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Abstract. Turbidite deposition along slope and trench set-
tings is evaluated for the Cascadia and Sumatra–Andaman
subduction zones. Source proximity, basin effects, turbidity
current flow path, temporal and spatial earthquake rupture,
hydrodynamics, and topography all likely play roles in the
deposition of the turbidites as evidenced by the vertical struc-
ture of the final deposits. Channel systems tend to promote
low-frequency components of the content of the current over
longer distances, while more proximal slope basins and base-
of-slope apron fan settings result in a turbidite structure that
is likely influenced by local physiography and other factors.
Cascadia’s margin is dominated by glacial cycle constructed
pathways which promote turbidity current flows for large dis-
tances. Sumatra margin pathways do not inherit these an-
tecedent sedimentary systems, so turbidity currents are more
localized.

1 Introduction

Sedimentation of active margins is commonly dominated by
turbidite systems. During sea level high stands, or for regions
isolated from terrestrial sedimentation processes, these sys-
tems may principally be driven by seismic cycles (Nelson et
al., 2011; Goldfinger et al., 2012). Accretionary prism archi-
tecture provides a first order control on flow paths for mass
wasting processes (Bouma, 2004; Bouma et al., 2006; Bour-
get et al., 2010; Pouderoux et al., 2012). The prism’s mor-
phology in turn is driven by convergence rate, plate coupling,
backstop strength, upper plate rheology, and lower plate to-
pography and sedimentation history.

Paleoseismology can reveal the behavior of a fault sys-
tem through multiple earthquake cycles (Atwater, 1987;
McCalpin and Nelson, 1996; Atwater and Hemphill-Haley,
1997; Nelson et al., 2006; Goldfinger et al., 2008, 2012).
Strong ground shaking from rupture of earthquakes has been
inferred to trigger turbidity currents that potentially leave a
very long record of past earthquakes in the form of turbidites
(Dallimore et al., 2005; Goldfinger et al., 2003, 2008, 2012;
Inouchi et al., 1996; Karlin and Seitz, 2007; Shiki et al.,
2000; St-Onge et al., 2004). Turbidite paleoseismology uses
combined evidence from sedimentology, tests of synchrone-
ity, stratigraphic correlation, and analysis of non-earthquake
triggers to develop a reliable earthquake record for submarine
fault zones (Adams, 1990; Beattie and Dade, 1996; Goldfin-
ger et al., 2012).

Turbidite paleoseismology has been largely successful in
regions where an understanding of the flow systems and path-
ways (including secondary factors) and can be developed in
order to maximize the potential for success through careful
core site selection. While the tectonic interpretation of these
deposits is not the principle focus of this paper, it is these
interpretations (and correlation of deposits) which allow us
to make our observations regarding the forcing factors along
these two margins.

In the following sections we describe some site localities
and turbidity current pathways along the Sumatra and Casca-
dia margins. Detailed turbidite correlations and seismogenic
trigger rationale in Cascadia are found elsewhere (Goldfinger
et al., 2012) and we discuss correlations and seismogenic ra-
tionale for Sumatra in this paper. These correlations are used
here to provide a framework for discussion of architectural
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Fig. 1.Schematic illustration of geomorphic elements of subduction zone trench and slope sedimentary settings. Submarine channels, submarine canyons, dune fields and sediment
waves, abyssal plain, trench axis, plunge pool, apron fans, and apron fan channels are labeled here and described in the text.

controls on turbidite sedimentation in marginal slope basin
and trench settings of the Sumatra and Cascadia margins.

1.1 Physical geography

The sedimentary systems of the continental slope and abyssal
plain offshore Sumatra and Cascadia are controlled largely
by the tectonics of the accretionary prism and the glacial his-
tory of the regional and local sources of terrestrial sediment.
There exists a wide range in sedimentary settings along both
of the margins off Sumatra and Cascadia (Fig. 1).

The continental slope is formed by the accretionary prism
of the subduction zone and many of these geographical fea-
tures are controlled by the geometry of the prism (Wang and
Davis, 1996; Wang and Hu, 2006). The intersection of the
slope with the abyssal plain may be close to the trench axis
(Sumatra), or may be the intersection of the frontal fault limb
or megathrust with a filled trench (Cascadia). Submarine
canyons cross the slope and may headwardly migrate through
growing anticlinal folds, into slope basins and branch into

tributary canyons. Submarine channel systems are meander-
ing channels that form in the sediments of the abyssal plain
and may follow the trench axis (Carter, 1988). In Sumatra,
there is no active channel system resolvable in the axis. In
Cascadia, the filled trench allows channels to trend away
from the slope, following trends defined by Pleistocene fan
systems and the age of the subducting Juan de Fuca plate.
Channels emanate from submarine canyons and submarine
landslide complexes at the base of the slope (Carter, 1988).
Dune fields and sediment waves are multibeam-resolvable
landforms that have bedforms in the shape of transverse
dunes (Nelson et al., 2000). A plunge pool forms in the trench
where sediment flows from the slope scour the area at the
base of the slope (probably due to the steepness of the slope),
forming a recessed pool (Nelson et al., 2000). Apron fans
form at the base of the slope and may or may not have apron
fan channels incised into their surface (Nelson et al., 2000).
In the following sections, we will describe the specific land-
forms found in Sumatra and Cascadia, their interactions, and
the relations to their hosted turbidite stratigraphy.

Nat. Hazards Earth Syst. Sci., 13, 833–867, 2013 www.nat-hazards-earth-syst-sci.net/13/833/2013/
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1.2 Sumatra margin

The India-Australia plate subducts to the northeast at 38 to
57 mm yr−1 beneath the Sunda plate to form the Sumatra–
Andaman subduction zone (SASZ) in the northeast Indian
Ocean (Subarya et al., 2006; Fig. 2). Bengal fan channels are
ultimately sourced from the Himalayas and formed as a re-
sponse to climate forcing, particularly during glacial periods
(Curray and Moore, 1971; Curray et al., 2003; Weber et al.,
2003). Bengal fan deposits thin to the south, as evidenced in
ETOPO elevation data (Smith and Sandwell, 1997). Oceanic
basement structures are generally buried north of 1◦ N, and
only partially buried south of that latitude (except along the
outer rise and trenchward of the outer rise, where these struc-
tures are reactivated; the outer rise is a convex-up region west
of the trench).

While active Himalayan sedimentation forms a fan in the
northwestern Indian Ocean, turbidity current channels in the
eastern Bengal fan are inactive since the late Quaternary as
they no longer receive active sedimentation from northern
sources (Moore et al., 1976; Weber et al., 2003). In the mar-
gin offshore northern Sumatra there is but a single relict tur-
bidity current channel (sourced from the north) and it is not
located in the trench axis, but is positioned westward of the
outer rise, causing it to drain westward towards the Nine-
tyeast ridge. This relict channel does not reflect the modern
gradients in topography as the India-Australia plate flexes
here in response to subduction. There are no large channel
systems in the trench, other than short (with a mean length of
7 km) apron fan channels associated with submarine canyons
exiting the continental slope and localized submarine land-
slide amphitheaters. Many of these short channels are offset
and deformed by bending moment normal faults, further re-
stricting or altering turbidity current flow in these systems.

Continental margin morphology west of Sumatra is dom-
inated by the upper plate structure of a Tertiary and Qua-
ternary accretionary prism with structural highs and fore-
arc slope basins. Uplifted Tertiary–Quaternary Bengal and
Nicobar fan sediments form the core of the duplexed accre-
tionary prism offshore Sumatra, which acts as a local back-
stop (Fisher et al., 2007; Kopp et al., 2008; Singh et al., 2010;
Krabbenhoeft et al., 2010). Topography here is controlled
largely by the blocks of sediment up to 4 km thick (Ban-
dopadhyay and Bandopadhyay, 1999; Fisher et al., 2007) up-
lifted from the India-Australia plate (likely by duplexing of
the accretionary complex) to form the upper part of the ac-
cretionary prism and marginal plateau (Fisher et al., 2007).
Between these blocks and fault anticlines are the piggyback
slope basins that archive sediment in which we collected our
cores (Fisher et al., 2007; Mosher et al., 2008; Gulick et
al., 2011). Slope basins in the Sumatra system are formed
atop this fold and thrust belt with submarine canyon sys-
tems linking some basins as they cut normal to the trench.
Many basins do not drain to the trench and have an ex-
panded Holocene section. Canyon systems tend to be short

and drainage catchments relatively small possibly because
there are no pathways through the accretionary complex to
the forearc basin or continental shelf. The outer forearc is
sedimentologically isolated from northern Sumatra by the
Aceh, Simeulue, Nias, Pini, Siberut, and Bengkulu Neogene
forearc basins (Sieh and Natawidjaja, 2000; Susilohadi et al.,
2005). Sediment input from the offshore islands of Simeulue,
Nias, and Siberut is possible for some basins in the central
and southern Sumatra margin. Similarly the trench provides
sedimentological isolation between sites due to the lack of
large channel systems. In addition, core sites in the trench
are isolated to sedimentologic sources further north along
the SASZ. The trench is likely blocked from sedimentary in-
put from northern sources by the subducting Ninetyeast ridge
and a large landslide at 14◦ N (Moore et al., 1976).

