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Abstract. We summarize the importance of great earth- margins are an order of magnitude less1(00 km) than on
quakes Y, = 8) for hazards, stratigraphy of basin floors, passive margins~ 1000 km). The great earthquakes along
and turbidite lithology along the active tectonic continental the Cascadia and northern California margins cause seis-
margins of the Cascadia subduction zone and the northermic strengthening of the sediment, which results in a mar-
San Andreas Transform Fault by utilizing studies of swathgin stratigraphy of minor MTDs compared to the turbidite-
bathymetry visual core descriptions, grain size analysis, X-system deposits. In contrast, the MTDs and turbidites are
ray radiographs and physical properties. Recurrence times aéqually intermixed on basin floors along passive margins
Holocene turbidites as proxies for earthquakes on the Cascawith a mud-rich continental slope, such as the northern Gulf
dia and northern California margins are analyzed using twoof Mexico.
methods: (1) radiometric dating*C method), and (2) rela- Great earthquakes also result in characteristic seismo-
tive dating, using hemipelagic sediment thickness and sediturbidite lithology. Along the Cascadia margin, the number
mentation rates (H method). The H method provides (1) theand character of multiple coarse pulses for correlative in-
best estimate of minimum recurrence times, which are thalividual turbidites generally remain constant both upstream
most important for seismic hazards risk analysis, and (2) theand downstream in different channel systems for 600 km
most complete dataset of recurrence times, which shows along the margin. This suggests that the earthquake shak-
normal distribution pattern for paleoseismic turbidite fre- ing or aftershock signature is normally preserved, for the
guencies. We observe that, on these tectonically active constronger |/, > 9) Cascadia earthquakes. In contrast, the
tinental margins, during the sea-level highstand of Holocenegenerally weakerM,, = or < 8) California earthquakes re-
time, triggering of turbidity currents is controlled dominantly sultin upstream simple fining-up turbidites in single tributary
by earthquakes, and paleoseismic turbidites have an averaganyons and channels; however, downstream mainly stacked
recurrence time of- 550 yr in northern Cascadia Basin and turbidites result from synchronously triggered multiple tur-
~ 200yr along northern California margin. The minimum bidity currents that deposit in channels below confluences of
recurrence times for great earthquakes are approximatelyhe tributaries. Consequently, both downstream channel con-
300yr for the Cascadia subduction zone and 130 yr for thefluences and the strongedt’§, > 9) great earthquakes con-
northern San Andreas Fault, which indicates both fault sys4ribute to multi-pulsed and stacked turbidites that are typical
tems are in (Cascadia) or very close (San Andreas) to théor seismo-turbidites generated by a single great earthquake.
early window for another great earthquake. Earthquake triggering and multi-pulsed or stacked turbidites
On active tectonic margins with great earthquakes, the vol-also become an alternative explanation for amalgamated tur-
umes of mass transport deposits (MTDs) are limited on basirbidite beds in active tectonic margins, in addition to other
floors along the margins. The maximum run-out distancesclassic explanations. The sedimentologic characteristics of
of MTD sheets across abyssal-basin floors along activeurbidites triggered by great earthquakes along the Cascadia
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and northern California margins provide criteria to help dis- ~__» = o o7
tinguish seismo-turbidites in other active tectonic margins.
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In recent years, assessments based on turbidite characte. |
istics have emerged as a useful tool for paleoseismic re |
search (Goldfinger, 2011). As opposed to most onshore pa.. |
leoseismic records, marine archives offer the potential of |
good preservation, good spatial coverage, and long tempc,, |=
ral span. Turbidite frequency has been used to compile pale |
oseismologic records along seismically hazardous continen_ |
tal margins to reveal earthquake recurrence intervals on cer
tennial to millennial time scales. Turbidite paleoseismology £
has been attempted in marine settings such as the Cascadi~ | f ¢
margin (Adams, 1990; Nelson et al., 2000; Goldfinger et al., | ]
2003a, b, 2007, 2008, 2012; Gariez Pastor et al., 2009), * |
the northern California margin (Goldfinger et al., 2007, 2008; |
Gutierrez Pastor et al., 2009), the southern California Border- |
land (Gorsline et al., 2000), Taiwan (Huh et al., 2004), Japar | Noyo Chann
(Nakajima and Kanai, 2000; Noda et al., 2008), the Mediter- + TR
ranean Sea (Anastasakis and Piper, 1991; Kastens, 1984, e
the Marmara Sea (McHugh et al., 2006), the Canadian margig 1. Geological setting of the Cascadia active tectonic continen-
gin, (Tripsanas et al., 2008), offshore PortugaldGa et al.,  tal margin associated with the Cascadia subduction zone, which
2010), and offshore Haiti (McHugh et al., 2011). Addition- is made up of the Juan de Fuca and Gorda plates. Cascadia and
ally, seismically triggered turbidites have been investigatednorthern California margins canyons, channels, 1999-2002 core lo-
in several lacustrine settings such as Lake Washington irgations, and main fault systems are outlined. The pathways of the
USA (Karlin et al., 2004), Lake Biwa in Japan (Inouchi et al., major canyons are shown in blue, and the number of correlated post-
1996; Shiki et al., 2000), Lake Zurich and Lake Lucerne in Mazama and Holocene turb'idite.s are shown in red. See an example
Switzerland (Schnellmann et al., 2002; Strasser et al., 2006°" the Mazama ash datum in Fig. 4. Mazama ash was not present
Anselmetti et al., 2012), as well as in several lakes of south-" northern Barkley_Canyon cores or in the cores south O.f Rogue
. . Canyon. Note location of the Juan de Fuca channel core in Fig. 4.
ern Chile (Bertrand et al., 2008; Moernaut et al., 2007, 2009’(Figure is modified from Goldfinger et al., 2008).
Moernaut, 2010).

