformation (subsidence) from past CSZ earthquakes over the past ~1,7(E&ygelisart et al., 2016;
HemphilkHaley, 2017; Padgett et al., in pre€Bble5). The shorter age range (~10Agears) of the
earthquake stratigraphy at northern Humboldt Bay sites is the result of a more recent development of
tidally dominated marsh environments that are suitable for identifying earthquake stratigraphy.
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Table5. Ages andecurrence intervals of earthquakes for the past 3,000 years on the southern Cascadia
subduction zone based on results of field studies between the lower Eel River valley and Crescent City,

California.

Southern Humboldt

Humboldt Bay

Northern Humboldt
Bay (Padjett et al., in

Crescent City and
Lagoon Creek (Carve
et al., 1988; Peterson

Crescent City
(HemphiltHaley et

C.E)

Bay (Patton, 2004) (Vakentine, 2012) press) etal., 2011) al., 2019)
Radiocarbon ages of past CSZ earthquakes
1700 CE? 1700 CE? 1700C.E 1700 C.B* 1700 C.E*
943743; 960790 cal
c c 875 cal yr B.P. (1075 yrB.P. * 907735 cal yr B.P.

1,4001,150 cal yr BP

1,120 cal yr B.P. (83(

1,055778 cal yr B.P.*

C

C.E)
1,696;,-?323 cal yr 1,6501,500 cal yr BP 1,620 cacl:.)I/f.P. (330 1,690;,.\’;5.,? cal yr ~1,694lB,|§§8 cal yr
2,7482,364 cal yr 2,707-2,361 cal yr
B.P.* S S B.P.* ¢
c c c 2,9202,488 cal yr c
B.P.*
3401-3606 cal yr B.P. C C q q
Estimated recurrence for CSZ earthquakes
650-720 yr (no recurrence 245625 yr 450 yr (no recurrence
(past2,400yr) estimate provided) (past1,700yr) (past3,000yr) estimate provided)
Ages of possible earthquakes on local faults
C 500600 cal yr BP G C C
q 1,0001,250 cal yr BP G G [«
q 1,9001,750 cal yr BP G < [«

* Includes biostratigraphievidence for tsunami inundation

1Radiocarbon ages consistent with the fuipture event in 1700 C.E.
2Valentine et al. (2012) questioned whether this event represented a local or regioea, but evidence for significant coseismic
subsidence at Mad River slough and age overlap with a CSZ earthquake identified in northern Humboldt by Padgett essa).qigpests

it is likely a CSZ event.

The earthquake studies at Crescent Citgdom Creek, and Redwood Crdéarver et al., 1998a;
HemphilkHaley et al., 2019; Peterson et al., 20{Mgble 5)primarily rely on the presence of

paleotsunami deposits to identify occurrences of past CSZ earthquakes, as the depositional environments
mostly consist of freshwater marshes and lagoons where evidence for coseismic subsidence is less
evident. However, HemphilHaley et al. (2019) identified both biostratigraphic and lithostratigraphic
evidence for subsidence during the 1700 C.E. earthquake at Crescent City.

Planning formproposedNCOW facilities will need to incorporate geological and geophysical modeling
that demontrates that the megathrust is locked and therefore possesses the potential for >M8 earthquakes.
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The last ~M9 fullrupture earthquake on the CSZ occurred in 1700 C.E., and recurrence of great
subduction zone earthquakes for the southern CSZ range frostiraated 245720 years from the
onshorerecord at Humboldt Bay and Crescéity (Table 5)to ~240years from the offshore turbidite
record(Goldfinger et al., 2012, 2013}istorical records fathe intensity and duration of strong shaking
from modern events of the past60 years may be used as reliable analogs for effects on infrastructure
from potential future events on the southern CSZ.

3.1.2 San Andreas fault (SAF)

The San Andreas fault (SAF) part of a 100 km wide transform bound#rgt forms the interface
betweerthe Pacific and North America tectonic plafé#llace, 1990; Schulz & Wallace, 1992} this
boundary, the Pacific plate is moving northwest relativiaedNorth America plate, resulting in right
lateral offset across the fault. The entire SAF extends for akZ@@ km (750 mi) from near the Salton
Sea in southern California to tMTJ offshore from Cape Mendocino in the noffligure2 andFigure

4). The SAFis divided into 3 sections (northern, central, and southern) based on different characteristics
including slip rates and historical rupture hist@®¢ghulz & Wallace, 1997; Berkeley Seismological Lab,
2020) The northern SAF, which extends from Hollister, California, in the south fdTden the north,

is the youngest section of the SAF. This sectieveloped over approximately the past 10 million years
by the nothward migration of the triple junctiofiFurlong & Schwartz, 2004; Stefr, 2005; Wallace,
1990) and experiences slip rates of aboud®5mm/yr(Freymueller et al., 1999)

Potential strong shaking from earthquakes along the northern SAF is significant for the North Coast
because of proximity and history of past events. The northerrh@sbBeen the source of possiblyB
largeearthquakesver the past few millennium based on paleoseismic res@éetdon et al., 2006;

Niemi, 2010; Weldn et al., 2013; H. Zhang et al., 2008)chronology for @epsea turbiditesdense
subaqueous flows thaanbe generated by seismic shakimgntified possibljtwo major rupturs of the
northern SAF-one~1300 C.Eand the other ithe mid1600s C.E(Goldfinger et al., 2003Historically,
have been thresignificant ruptures along the northern SAFe 838 Peninsula San Andreas earthquake
(~M 7); the 1906 San Fraisco earthquake (M 7.9); and the 1989 Loma Prieta earthquake (M 6.9)
(Bakun & Prescott, 199 Ellsworth et al., 2013; Holzer, 1992; Schwartz et al., 2014; Streig et al., 2014;
Toppozada & Borchardt, 1998)

The largest historical rupture for the northern SAR estimated M7.9 earthqual@ong et al., 2008)
occurred on the morning of April 18, 1906. The epicenter of the earthquake was along a submarine
section of the SAF west of San Francigcomax, 2005; USGS, 2020H)ut the fault ruptured the entire
length of the northern SAF from San Juan Bautista in the south to the Mendocino triple junction in the
north, a distance of 477 km (296 rtillsworth et al., 2013; Prentice et al., 1999; Song et al., 2008;
USGS, 2020mjFigure5). In comparison, the rupture length of the 1988.9 Loma Prieta earthquake

was about 40 km (25 mflUSGS, 2020m)From historical accounfbawson & Reid, 1908; USGS,

2020m) strong shaking from the main shock persisted fe8@Secondsand shaking was reported as
widely as southern Oregon to Southern Califo(&ilésworth et al., 2013; USGS, 2020nrault offsets
varied along the length of the rupture, generally decreasing from north to south. The greatest offsets (8.6
m / 28 ft) were determined for themhernmost extent of the SAF at depth off Shelter Gdhatcher et

al., 1997) At the surface, horizontal offset as great 5 m wassonea at Point Arengtover & Coffman,
1993, p. 114)
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Explanation

1agn/ Eureka [ ] Segrnents on which slip occurred during
Cape Mendocino Great Earthquakes of 1857, 1872 and 1306

Segments on which slip ocurred
during Smaller Earthquakes

1836 Dates of Earthquakes of Magnitudes 7-8

\ Segments on which Fault Creep ocours

Figure 4. USGS base map of the San Andreas fault in California. The 1906 rupture extended from San
Juan Batista in the south to off Cape Mendocino in the northe@sec! June 2020 from:
https://pubs.usgs.gov/gip/earthq3/where.html

Overview of Geological Hazards 16



California North Coast Offshore Wirtstudies

128° 126°  124° 122 120° 118" 6 114
T T T T
ascadia
oy subguction zone . |
OREGON

11
~

o [

_— .