The trench axis deepens from 4.5 km to 6.5 km, from north
to south, and is filled with sediment four km thick in the
north (Gulick et al., 2011), all deeper than the carbonate com-
pensation depth (CCD). Trench fill sediments are sourced
from the Bengal and Nicobar fans and partially bury lower
plate bending moment normal faults and fracture zones that
trend across the trench. Along the central southern margin,
sediments overlying the oceanic crust are thin to less than
one km. The trench axis morphology is therefore controlled
by transverse structures from 2.25◦ S southward and the mor-
phology in turn controls turbidite flow within the trench.
Where larger lower plate structures, such as the Investigator
fracture zone and the fossil Wharton ridge, cross the trench
in a northeasterly direction, they block sediment flow south-
ward down the trench axis. The result of these blockages is
compartmented sediment basins in the trench axis. A sec-
ondary effect is that sediment sources in the trench compart-
ments are restricted to sources of input from adjacent specific
slope segments. It is notable that these lower plate struc-
tures that compartmentalize sediment deposition also align
with many historic earthquake rupture limits (Newcomb and
McCann, 1987; Ortiz and Bilham, 2003; Sieh, 2006; Briggs
et al., 2006; Natawidjaja et al., 2004; Chlieh et al., 2007;
Meltzner et al., 2010, 2012).

1.3 Cascadia margin

The Juan de Fuca and Gorda plates subduct to the northeast at
36 to 50 mm yr−1 beneath the North America plate (Fig. 3)
to form the Cascadia subduction zone (CSZ) in the north-
east Pacific (McCaffrey et al., 2007). Sediment thicknesses
on the lower plates decrease from 4 km to< 1 km, north to
south. Sediment thickness may play a role in seismogenic
potential and segmentation of the margin due to unmasking
of basement structures in southern Cascadia (Goldfinger et
al., 2012), as it may in Sumatra, where sediment thickness
similarly decreases southward. The N–S gradient in incom-
ing sediment thickness results in a smooth plate interface
along the northern margin and a relatively rough one in the
south, where the subducting Blanco fracture zone and two

www.nat-hazards-earth-syst-sci.net/13/833/2013/ Nat. Hazards Earth Syst. Sci., 13, 833–867, 2013



836 J. R. Patton et al.: Seismoturbidite record in Sumatra and Cascadia

250

Fig. 2. Sumatra core location and plate setting map. India-Australia plate subducts northeastwardly beneath the Sunda plate (part of Eurasia) at modern rates (GPS velocities are
based on regional modeling of Bock et al., 2003 as plotted in Subarya et al., 2006). Historic earthquake ruptures (Bilham, 2005; Malik et al., 2011) are plotted in orange. Bengal and
Nicobar fans cover structures of the India-Australia plate in the northern part of the map. RR0705 cores are plotted as light blue and cores discussed in this paper are darker blue.
General location for Figs. 1, 5, 6, 8, and 10 are designated by green rectangles. SRTM bathymetry and topography is in shaded relief and colored vs. depth/elevation (Smith and
Sandwell, 1997).
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pseudofaults are exposed (Chaytor et al., 2004; Goldfinger et
al., 2012). Shorter rupture segments along the southern mar-
gin are attributed to this unmasking of basement structure in
the south (Goldfinger et al., 2012). CSZ fault coupling in the
submarine forearc is evidenced by deformation along accre-
tionary prism faults as motion is transferred from lower plate
sinistral faults (Goldfinger et al., 1997). Along with vergence
of accretionary prism thrust faults (Goldfinger et al., 1996;
Johnson et al., 2005), wedge taper and structural strike in the
prism are likely controlled by basal shear stress on the CSZ
fault (Goldfinger et al., 1992, 1996, 1997). These all con-
tribute to the variability of plate coupling on the megathrust
along both margins.

The accretionary prism here is composed of Tertiary to
Quaternary turbidites and hemipelagic mud (Westbrook et
al., 1994; Johnson et al., 2005). Basins in the CSZ slope are
piggyback basins formed between the limbs of folds in the
accretionary prism. These slope basins are commonly iso-
lated, but are sometimes connected to other basins by relict
channel systems, and are occasionally intersected by and
connected to slope-perpendicular canyon systems. Several
slope basins, notably Hydrate Ridge Basin West (HRBW),
are completely isolated from terrestrial or shallow water sed-
iment sources (Goldfinger et al., 2012). As in Sumatra, such
isolated slope basins collect local sedimentation only from
submarine landslides derived from the local slopes that de-
fine the basins.

The continental slope of the Cascadia margin is traversed
by numerous submarine canyons that deliver an abundant
sediment volume to the filled trench from the high-rainfall
coastal region and continental interior (Fig. 3). The Columbia
River, one of the largest rivers in North America, has deliv-
ered∼20 million metric tons of sediment per year mostly
to the Washington shelf during the late Holocene (Stern-
berg, 1986; Wolf et al., 1999). During Pleistocene low-
stands, when much of the Columbia River drainage basin
was glaciated, a greater sediment load was delivered directly
to the Cascadia Basin floor turbidite systems (Underwood,
2005). During that time, the broad Astoria and Nitinat Fans
were constructed along the northern margin, and filled the
subduction-zone trench (Nelson et al., 1968; Nelson et al.,
1987; Normark and Reid, 2003; Goldfinger et al., 1997).
During the Holocene high stand, sediment from Cascadia
rivers was deposited mostly on the shelf and in nearly full
shelf basins and upper canyons (Goldfinger et al., 1992; Mc-
Neill et al., 2000), 11 % of the load estimated to be delivered
to canyon heads offshore Washington and northern Oregon
(Sternberg, 1986; Wolf et al., 1999).

A wide variety of modern turbidite systems are found
within Cascadia Basin (Nelson et al., 2009, 2001). Base-of-
slope sand-rich apron fans, such as Rogue Apron, are defined
as small-scale (<10 km), wedge-shaped turbidite systems
abutting the base of slope (Nelson et al., 2000, 2009, 2011).
They do not have significant channel development detectable
in seismic profiles, side-scan mosaics, or swath-bathymetry

at the resolution of presently available data (Wolf et al.,
1999; Goldfinger et al., 2012; this study). Submarine fans,
such as Astoria Fan, are turbidite systems with significant
channel development that funnel sediment into outer-fan de-
positional lobes. Another turbidite system type commonly
found in active-margin settings is the extensive, tectonically-
controlled, deep-sea channel system. Deep-sea channel sys-
tems, such as Cascadia Channel, are fed by multiple tribu-
tary canyons, extend for hundreds to thousands of kilome-
ters across basin floors and eventually connect with abyssal-
plain fans (Carter, 1988; Nelson et al., 2000). Large-scale
sediment-wave or dune fields and plunge pools associated
with high gradient canyon mouths and proximal channels,
such as those of the Trinidad and Eel systems, also have
been observed in swath-bathymetric and sidescan mosaics of
basin floors (Nelson et al., 2009, 2000; EEZ-Scan 84 Scien-
tific Staff, 1986; Goldfinger et al., 2012). In a tectonically
active setting like the Cascadia margin, folding, faulting, and
extensive sediment failures can disrupt canyon and channel
pathways of turbidite systems.