Cascadia and northern California margins are ideal places
to study turbidite paleoseismology because they have Ongrgin stratigraphy and the effects of earthquake triggering
shore pale(_)se|sm|c rec_o_rds that can be correlated with a4 strength on turbidite lithology.
Holocene history of turbidites triggered by great earthquakes
(Figs. 1 and 2). The onshore area of the Cascadia subduc-
tion zone margin has abundant paleoseismic evidence fop Geological setting and turbidite systems
rapid coastal subsidence that records buried marsh deposits
and tsunami records (e.g. Atwater, 1987; Darienzo and Pe2.1 Cascadia continental margin
terson, 1990; Atwater et al., 1995; Atwater and Hemphill-
Haley, 1997; Nelson et al., 1995, 2004, 2006, 2008; Satakdhe Cascadia continental margin overlies the subduction
et al., 1996, 2003; Kelsey et al., 2002). The northern Cali-zone of the Gorda and Juan de Fuca plates thrusting be-
fornia margin, associated with the active San Andreas Faultneath the North American plate (Fig. 1). Cascadia Basin is
also has an onshore paleoseismic record based on the geodbe abyssal seafloor off northern California, Oregon, Wash-
tic data and fault offset history (e.g. Prentice, 1999; Niemiington, and Vancouver Island along the subduction zone.
and Hall, 1992; Schwartz et al., 1998; Knudsen et al., 2002; A wide variety of modern turbidite systems all contain-
Segall, 2002; d'Alessio et al., 2005; Kelson et al., 2006;ing correlative, synchronously triggered turbidites are found
Zhang, et al., 2006). in the Cascadia Basin (Figs. 1 and 3) (Nelson et al., 2000).
In this paper we summarize the multiple effects of greatThe Rogue Apron is an example of a small-scalé&b-10 km
earthquakes on the Cascadia and northern California activdiameter) base-of-slope sand-rich apron system without ev-
tectonic continental margins. We outline the seismic haz-ident channels (Fig. 3) (Wolf and Hammer, 1999; Nelson
ards from great earthquakes, the influence on the continentat al., 2000). The Astoria Fan is a channelized submarine
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Fig. 2. Geological setting of the northern California active tectonic 0 ()
continental margin associated with the northern San Andreas Fau -
that is shown with a red line. Note location of key channels and the ?
cores shown in Figs. 6 and 9. (Figure is modified from Gué&z j’; !
Pastor et al., 2012). <)

fan that funnels sediment into depositional lobes. Cascadii ;&
Channel is a deep-sea channel system fed by multiple tribu
tary canyons, and extends for hundreds of kilometers acros.

Cascadia Basin. Plunge pools and dune fields associated Wll‘lf_.‘llg' 3. Bathymetric map showing location and setting of the BOS,

Canyon mouth§ such a§ t_hose of the Trir_1idad and Eel SySte”ﬁeceta, and 44 N MTDs and the different types of turbidite systems
are other atypical turbidite systems (Fig. 3) (Nelson et al.,i; cascadia Basin. Nitinat and Astoria are submarine fans: Cascadia

2000). Channel is a deep-sea channel following a tectonic lineament, and
Rogue Apron is a non-channelized base-of-slope apron with sheet
2.2 Northern California continental margin turbidites. The Trinidad and Eel are plunge pool and sediment wave

turbidite systems. The locations of Fig. 8a and b are outlined with
Along the continental margin of northern California, the boxes. (Figure is modified from Nelson at al., 2011).
San Andreas Fault extends from San Francisco, where the
fault parallels the coast, and then further north underlies
the margin until the Mendocino Triple Junction (Fig. 2). and Gualala canyons join at the base of the continental slope
Along the northern California margin, there are numer-to form a channel that extends 100 km until its confluence
ous canyon/channel systems containing earthquake-triggeredlith Noyo and Viscaino Channels. Similarly, north of the
synchronous Holocene turbidites. From the north, begin-Noyo Channel, the Viscaino channel is formed by multiple
ning at Cape Mendocino, to the south at Monterey Bay, thetributaries that meet to develop the main channel traveling
canyons and channels are Gorda, Viscaino, Noyo, Arenamore than 200 km until a confluence with Noyo, Gualala and
Gualala, Albion, Bodega Cordell, Farallon, Montara, Pio- Cordell.
neer and Monterey (Fig. 2) (Goldfinger et al., 2003a). The
turbidite channels join together creating downstream conflu-
ence pathways. Noyo Channel, which is found south of Capes Methods
Mendocino, extends seaward for more than 200 km from the
mouth of the canyon where it has a confluence with Vis-For paleoseismic studies, cores were recovered from all the
caino and Gualala Channels (Fig. 2). Southern Point Arendurbidite systems along the Cascadia and northern California
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margins. The core locations were selected carefully in chan JUAN DE FUCA CHANNEL
nel pathways integrating all available swath bathymetry anc 12PC CORE
archive cores in a GIS database. This allowed exploratior — wswncios xaws omsrvios corerroro - miowoor RoWAC Age Calyr 87

"4 Age Cal.yrBP and 2 sigma ranges
T
—300 392 (470-280)

in real time of the ocean floor and channel systems using
bathymetry, backscatter data, and interactive fly-throughs o
the channel morphology. Core sites were chosen to take ac
vantage of known depositional segments of channels versu
non-deposition or erosional segments to capture the mos
complete turbidite record.

We have investigated the sediment using visual core de
scriptions, photos, X-ray imaginary, CT scans, quantita-
tive grain size analyses, mineralogical analysis and physi-
cal properties of high-resolution magnetic susceptibility and
density (Goldfinger et al., 2003a, 2008, 2012). Our turbidite
studies have focused on the correlation of turbidites triggerec I
by earthquakes based on stratigraphic datums (Adams, 199 <_k
Nelson et al., 2000), AMS radiocarbon ages and physica / F
properties (Goldfinger et al., 2003a, b, 2006, 2007, 2008) :
and recurrence time intervals determined by both radiocar:
bon ages and hemipelagic sediment thickness and sedime
tation rates (Guérrez Pastor et al., 2009).

To help the turbidite identification, a Geotek Multi-sensor
Core Logger (MSCL) was used to obtain continuous mea-
surements of physical properties (density, p-wave velocity e |
and high-resolution magnetic susceptibility) for each core MA?MA:‘j’
(e.g. Fig. 4). The physical property measurements and X-ray '
radiographs have been important proxies for grain size grad LEGEND
ing to identify individual turbidites with sandy/silty multiple CLAY:Hemipelagicsdiment
pulses or stacked turbidites without hemipelagic sedimen T woorsirrusise
between the pulses (Goldfinger et al., 2007, 2008; &gk H= 6am Hemipelagc tickness
Pastor et al., 2012). A semi-quantitative mineralogical anal- T3 Tubidtenumber
ysis was done with smear slides to identify the Mazama Ash % it
Datum (7627 150 calyr BP) (Zdanowicz et al., 1999) in o
the Cascadia margin (Nelson et al., 2000; Goldfinger et al. coeced by samping dept
2003a, b). Standard heavy-mineral analysis techniques were
used to define the sand/silt mineral provenances of tributaryig. 4. Juan de Fuca Channel 12PC core showing lithology, pho-
canyons in the northern California margin (Goldfinger et al., tographs, and magnetic and density log signatures in light and
2007). Between 2-3 cm of hemipelagic sediment were Samdark blue, rgspectively. Npte mo.st. turbidites ha'lve multiple coarse-
pled below the base of each turbidite bed to obtain planktonic,gra'ned sediment pulses in turbidites as exhibited by high density

foraminifera for accelerator mass spectrometry (AMS) radio_and magnetic peaks and lighter intervals in X-ray radiographs. Note
carbon ages (Fig. 4) that there is no hemipelagic sediment between pulses of the indi-