B A

> Loy [

R 4,
N »
| %,

: | /
North ?moﬂcan \P\Iate
40° - NEVADA '\ §
\

42°

\

-~
) \
® \\\ |
ag° % 5 :
A I 7
o 1, \\ :
//0 ~ |
San Juan 'f_'l, \ I
36° - Bauusia % N s
“1, \ r\'
. \ ! :
o ~ ! K
P /
- i“ )
34° 0 200 o “oo @Anges, 7

(@' /N (
| SR ) & Y Y
7 - \
KILOMETERS ¥ \\\;; PR
-- il
1 A 1 i 1 1

Figure 5. Map showing the 1906 rupture length of the San Andreas fault and area of impact from the
earthquake. (From Dengler et al., 2008, their Figure 1).

Shaking intensity on the MMI scale for the North Coast ranged froiviiNfor the Eureka areaThe
Petrolia/Mattolearea experienced even greater MBlelsof VIII -IX (Figure6) (Boatwright & Bundock,
2005; Dengler, 2008; USGS, 2020ghe high MMI values so far from the epicenter of the earthquake
are consistent with the greatest fault offsets occurring at the north end of the fault off Shelter Cove
(Boatwright & Bundock, 2005; Dengler, 2008; Prentice et al., 1999; Song et al., 2008; Thatcher et al.,
1997)

Damage to structures in Humboldt Coufrgm shaking and liquefaction was extensive for various

communities proximal to Humboldt Bay and otherwise, including areas of southern Humboldt County

and the community of FerndalBengler, 2008; Youd & Hoose, 197&ccording to Dengler (2008.

819, accelerations and areas of strong shaking from the 1906 San Francisco earthquake likely exceeded
those of the 1997 . 2 Cape Mendoci no basea onthe gevesity & damagdand n f act
scale of liqguefaction, the 1906 earthguake was Hu

Overview of Geological Hazards 17



California North Coast Offshore Wirstudies

1906 Earthquake, M7.8, Depth 10 km, Epicenter N37.75 W122.55

41

40.5

39.5

39

-125 -124 -122
Pgﬁgﬁ',‘,’,%" Not felt| Weak | Light |Moderate| Strong |Very strong|  Severe Violent | Extreme
POTEMGAL | none | none | none |Verylight| Light | Moderate |Moderate/Heavy| Heavy |Very Heavy

PEAK ACC.(%g) | <.17 |.17-1.4| 1.4-3.9| 3.9-9.2 | 9.2-18 18-34 34-65 65-124 >124
PEAK VEL.(cmv/s) | <0.1 |0.1-1.1| 1.1-3.4 | 3.4-8.1 | 8.1-16 16-31 31-60 60-116 >116

Figure 6. Modified Mercalli Intensity shake map of tloern California for the 1906 San Andreas fault
earthquake. (From Boatwright and Bundock, 2005,
<https://pubs.usgs.gov/of/2005/1135/IntensityMapsHimi

Youd and Hoos€1978, pp. 170173) compiledhistorical recordof damage in Humboldt County, which

among other listings included:

T 'iquefaction

an

d |

ater al

spreading

al

al

1 decommissioning of the Scotia Railroad becausearfge landsliden the Eel River andamage
to metal beams otie railroadbridge (p. 171);
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1 major liquefaction and lateral spreading at Cock Robin Island and Cannibal Island near Ferndale,
with 1-10 ft of subsidence from liquefaction and numerous sand boils present (p. 171);

I damage to chimrys across communities south of Eureka (p. 171);

T 100 ft |l ong fissur €pl7), road at Fieldds Landing

=

subsidence and damage at PelicanthdUSPiend acr oss
Beacon dropped by 3 ft anehsleft standing at a 45° ang(p. 171);

Sand boils and deep cracks from | ateral spread
Water mains for the Eureka Water Company broken by subsidence at Elk River (p. 172);
pipes and roads cracked at place called Sweasy Ranch near Eureka (p. 172);

land around the Eureka foundry cracked and subsided (p. 172);

=A =/ =4 =4 =4

water mains of the Eureka Water Company were twisted and broken as the grounded heaved up
(p. 172);

1 ground subsidence (from liquefaction) of several iegteath the Vance Company mill and
warehasesn Samogp. 173);

9 subsidence imarshy areadrom liguefaction)between Eureka and Arcata (p. 173);
9 cavein for one endf the Loleta train tunnel (p. 173);

Planning for NCOWacilities will need to consider probabilities of large earthquakes along the northern
SAF. The recurrence interval for earthquakes on the northern SAF large enough to generate offsets that
can be measured in the geologic record is about 200 (@atdon et al., 2013; Field et al., 2014;

Schwartz et al., 2014The probability for a 1906ize event to occur within the planned lifetime of the
NCOWS project will need to be investigated. Field et(2D14)report a 30% probability that the San
Francisco Bay Area will experience a M7.5 earthquake in the next 30 years, but note that rupture is more
likely along faults within thé&san Andreas fault zone to the east of the SAF, namely the HajRealgers

Creek and Calaveras Faults, which have not ruptured as recently as the 1906 northern Skkekevent

al., 2014; Watt et al., 2016)ow rupture along these faults and their northern extensions will affect
NCOWS sites and infrastructure will need to be evaluaRalersen et aj2020)and Rukstales and
Shumway(2019)provide probabilistic estimates for strong motion within the continental US. They
estimate that the northern coast of California has a 10% chance of peak horizontabgoale@dtions
exceeding 0.4 to 0.8 g in 50 yeaFigure7).
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Figure 7. Probabilistic seismic hazard model showing a 10% probability of peak ground accelerations
exceeded 0-0.8 g in coastal Northern Califoia over the next 50 years. (From Rukstales and Shumway,
2019, <https://www.sciencebase.gov/catalog/iEtB597d0e4b01d82ce8e34f)

3.1.3 MendocinoFault (MF)

The Mendocino fault (MF)s a neavertical, rightlateral transform boundary that separates théiPac
plate to the south and Gorda plate to the ndfitpue2). The MF strikes eastest for about 260 km (160
mi) from the MTJ to the Gorda Ridge near longitude 127.8want, 2001; Dengler et al., 1998)is

the divergentpreading at Gorda Ridge drives tlight-lateral motion along thBlF (McLaughlin et al.,
2000)