1.4 Seismoturbidites

Adams (1990), Goldfinger et al. (2003), and Shan-
mugam (2008) suggest nine plausible triggering mechanisms
for turbidity currents: (1) storm wave loads, (2) earthquake
ruptures, (3) tsunami wave loads (local or distant), (4) sedi-
ment loads, (5) hyperpycnal flows, (6) volcanic explosions,
(7) submarine landslides, (8) cyclones, and (9) bolide im-
pacts. Other mechanisms may reduce slope stability (tectonic
oversteepening, depositional oversteepening, sea-level low-
ering, salt movement, glacial loading, biologic erosion), but
are likely random and not regional nor synchronous (Inouchi
et al., 1996; Goldfinger et al., 2007). Discriminating between
these mechanisms is central to using turbidites for paleoseis-
mology. While subduction zones generate sufficient seismic-
ity to seismically strengthen sediments so these settings are
more resistant to other triggering mechanisms (Biscontin and
Pestana, 2006; Nelson et al., 2011), we will first discuss rel-
evant alternative triggers.

Considering alternative triggers, hyperpycnal storm flow
related deposits (hyperpycnites) may have a finer sediment
base that initially coarsens upwards (during waxing flow),
then fines upwards (as the flow wanes; Mulder et al., 2003)
though this sequence may also not be represented in the de-
posit. With wave triggers, the landslide source area would
be much shallower than the source areas in the region of
this study. Tsunami waves and storm waves can cause liq-
uefaction and erosion at upper canyon and shelf depths, but
source areas for our cores are not at these shallow depths.
Tsunami wash-back sediments have been found in Sumatra
(Sugawara et al., 2007) and elsewhere (Bondevik et al., 1997;
Fujiwara et al., 2000; van den Bergh et al., 2003; Noda et
al., 2007; Abrantes et al., 2008), but these are also at much
shallower depths than sampled in this study. Typically, wave

Nat. Hazards Earth Syst. Sci., 13, 833–867, 2013 www.nat-hazards-earth-syst-sci.net/13/833/2013/
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related triggering causes upper canyon transport, but not nec-
essarily ignition of a turbidity current that might reach deep
water (Goldfinger et al., 2012). Gas Hydrate destabilization
would leave behind highly localized deposits. Bolide impacts
may also lead to turbidites, but their recurrence is too rare to
explain the chronostratigraphy in the cores from this study.
These and other mechanisms are discussed in detail for Cas-
cadia in Goldfinger et al. (2012). Thus sedimentologic dis-
criminators between these mechanisms are possible, as are
frequency comparisons, but these are hardly universal. The
primary basis for attributing a seismogenic trigger to the tur-
bidite record is testing for regional and synchronous deposi-
tion, combined with comparison to historic and other paleo-
seismic data (Goldfinger et al., 2007, 2008, 2012).

Earthquakes are well known as subaerial landslide trig-
gers, with a triggering minimum earthquake magnitude of
∼ Mw = 5 (Keeper, 1984), and landslide density found to be
greater in areas of stronger ground acceleration (Meunier et
al., 2007; Strasser et al., 2006). Earthquakes are also one of
the dominant submarine landslide triggers (Hampton et al.,
1996; Masson et al., 2006; Goldfinger et al., 2003, 2008,
2012), with most historic examples attributed to ground ac-
celerations from earthquakes (Mosher et al., 2010; Shirai
et al., 2010; Mosher and Piper, 2007; St-Onge et al., 2004,
2011). Minimum magnitudes for recording seismoturbidites
are possibly aboveMw = 7.1 (Goldfinger et al., 2003) or
Mw = 7.4 (Nakajima and Kanai, 2000) in subduction zone
settings, though smaller magnitudes (Mw = 5.2) have been
observed (Lorenzoni et al., 2012a) and are supported by stud-
ies of slope stability and minimum accelerations required for
failure (e.g. Goldfinger et al., 2013).

We test the plausibility of a seismogenic trigger in Suma-
tra by (1) using tests for synchronous triggering of sedi-
mentologically isolated turbidite systems and (2) using sec-
ondary constraints that consider sedimentologic characteris-
tics of the turbidites. When turbidites can be correlated be-
tween sites separated by a large distance or between sites
isolated from land sources and from each other, synchronous
triggering can be inferred and most other triggering mecha-
nisms can be eliminated (Goldfinger et al., 2003, 2008, 2012;
Shiki et al., 2000; Gorsline et al., 2000; Nakajima, 2000; Ra-
jendran et al., 2008; Shiki et al., 2000).

Attributing a seismogenic trigger to turbidites generally
requires spatial and temporal correlation of individual tur-
bidites (Shiki et al., 2000; Gorsline et al., 2000; Nakajima,
2000; Goldfinger et al., 2003, 2008, 2012; Rajendran et al.,
2008). Kneller and McCaffrey (2003) and Baas et al. (2005)
pose that the vertical structure (Sanders, 1965) is predicted
when there are longitudinal (along the flow path) changes
in sediment flux within turbidity currents. Source-time func-
tions and rupture geometry of earthquakes may provide this
spatial and temporal control on sediment input into these
turbidity current systems. The turbidite structure (stratifi-
cation) left behind by these flows thus possibly records an

approximation of the seismic energy density at the landslide
source area (Goldfinger, 2011; Goldfinger et al., 2012, 2013).

Mass wasting along continental margin slope settings has a
large range in genetics, from block falls to nepheloid raveling
(Nelson et al., 2000; Lorenzoni et al., 2012b). However, little
is known about the initial slope failures that lead to turbidity
currents along the CSZ and SASZ margins. These turbidity
currents may begin as a wide range of mass wasting types,
but eventually transform into turbulence driven buoyant sedi-
ment rich flows (Nelson et al., 2011). These turbidity currents
can travel 100s to 1000s of kilometers if channels and basins
extend that distance (Nelson et al., 1968, 2011; Goldfinger
et al., 2003). When turbidity currents are localized in slope
basins, they may only travel much shorter distances or may
escape the slope basin margins by flowing uphill, and may
be reflected within these slope basins (Kneller and McCaf-
frey, 1995; Bourget et al., 2011; Pouderoux et al., 2012).
When currents travel in restricted settings (slope basins or
other settings with no channels), deposits left behind are con-
trolled largely by source proximity (Nelson et al., 1986), but
may also be subject to bypassing and hydraulic jumps that
complicate the recording at any given site (Goldfinger et al.,
2012).

Coring for seismoturbidites requires an evaluation of these
competing factors so that the coring sites can be optimized to
reduce complicating factors while enhancing the likelihood
of recording earthquakes. Here we review coring sites from
Sumatra and Cascadia as they relate to these competing tur-
bidite structure forcing factors. We also discuss the correla-
tion of these deposits for stratigraphy offshore Sumatra.

2 Data and methods

2.1 Site survey

We mapped the seafloor and shallow subsurface in or-
der to select coring sites in optimal locations for col-
lecting records of turbidity current deposition. For cruises
on the R/V Thomas G. Thompson(CSZ: 2009, TN0909
cores), R/V Roger Revelle(CSZ: 2002, RR0702 cores;
SASZ: 2007, RR0705 cores), and R/VMelville (CSZ
1999, M9907 cores) where cores were collected for pa-
leoseismic studies, multibeam mapping was essential to
evaluate the physiographic setting for the relevant sedi-
mentary systems. Multibeam sonar mapping of the sea-
floor is collected and edited on board so that coring sites
can be chosen in real-time (e.g. RR0705 Superquakes07
Cruise Reporthttp://www.activetectonics.coas.oregonstate.
edu/sumatra/report/index.html). Prior to the cruises, exist-
ing bathymetric data are compiled. Sumatra bathymetry
was collected by Japanese (R/VNatsushima: Japan Agency
for Marine Earth-Science and Technology, Jamstec), United
Kingdom (HMS Scott: UK Royal Navy and Southamp-
ton Oceanography Centre, NOCS), French (R/VMarion
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Table 1.Cores and their depositional settings.