.09 L vidual turbidites and that no mass transport deposits are evident as
G_raln-5|ze analyses f_or S(_alected j[urbldltes from both cfrj‘s'chaotic debris in the radiographs. The first occurrence of Mazama
cadia and northern California margins were performed Withash at T13, the main regional datum, is keyed in red. See Fig. 5
a laser diffraction particle size analyser using the Beckmanziso for a detailed analysis of correlative turbidite characteristics.
Coulter procedure (Blott and Pye, 2006). These analysesocation of Fig. 4 core is shown in Fig. 1. (Figure is modified from
were done to verify the physical properties as proxies forGutiérrez Pastor et al., 2009).

grain size and to distinguish individual turbidites with com-

plex multiple pulses of coarser grain size from turbidites

with simple fining-upward gradation. Also, we wanted torec- 4 Paleoseismic turbidite record

ognize associated grain size patterns in turbidites triggered

by earthquakes compared with turbidites triggered by otheAlong the Cascadia and northern California offshore mar-
mechanisms. All the lithologic log data, physical property gins, the paleoseismic record includes turbidites in canyon
logs, X-ray radiographs, and CT scan data, together withand basin floor channel turbidite systems (Figs. 1 and 2) (e.qg.
mineralogical and grain size analyses have been integrated tdelson et al., 2000; Goldfinger et al., 2007, 2008). We and
compare the sedimentologic characteristics of the turbiditesAdams (1990) have demonstrated the synchronous seismic
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Fig. 5. An example of correlation between three piston cores: 12PC in Juan de Fuca Channel, 23PC in Cascadia Channel and 30PC in Rogu
Apron. In the drawingl4C calyr BP ages are shown in black. Hemipelagic thicknesses are shown in the drawing with a capital H at the
base of the measured thickness. Correlation of turbidites is based on number of post-Mazama turbidites, radiocarbon ages, and magneti
and density log signatures. Note the similar physical property and thickness characteristics for each correlative turbidite (e.g. T 11) found in
three different turbidite system types (Juan de Fuca, Cascadia and Rogue) for 600 km along the Cascadia margin. (Figure is modified from
Gutiérrez Pastor et al., 2009).

triggering of well-correlated individual turbidites from dif- aseismic accretionary wedge slip. We conclude, however,
ferent canyon and abyssal basin channel sites for hundredsat the overwhelming evidence supports seismic triggering
of kilometers along these active tectonic margins (Nelson(Nelson et al., 2000; Goldfinger et al., 2003a, b, 2006, 2007,
et al., 2000; Goldfinger et al., 2003a, b, 2006, 2007, 20082008, 2012; Guérrez Pastor et al., 2009).

Gutierrez Pastor et al., 2009). The synchroneity of turbidites Along the Cascadia margin, Holocene turbidites have been
in such active margins has been demonstrated through oldeposited synchronously in different channels separated by
serving the same number of turbidites recorded in tributaryhundreds of kilometers, when turbidite deposition was not
canyons above and below confluences and by synchroneitgxpected because the continental shelf is wider during high
of turbidites in different turbidite systems that are separatedsea levels and the canyon heads are further from the shore-
by hundreds of kilometers along the same margin. In previ-line sediment source. Great earthquakes on the subduction
ous papers, we have discussed the merits of other possibleone are the best candidate to explain the synchroneity of
triggers for turbidity current generation such as storm waveturbidite triggering in such a wide area during the Holocene
loading, tsunamis, sediment loading, hyperpycnal flow andtime (Adams, 1990; Nelson et al., 2000; Goldfinger et al.,
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2003a, b). To show synchroneity of turbidite triggering by
earthquakes, the confluence test postulated by Adams (1990)

utilizes the first occurrence of Mazama ash (762150 NOYO

calyr BP) (Zdanowicz et al., 1999) in a turbidite as a marker 49 PC

bed: synchronous triggering is shown when the number of NUmber

upstream post-Mazama ash (MA) turbidites in multiple tribu- of 53 ilg 30 12

taries equals the number of post (MA) turbidites downstream PUlS€s = o "

below the tributary confluences. In Cascadia Basin, both the 1 pyise 1y | - B 1902(1890-191

Juan de Fuca and other tributary channels and the Cascadia e ¢

Channel below the confluence contain 13 post-MA turbidites 1 Pulse 12 } 1760(1660'1780

(Figs. 1 and 4) (Adams, 1990; Nelson et al., 2000). This test 1670)

is supported by turbidite correlations based'6@ ages and Tpulse T3 590(1510’

correlative physical properties between sample sites that are 1pulse T4 N

separated by several hundred kilometers along the Cascadia 5“_&51

margin (Figs. 1, 4 and 5) (Goldfinger et al., 2003a, b, 2008, 1 oul g AA“O%

2012). pulse 15 Al 126“)
The correlation of turbidites below the T13 post-MA tur- ’ ‘10(1010'

bidites has been extended so that a total of 19 Holocene 1Pulse T o 0290)

=, »
turbidites can be correlated in northern Cascadia Basin 1 oul - PR RN ; 920(930 9‘“)
(Goldfinger et al., 2007, 2008). To help extend the corre- pulse ; - (100'
lation in time, the Holocene/Pleistocene boundary has been ! Pulse
determined by the dominance of radiolaria in the Holocene lens
versus the dominance of foraminifera sediment in the Pleis-
tocene sediment and by a clear change in the sediment color
(Nelson, 1968, 1976 Duncan et al., 1970; @tz Pastor
et al., 2009). Ages of offshore Cf_;lscadia turbidites have _bee_nmulti—pulse _ |
demonstrated to correlate well with the onshore paleoseismic ~
record for the past 3300 yr (Goldfinger et al., 2008, 2012). S
The northern California margin also has a turbidite paleo- 250;”“ 3 1830
seismic history (Fig. 2). Ages of turbidites offshore fromthis 1 pulse ~ T10 %§(1950-1700)B P
region have been demonstrated to correlate well with the on- atifict * A
shore paleoseismic record even though no good datum such 24 em 1 7
- . ) IR 2100
as the Mazama Ash or color and sediment compositional = R
change of Pleistocene to Holocene hemipelagic sedimenthas 1 Pulse Tl Jss (2230-1970)BP
been found (Goldfinger et al., 2003a, b, 2007; éugz Pas- [ S——
tor et al., 2009). In the northern California margin, Noyo
Channel has been studied in detail because its Noyo Canyon
source is offset by the San Andreas Fault and thus sedimen-

T o

1 pulse TS

W\L‘
fAN {%0(240-470)
- j/

Key

gamma density

tary processes are affected directly by earthquakes associated ——— magnetic susceptibility

with the canyon (Fig. 2). The channel also has an expanded correlation lines
Holocene turbidite record recovered from five cores contain- T1 turbidite number

ing up to 39 Holocene turbidites that can be correlated along = hemipelagic sediment sample
strike (Figs. 2 and 6) (Goldfinger et al., 2007, 2008). In the 1830 (1950- 14C age and 2 sigma range
Noyo Channel, as in other turbidite channels of the northern 1700) BP

California margin, correlations have been based mainly on

14C ages and stratigraphic correlation with physical property

proxies (e.g. Fig. 6). Fig. 6.Number of pulses per turbidite in Noyo Channel of the north-
ern California margin based on physical properties and lithology.
Note that we have interpreted the density signature as the most re-
liable proxy of grain size and these show that 11 of the first 12 tur-
bidites in Noyo Channel are uni-pulsed. Ages for the first 9 tur-
bidites are years AD and for turbidites 10 and 11 are calibrated
radiocarbon years BP (Figure is modified from Goldfinger et al.,

07).