Prior to its recognitionastae ct oni ¢ transform boundary, the MF wa
(Shepard, 1959 r f Me nd o c i n(Bolt et al.c 1968jpecaesa df ibs sections of steep nedh

southf aci ng escar pment s, oMcLaude etdlg 2000pecaude of@scobviouse z o n e
frequent seismic activity. | t i daterioothe aaxeastgithee d t ha

Gorda Ridge where righateralfault slip is occurringdBryant, 2001; Clarke Jr. & Field, 1989; Jennings
& Saucedo, 1994)

The Mendocino fault is highly seismically activeegionand afrequent source of felt seismic shocks for
the North Coag{Bryant, 2001) although most earthquakes generated in this area are small. A search of
the USGS interactive online earthquake niamé://eathquake.usgs.gov/earthquakshows > 400
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earthquakegreater thai4.5 along the MF since 1960, and 63 that exed®&tb. However, only
earthquakes at the eastern end of the MF will likely impact onshore and nearshore infrastructure. For
example, the 199#16.9 earthquake on the MF, although a large event, was 140 km (85 mi) from shore
Intensities did not exce@dMI -Ill on landand it caused little damag@Bengler et al., 1995) arger and
closer eventsn the MFare possible, howevegiccording tdBakun(2000)who estimatedrom historical
records that a possible M7 earthquake occurred on thia 878 within75 km(46 mi)from shore.

Further discussion on recent (pdf60) earthquakes along the MF is provide8éation 3.3 North
Coast Earthquakes > M6.0 Since 186D

3.1.4 Gorda plate

The Gordaplateis the southernmosiceanic tectoniplatethat isbeing subductetdeneath the North
America plate athe Cascadia subduction zadffégure?2). It extends betweespproximatelyatitudes

40°N and 43°Nand is separated from tbheeanicJuan de Fuca plate to the north by the Blanco fracture
zone(Figure3, Figure8, Table §. Earlier studies included tl@orda plateas a southern section of the
Juan de Fuca plate (e.8§toddard, 1991Dziak et al., 2001Rollins and Stein, 201(toddard, 1991 but

it is now recognized as a distinct tectopiate with characteristics different from either the Juan aa Fu
plate to the north or Pacific plate to the south of the MF and (@mhaytor et al., 2004; Dziak et al., 2001;
Fox & Dziak, 1999; Gulick et al., 2001)

The Gorda plate is actively deforming under tectonic stresses and therefore an area of frequent fault
rupture and seismicityChaytor et al., 2004; Dziak et &2001; Fox & Dziak, 1999; Gulick et al., 2001;
Kilbourne & Saucedo, 1981; Rollins & Stein, 2010; Tobin & Sykes, 1968; Wilson, 18&9nlso the
primary source of felt earthquakes for the North Coast@&8&S, 2020L)

A prominent feature of the Gorda plate area is the preponderance of northeast Isfitikateral faults
(Chaytor et al., 2004; Gulick et al., 2001; Smith et al., 1993; Stoddard, 1991; Wilson(RigL?g8,
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Table6). This faulting pattern is the result of the nesituth compression and eagtst extension that

the Gorda plate experiences because of its position between the subducting Juan de Fuca plate to the north
and the eastvest striking Mendocino fault to the gbyRollins and Stein, 2010). In addition, the Gorda

plate as a mass is rotating in a clockwise direction as it concurrently moves eastward toward the

subduction interface, a result of slower spreading rates in the southern part of the Gorda Ridge compared
to the northcompoundinghe tectonic stresses and propensitybftttle deformation(D. S. Wilson,

2012)(Figure8).

The geologically frequenearthquakaeneratingleft-lateral fault ruptures in the Gorda plate are the

result of tle combined tectonic forces of compression, extension, and internal plate r¢kagore8).

As described by Rollins and Stein (2010, p. 1), the Gorda!plag 53i000 krharea of diffuse shear and

rotation offshore northernmost Califorria w h has beenfihe site of 2000 5. 9 eart hquakes
different fault orientations since 1976,ine di ng f o u rORdlins@nd Bteis (R0AQ x $) noted

that, based on the frequency and thehighestrabefoflaeggar t hqu a
earthquakes in the contiguous United Statés | n addi ti on t o nfl9f6R01Q 0 ear t hqt
described by Rollins and Stein (201B)gure8,

Rollins and Stein (2010) referred to the Gorda plate a
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Table6), an additional @arthquakes > M5.9 have been
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Pacific plate ( ’2’ Dip < 90°
s e
42°|- ; o
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Figure 8. Map of the Gorda plate ("Gorda deformation zone") by Rollins and Stein, 2010. Letters indicate
epicenters for earthquakes > M5.9 between the years 1976 and 2010. Earthquake magnitudes are listed

in Table6.
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Table6. Earthquakeshowvn onFigure8,theRo | | i n's

2010.

recordedrom the Gorda plate: an M6.5 event in 2010; an M6.8 event in 2014; and an M6.6 event in 2016

and

Stein
def or mat iEarthquakesrstewn)are those >M5.9 that occurred during the time period 1976

(2010)

Earthquake Earthquake
epicenter ID epicenter ID
shown on shown on
Figure SM 6 Figure SM 6
(Rollins and (Rollins and
Stein (2010) Magnitude | Stein (2010) Magnitude
map Year (M) map Year (M)
A 1976 6.7 K 1992 6.5
B 1980 7.3 L 1992 6.6
C 1983 6.1 M 1994 7.0
D 1984 6.6 N 1995 6.6
E 1987 6.0 @) 2000 5.9
F 1991 6.8 P 2005 7.2
G 1991 6.3 Q 2005 6.6
H 1991 6.1 R 2008 5.9
I 1991 7.1 S 2010 6.5
J 1992 6.9 T 2010 5.9

Data summarized from Rollins and Stein, 2010, p. 3, Table 1

(USGS, 20201) The issue of frequent seismicity in the Gorda plate is examined furt8eciion 3.3

below.

ma p

The Gorda plate is seismically active asthe tectonic plate adjacent to, and subducting beneath, the

North Coast. The NCO\S project will have to consider the effects of fault rupture in the Gorda plate,
potentially within close enough proximity to onshore and offshore structures to represent a major seismic

hazard.

3.1.5 Faults in the Fold and Thrust Belt of the Acetionary Wedge

The Cascadia subduction zone accretionary prism in the North Coast area is an approximately 85 to 100

km wide and 2,500 m thick zone of sedimentary rocks consisting of deformetteleeip and lower
slope Miocene basin sediments overlairt bly e

Pliocene to Pleistocene shelf and margin dep{Siegke & Carer, 1992b; Field et al., 1980; Hill et al.,

shall

ower

wawhiehrconsist®f lated ¢ a t

2020; Ogle, 1953; Swan, Carver, McLaren, et al., 2002; Wood@dk Consultants, 1980y hese

sedimentary units, in turn, overlie middle Jurassic to early Tertiary Franciscan Complex metasedimentary
and igneus rockgBurger et al., 2002b; Ogle, 1953he dominant feature of the accretionary prism is
the Eel River basin, a forearc basimhich extends for approximately 210 kmarthwestward from near

Cape Mendocino and is bordered the west by the subduction zomshore the Eel River basin
compriseghe northwest trending Eel River valley; offshore it becomes mmithwest oriented and
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extends to near Cape Sebastian, OrgBainger et al., 2002bYhis change in orientation ofdétEel River
Basin occurs in the vicinity of thdumboldtCall Area.