Margin Core Core Site Depth Latitude Longitude
Name Setting Geomorphology (m) Deg. DM Deg. DM

Sumatra RR0705-108PC Slope Basin center of wide unconfined valley 2959 4◦39.58′ N 93◦08.6′ E
Sumatra RR0705-104PC Slope Basin base of slope 3477 3◦52.3′ N 93◦28.5′ E
Sumatra RR0705-103PC Slope Basin center of wide unconfined valley 3077 3◦36.3′ N 93◦37.9′ E
Sumatra RR0705-96PC Slope Basin undrained basin 3399 2◦56.0′ N 94◦08.4′ E
Sumatra RR0705-79PC Slope Basin undrained basin 3833 0◦50.8′ S 97◦47.6′ E
Sumatra RR0705-03PC Trench trench axis 4443 4◦32.2′ N 92◦56.0′ E
Sumatra RR0705-05PC Trench trench axis 4480 4◦28.8′ N 92◦55.6′ E
Sumatra RR0705-107PC Trench above trench floor 4518 4◦19.6′ N 92◦55.1′ E
Sumatra RR0705-105PC Trench near trench axis 4486 4◦04.7′ N 93◦10.9′ E
Sumatra RR0705-38GC Trench trench axis 5524 1◦41.9′ S 97◦56.3′ E
Sumatra RR0705-37GC Trench above trench floor 5497 1◦42.4′ S 97◦55.3′ E
Sumatra RR0705-41GC Trench trench axis 5620 2◦07.7′ S 98◦14.6′ E
Sumatra RR0705-40GC Trench above trench floor 5530 2◦08.1′ S 98◦13.3′ E
Sumatra RR0705-55PC Trench near trench axis 6046 4◦31.2′ S 100◦12.8′ E
Sumatra RR0705-57PC Trench near trench axis 6069 5◦26.4′ S 100◦47.9′ E
Cascadia RR0207-01KC Slope Basin undrained basin, Hydrate Ridge West Basin 2110 44◦40.0′ N 125◦17.1′ W
Cascadia RR0207-56PC Slope Basin undrained basin, Hydrate Ridge West Basin 2250 44◦38.6′ N 125◦15.8′ W
Cascadia RR0207-02PC Slope Basin undrained basin, Hydrate Ridge West Basin 2311 44◦38.7′ N 125◦15.0′ W
Cascadia M9907-12PC Trench Cascadia Channel 2658 46◦46.4′ N 126◦04.9′ W
Cascadia M9907-23PC Trench Cascadia Channel 3211 44◦09.6′ N 127◦11.5′ W
Cascadia TN0909-01JC Trench Cascadia Channel 3089 42◦26.3′ N 125◦16.6′ W
Cascadia M9907-30PC Trench base of slope 3112 42◦25.2′ N 125◦13.1′ W
Cascadia M9907-31PC Trench base of slope 3107 42◦24.6′ N 125◦12.0′ W

Dufresne: Ifremer), and German (R/VSonne: Federal In-
stitute for Geosciences and Natural Resources, BGR) ships
and shared utilizing a cooperative agreement with these
international institutions and the Indonesian Government
(Agency for the Assessment and Application of Technol-
ogy, BPPT), without which, the coring study would not
have been possible (Henstock et al., 2006; Ladage et al.,
2006). Prior to the 1999 and 2002 cruises, existing Casca-
dia bathymetry was compiled by Dziak et al. (2001) and
Goldfinger et al. (2003). These Cascadia compilations in-
cluded older swath bathymetry (including SeaBeam 2000,
SeaBeam Classic, and Hydrosweep), as well as multibeam
bathymetry. 3.5 kHz Compressed High Intensity Radar Pulse
(CHIRP) seismic profiles of the shallow sub-bottom is also
an important data set to collect when locating core sites.
These data reveal the continuity (or lack thereof) of repeated
local turbidite sedimentation, local faulting, and mass wast-
ing deposits, and may be useful in projecting the seismic
record beyond the depth limits of coring campaigns.

2.2 Coring and lithostratigraphic correlation

Piston and gravity coring are the primary methods used to
collect strata from the sea floor, supplemented with Kasten-,
box-, and multi-cores (the latter two are used to sample the
sediment-water interface and the upper-most units with min-
imal disturbance). Kasten cores are useful as they provide

a larger volume of sediment from which volume restricted
age samples (CaCO3 foraminiferid tests) are collected. Cores
are scanned for geophysical properties (multi sensor core
logging (MCSL): gamma density, magnetic susceptibility,
p-wave velocity, and resistivity) and then split lengthwise
and described on lithostratigraphic data sheets. Following the
cruise, cores are then scanned with Computed Tomographic
X-ray techniques (CT scans). CT data also provide den-
sostratigraphic information (down-core variation in density)
when CT imagery is used for downcore line-scan analysis.
Other post-cruise analytical methods that are used include
laser diffraction particle size measurements, down-core X-
ray fluorescence (XRF), superconducting rock magnetome-
ter measurements of remnant magnetization, high-resolution
point magnetic susceptibility measurements,210Pb and137Cs
isotopic analyses, and accelerator mass spectrometry (AMS)
radiocarbon age control. Core geophysical methods are fur-
ther summarized in Document 1 in the Supplement.

Cores 55PC and 57PC are used to demonstrate the tech-
nique of flattening geophysical data between cores in order to
examine potential correlatives (Fig. 4). All correlations done
in this paper are made using this technique, where the vertical
scale of one data set are scaled to match the vertical scale of
the other core’s data set, based on the upper and lower strati-
graphic contacts of the sedimentary deposits (Thompson et
al., 1975). MSCL data for core 57PC is “flattened” to the
stratigraphic horizons in core 55PC on the left, and 55PC is

Nat. Hazards Earth Syst. Sci., 13, 833–867, 2013 www.nat-hazards-earth-syst-sci.net/13/833/2013/
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Fig. 4. Correlation of sedimentary units using standard stratigraphic correlation techniques between cores RR0705-55PC and RR0705-57PC.(A) Bathymetric map with cores
plotted as brown dots and depth contours with 500 m spacing. Cores 55PC and 57 PC are located in the trench approximately 120 km from each other.(B) Stratigraphic correlations
between these cores using lithology, CT, and geophysical properties. Multi Sensor Core Log (MSCL) data are plotted beside RGB imagery and CT imagery that displays lower
density material in darker grey and higher density material in lighter grey. Gamma density, CT density, point magnetic susceptibility, and loop magnetic susceptibility are plotted
left to right as light blue, dark blue, dark red, and light red. The relative certainty of any individual correlation is ranked and designated by line symbology.(C) MSCL data for core
57PC is “flattened” to stratigraphic horizons in core 55PC on the left, and 55PC is flattened to 57PC on the right. The core data being flattened is partially transparent and plotted on
the outside of the core data they are being flattened to (known as “ghost tracing”). The unflattened core data are scaled at the same vertical scale as in(B).
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flattened to 57PC on the right. The core data being flattened
is 50 % transparent and plotted on the outside of the core
data they are being flattened to. The unflattened core data are
scaled at the same vertical scale as in B.

For basin cores, we selected cores from a variety of
basin and trench settings (Table 1). Sumatra cores RR0705-
104PC/TC, RR0705-103PC/TC, and RR0705-96PC/TC are
each in different basin settings: base of cliff, center of
canyon, and center of closed basin, respectively (Figs. 2, 5,
and 6). These cores are located in the region of the 2004
SASZ earthquake (Aceh Segment, Kopp et al., 2008) and
span a trench–parallel distance of 350 km. Cascadia cores
RR0207-56PC/TC, RR0207-02PC/TC, and RR0207-01KC
are all in the same basin: Hydrate Ridge Basin West and are
within 4 km of each other (Fig. 7). The Hydrate Ridge cores
are also spaced in relation to the landslide sources from prox-
imal to distal.

For our selected trench cores, also in the Aceh Segment,
Sumatra cores RR0705-03PC/TC, RR0705-05PC/TC, and
RR0705-107PC/TC are at the northernmost extent of our
cores along a 24 km transect (Fig. 8). Cascadia core M9907-
12PC from the Juan de Fuca channel system is then com-
pared with the Cascadia Channel core M9907-23PC, 350 km
down channel (Fig. 9). We discuss two pairs of Sumatra
base of slope apron cores RR0705-38GC, RR0705-37GC,
RR0705-41GC, and RR0705-40GC; separated by 60 km in
the Siberut Segment (Fig. 10, Kopp et al., 2008). Then we fi-
nally evaluate Cascadia cores TN0909-01JC, M9907-30PC,
and M9907-31PC at the base of Rogue Canyon, spanning an
8 km transect (Fig. S2). Cruise prefixes for core names will
be left out in some cases later in the paper.