5 Hazards analysis based on turbidite recurrence times
5.1 Hazard methods background

20
The Cascadia and northern California continental margins
contain a database of hundreds of cores i@l turbidite

Nat. Hazards Earth Syst. Sci., 12, 31913208 2012 www.nat-hazards-earth-syst-sci.net/12/3191/2012/
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ages (e.g. Figs. 4 to 6) (e.g. Goldfinger et al., 2008, 2012)recurrence times that are most important for hazards analysis,
Our studies have shown that the evaluation of hemipelagiand (ii) where the calibration curves result in broad probabil-
thickness and sedimentation rates together ¥ithages can ity density functions (Guéirrez Pastor et al., 2009).
be an effective method to improve the temporal turbidite his- To obtain a rapid preliminary estimate of turbidite recur-
tory of a continental-margin system (Gartiez Pastor et al., rence times and approximate minimum time between great
2009). These data are of particular importance where accuearthquakes in a tectonically active margin, the H method can
rate assessment of recurrence-interval statistics is integratdae used with a minimum number#fC ages to establish gen-
into assessments of seismic hazards (Goldfinger et al., 201%Eral hemipelagic sedimentation rates over turbidite systems
2012). (Gutiérrez Pastor et al., 2009). Then the H method can be ap-
On the Cascadia subduction zone and northern Californigplied to a widespread distribution of cores from turbidite sys-
continental margins, we define and compare Holocene agesems associated with the fault zone. A caveat to this method
frequency, and recurrence interval between turbidites withis that, when coastal and turbidite paleoseismic records need
two methods: (1) absolute datintfC method) and (2) rela- to be correlated, both completéC and H methods are nec-
tive dating, based on the hemipelagic sediment thickness beessary. Thé“C and H methods applied to turbidite paleo-
tween two turbidites (H method) (e.g. Figs. 4to 6) (Butz  seismology offer time spans mostly unavailable at land pa-
Pastor et al., 2009). We calculate turbidite recurrence timedeoseismic sites and the use of two complementary methods
based ont*C ages by determining the time difference be- for determining earthquake frequency.
tween each pair of turbidites. Recurrence times based on
hemipelagic sediment thickness are calculated by using th&.2 Earthquake recurrence history of Cascadia and
most reliable hemipelagic thickness based on multiple cores northern California margins
at a location and dividing by the moving-average sedimen-
tation rates for the appropriate interval. Turbidite ages andThe large number of age dates from cores in Cascadia Basin
recurrences times, based &fC ages or semi-independent along with well-constrained stratigraphic datums allows an
hemipelagic thickness, generally agreel{C ages taken accurate measurement of turbidite recurrence intervals. On
from anomalously thin hemipelagic interbeds are correctedhe Cascadia subduction zone margin, great earthquake re-
for erosion. currence times based on the most reliable turbidite paleo-
To utilize the H method it is important to determine (1) a seismology in the Juan de Fuca and Cascadia channels for
detailed map of sedimentation rates throughout the basithe past 5000yr (between T1 and T10) show maximum H
floor and (2) whether there has been a significant amount ofmethod and*C method recurrence times of betweer1 000
erosion of hemipelagic sediment on the channel floors. Nocand 1200 yr and minimum recurrence times-0800—400 yr
uniform amount of erosion is found in the Juan de Fuca andFig. 7) (Guterrez Pastor et al., 2009). Although both types
Cascadia channels because the total Holocene hemipelagaf data exhibit similar maxima and minima, the H method
sediment thickness (without turbidites) calculated in ourrecurrence times display a more normal distribution with a
cores is about equal to or more than the mapped hemipelagimode of 500-600 yr compared to tH€ recurrences, which
sediment drape thicknesses from our research &@ati Pas- have a broader distribution especially for maximum time re-
tor et al., 2009) and previous studies (Duncan, 1968; Nelsongurrences (i.e. H methog 1000 yr and"*C method~ 1100
1968, 1976; Griggs, 1969; Adams, 1990). to 1200yr). Based on the H method, we find that turbidites
The H method is important because (1) deep-sea sedimeritave occurred with an average frequency-d50 yr for the
tation provides an independent time yardstick derived frompast~ 5000 yr (Gutérrez Pastor et al., 2009). Based on the
a constant rate of hemipelagic sediment deposited betweeaverage*C age of the oldest Holocene turbidite (9890~
turbidites; (2) hemipelagic thickness and sedimentation rate200 cal yr BP) and the youngest deposited in 1700 AD, we
provides a set of turbidite recurrence times and calculatedind a great earthquake recurrence~0530 yr (Goldfinger et
ages to compare with simild’C datasets; (3) the evalu- al., 2012).
ation of hemipelagic sediment thickness in multiple cores Along the Cascadia margin, the onshore tsunami records
at the same site can be utilized to evaluate erosion effectsat Willapa Bay, Washington, and Sixes Rivers, Oregon,
and to correct radiocarbon ages obtained from anonymouslghow average recurrence times of great earthquakes for the
thin hemipelagic sediment, which results in better correla-past 4000yr (533 and 529 yr, respectively) that agree quite
tion of turbidites and consequent paleoseismic history alonglosely with those of the turbidite paleoseismic record of the
the margin; (4) hemipelagic data are available for every tur-past 4000 yr{ 520 yr) (Atwater and Hemphill-Haley, 1997,
bidite event from multiple cores at each site compared toKelsey et al., 2002; Nelson et al., 2003; Gutez Pastor et
a single incomplete set of radiocarbon ages at each sitegl., 2009).
(5) hemipelagic data can be used to calculate ages and re- On the northern California margin in Noyo Channel, we
currence times for events that cannot be dated by other methiave been able to obtain and to compare recurrence times
ods; and (6) hemipelagic data can be used to constrain rabased on OxCal*C ages and the H method (Geriez Pas-
diocarbon age distributions, particularly for (i) minimum tor et al., 2009). By using OxC&fC ages “overlapped” with
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Fig. 7. (A) and(B) comparison of the frequency distribution of recurrences times from T1 to T10 turbidite events in Juan de Fuca (JDF)
and Cascadia Channel (CC). Histogréfy) is based on hemipelagic sediment thickness (H Rec), and histo@pim based on AMS
radiocarbon aged{C). Histograms show the number of recurrence times observed in each 100 yr interval class (e.g. 0-100yr, 100200 yr)
at each site shown in the figure. Note that the maximet1 100 to 1300 yr) and minimum300 yr) recurrence times are similar fotc

and hemipelagic sediment thickness, but both extremes are more frequent ¥ ttataset. Comparing bo) and (B) histograms, we

can infer that data show a major mode of recurrence times from 500 to 600 yr and a normal distribution of times, wh&t€ae tierence

times are more broadly distribute) Histogram showing the distribution of turbidite recurrence frequencies at Noyo Channel for the first
14 turbidite events based 3fiC ages obtained with the OxCal software and on hemipelagic sediment thickness (H Rec). We can infer that
data show a major mode of recurrence times from 200 to 250 yr. Note that the H recurrence bars (H Rec) show a more normal distribution
than the OxCal recurrence bars (Oxé‘éﬂ: Rec), with maximum recurrence times-ef250 yr and minimum times of 150 yr. (Figure is
modified from Gutérrez Pastor et al., 2009).