Faults and folds that are part of the upplate structure of the Cascadia subduction margin have been
identified in bathymetric and seismic sections within the accretionary grigré9, Figure10and

Figurell), with evidence that they have deformed or offsdinfill deposits, and some instances,

Holocene marine sedimer(Burger et al., 2002b; Clarke & Carver, 1992b; Field et al., 1980; Hill et al.,
2020; McLaughlin et al., 2000; Swan, Carver, McLarerml.e 2002; Woodwar€lyde Consultants,

1980) Clarke and Carvel992b)and McLaughlin et ak2000)define the fauk assouthwesivergent

(hanging wall moving toward the southwest), northegsping thrust faults that create indated faulted
sections of the marine sediments. Associated with the thrust faults are asymmetric,-hafigivlgs

that form synclinal troughs and anticlinal ridges. Field ef1&B80) describe the offshore structures as

fibroad and gentle to narrow and tight; most are symmetrical or nearlysso Cl ar k e(1982b)d Car ver
and McLaughlin et al2000)note that sediments are more intensely deformed at the southern end of the
accretionaryprism, likely as a result of stronger coupling as the Cascadia megathrust encounters the
Mendocino fault and comes closer to land. Field €t1&i80)describe relief across the surfarfeéhe

accretionary prism to be up to 200 m as a result of folding of sediments as young as Holocene in age.
Both the Little Salmon and Table Bluff faults are represented in the bathymetry and in subsurface seismic
sections withirthe Humboldt Call Area.
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Figure 9. Cascadia subduction zone accretionary prism relative to the location of the Humboldt Call
Area. Call Area boundary indicated by black polygon centered at approximately 41°NcMoitd
subparallel lines represent locationstmdthymetric profilegompleed by Hill et al. (2020)Red line
represents the location of seismic profileFigure 10. Orange line represents location of seismic profile
in Figure 11. (Modified from Hill et al., 2020, their Figure 3).
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Figure 10. Uninterpreted and interpreted seismic reflection profile constructed in NE to SW azimuth
roughly parallel to thecoastline seeFigure 9 for location).Profile shows Freshwater, South Bay and Eel
River synclines, and Little Salmon, South Bay, Balole Bluf anticlines as well as faults within the Little
Salmon and Table Bluff anticlines. Interpretations represent faults as nearly vertical structurkgswhi

in contrast to ofland documentation of faults dipping from 20° to 35°. Several faults within each zone
are interpreted as displacing youngest sediments. (From Burger et al., 2002, their Figure 3).
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Figure 11. Multi-channelseismicprofile collected alonga NESWazimuth that transects the southern
end of the Humboldt Call Area (sEgure 9 for profile location) Of note are the oceanic Gorda plate to
the westthe steep, highly deformed deformation front at the seawardfehe Cascadia megathryst
and the Table Bluff and Little Salmon anticlines and associated féedtsn Hill et al., 2020, their

Figure 6d).
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Swan(2002)describes a series of onshore Quaternary anticlifigare€12) as active thrust fault

associated foldthat are the projection of related structures identified offs(Bueger et al., 2002a;

Clarke& Carver, 1992; Field et al., 1980; Hill et al., 202Uhese include the Table Bluff anticline and
Humboldt Hill (also referred to as the Little Salmon anticline), which are germane to this study as they
arenear the port infrastructure on the SameaiRsula, the power cable landing and substation on the
South Spit and near King Salmon and atsay traverse transmission pathways and are located within the
Humboldt Call AreaThe folds have up to 1.5 km of structural relief and are asymmetrical. Trhbdtt

Hill anticline has a longyentle northeast sloping limb while the Table Bluff anticline has a gently dipping
southern limbSwan (2002plso describes a series of subsiding, synclinal basins in the onshore area that
include the Freshwater synclinarining Arcata Bay and the South Bay syncline that forms Southern
Humboldt Bay(Figure 13.

3.1.5.1 Table Bluff Fault and Anticline

Onshore the Table Bluff fault consists of an interpreted deep,-diping, south vergent blind thrust
fault which is, in partregponsible for the Table Bluff anticline that separates Humboldt Bay from the Eel
River syncling(Swan et al., 2002; Vadurro, 2006; Woodw&lgde Consultants, 198Qfigurel3).
Seismic sectiodatasuggest that the anticlinettse surface manifestation of a backthrust fault dipping
southward and soling into the larger nedipping low angle fault that may merge with the Little Salmon
fault or possibly the Cascadia megathrust at dépiran et al., 20025eismic reflection profiles reveal a
prominent, approximately 3 kmide fault and anticlingFigure9, Figure10, andFigurel11l). Burger et al.
(2002b)report that folding extends almost to the seafloortaatthe fold is asymmetric suggesting
northward vergence. Contrary to onshore evidgiey suggest that the fault is nearly vertiadl, rather
thanvertical sepration showsevidence for right lateral displacemexsindicated by offset of a channel
across the fault.
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Figure 12. Geologic map of the Humboldt Bay Region. Of special note are the locations of the Eel River,
South Bay, and Freshwater synclines and the Table Bluff and Little Salmon faults which extend offshore
and are part of the Cascadia accretionary prism. (Fi®wan,2002, his Figure 3.3).
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Figure 13. Interpretation of proprietary seismic section from SSW to NE across the Eel River basin,
Table Bluff anticline and Humboldt Hill. The main Table Bluff fault is interpreted to be a-diqyimg,

blind thrust fault, with the Table Bludinticline representing the surface expression of a sdigping
backthrust fault. The Little Salmon fault is thrusting Humboldt Hill southward over Tertiary and younger
sediments to the south. (From Vadurr08, his Figure 3).
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3.1.5.2 Little Salmon Fault

The Little Salmon fault is a major component of the upper plate fold and thrust belt structures of the
Cascadia subduction zone. It has been described as the southern 95 km of a 330 km long collection of
active faults and folds referred to as the Littlén®m fault systenfSwan et al., 20020nshore, the fault
zone extends from the south, near Bridgeville, Califgrand strikes northwest along the Van Duzen
river valley through Humboldt BafKelsey & Carver, 1988a; Nicovich, 2015; Swetral., 2002;
WoodwardClyde Consultants, 1980From there it continues offshore striking norésivas far as

offshore southern Oregon (Swan, 2002). The offshore portion of the fault zone parallels the Cascadia
subduction deformation front in a systemeofecheloranticlines and thrust faul{fSwan et al., 2002)
Burger et al(2002)interpretthe Little Salmon fault as an approximately 7.5 km vidgad anticline
associated with near vertical faults. Theland, upper portion of the fault dips to the northeast at about
20° to 35%Kelsey & Carver, 1988b; McCrory, 2000; Woodwat/de Consultants, 1980pn land it is
described as 20 to 25 km wide, extemgdéouth to north from the Table Bluff anticline to the Freshwater
syncline(Swanet al., 2002)