2.3 Geophysical logging and lithostratigraphic
correlation

Stratigraphic correlation using geophysical signatures repre-
senting vertical turbidite structure is a primary tool for test-
ing individual deposits for their areal extent, a significant
part of the criteria used to discriminate seismoturbidites from
other possible types. Downcore geophysical properties are
used as proxies for particle size, though this is specific to re-
gional lithology and must be tested with detailed grain size
measurements. We use laser diffraction particle size mea-
surements (taken with a Beckman-Coulter LS 13-320 laser
counter, Blott and Pye, 2006) to discuss our justification for
this proxy in the results section. The form of the geophysical
signature of each turbidite is referred to as its “fingerprint”.
Geophysical wiggle matching (fingerprinting: Goldfinger et
al., 2007) of turbidites is based on the correlation of identifi-
able stratigraphic characteristics using MSCL data (Fukuma,
1998). This correlation technique has been used to correlate
stratigraphic units since the 1960s (Prell et al., 1986; Lovlie
and Van Veen, 1995). In detail these “fingerprints” represent
the time history of deposition of the turbidite and have been
shown to correlate between independent sites separated by

large distances and depositional settings (Abdeldayem et al.,
2004; Karlin et al., 2004; St-Onge et al., 2004; Hagstrum et
al., 2004; Goldfinger et al., 2008, 2012). The detailed match-
ing of records has been attributed to generation by the source-
time function of the earthquake trigger (Goldfinger et al.,
2012, 2013). The turbidite itself is commonly composed of
single or multiple coarse fraction fining upward units termed
“pulses”. The rarity of a fine tail (Bouma Td and Te) or sub-
sequent hemipelagic sediment between pulses indicates there
is commonly little or no temporal separation between units.
The lack of temporal separation of the pulses in Cascadia has
been inferred to represent deposition over minutes to hours,
and thus most likely represent sub-units of a single turbidite
(Goldfinger et al., 2013).

2.4 Age control

Radiocarbon ages provide an important test to our correla-
tions and there can be some exceptions (detailed methods
are in Document 1 in the Supplement). Sumatra trench cores
are deeper than the CCD, so they do not contain calcareous
material sufficient for14C age control. For this reason, cor-
relations between these and other cores do not have an age
test for the fingerprint correlation. Radiocarbon discussion
for the Cascadia cores is found in Goldfinger et al. (2012).

The laboratory radiocarbon ages are reported in years be-
fore present (BP, measured from 1950) with a two standard
deviation lab error (Stuiver et al., 1998).14C ages are cali-
brated (Stuiver and Braziunes, 1993) and, for Sumatra ages, a
marine reservoir DeltaR correction of 16± 11 yr is made us-
ing the INTCAL09 database (Reimer et al., 2009). Only two
deltaR values are available for the Sumatra area, and while
constraints are few on this correction, we here are correlating
marine sites to other nearby marine sites, thus the local corre-
lations are valid while absolute ages may contain additional
uncertainty (see Goldfinger et al., 2012 for the reservoir cor-
rection information for the Cascadia cores). One additional
correction we make to the calibrated age is the sediment gap
and sample thickness correction (thickness of sediment be-
tween the turbidite and the sample and sample thickness, re-
spectively). For individual ages, we propagate these uncer-
tainties using RMS (root mean square) calculations using es-
timates of the uncertainties at each step. This calculation in-
cludes the lab uncertainties and results in the final reported
95 % range for each radiocarbon age in calendar years before
present (cal yr BP; Stuiver and Polach, 1977). No lab multi-
pliers were applied to the data.

In order to evaluate the timing of the possible 2004 tur-
bidite with radiometric techniques, we collected sediment
samples below the turbidite at 1 cm spacing.210Pb and137Cs
isotopic analyses can provide information about the depo-
sitional history of the last∼150 yr (Noller, 2000). Samples
were analyzed by Guillaume St. Onge at Institut des sciences
de la mer de Rimouski.
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Fig. 10.Sumatra trench cores RR0705-38GC, RR0705-37GC, RR0705-41GC, and RR0705-40GC (Fig. 3).(A) Correlation of these cores is shown with green tie lines and core
data are plotted with the same configuration as Fig. 2. The radiocarbon age is from hemipelagic sediment underlying the correlated tephra in core 79PC and reported with 95 % error
(Salisbury et al., 2012; Table S1).(B) Core location map with cores plotted as orange circles over multibeam bathymetry, cores 37, 38, 40, and 41 in green (Ladage et al., 2006). Inset
map shows location of large map in red (central margin). Dashed grey line shows general trench axis as a potential flow pathway. Purple rectangle shows where the IFZ intersects
the trench to isolate these basins (flow pathway barrier).

www.nat-hazards-earth-syst-sci.net/13/833/2013/ Nat. Hazards Earth Syst. Sci., 13, 833–867, 2013



854 J. R. Patton et al.: Seismoturbidite record in Sumatra and Cascadia

RR0705-37GC
5496
5497

D
ep

th
 (m

)

10 m

RR0705-38GC

5515
5517

D
ep

th
 (m

)

10 m

RR0705-40GC

5540
5541

D
ep

th
 (m

)
10 m

RR0705-41GC

5523

5525

D
ep

th
 (m

)

10 m

-5.6

-5.2

-4.8
010203040

Distance (km)

D
epth (km

)

EW

R
R

0705-38G
C

R
R

0705-37G
C

-5.6

-5.2

-4.8
010203040

Distance (km)

D
epth (km

)

EW

R
R

0705-41G
C

R
R

0705-40G
C

C.

D. mapping
artifact

Fig. 10. (C) Elevation is plotted versus distance along a strike line aligned to core pairs. Core locations are labeled in green. Profile locations are plotted as red lines in(B, D)
3.5 kHz CHIRP seismic data collected at core sites are processed in SioSeis and plotted in SeiSee (seismic envelope). Core locations are designated by a red line scaled to core
length. Horizontal extent of seismic data are unresolvable at the scale in(A). Seismic data for cores 37GC, 38GC, and 40GC were collected while the ship maintained position over
the core location. Seismic data for core 41GC were collected while leaving the core site, so the horizontal scale is shown.

Nat. Hazards Earth Syst. Sci., 13, 833–867, 2013 www.nat-hazards-earth-syst-sci.net/13/833/2013/



J. R. Patton et al.: Seismoturbidite record in Sumatra and Cascadia 855

3 Results

Here we first discuss selected core sites and then compare
piggyback basin records of seismoturbidites from Sumatra
and Cascadia. We then similarly compare core sites from
the trenches of both Sumatra and Cascadia. Slope basin and
trench settings provide different forcing factors, so we also
used this distinction in the organization of our paper. Slope
basins are generally more proximal to their source, but not al-
ways, depending upon the setting. Trench cores may be more
distal (in the trench where there are channels) or proximal
(in the trench where there are no channels). Core suffixes
are as follows: piston cores (PC), jumbo cores (JC), trigger
cores (TC), gravity cores (GC), Kasten cores (KC), box cores
(BC), and multi cores (MC). Piston coring includes both the
PC or JC (depending on how the cruise scientists label them,
technically they are the same, PC is our preference) and the
TC, so they generally come in pairs.

3.1 Slope basin systems

3.1.1 Sumatra: basins

Core 104PC/TC is located in a northwest striking, 2–3 km
wide, ∼40 km long basin formed on the landward side of
a landward vergent fold in the Aceh Segment (Kopp et
al., 2008). The basin is filled with locally derived sedi-
ment sourced from the surrounding anticlinal folds. Sedi-
ment sources on the eastern flank of the basin are steep
at a ∼10◦ slope. Core 103PC/TC is located in a similarly
formed basin, though the bounding folds are more disrupted
by erosional systems with more complex geomorphology.
This basin is not linearly shaped like the 104PC/TC basin and
the core is located in the center of a 3 km wide basin floor.
Core 96PC/TC is located in a∼3 km wide,∼35 km long,
northwest striking basin also formed on the eastern flank of
a landward vergent fold.