hemipelagic analysis, we obtain better agreement in turbidithemipelagic recurrence times may result in part because the
ages between H andC methods than in Cascadia subduc- database from multiple cores and all turbidites is much larger
tion zone margin, where we use cal yr BP ages. In the northand in part because eat4C recurrence value is based on two
ern California Margin, using the H method, we obtain an av- ages of the turbidite above and below, each of which can have
erage recurrence time of 200 yr between turbidite events, an error. Consequently, the chances for errors Withrecur-
maximum times of 296 yr and minimum times of 176 yr com- rence times are twice that compared to turbidite recurrence
pared to a 348yr maximum and a 142 yr minimum recur-times based on the H method, because the fi@®ages to
rence times based on OxC4C data (Fig. 7). The OxCAfC  obtain recurrence time may cause additive or subtraéfige
recurrence times have greater extremes than those based ontliers.

the H method. Similar to Cascadia Basin, the data from Cal- We observe that great earthquakes on the California mar-
ifornia again show that the larger database of hemipelagigin (~ 200 yr) trigger turbidites more frequently than on the
thickness exhibits a more normal distribution of recurrenceCascadia margin< 500yr), and this is corroborated by the
times than the"*C ages. The more normal distribution of onland record (Prentice et al., 1999; Knudsen et al., 2002;
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Kelson et al., 2006; Zhang et al., 2006; Goldfinger, et al.,sediment- or storm-triggered turbidites, particularly during
2007; Guterrez Pastor et al., 2009). At Olema, 45 km north the early Holocene when a close connection existed between
of San Francisco, Niemi and Hall (1992) estimate that, if thethese canyons and associated river systems (Nelson et al.,
4-5m slip event recorded in 1906 is characteristic, the recur2000; Goldfinger et al., 2012).

rence time for such events would be 22#0yr. Both our The sequence of 41 events defines an average recurrence
data and 10 new ages from the Vedanta site and sites neg@eriod for the southern Cascadia margin-0240 yr over the
Fort Ross suggest an average recurrence intervadl200—  last 10 ka (Goldfinger et al., 2012). Time-independent prob-
230yr (Goldfinger et al., 2007). abilities range from 7-12% in 50yr for full or nearly full
margin ruptures throughout the entire northern and southern
5.3 Hazards risk analysis Cascadia Basin, te- 21 % in 50 yr for a southern segment

rupture in Cascadia Basin. Time-dependent probabilities are

It is of great importance for hazard analysis to define accusimilar for northern margins events at7-12 %, and 37—
rate minimum recurrence times for great earthquakes in th&2 % in 50 yr for the southern margin. Failure analysis sug-
Cascadia subduction zone. Because of the constant rate geests that, by the year 2060, Cascadia will have exceeded
hemipelagic sedimentation in channel versus inter-channet 27 % of Holocene recurrence intervals for the northern
locations during the Holocene (e.g. generally 9 cm/1000 yrmargin, and 85% of recurrence intervals for the southern
at Cascadia Channel), minimutfC recurrence intervals margin.
cannot be less than the stratigraphic time represented by
hemipelagic sediment thickness observed in multiple cores
at a location (Guéirrez Pastor et al., 2009). For example, 6 Great earthquake impacts on continental margin
the minimunt“C time between T1 and T2 is calculated to  stratigraphy
be 227yr based on 5 cores in Cascadia Basin (Goldfinger
et al., 2008, 2012). In contrast, six cores in Juan de FucaVe made two important observations about active tectonic
and Cascadia channels contain from 4 to 8 cm (five with 5-margins with great earthquakes when comparing mass trans-
6 cm) of hemipelagic sediment between T1-2, which equalgport chaotic failure deposits (MTDs) in active tectonic versus
hemipelagic recurrence times of 320 to 408yr of strati- passive continental margins (Nelson et al., 2011). The first
graphic hemipelagic sediment time (Gartez Pastor et al., is that MTD debris flow beds are not evident in hundreds
2009) that must be accounted for in multiple cores. Conse-of Cascadia Basin or northern California basin floor piston
quently, we place the most confidence in the H method forcores penetrating into Late Pleistocene turbidite system de-
minimum recurrence times. For the 18 turbidites in Cascadigoosits. (e.g. see Figs. 4 and 6). The second is that there are
Channel, the H method recurrence time shows one recurrencggnificantly greater amounts of MTD beds and maximum
time of 221 yr that may be an outlier, but the most reliable run-out distances of large MTD sheets in passive margins
minimum time is 278 yr (Guérrez Pastor et al., 2009). compared to active tectonic continental margins like the Cas-

On the San Andreas fault margin of California, similarly, cadia and northern California (Table 1) (Nelson et al., 2011).
14C minimum recurrence times are as low as 105 yr (a pos-The run-out of MTD flows extends only to a maximum of a
sible outlier), but the most reliable minimum times are 135 few tens of kilometers onto the basin floors of the Cascadia
to 142 yr, whereas the lowest H method recurrence time isand northern California margins (Table 1) (Figs. 3 and 8).
176yr. Consequently, at present the northern San Andreas MTD sheets have short run-out distances of 5 to 35km
Fault appears to be just outside the minimum recurrence timeacross the abyssal seafloor adjacent to the Cascadia slope
to expect a great earthquake, because the last great earteven though large (65—-88km wide) and small (5-14 km
guake occurred in 1906 (Fig. 7) (Géttrez Pastor et al., 2009; wide) failure scarps and MTDs are common on the continen-
Goldfinger et al., 2012). In contrast, the Cascadia subductionial slope (Figs. 3 and 8) (Table 1) (Goldfinger et al., 2000;
zone is within the minimum time window for a great earth- Nelson et al., 2011). These short run-out distances contrast
quake, because the last one occurred in 1700 AD (Fig. 7with MTD sheets on passive margins, which can run out
(Gutiérrez Pastor et al., 2009; Goldfinger et al., 2012). hundreds of kilometers across the seafloor (Table 1) (e.qg.