Terrestrial faulstudies Figure14) define the Little Salmon fautone as consisting of imbricate, south
vergent thrust sheets consisting of at least three splays at Humboldt Hill, which is an associated active
hanging wall anticline. These splaye amterpreted as active during the Holocé®ean, 2002; Vadurro

et al., 2006; Woodwar@€lyde Consultants, 1980). The southwestast splay has been identified as the
having the greatest Holocene displacent@atrver & Burke, 1988; Swan, 2002; Witteragt 2002;
WoodwardClyde Consultants, 19800his splay is located along the margin of Humboldt Bay at the
southwestern base of Humboldt HRigure12). The middle splay of the fault has been documented
through the College of tHeRedwoods campus by the consulting firm LACO Associ@feslurro et al.,
2006). At that location the deformation is displayed as a single, low angle, nodhpgaisg thrust fault

with a complex series of hanging wall backthrusts, normal faults, andtf@lidspas distance of more

than 500 mKigurel5andFigurel6).
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Figure 3-7 Surface traces of the Little Salmon fault zone south of the ISFSI site.

Humboldt Bay ISFSI Project k@m&g
U] Tectmical and Seismicit
TR-HBIP-2002-01 Rev. 0, September 11, 200

Figure 14. Onshore map of the Little Salmon fault showing locations of fault investigation studies
conducted on multiplsplays of the fault. The location of the Humboldt Bay Gener&iatjonis shown
as Al SFSI SITE0 on this map. (From Swan, 2002,
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Figure 15. Geologic map of the College of the Redwoods campus and surfacedfrloesniddle splay
of the Little Salmon fault. (From Vadurro et al., 2006, their Figure 1).
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Figure 16. Crosssections across the middle splay of the Little Salmon fault at College of the Redwoods
campus. SeEigure 15 for crosssection locations. (From Vadurro et al., 2006, their Figure 4).

The eastern trace of the fault lies within the lower slopes of Humboldt Hill, traverses the upper, eastern
part of the College of the Redwoods campus extends northwestward where it passes immediately
south of Buhne Point and the PG&E power plant(stiemboldt Bay Generating Statiowhere it is

referred to as the Bay Entrance fg@tvan et al., 2002Proprietary deep seismic survagta Figurel3)
provide a suggestion that the Little Salmon fault and adjacent Table Bluff fault soleer@ascadia
megathrust at dep{{swan, 2002).

Paleoseismic investigations of the-land portion of the fault indicate at least three surface rupture
(coseismic) events in the last 1,700 to 2,000 years with individual slip events accounting for 1 to more
than 4 m of displaceme(€arver & Burke, 1988; Swaet al., 2002; Witter et al., 2002). Witter et al.

(2002) found evidence for a Little Salmon event less than 460 years ago but could not attribute that event
to coeval motion with the most recent eventtom Cascadia megathrust. Thus, there is suggestion, but

not definitive evidence, that movement of the Little Salmon fault may be coincident with at least some
Cascadia megathrust events.

3.2 North Coast Earthquakes >M6 Since 1960

The proximity of the Califorrd North Coast to the complex tectonic regime of the Mendocino triple
junction and the deforming Gorda plate make it the most seismically active region in the conterminous
United StategDengler et al.1995,2008; Freymueller el., 1999; Furlong & Schwartz, 2004ince the
mid-1960s, seismicity in Central and Northern California has been closely monitored through the
Northern California Seismic SystefiNCSS, 202Q)a collaborative effort between the U.C. Berkeley
Seismological Laboratory and USGS. Since the launch di@feS, thousands efarthquakes have been
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recorded in the North Coast regi@SGS, 2020l)the vast majority of whictvere too small to be

detected except by seismographic instruments, or were felt by local citizens but did not result in damage
to infrastructure. For example, a search for recosgésmicity in an areaounded by latitudes 39F3°N

and longitudes 128223°W0 which encompasses the North Coast region and NCOWS #deatified

3,789 earthquakes > M2.5 in the past 20 years 20Q0)(Figurel7) (USGS, 2020l)In comparison,

the area to the north encompassing the #adgrees of latitude (43F7°N) recorded 669 earthquakes

>M2.5 over the same time period. In the area encompassiagrées of latitude farther to the south,
between 3539°N, there were 56 earthquakes > M2.5 during this time.

Magnitude Age (past)
50 km 0 7+ . O O O O
50 mi Hour Day Week Month Older

Figure 17. Map showing earthquakes > M2.5 in the North Coast region in the time period22@00
The majority follow the eastest trend of the Mendocino fault.

These data show that the North Coast region experiences exceptionally frequent seismicity, higher than
compared to any other area of the conterminous AltBough most of the seismicity is associatéth
low-magnitude earthquakes, the area has expedetsignificant earthquakes > M6 associated with
deformation of the Gorda plate and Mendocino fault in just the past 60(FF&guee 18, Table7).
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Earthquakes within the Gorda plate are the result of fapttire both westward dfie subduction

interface and to the east along the extent of where the oceanic Gorda plate is being subducted beneath the
North American plate. This complex series of ruptures within the Gorda plate occur on numerous faults
that ae poorly mapped and understoéagire8).

-126° -125.5° -125° -124.5° -124°

Ty R {8y ; . - Earthquake magnitude
40 = ‘ CH \ il = - | O 60-64

@ 5-69

41.5°

41°

40.5°

40°

Figure 18. Regional earthquakes > M6 since 1960.
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Table7. Regional earthquakes > M6 since 1960 (between latituded20f and longitude 1272123°W.