The lithostratigraphy of the northern Sumatra slope cores
is dominated by coarse grained Ta-Te turbidites (Bouma,
1962) and fine grained turbidites (Bouma, 1962; Stow and
Piper, 1984) interbedded with massive hemipelagic mud and
less common tephras. Bioturbation is common and core-
induced deformation is observed in some cores. Turbidites
are composed of coarse silt to coarse sand bases, with fin-
ing upward sand and silt to clay sub-units, with the addi-
tion of abundant forams in slope cores (all of which are
above the∼4200 m deep CCD). The coarse fraction is com-
posed of mica and quartz grains with rare mafics, consis-
tent with the well-known and mature Himalayan source of
the accreting Bengal and Nicobar fans (Stow et al., 1990).
Some slope core basal turbidite sub-units are composed of
foraminiferal hash. Sand sub-units commonly range in thick-
ness from 0.5 to∼20 cm and are laminated and cross bedded,
commonly underlying massive sand units. Rare thicker sand
sub-units range from∼50 to∼100 cm thick. Finer material

is composed of silt to clay sized particles. 0.5- to 10.5-cm
thick primary tephras are rare and can be correlated between
sites using electron microprobe and laser ablation Inductively
Coupled Plasma Mass Spectrometer (ICPMS) data (Salis-
bury et al., 2012), in the Siberut segment (Kopp et al., 2008).

Figures 5 and 6 show core, CHIRP seismic, and bathy-
metric data for cores 104PC/TC, 103PC/TC, and 96PC/TC.
Cores 104, 103, and 96 are in sedimentologically isolated
basins within 350 km of each other. The light-grey sand bases
of turbidites are easily identified and MSCL magnetic and
density maxima correlate well with the CT density max-
ima and grain size peaks. CT data permit a refined view
of the detailed structure of the turbidites and the effects of
core disturbance and basal erosion. Gamma and magnetic
data reflect signals that average the effects of core distur-
bance as measurements are made at regular intervals, with
measurement volumes perpendicular to the core length. De-
formed sediment may no longer have horizontally layered
strata (commonly concave downward, when the edges of the
core are dragged down by the core liner during coring, Skin-
ner and McCave, 2003). Particle size measurements, plot-
ted in green (Fig. 6a) show a good correspondence to the
MSCL data, supporting the use of them as proxies for grain
size. Overall (total) sedimentation rates for these cores range
from 52 cm ka−1 for 103PC, to 97 cm ka−1 for core 104PC,
to 284 cm ka−1 for 96PC/TC. We correlate these strata using
integrated stratigraphic correlation techniques, including vi-
sual lithostratigraphic description (color, texture, and struc-
ture, etc.), computed tomography (CT) image analysis, and
core log “wiggle matching” of MSCL geophysical data. We
grade the certainty of our correlations with line thickness and
line type (solid or dashed) in our figures. The correlations
with higher certainty have thicker and solid tie lines.

3.1.2 Cascadia: Hydrate Ridge Basin West (HRBW)

Hydrate Ridge is a composite thrust ridge formed from sea-
ward and landward vergent thrust faults (Johnson et al.,
2005) within the lower slope of the Cascadia accretionary
wedge on the central Oregon continental margin (Fig. 7c).
The basin flanked on the east and west by slope basins. The
isolation of the western slope basin from any canyon or chan-
nel system sourced to the east indicates that sedimentation in
the slope basin may only be local submarine slope failures
of the surrounding bathymetric highs (Hydrate Ridge itself),
also supported by the lack of transported Mazama ash in the
basin (Goldfinger et al., 2012). The most likely sediment-
transport pathway into the basin is a small submarine canyon
that cuts into the western flank of northern Hydrate Ridge,
which is on the eastern side of the basin (Fig. 7b); however,
several other smaller potential pathways exist from the east
and from the north, as well as the broad steep open slopes
of the western flank of Hydrate Ridge. These slopes are un-
consolidated sandy turbidites uplifted by thrust faulting, and
observed directly on Alvin dives 1898–1909 and 2043–2055
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(Kulm et al., 1986). Hydrate Ridge Basin West is isolated
from all terrestrial and shallow water sediment sources, and
thus provides an independent environment in which Cascadia
turbidites have been recorded (Goldfinger et al., 2012).

The textural and mineralogical details of the turbidites in
Cascadia Channel (Griggs et al., 1969; Duncan, 1968), As-
toria Fan (Carlson, 1967; Nelson, 1968; Carlson and Nelson,
1969; Nelson, 1976), and regionally (Duncan, 1968; Dun-
can and Kulm, 1970) are well described. Cascadia turbidites,
like those in cores in HRBW, are characterized by upward
fining sequences of sand, silt, and clay, with multiple amal-
gamated pulses, sharp bases, and upward fining of individ-
ual sand/silt pulses, when present. These deposits are tur-
bidites (Bouma, 1962) exhibiting Ta-Te divisions, although
rarely are all divisions present in a single deposit. Numbers
of mud turbidites are observed, primarily along the southern
Cascadia margin, and these commonly include further sub-
divisions of Piper (1978): laminated silt D, laminated mud
E1, graded mud E2, and ungraded mud E3 (Goldfinger et
al., 2013). The mud turbidites are distinguished from other
fine deposits by their sharp bases, organized internal struc-
ture, and fining upward sequences. They are well character-
ized using the schemes of Bouma (1962) and Piper (1978).

3.2 Trench and abyssal systems

3.2.1 Sumatra: trench

Turbidity current pathways in the trench offshore Sumatra
are sourced mostly from the local continental margin slope.
The Sumatra outer slope lacks major canyon systems deliver-
ing large sediment loads, thus the numerous smaller canyons
deliver much more modest loads to small fan aprons in the
trench which have no unifying channel system. The SASZ
trench channel systems that are evident are not longer than
∼100 km, averaging 7 km.

While there are relict turbidity current channels on the in-
coming India-Australia plate, these channels are not found
in the axis of the trench so probably do not capture sediment
flows sourced from the present accretionary prism. For exam-
ple, at the latitude of this study, the Box Channel of Moore
et al. (1976) is instead located on the outer rise of the flexing
India-Australia plate, flowing downslope towards the Nine-
tyeast ridge. This is the only potentially active channel in the
eastern Bengal Fan, as mapped by Bandopadhyay and Ban-
dopadhyay (1999). Further south, normal faults in the incom-
ing plate disrupt other channels that are older than the Box
Channel. In contrast, channels in Cascadia are related to lo-
calized high sediment discharge during glacial periods when
the shelf was narrow and fluvial systems were directly con-
nected to submarine canyons, so channel systems are mostly
relict Pleistocene systems in which modern turbidity currents
flow (Nelson et al., 2009; exceptions discussed in Goldfinger
et al., 2012).

Cores 03PC, 05PC, 107TC, and 105PC/TC are located
near the axis of the trench in the northern margin offshore
Sumatra (Fig. 8). These cores are fed by a channel leading
from the base of the slope. The channel is formed as the re-
sult of recurrent slope failures from a landslide amphitheater
on the western limb of the landward vergent second ridge
at 4◦34′ N. This channel initially is∼1 km wide and rapidly
widens and loses definition in the trench. The channel is only
resolvable in existing bathymetry near the base of this nearest
source canyon. Upper slopes of the canyon are much steeper,
approaching 5◦. At the core sites, the channel follows the
base of a partially buried, east-facing, north-striking fault in
the downgoing plate. Unlike more longer lived channel sys-
tems, like the Box Channel of Moore et al. (1976) or the Cas-
cadia Channel (Nelson et al., 2000), the channel at the core
sites does not appear to have a rectangular cross section to
confine flow.

Cores 03PC/TC, 05PC/TC, 107TC, and 105PC/TC con-
tain coarse sand and coarse silt turbidites, ranging in thick-
ness from∼5 to ∼30 cm. Seismic data show the turbidite
(with basal depth of 95 cm in core 107TC) as acoustically
opaque, labeled as a green arrow in Fig. 8e. Using ages from
correlated deposits in the slope core RR0705-108PC (Doc-
ument 1 in the Supplement), overall sedimentation rates for
these cores range from 53 cm ka−1 for 03PC and 05PC to
35 cm ka−1 for core 107TC. Ages plotted alongside 03PC
come directly from the ages in core 108PC.

3.2.2 Cascadia: Cascadia channel system

Cascadia has well-developed canyons and slope channels
that link slope basins with Pleistocene channels formed dur-
ing sea-level low stands when connected to terrestrial sedi-
ment sources (Nelson et al., 2000). These canyons and slope
channels in the north have lower channel gradients and form
channel systems that traverse the abyssal plain draining to-
wards the south. The southern margin lacks a Pleistocene
glacial history so does not have large fans like in the north.
Because of the lack of large fans filling the trench and the
steeper slope angle of the seaward vergent prism, plunge
pools and base of slope aprons dominate the base of slope
environment of the southern margin (Nelson et al., 2000).