In the southern Oregon and northern California marginsWalker and Massingill, 1970; Embley, 1976; Damuth and
of the Gorda Plate area of southern Cascadia Basin, th&mbley, 1981; Simm and Kidd, 1983, 1984; Embley and Ja-
frequency of turbidites progressively increases towards theobi, 1986; Issler et al., 2005; Twichell et al., 2009).
Mendocino Triple Junction (Fig. 1) (Nelson et al., 2000). In  The slide blocks and hummocky surfaces of the local MTD
this region, all of the northern paleoseismic turbidites aresheets are evident along the base of the Oregon slope in the
found, as well as~ 22 thinner turbidites of restricted lat- swath bathymetry and GLORIA side-scan images (Fig. 8)
itude range that are correlated between multiple southerdEEZ Scan 84 Scientific Staff, 1986; Goldfinger et al., 2000).
sites (Goldfinger et al., 2008, 2012). The northern Califor- Seismic facies and echo character from a wide variety of seis-
nia sites, Trinidad, Eel and Mendocino Canyons, also recordnic profiles, including deep-tow side-scan sonar and 4.5 kHz
additional turbidites which may be a mix of earthquake andseismic profiles, show the chaotic and transparent facies of
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Fig. 8. (A) This 3-D swath bathymetric image looks southward from Astoria Canyon mouth over the Oregon continental slope and northern
Astoria Fan. The red to yellow depth coloration highlights the shallower depths of the accretionary folds on the lower slope. The blue and
brown colors highlight the channel pathways of Astoria Fan. Red lines trace the axial pathway of the Astoria Channel and base-of-slope
channel, where two MTD slump debris lobes block the channel and run out about 5-7 km out from the slogB)bHsis. 3-D swath
bathymetric image looks landward towards the central Oregon continental slope and shows that the 44 N MTD (mass transport deposits)
run out approximately 25 km from the slope ba&®) This seismic profile shows that the 44 N surface and Heceta subsurface MTDs have
maximum run out distances for approximately 25 km from the base of the continental slope. The loca@#gng$R)fand(C) are shown in

Fig. 3. (A is modified from Nelson et al., 200B,is modified from Goldfinger et al., 2012 adis from Goldfinger et al., 2000).

the MTDs (Goldfinger et al., 2000). In addition, sediment exception where MTD debris avalanches have run-outs for
cores taken from these MTDs contain the chaotic deposits ohundreds of kilometers (Moore et al., 1989; Weaver et al.,
debris flows (Fig. 8) (Goldfinger et al., 2000). 1995).

Along most of the margin from San Francisco Bay north  Other evidence supports our observations that, along the
to the Mendocino Triple Junction, few if any significant fail- active tectonic continental margin of western North Amer-
ures or MTD sheets have been identified. South from Sarica, run-out distances of MTD sheets are limited compared
Francisco, the Sur MTD sheet on Monterey Fan has theo passive margins. In our studies, we observe that the active
longest run-out distance (80 km) yet detected across an ummargin has MTD run-out distances of 5-80 km onto the basin
confined abyssal plain along any active tectonic margin (Tafloor. In a plot of selected MTD sheets from a worldwide
ble 1) (Normark and Gutmacher, 1988; Klauke et al., 2004;database, the active margins have maximum run-out lengths
Elverhgi et al., 2005). The modern fore-arc basins off Newof 80 km; in contrast, the passive margins have maximum
Zealand contain MTD sheets with run-out distances of 150—un-out lengths of up te- 1000 km onto basin floors (Simm
200 km; however, these MTDs are found in elongate confinedand Kidd, 1983, 1984; Issler et al., 2005), and run-outs typ-
basins, not on the unconfined abyssal plain. Additionally,ically are from 200 to 600 km across large passive margin
the New Zealand MTDs are fed by unusually large sedimentsubmarine fans (Table 1).
discharge sources for an active margin (70 million mTyr We believe that the tectonic history of the Cascadia sub-
(Lamarche et al., 2008). Active volcanoes are anotherduction zone and northern San Andreas Fault controls the
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Table 1.Comparison of mass transport deposit sheets on unconfined  Great earthquake effects on turbidite lithology

basin floors along active and passive margins. Apparently because

of seismic strengthening in active margins, maximum runout dis-The sedimentologic features of Holocene turbidites as well
tances from the basin slope for mass transport deposits (MTDs) args the physical properties and radiocarbon ages in the active
up to 10 times more on passive margins. (Table is modified froMye1onic continental margin of Cascadia substantiate their
Nelson etal., 2011). seismic origin and correlation of individual turbidites at dif-
ferent locations throughout Cascadia Basin (Figs. 1, 4, and
5) (Nelson et al., 2000; Goldfinger et al., 2003a, b, 2006,
2007, 2008; Guérrez Pastor et al., 2009). Thus, we can

Location Max run out Numbers
distance (km) of MTDS

Active Tectonic Margin MDT sheets compare the sedimentologic variations of the same turbidite
CASCADIA 510 35 7 from proximal to distal locations in channels. The northern
North California 80 1 California margin turbidites also are interpreted to be trig-
Issler et al. (2005) 100 45 gered by earthquakes based mainly on correlations of physi-

cal properties and radiocarbon ages (Figs. 1 and 6) (Goldfin-

Passive Margin MTD sheets ger et al., 2007). Similar to Cascadia Basin turbidites, the

Amazon Fan 140-225 4 physical property and sedimentologic characteristics of the
Alleugiarj B{isin 250-400 15 northern California margin turbidites result from the earth-
Mississippi Fan 350-600 20 quake shaking signatures and the morphology of the turbidite
Issler et al. (2005) 800 45

: ‘ canyons and downstream confluences (&utiz Pastor et al.,
Simm and Kidd (1983, 1984) 1000 1 2012).

We interpret that there are two basic types of turbidites that

result from triggering by great earthquakes. Because there is
deposition of turbidites during the Holocene time and influ- 96 % confidence that the physical property pulse signatures
ences the character of the MTD sheets on the basin floorsand 90 % confidence that thickness of correlated turbidites is
Our previous studies show that there is a cyclic frequencythe same upstream and downstream of channel confluences
of shaking of the continental margin by great earthquakes ofn the same turbidite system and throughout channels of all
approximately one every 500 yr and 200yr for the CascadiaCascadia turbidite systems, we hypothesize that the multi-
and California margins, respectively (e.g. Goldfinger et al.,ple pulses of individual turbidites are caused by the origi-
2007; Guterrez Pastor et al., 2009). nal seismic shaking signature of each individual great earth-