Epicenter
location
(decimal
Magnitude|Depth| latitude, Data Source (USGS
Yearl (M) (km) | longitude) Description Event date/time Earthquake Catalog)
GordaPlate 5 miles NW of Trinidad httos://earthauake.usas.ad
1980 792 19.0 41.117°N |Large Jeft-lateral strike slip fault, 1980-11-08 v/er;r'thquakgs/evéntp(;d:/
) " | 124.253°W|striking N50E from the Mendocino| 10:27:34 (UTC) .
usp000lagl/executive
Fracture Zone
1991 70 13 41.679°N |Central Gord#late.Left-lateral 19910817 C/tg;sr:t/rg(cezigté]:/aelj/ee-r?ts 15'2;
: > | 125.856°W/|strike-slip fault 22:17:09 (UTC) Sl
nc228064/executive
Cape Mendocino (Petroliablique
slip fault with reverse component.
Coseismic uplift of 1.5 m recorded
o the coa§t near Pe.trolla. Generatgd 199204-25 |https://earthquake.usgs.qq
40.335°N [tsunami with maximum wave heigk o
1992 7.2 9.9 o 18:06:05 (UTC) |v/earthquakes/eventpage/
124.229°W|(peakto-trough) of 1.1 m at Cresce| . .
. S (11:06 am PDT) |nc269151/executive
City. California, and 0.1 meters on
Hawaii. Two large earthquakes G\Nb
and M6.6) occurred in the same ar|
on the following day, 26 April 1992
40.406°N Mendocino Fracture Z_one, _70 mlle: 19940901 https://earthquake.usgs.gq
1994 7.0 5.0 126.303°W west of Cape Mendocintrikeslip 15:15:48 (UTC) v/earthquakes/eventpage/
’ fault " nc30056327/executive
Central Gorddlate 110 km west of httos://earthauake.usas.ad
2008 72 | 16.0| 41:292°N lepicenter of 1980 M7.2 event 200506-15 V/e‘;r'th uakgs/eve'm qa 'Z/
' "7 | 125.953°W|Northeast striking leffateral strike 02:50:54 (UTC) d 1pag
. usp000dt25/executive
slip fault
o https://earthquake.usgs.gq
1960 6.0 15.0 40.729 ON Gordaplate, 25 mile NW of Eel Rivg 1_96(_}0606 v/earthquakes/eventpage/
124.792°W,| 01:17:53 (UTC) .
scgem879414/executive
. https://earthquake.usgs.qgq
1976 6.3 418 41.035N |Gordaplate, 35 mi NW of Eureka 197611-26 viearthquakes/eventpage!/
124.950°W|Strikeslip fault 11:19:32 (UTC) nC1032447/executive
1084 66 | 43 | 40.504N Gordaplate, 40miles NW of Cape 19840910 C};‘;ﬁtﬁzigtg:ﬁeﬁﬁéﬁg;
' ' 125.130°W|Mendocino 03:14:28 (UTC) -
nc27615/executive
. . https://earthquake.usgs.qgq
1991 6.1 25 41.66 N [Central Gord#late.Strikeslip fault 1991-08-16 viearthquakes/eventpage!/
' ' 125.846°W|with small reverse component 22:26:14 (UTC) d entpag
nc227958/executive
. https://earthquake.usgs.qq
1991 6.0 8.3 40.252N |Cape MendocinoReverse (thrust) 19910817 viearthquakes/evatpaqe/
' ' 124.286°W|fault; mechanism poorly constraing  19:29:40 (UTC) -
nc228027/executive
Cape Mendocino (Petrolia) / Gordg
plate. This earthquake occurred les 19920426  |https://earthauake. usas.ad
1992 6.5 18.8 | 40.433N |than 24 hours later and in the sam¢ 07:41:40 (UTC) v/eK;rlthquakgs/evéntpidg/
' km | 124.566°W|area as the M7.2 earthquake on 25 .

April 1992 Strikeslip fault with smal

reverse component

(12:42 am PDT)

nc268031/executive
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Epicenter
location
(decimal
Magnitude|Depth| latitude, Data Source (USGS
Year| (M) (km) | longitude) Description Event date/time Earthquake Catalog)

Cape Mendocino (Petrolia) / Gordg
Plate Occurred less than 4 hours
40.383°N |after the M6.5 earthquake, and les|
124.555°W|than 24hours after the M7.2
earthquake Strikeslip fault with
small reverse component

1992-04-26 https://earthquake.usgs.gq
11:18:25 (UTC) (4:]v/earthquakes/eventpage/
am PDT) nc268078/executive

1992 6.6 21.7

https://earthquake.usgs.gq

40.592N [Southern Gordaplate. Strikeslip 199502-19
1995 6.6 4.6 o I v/earthquakes/eventpage/|
125.757°W|fault. 04:03:14 (UTC) 1C30068187/executive
o Southern Gord#late 20 miles W of https://earthquake.usgs.gq
2010 6.5 28.7 40.852°N Eel RiverNearvertical strikeslip 201001-10 v/earthquakes/eventpage/

124.693°W,| 00:27:39 (UTC)

nc71338066/executive

https://earthquake.usgs.gq
v/earthquakes/eventpage/
nc72182046/executive

https://earthquake.usgs.gq
v/earthquakes/eventpage/
us20007z6r/executive

fault striking N47E.

40.829°N Southern Gord#late 40 miles W of
2014 6.8 16.4 125.134°WI Eureka Obliqueslip fault with
reverse component.

201403-10
05:18:13 (UTC)

40.454°N [Mendocino Fracture Zon®ight 201612-08

2016 66 | 85 | 156 194°Wlateral strikeslip fault 14:49:45 (UTC)

The most recent earthquakes of greatest concern in termshofitthenvironment on the North Coast

were the 1980 M7.2 earthquake; the 1992 M7.2 earthquake and associated M6.5 and M6.6 aftershocks;
and the 2010 M6.5 earthquake. Several other sizeable earthquakes during that time period include two
earthquakes in thededa plate in 1991 (M7.0) and 2005 (M7.2), and an M7.2 earthquake on the
Mendocino fault in 2005, but each of these were too distant (>130 km) to generate strong shaking
onshoré (Figure18) (Dengler et al., 1995; USGS, 2020hhere was also a strong earthquake in 1954

that caused damage, including from liquefaction, in the Euie&ata area. The size of the this

earthquake isstimated as M6.8USGS, 2020¢)but it is not well documented as it occurred prior to the
launch of the NCSS network. Bak(2000, p. 799) used historical records of shaking intensity in

Northern California and coincident reports in more distant areas in California and Oregon to propose that
earthquakes > M7.0 may have also occurred either in the Gorda plate or Mendocinolf2r®, 1878,

1899, 1923, and 1945.

3.2.1 1980 M7.2 Earthquake

The M7.2 earthquake on November 8, 1980 was the largest event for the North Coast region in several
decadegUSGS, 2020g)According to eyewitness accounts, strong shaking lasted locally-#0 15
seconds, and shaking was felt as far away as San Francisco and Salem(l@ijego& Keefer, 1981)

The epicenter was relatively deep in the Gorda plate (19 km) along a nedahedstest trending left

lateral strike slip faul(Kilbourne & Saucedo, 1981; Rollins & Stein, 2010; USGS, 20PBigure8 and

2 USGS MMI shake maps show low intensity levels for 3 eprdkes >M7.0 in the Gorda plate and Mendocino
fault that, although large, were also distant from shore: (1) 1991 M7.0
<https://earthquake.usgs.gov/earthquakes/eventpage/nc228064(2)p005 M7.2
<https://earthquake.usgs.gov/earthquakes/eventpage/uspbiddp; and (3) 1994 M7.2
<https://earthquake.usgs.gov/earthquakes/eventpage/nc30056327/map
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Figure18). Previous analyses have describesidistance of the epicenter from shore as abc603n
(30-37 mi) westnorthwest of Trinidad, CaliforniéLajoie & Keefer, P81; Rollins & Stein, 2010)Figure
8). More recent data from the USGZ20g)shows the epicentanuch closer to shore at 8 km (5 miles)
(Figurel8andFigure19).
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Figure 19. USGS MMI shake map for the 1980 M7.2 earthquake. (Map accessed June 2020 from:
<https://learthquake.usgs.gov/earthquakes/eventpage/usp000lagl/map>.)