Juan de Fuca Canyon originates at the Juan de Fuca Strait
and, to a lesser extent, likely receives input from coastal
rivers in northern Washington. Juan de Fuca canyon has a
low gradient and meanders through the growing anticlines of
the broad continental slope (Goldfinger et al., 2012). Two
branches of the Juan de Fuca Canyon exit the continental
slope separately and join as a channel at the base of the slope
off northern Washington at the head of the Nitinat Fan. Juan
de Fuca Channel then bends to the southwest as part of the
Nitinat Fan, which apparently has only one primary active
Holocene distributary channel in the upper fan system. Core
12 PC/TC was collected in the main channel (Figs. 3 and 9).
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Juan de Fuca and Willapa Channels (also comprising the
input from Quillayute, Grays, and Quinault Canyons) meet
on the southwestern part of Nitinat Fan to form Cascadia
Channel. Cascadia deep-sea channel crosses Cascadia Basin,
then enters the Blanco fracture zone (Fig. 3) and contin-
ues hundreds of kilometers into Tufts Abyssal Plain. This
turbidity-current pathway traverses∼1000 km of Cascadia
Basin and has remained open throughout the late Quater-
nary up to the present (Nelson et al., 2009; Goldfinger et al.,
2012). The active pathway is verified by the occurrence of the
youngest turbidite, with an age of 270 (360–180) cal yr BP
likely corresponding to the 1700 AD Cascadia subduction
zone earthquake in core 23 PC/TC, collected in Cascadia
channel 30 km north of where the channel enters the Blanco
fracture zone (Figs. 3 and 9).

Turbidites in core 12PC range in thickness from 5 to 25 cm
and are well bioturbated, except for the coarsest and thickest
turbidites. Turbidites in core 23PC range in thickness from
20 to 40 cm. These turbidites are generally less bioturbated,
except in the units with finest particle size range. Stratal
thickness in core 12PC is less than half of that in more distal
core 23PC. The overall sedimentation rate for core 12PC is
∼32 cm ka−1, while the rate at core 23PC is∼84 cm ka−1.

3.2.3 Sumatra: trench

The slope offshore Sumatra reflects the lack of a glacial his-
tory in this region as there are no locally sourced large fan
systems associated with slope sedimentary systems. Most
slope canyons deliver sediment to base of slope apron fans in
the compartmentalized trench. In some locations the frontal
thrust is blocking margin slope sediment delivery directly to
the trench (Ladage et al., 2006; Kopp et al., 2008) and fans
are smaller with few resolvable fan channels. Once the sed-
iment flows reach the base of the slope, they may be dis-
tributed southward within the trench segments based on the
regional slope of the trench axis. Current flow in the trench
has limited distribution due to blockage of the trench axis by
subducting transverse fracture zones and unnamed ridges at
−2.23◦ and−3.74◦ S.

Cores 38GC, 37GC, 41GC, and 40GC are located in the
Siberut Segment (Kopp et al., 2008), in the trench axis,
up-slope (up-trench) from the Investigator fracture zone
(Fig. 10). Each pair is∼10 km from the base of the mar-
gin slope. While each core pair only spans a∼3 km trench-
normal transect, the more proximal cores were collected near
the axis of the trench and the other cores located up-slope,
more distally on the outer trench wall. Figure 10 shows these
cores with green tie lines indicating our correlations in the
figures. These correlations are made with the same methods
described for all correlations in this paper, using lithologic
descriptions and flattening stratigraphic horizons using the
turbidite fingerprints based on core geophysical data. Trench
normal topographic profiles were constructed using a 90 m
bathymetric data set (Fig. 10b).

All four cores, 38GC, 37GC, 41GC, and 40GC, contain
silt and sandy turbidites interbedded with hemipelagic muds.
38GC and 41GC contain a tephra (demarcated with inverted
green triangle Fig. 10) correlated with 7 other cores in the
region using major and trace elemental analyses (Salisbury
et al., 2012). Ages from RR0705-79PC provide a robust age
for this tephra at 4860± 60 cal yr BP, so the age from core
79PC is projected onto these cores (Salisbury et al., 2012;
Fig. 10). Using the stratigraphic series and geophysical cor-
relation, we further correlate this tephra and turbidites span-
ning over 280 km along the trench (Fig. S3), including cor-
relations across the IFZ to core RR0705-45PC and possibly
to RR0705-47PC. Sedimentation rates in these cores ranges
from 15 to 33 cm ka−1.

3.2.4 Cascadia: base of slope apron fan (Rogue)

The southern Cascadia margin lacks the dominant Pleis-
tocene regional fan systems, found in the north, in favor of
base of slope apron fans. The steeper gradients of the slope
channels in the south, due in part to the lack of fans that fill
the trench, are responsible for the presence of base of slope
apron fans and plunge pools (Nelson et al., 1986, 2000). We
examine the base of slope apron cores at the base of Rogue
Canyon, cores 01JC, 30PC, and 31PC.

These three cores were collected at the base of the canyon
where there is a small (10 km wide, 50 m thick) base of slope
apron fan. The cores are positioned approximately beyond
the edge of the fan on the flat trench floor. Figure S2 shows
these core data and the seismic profile compiled and pro-
cessed in SioSeis. There is very little variation (not more than
∼5–10 %) in stratal thickness between these cores. Seismic
facies thicknesses also do not vary though a slight thickening
in the distal direction can be seen. This thickening is possibly
due to bypassing of proximal cores due to a hydraulic jump
at the base of the slope (Goldfinger et al., 2013). Coarse and
fine grained turbidites range in thickness from 15 to 50 cm,
with an overall sedimentation rate of∼67 cm ka−1.

4 Discussion

Here we discuss how sedimentation varies between sites, and
how physical factors may influence turbidite sedimentation
in the Sumatra and Cascadia systems in piggyback slope
basins and trench settings. While earthquake triggering is not
the principle focus of this paper, we use our correlations as
a stratigraphic framework with which to discuss the varia-
tions in stratigraphy. Correlations for seismoturbidites, based
on geophysical fingerprinting and lithostratigraphic interpre-
tations, are shown as green lines in the figures. The strati-
graphic sequences and individual units with the most unique
geophysical “fingerprints” (Goldfinger et al., 2007, 2008,
2012) carry the strongest correlative weight and act as “an-
chor points” for these correlations (Fig. 4). The correlations
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between anchor points vary in quality and rely more heavily
on the similarity of stratigraphic sequences. These correla-
tions are important as they allow us to make comparisons
between coeval deposits in different cores.

4.1 Sumatra systems

In Sumatra, the geologic setting contributes in several ways
to localize sedimentation in the slope basins and in the
trench. All but two basin core sites (cores 85PC/TC and
92PC/TC; Fig. S3) from cruise RR0705 are isolated from
sedimentation transported from shallower and terrestrial
sources, reducing the susceptibility to processes other than
earthquakes (Goldfinger et al., 2012). These other settings
are more susceptible to other triggering processes because
they are either shallower or near terrigenous sources, where
those other trigger processes take place (storm and tsunami
wave base liquefaction, storm wave resuspension, or hyper-
pycnal flow from flooding). The uniqueness of each deposit
in a core and the similarity of a deposit from one core to
the next, combined with the isolation of the sites from ter-
restrial sources and from one another, argue for a common
trigger that leaves a record of each event in every core. How-
ever, given the relatively smaller (150 to 1500 km2) and more
proximal source areas compared to trench sites, site factors
could contribute more significantly to the turbidite structure
in slope cores. During glacial low stands, only cores in the
region of Nias and Siberut islands, which were larger in area,
would likely have been influenced by the increase in sub-
aerial exposure in their source drainages. Other core loca-
tions remained isolated from terrestrial sources due to the
forearc basins and deep-water catchments.

Core 104PC/TC is located on a sill at the edge of a partially
enclosed basin. At 10 m above the surrounding basin, this
low sill probably does not significantly restrict flow from the
basin into the adjacent canyon system to the southeast. This
core pair is also located at the base of high relief canyons (see
profile Fig. 5) and distanced 250 m horizontally from a steep
1.5 km high cliff, where the upper slopes of the canyons ap-
proach 10◦. Core 104 is thus proximal to very steep slopes,
more so than other core sites. Core 104 has turbidites that
characteristically have multiple (10–30) laminated (<1 cm)
silt or sand sub-units (e.g. core depth 175–205 cm). We in-
terpret the numerous small pulses within a single apparently
correlative turbidite to be the result of retrogressive failure
of the nearby upper canyon slopes. The “stacked” turbidite
structure of thin units in this core is unique to this site as
compared to interpreted correlative units at other sites. This
is analogous to the turbidity currents that responded to ret-
rogressive failures triggered by the 1929 Grand Banks earth-
quake (Piper and Normark, 2009).