Geotechnical engineers hypothesize that continentafuake (e.g. Fig. 5) (Goldfinger et al., 2008, 2011b; iz
slopes of seismically active margins may develop seismicPastor et al., 2012). Previous work shows that there is a pre-
strengthening (Lee et al., 2004). This strengthening pro-dominance of multi-pulsed seismo-turbidites both upstream
cess involves gradual densification of sediment, caused bynd downstream along channels during the Holocene along
repeated earthquake events that dewater sediment. Lee et600 km of the Cascadia Basin.
al. (2004) noted that both greater sediment strength proper- Stacked turbidites are a second type of seismo-turbidites
ties measured on active-margin slopes (i.e. shear stress, cothat are found along the northern California margin. Unlike
solidation) and laboratory simulations (i.e. measurements othe Cascadia tributary canyons where there is a dominance of
sediment strength before and after shaking) substantiate th@wulti-pulsed turbidites, tributary canyons along the Califor-
mechanism of seismic strengthening. Previously, studies byiia margin exhibit a dominance of uni-pulsed turbidites (i.e.
Lee et al. (1992) showed that denser sediment, such as thaingle fining-up classic turbidites without multiple pulses)
on active tectonic margins, does not mobilize as easily into(Fig. 6) (Guterrez Pastor et al., 2012). However, below con-
debris flows as the less consolidated sediment, such as th@itiences of tributary canyons or channels, multiple turbid-
on passive margins. ity currents from synchronous earthquake triggering in these
We postulate that the seismic strengthening process on agributaries deposit stacked turbidites (Fig. 9).

tive tectonic margins with great earthquakes, such as Cas- Deposits of the single Gualala tributary canyon mouth
cadia and northern California, explains our observations(core 13PC) and Noyo tributary channel (core 49PC) com-
that relatively short maximum run-out distances of MTD pared to deposits below confluences of these tributaries
sheets on the basin floor characterize active tectonic margingcores 12PC and 24GC) provide examples of the stacked
whereas the long MTD maximum run-out distances charac+urbidite formation processes (Gettiez Pastor et al., 2012).
terize passive margins (Table 1). These fundamental obsese observe that in Noyo Channel ten of the first eleven tur-
vations have important implications for MTD abundance andpidites are uni-pulsed and that, in Gualala Canyon mouth,
distribution in outcrop and subsurface turbidite systems ofnine turbidites of the first eleven are uni-pulsed (Figs. 5 and
active-margin compared to passive-margin settings. 9) (Goldfinger et al., 2007; Guirez Pastor et al., 2012).

In contrast with the uni-pulsed turbidites of the Noyo and

Gualala tributaries, we observe that twelve turbidites have
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Fig. 9. Northern California margin core sections frq@) 13PC in Gualala Canyon moutfB) 12PC in Gualala Channel downstream

from 13PC tributary site, anfC) 24GC below Noyo/Gualala/Viscaino channel confluence. Core figures show X-ray radiographs, physical
properties (density and magnetic signatures), grain size and mineralogy. Green dots are the grain size sample locations and humbers besid
the dots are the median grain size (d50) in a ghi ¢cale for each sample. Red dots key mineralogic sample locations for the mineral
compositions of the stacked turbidites that are shown to the right or core 24 GC. Heavy mineral compositions are a percentage of the total
light and heavy mineral grains that were counted (mineralogy from Goldfinger et al., 2007). Grain-size analysis, compared with the X-
ray radiography of cores and physical property logs, is used to distinguish turbidite pulses, determine presence or absence of hemipelagic
sediment between pulses, and demonstrate that magnetic and density logs can be used as proxies of grain size because there is an excell
agreement between curves. Note in 13PC that two uni-pulsed turbidites are separated by 7 phi hemipelagic sediment. Note in 12PC tha
stacked turbidites from individual earthquake events show irregular grading of grain size and have no 7 phi hemipelagic sediment between
turbidites. Note in 24GC that each stacked turbidite has a specific mineralogy correlated with different tributary canyon mineral sources.
(Figure is modified from Guéirrez Pastor et al., 2012).

multiple coarse units and two possibly are uni-pulsed 20 kmduring a short interval of time. Only the last coarse-grained
downstream in the main Gualala Channel (core 12PC). Alsaunit has a tail, indicating final waning of a turbidity current.

at 12PC below the confluence of the multiple Gualala trib- We interpret that these multiple coarse units are triggered by
utary canyons, as expected, we find thicker turbidites thara single earthquake event because synchronous triggering in
in the 13PC tributary canyon mouth. Downstream from themultiple tributary canyons results in the arrival of several
confluence between Noyo, Gualala, and Viscaino channelsjearly synchronous turbidity currents below the confluence
single turbidite events exhibit multiple coarse-grained unitsof tributary canyons and channels. This is proven by the fact
(Fig. 9). The lack of hemipelagic sediment intervals betweenthat each coarse unit has a distinct mineralogy from different
these multiple coarse-grained units shows that they depositetlibutary canyons and channels (Fig. 9).
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Fig. 10. Morphologic model for seismo-turbidite deposition in the active tectonic margins of western North America. Uni-pulsed, multi-
pulsed or stacked turbidites are correlated with each type of canyon or channel morphologic setting and earthquake magnitude. (Figure
modified from Gutérrez Pastor et al., 2012).

The dominance of uni-pulsed turbidites in Noyo Channel (e.g. Goldfinger et al., 2008; Gétrez Pastor et al., 2012).
and Gualala Canyon tributaries compared to the dominanc&he correlative turbidites in Cascadia Basin proximal and
of multiple coarse units in turbidites downstream in channelsdistal channels exhibit the same mainly multi-pulsed or oc-
below tributary confluences and, most important, the differ-casional uni-pulsed physical property signatures (Fig. 4)
ent mineralogical evidence for each of the coarse units leadGoldfinger et al., 2008, 2012; Géatrez Pastor et al., 2012).
us to interpret that downstream these are stacked turbiditeg/e interpret that the similar signatures in correlative indi-
from synchronously triggered turbidity currents in multiple vidual turbidities throughout Cascadia Basin channels are
tributary canyons (Fig. 10). Similar turbidite characteristics generated by the original earthquake and/or aftershock shak-
have been observed in Lake Zurich, Switzerland, where muling of the strongest earthquaked( ~ 9). Generally in tur-
tiple landslides along the lake basin walls are synchronoushbidite systems throughout Cascadia Basin, uni-pulsed tur-
triggered by an earthquake and then the multiple coeval turbidites are also the thinnest (Goldfinger et al., 2003, 2012),
bidity currents derived from the landslides deposit stackedwhich suggests that proximal turbidites from the weakest
turbidites on the lake basin floor (Strasser, 2006). earthquakes may not develop multiple pulses (8ttz Pas-

tor et al., 2012). In summary, in Cascadia Basin the dom-
inantly multi-pulsed seismo-turbidites result from original
8 Turbidite lithology of Cascadia and California great earthquake shaking and aftershocks (Fig. 10); however,
margins compared with other margins occasional weaker earthquakes result in uni-pulsed turbidites
upstream and downstream.
Even though Cascadia and northern California margins have The dominance of uni-pulsed turbidites in proximal

different tectonic settings, both active tectonic margins CON-canyons and tributary channels of the California margin sug-
tain complex types of seismo-turbidites triggered by greatgests that most of the California earthquakes are weaker
earthquakes. Nearly all turbidites are multi-pulsed or stackedpan those generating the typical multi-pulsed turbidites in

below canyon and channel confluences in Cascadia and Cajne proximal canyons and channels of the Cascadia mar-