Shaking intensity reached levels-VII in the greater Humboldt Bay arekigure19). Although

structural damage in the area was not extensive, the effects fraimgsbaused liquefaction and ground
failure (slumps and slides) in both onshore and offshore environments of the NortFEdsi984,
1993; Fieldet al., 1981; Lajoie & Keefer, 1981)

Lajoie and Keefer (1981) completegh@stearthquake reconnaissance studwhich they looked for
evidence of damage from both the ground and from overhead flights of the area. They reportedt(p. 4)
structurddamage in the area was minimal with severe damage limited to few homes and buildings that
were poorly constructed and failed easily in Fields Landing or on the North Spit/Samoa Pelmirtsala.
areas of strongest shaking, most danmasg®ciated witluildings consisted of brokemindows,

collapsed chimneysnd damage to objeatissplaced fronshelves. For example, no structural damage
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was reported at any of the numerous buildings at the lumber mill sites on the North Spit/Samoa Peninsula
(p. 8). The PG& power planti.e., HBGS)at Buhre Point was briefly shut down as a precautionary

measure, but neither the main power plartcold-storage nuclear facility sustained any damage (p. 9).
Failure of ahighway overpass on Highway 101 at Tompkitik Road, which resulted inwo vehicle

crashes andix injuries, was attributed to poor design that allowed the supports for the overpass to be
dislodged from their footings as a result of the shalimdpsen, 1981, Lajoie & Keefer, 198The

overpas$ad already beescheduledor a reinforcement upgrade Baltransto be completeth 1981 as

it was known to havpreviously sustained minor damaggan earthquake ih975(Lajoie & Keefer,

1981, p. 16)

The shaking triggered numerous small slumps and landslides iretheaad the effects of liquefaction,

primarily in the area of intensity level VII, were evident from cracks in roads and parking lots built over
presumably watesaturated alluvial deposifKilbourne & Saucedo, 1981; USGS, 2020glbourne and
Saucedq1981, p. 55noted that, basesh comparisorof the 1980 earthquakeith previous events,

surface ground failuresinareas§ hi gh i ntensity shaking are fAvery |
Humboldt region.

Offshore, the 1980 M7.2 earthquakiggered a large submarine landslide in about 60 m of water on the
continental shelf south of the Klamath RigEreld, 1984, 1993; Fieldt al., 19811982 Field &

Jennings, 1987aYhe slide was theesult of liqguefaction and degassing of the seafloor sediment,
displacing an area of about 20 %am a nearly flat surface. (See aection8).

3.2.2 1992 M7.2 Earthquake

The 1992 ACapeebenhtigoakesodo consisted of a M7.2 ma
series of aftershocks, the largest of which were M6.5 and M6.6 earthquakes on ARebg6r &

Brewer, 1992 Toppozada & Branum, 2004; Velasco et al., 1994 M7.2 mainshock occurred onshore

at Cape Mendocino at a depth of 9.9 km and about 4 km (2.5 mi) west of the town of Ribtrotiay et

al., 1996; Oppenheimer et al., 1993; Reagor & Brewer, 19885S, 2020djFigure18). The M6.5 and

M6.6 aftershocks occurred on strikip faults in the Gorda plate about 30 km (19 mi) offshore of Cape
Mendocino and at depths of 18.8 km and 21.7 km, respectiidBGS, 2020d, 2020{Figurel18).

Combined impacts from the earthquakes on ApriR85esulted in more than 350 injures and

approximately $75 million in damage to homes, businesses, roads, and bridges, mainly in the

communities between the EeMgr valley and Scoti@ O6 Br i e n, 1992; Toppozada &
Shaking intensities for the M7.2 event reached level IX in the Cape Mendocino area\ahidrvareas
encompassinglumboldt Bay Figure20). The aftershocks also produced level VIl intensities in the

vicinity of Cape Mendocino and-VII in the Humboldt Bay areaHgure21 andFigure22). Compared to
commurities south of Humboldt Bay, damage in Eureka and Arcata was mifi@ed Br i e n 1992;
Toppozada & Branum, 2004)
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Figure 20. USGS MMI shake map for thgoril 25, 1992 M7.2 Cape Mendocino earthquake. (Map
accessed June 2020 from: <https://earthquake.usgs.gov/earthquakes/eventpage/nc269151/map>.)
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Figure 21. USGS MMI shake map for the April 26, 1992 M6.5 Cape Mendocino eakib@dtershock.
(Map accessed June 2020 from: <https://earthquake.usgs.gov/earthquakes/eventpage/nc268031/map>.)
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Figure 22. USGS MMI shake map for the April 26, 1992 M6.6 Cape Mendocino earthquake aftershock.
(Map accessed June 2020 from: <https://earthquake.usgs.gov/earthquakes/eventpage/nc268078/map>.)

Fault offset during the M7.@arthquakeesulted in 1.4 m of permanent uplift along a 15 km long stretch
of the coast from Cape Mendocino to south of Punta G@desen & Sawyer, 1993; Mitts, 1996) and
generated a small, natestructive tsunami that reached Eureka followed by Crescent City in less than 1
hour(Gonzélez et al., 1995) andslidesvere widespread in the areas of greatest imi@aeten &

Sawyer, 1993; Reagor & Brewer, 199Riquefaction features, including sand boils 20 m across, were
observed in saturated alluvial deposits in the Eel and Mattole rivers vi@lessn & Sawyer, 1993;

Reagor & Brewer, 1992)

A prevailing theory is that the M7.2 mainshock represented rupture along the Cascadia méGatenst
& Sawyer, 1993; Oppenheimer et al., 1933)wever, more recent research strongly supports rupture
along a parallel thrust fault abotlee megathrust in the upper plate/accretionary wéGganford, 2019;
Hartshorn et al., 2017; Vermeer et al., 2015; Vermeer & Hemdhikky, 2014; Vermeer, 2016)
Regardless, the mainshock and associated aftershocks aee &xdimples of the geologically frequent
deformation occurring in the tectonically active MTJ redigierritts, 1996)

3.2.3 2010 M6.5 Earthquake

The M6.5 earthquaken January9, 201Q was located on a northeasdtiking leftlateralstike-slip fault

in the Gorda plate about 48km (30 mi) wastthwest of Eureka and at a depth of 28.7(Berkeley
Seismological Laboratory, 2020; Bonowitz et al., 2010; Storesund et al., 2010; USGS,(Eafi0e)L 8,
Figure23). It was the largest earthquake in the region since two M7.2 eveb@92 and 2005. Although
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the magnitude of the 2010 event was significantly smaller than the M7.2 earthquakes in 1992 and 2005,
thecloser proximity of the 20168arthquake epicenter and fault orientatielative toEureka and

Humboldt Bay resulted imore widespread damage compared to those earlier g&tatesund et al.,

2010)

Shaking from the earthquake was strongest near the coast between Petrolia and-Eunes8), with
MMI levels of VI-VIII (USGS, 2020e{Figure23). Shakingwas most seveti@a Eureka(Storesund et al.,
2010) reaching33% gin Eureka and 44% g in FerndgdBonowitz et al., 2010Damage to buildings and
homes in Eureka and Ferndale was moderate to severe, and 30 people weriBionoeitz et al.,

2010)

+ 2010 M6.5
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Figure 23. USGS MMI shake map for the 2010 M6.5 earthquake. (Map accessed June 2020 fro
<https://learthquake.usgs.gov/earthquakes/eventpage/nc71338066/map>.)