ifornia margins, although proximal uni-pulsed turbidites are gin. Apparently, because of shorter fault rupture length and
dominant in Noyo Channel and Gualala Canyon (Fig. 10)
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weaker earthquakes along the northern California margining in an amalgamated turbidite with one or several beds
(~ 200km rupture and earthquakes, < 8) compared to truncated by the erosion of different turbidity currents that
the Cascadia subduction margir 600 to 1000 km rupture follow years to hundred of years later. We show that syn-
length and earthquakes upM, ~ 9%), California turbidites  chronous multiple turbidity currents from different tributary
are mainly uni-pulsed at proximal locations above conflu-canyons that are triggered by an earthquake travel thorough
ences and are stacked turbidites below tributary confluencethe confluences of tributary canyons or channels and arrive
(Fig. 10) (Gutérrez Pastor et al., 2012). This is caused by theat slightly different times to deposit stacked turbidites at the
morphology of the margin that has multiple tributary sourcessame downstream site. These stacked turbidites, as well as
and channel confluences where synchronously triggered tumulti-pulsed turbidites, create another type of amalgamated
bidity currents deposit (Figs. 2 and 10). bed that is generated by a single earthquake eventéf®eti

Nakajima and Kanai (2000) as well as Shiki et al. (2000) Pastor et al., 2012).
studied seismo-turbidites from the Japan Sea plus Lake Incomparison to active tectonic margins, turbidites in pas-
Biwa, and Gorsline et al. (2000) analyzed turbidites from sive muddy margins appear to be mainly generated during
the Santa Monica and Alfonso basins, California. Naka-low stands of sea level and by non-seismic mechanisms such
jima and Kanai (2000) observed that turbidites triggeredas storms, floods or sediment failures resulting from over-
by earthquakes exhibit different characteristics than clasloaded and under-consolidated slope sediment (e.g. Nelson et
sic turbidites described by Bouma (1962). In active tec-al., 1992; Tripsanas et al., 2006; Twichell et al., 1992, 2000,
tonic margins with strong earthquakes, Japanese scientis009). The typical muddy and unstable slopes of deltaic
and Gorsline et al. (2000) found that turbidites had wide areamargins off large rivers in passive margins result in com-
extent, exhibited irregular sedimentary structures, grain-sizébined turbidite and mass transport systems that are different
breaks/fluctuations, abrupt changes in composition withinfrom those in active tectonic margins (Nelson et al., 2011).
the bed, variable composition among beds and greater deFurbidites in passive margins appear mainly to have sim-
positional volume than turbidites triggered by other mech-ple fining-upward grain size rather than mainly being multi-
anisms. Our studies confirm these observations in seismgpulsed or stacked as they are off the active tectonic margins
turbidites that have detailed stratigraphic, age and physicabf western North America (Guirez Pastor et al., 2012).
properties correlations along entire continental margins and\long the Ebro and the Mississippi deltaic margins, sim-
throughout channels (Figs. 1, 2, 4, 5, and 9) (6uéz Pas- ple fining-upward turbidites are most common (Nelson and
tor et al., 2012). In addition, we can show proximal to dis- Maldonado, 1988; Nelson et al., 1992; Twichell et al., 2000,
tal variations in seismo-turbidites that are related to earth-2009; Nelson et al., 2009, 2011). In Bryant Canyon mini-
quake strength plus canyon and channel morphologic setbasins, Twichell et al. (2000) and Tripsanas et al. (2006)
tings, within the same margin and between different mar-found classic graded sand beds and muddy turbidites in the
gins. We also prove that synchronous earthquake triggeringverbank deposits with the complete mud turbidite sequence
in multiple canyon heads with different mineral sources re-of Stow and Shanmugam (1980). Although there appear to
sults in stacked turbidites containing different mineralogiesbe some general differences in sedimentologic characteristics
(Figs. 9 and 10) (Goldfinger et al., 2007). that distinguish turbidites triggered by earthquakes compared

Although multi-pulsed turbidites are characteristic of the to those triggered more commonly by other mechanisms in
Cascadia Basin turbidite systems, they are not a unique typpassive margin settings, additional studies are necessary to
of seismo-turbidite. Multiple pulses with inverse grading, verify these preliminary suggestions (QGartiez Pastor et al.,
within an individual turbidite, have been interpreted to char- 2012).
acterize turbidites from hyperpycnal flows (i.e. hyperpyc-
nites) (Mulder et al., 2003). Outcrops of inner levees along ,
thalwegs of turbidite channels and along mini-basin margins? Conclusions
also exhibit multi-pulsed turbidites (e.g. Kane and Hodgson
2011; Kneller and MacCaffrey, 2003). Consequently, multi-
pulsed turbidites are not a unique criteria for hyperpycnites,
seismo-turbidites, levee turbidites, or mini-basin margins im-
pacted by seiches or reflected turbidity currents.

The classic literature of turbidites explains the amalgama-
tion of turbidite beds as the result of the erosion of a later
separate following turbidity current. Sequential turbidity cur-
rents may erode into the previous turbidite deposits result-

1. On the Cascadia subduction zone and northern Califor-
nia continental margins, we determine recurrence time
interval between paleoseismic turbidites with two meth-
ods: (1) absolute dating by high-resolution AMS ra-
diocarbon agestC method) and (2) relative dating,
based on the measure of time interval between turbidite
events, using hemipelagic sediment thickness between
two turbidites divided by the sedimentation rate (H
method). Recurrences times, based'®@ or H meth-
ods, generally agree}fC ages taken from anomalously
thin hemipelagic interbeds are corrected for erosion.

INote that anMy, = 8 earthquake is equivalent to 5 850 000 tons
of TNT and aMy, = 9 eartquake is equivalent to 150 000 000 tons
of TNT.
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are weaker ¥, ~= / < 8) and more than twice as fre-
quent on average~<(200 yr) than the strongeMy, ~ 9)
and less frequent{ 550 yr) earthquakes on the northern
Cascadia subduction zone.

. For the past~ 5000 yr, the minimum recurrence times
for great earthquakes are approximately 300 yr for the
Cascadia subduction zone. For the pa2600yr, the
minimum recurrence times for great earthquakes are
approximately~ 130yr for the northern San Andreas
Fault, which indicates both fault systems are in (Casca-
dia) or very close (San Andreas) to the early window for

3205

2. Great earthquakes on the northern San Andreas Fault 7. Multi-pulsed turbidites are not a unique criteria for

seismo-turbidites, hyperpycnites (turbidites from hy-
perpycnal flows), or turbidites from thalweg channel
levees, because multi-pulsed turbidites are found in
all three depositional environments. Stacked turbidites
with individual mineral pulses, however, may be unique
criteria for seismo-turbidites.

. The generation of multi-pulsed turbidites or stacked

seismo-turbidites from synchronous earthquake trigger-
ing of turbidity currents in tributary canyons along ac-
tive tectonic margins provides another explanation for
amalgamated turbidites.

another great earthquake. Maximum recurrences times
for great earthquakes are 1000-1200 yr for northern

Cascadia, and 300-350 yr for northern San Andreas.
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