Naton d

Storesunckt al. (2010) and Bonowitz et §2010)provided a detaild account of the effects of the M6.5

event in their postarthquake reconnaissance reports. They reported that about 800 homes and buildings
sustained damage, 10 of which included major damage. Estimated losses at the time of the report totaled

$40 million, but they also noted (p. 1) that buildings in Eureka that had been retrofitted in keeping with

the cityds 1989 Unradnantepusedi Madohryt (& RMdre t han
Landslides were frequent along steep slopes at the coast, which Storesund et al. (2010, p. 10) noted was

an expected occurrenbecause of the characteristly unstable slopes in this area and proximityhe

earthquake epicenteF.h ei r obser vat i o(h984)empirgginodet far darthquealeef er 6 s
generated landslides, with M6.5 earthquakes capable of triggering landslides in appropriate terrain within
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a 150 km radius of the earthquake epicenter. Liquefaction featuresb(s&nand lateral spreading) were
presenin saturated sediment at Centerville Beach and along the Eel(Bweowitz et al., 2010;

Storesund et al., 2010, p. 18nd several asphalt parking lots in Eureka showed minor cracks attributed

to liquefaction of underlying alluvial sedimef8toresund et al., 2010, p. 18)though widely

distributed, no serious damage from liquefaction, lateral spreading, or ground settling was reported in the
greater Humboldt Bay aadrom this event.

4. SURFACE RUPTURE

Active faults and faultelated structures, including folds, are located within the onshore and offshore
Cascadia subduction margin (see Section 3.2 for discussion of seismic sources). Fi€19&dClarke
(1990) and Clarke and Carvét992a)identified these structures in the offshore sediments of the Eel
Riverbasin Figure24). Morerecently, highresolution multichannel seismic reflection surveys and
detailed bathymetry have provided even bettegingof offshore structurg#lill et al., 2020) Further
understanding of deformation of the Gorda plate, which is a major contributing source to current regional
seismicity, came from seismic reflection surveys beyond the subduction rf@tdjick et al., 1998,
2001)and analysis of seismicity within the plgtéhaytor et al., 2004; Furlong & Schwartz, 2004; Rollins
& Stein,2010; Smith et al., 1993; Stoddard, 1991; Wilson, 1989, 199®) onland faults and associated
folds within the terrestrial Eel River basin weméginally mapped by Ogl€1953) Later paleoseismic
studies by Woodwar@lyde Consultantél980)followed by local academic studies and other
consultants® i nv eadgreater anderstandingttie @xteat offihe fawts adide d
recognitionthat theyare Quaternafy and in many cases Holocénactive structure@Burke & Carver,
1992; Carver, 1992; Carver & Burke, 1988; Clarke & Carver, 1992; Herdlidly & Witter, 2006;

Kelsey & Carver, 1988; Nelson et al., 1995; Vadurro, 2006; Valentine et al., 2012; Witter ed2)., 20
Summaries of seismic sources include Woodwzlkdle Consultant§1980) McCrory(2000)and Swan

et al.(2002)

Faults and associated structures that may be significant fbiGaV facilitiesinclude the Cascadia
subduction megathrust, which is locatedte west of the Humboldt Call Area, and the Table Bluff

anticline (TBA) and Little Salmon fault zone (LSFZ) which cross the boundaries célitaea Figure
25andFigure26). The deformation belt associateitiwthe Cascadia subduction zone, which includes

the TBA and LFSZ, may be as much as 65 to 100 km (@dean, Carver, & Page, 2008 ulick et al.
(1998)report that the outer 15 to 20 km of the accretionary margin contains thrusts that are seaward and
landward vergent.
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Figure 24. Map showing locations of faults and folds off Humboldt Bay identified from-mnéisingle
channel deepto intermediatedepth seismiceflection profiles and sidecan sonar mosaics (modified
from Clarke, 1990). These fault interpretationslude thoseffsetdnterpreted in the pr&ertiary

Franciscan basement and do not necessarily reflect offset in the younger, overlying Quaternary
sediments.
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Figure 25. Map showing the bathymetry and topography of the southernmost Cascddiuction zone

in and near the Humboldt Call Area (in center of map with yaléow shading and black outline).
Quaternary active faults in the onshore and offshore ar@aarily from USGS Quaternary fault and fold
databasdUSGS, 2020kand McCrory(2000) Onshore faults extend offshore in the accretionary prism.
Yellow solid line is approximate location of seismic profile from Burger et al. (2002) shdugune 27
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Figure 26. High resolution miti-beam bathymetry map of the Trinidad Canyon and Eel River Plateau
portions of the southern Cascadia subduction zone showing locations of surface deformation features
such as the Little Salmon and Table Bluff anticlines. Approximate location of HurGladildrea

depicted in paleyellow shaded polygon near center of figure. The base of the deformation front,
associated with the Cascadia megathrust, is about 10 km westHddithigoldt Call Area(Modified from

Hill et al, 2020, their Figures 10 and 12).

Interpretation of higlresolution multichannel seismic da{@8urger et al., 2002b; Clarke, 1990; Field et

al., 1980; Gulick & Meltzer, 2002; Gulick et al., 1998; Hiila., 2020)suggests the TBA and LEF

faults extend to the seafloor surface and involve disruption of Holocene sediFigate27 andFigure

28). Although interpretations of these seismic data suggest sothe fafults within the deformation front
near theLSFZand TBA zones are nearly vertical with little vertical separation of Pliocene and Holocene
sedimentgBurger et al., 2002b; Gulick & Meltzer, 2002; Gulick et al., 19%8yan et al(2002)contend

that the onshore LSFhas substantial evidence for low angle imbricate thrusts, including prominent
upper plate anticlines (such as Humboldt Hill) that indicate large amounts-siffdisplacement.
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Figure 27. Uninterpreted and interpreted seismic profile from transect approximately parallel to
coastline (see Figurg5for location). Near vertical lines are interpreted faults. Of note are faults within
the Little Salmon fault zone (L&)and TableBluff anticline (TBA). Note that some fault structures
extend through the youngest sediments to the seafloor. Also, faults here are depicted as near vertical
while the onshore projections of these structures are mapped as low angle thitss{Faam Burger et

al., 2002, their Figure 3.)
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