In comparison, core 103PC/TC (Fig. 5), only 35 km to the
southeast of core 104, is located in the center of a 2 km wide,
∼0.5◦ sloped, flat canyon valley. This core records a similar
sequence of seismoturbidites as core 104 but also shows that

the site conditions exert a secondary control on sedimenta-
tion. Upper canyons with slopes of 5–8◦ feed this wide val-
ley, but no channel system is resolvable given existing bathy-
metric data (50 m resolution). Core 103 has thin bedded (5–
10 cm thick) sandy and silty turbidites. We interpret these to
have been the result of turbidity current flows that are uncon-
fined across the wide valley. This core location is more distal
with respect to steep source areas than core 104 and appar-
ently does not receive the retrogressive failures during each
event that apparently occur on the steeper slopes above the
site of core 104.

While turbidites in the cores discussed in this section
likely have primary structures related to the earthquake
source that accounts for primary depositional structure we
are correlating (Goldfinger et al., 2008, 2012), their struc-
tures also have site-related forcing. While the stratigraphic
sequences correlate well overall, more local variability is ap-
parent than in the Cascadia cores. This is likely due to the
more proximal locations of the Sumatra cores. Variability
due to basal erosion, heterogeneous source areas within the
region, and site geomorphology would be expected at such
proximal sites, regardless of the triggering mechanism.

We collected core 96PC/TC in a northwest striking,∼2◦

sloped 3 km wide basin that may drain over a 50 m tall sill to
the southeast. The basin has several basin crossing sills with
elevations of 10–20 m and, based on our multibeam bathy-
metric interpretations, are the result of mass transport de-
posits sourced from the local slope to the east. These sills
form small sub-basins within the larger basin. This core
pair has the most expanded Holocene section of all slope
basin cores collected for this study (Figs. 2 and 6). Three
size classes comprise the multi-pulse silt to sandy turbidite
sequences at this site. Sand-silt turbidites 20–30 cm thick
with 3–4 pulses are interbedded with thinner, 5–10 cm thick,
multi-pulse turbidites. The thinner turbidites are more biotur-
bated, as in most of our cores offshore Sumatra. The thickest
turbidite in core 96 is∼3.5 m thick, compared to less than a
meter at all other core sites from the 2007 cruise. This ex-
panded section we here interpret to be the result of ponding
in the effectively undrained sub-basin.

We provide a figure that shows our lithologic logs plot-
ted alongside the other core data, including a plot designat-
ing hemipelagites from turbidites (Fig. S4).We plot particle
size for the uppermost turbidite in 96PC using a C/M plot
(Passega, 1957, 1964). C/M plots are based on comparison
C, the one percentile (d99), with M, the median grain size
and can be used to infer the mode of transport and deposition
(Shiki et al., 2000). 96PC C/M data are consistent with tur-
bidites elsewhere (Passega, 1957, 1964; Shiki et al., 2000).
210Pb decay per minute data are also plotted for the sedi-
ments underlying the uppermost turbidite and show an ex-
ponential decay, supporting the recency of the overlying tur-
bidite.

We interpret that the uppermost turbidite in cores 105,
104, and 96 is most likely the 2004 turbidite. The lack of
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hemipelagic sediment overlying this turbidite, the lack of
consolidation when compared to older strata, its great thick-
ness (over 3 m) at one site, and excess210Pb the sediments
underlying the uppermost turbidite showing an exponential
decay are consistent with this interpretation. Also consistent
with this interpretation is the radiocarbon age of the under-
lying sediment of 30± 30 cal yr BP (Document 1 in the Sup-
plement). In addition, the MSCL maxima may correlate gen-
erally with seismologic observation maxima, providing a po-
tential direct link to the recently historic earthquake (Goldfin-
ger et al., 2008, 2012; Fig. 6). There are mapped many ac-
cretionary prism faults (e.g. Graindorge et al., 2008) that are
possible earthquake trigger sources. The megathrust remains
as the single source that extends between all these core sites,
so deposits that are correlated over these large distances are
unlikely to be sourced from rupture on these shorter accre-
tionary prism faults. Uncorrelated turbidites may be related
to these smaller faults, but we do not have sufficient core
spacing to de-confound those relations. The correlations in
Fig. 5a support the seismologic interpretation for these de-
posits because the stratigraphic units are correlated between
cores at isolated sites across a broad region.

Cores 03PC and 05PC are closely spaced and have almost
identical stratal thicknesses (Fig. 8), but the more distal core
pair 107PC/TC has thinner deposits. This more distal core
pair was collected on the upthrown side of a normal fault. The
fault probably controls turbidity current flow, with a scarp
∼25 m above the trench floor. The thinner section in these
cores may be explained by the upslope position of core 107
where the turbidity currents lose energy flowing up slope,
possibly similar to Barkley Canyon and Hydrate Ridge Basin
West in Cascadia (Goldfinger et al., 2012).

Turbidites in these three cores are well correlated, span-
ning a distance of 28.5 km (Fig. 8). Green tie lines show
the correlations and the relative confidence we have in them.
We cannot test our correlations with14C age control due to
the lack of datable material at trench depths, although be-
cause of our confidence in the stratigraphic correlations to
nearby basin sites, we use the ages from correlated units in
core 108PC to label the correlated units in core 05PC (Docu-
ment 1 in the Supplement). Core 107PC has coring artifacts,
therefore we use core 107TC for comparison.

Cores 37GC and 38GC are located on the western side
of the trench axis, near the mouth of a slope canyon that
dissects several slope basins, collecting sediment discharge
sourced from these basins as the flows transport down slope
(Fig. 10b). In addition, the most trenchward fold has multiple
landslide amphitheaters immediately adjacent to the cores,
which may further contribute to turbidity currents that reach
these cores. In contrast cores 40GC and 41GC, also west of
the trench axis, are located adjacent to a slope that has an
incipient frontal thrust anticline. This anticline may attenu-
ate turbidity currents sourced to the east as they flow upslope
over the fold axis (Fig. 10b). Both trench pairs are on tran-
sects normal to the margin.

For cores 37GC (distal and uphill) and 38GC, both stratal
thickness and seismic facies depth show a thinning of tur-
bidite deposits in the distal and uphill direction (similar to
cores 03PC, 05PC, and 107TC). In contrast, cores 40GC (dis-
tal and uphill) and 41GC show a∼10◦ stratal thickening in
the distal and upslope direction. Core 40GC is a 6.7 cm diam-
eter “Benthos” gravity core, while core 41GC is a 10.1 cm di-
ameter gravity core. The friction exerted upon layers of sedi-
ment (“soil elements,” Skinner and McCave, 2003) is a com-
bination of the shear strength of the sediment and the skin-
friction between the soil element and the core barrel (Skinner
and McCave, 2003). For a soil element of unit thickness, the
jumbo gravity core has 50 % more surface area and a propor-
tional more friction. As more soil is cored, the additional soil
elements contribute to the downward force and contribute to
a cumulative vertical stress, reducing sediment compaction
at the base of the core (Skinner and McCave, 2003). Yet
41GC is compressed and 38GC is expanded. Other factors
that affect how sediment is cored include the smearing of
sediments along the core-sediment interface and the transfer
of pore pressure transfer of friction directly to the core base.
It is possible that there was an hydraulic jump at the base of
the slope, causing bypassing at the proximal site and thick-
ening at the distal site (Piper and Normark, 2009; Goldfin-
ger et al., 2013). Any of these factors can explain the differ-
ence in stratal thickness between these cores. In addition, the
inter-core spacing for each of these two core pairs may be
too small to explain the variation in stratal thickness alone,
based on source proximity.

4.2 Cascadia systems

In Cascadia isolation from terrestrial sedimentation is also
important for studying seismoturbidites. The shelf width, as
it relates to glacial cycle sea-level fluctuation, provides a con-
trol to this suitability. During low stands, narrow shelf widths
allowed connections between river mouths and their respec-
tive canyon heads. During high stands, most sites are iso-
lated from direct terrestrial input because the shelf is wider
and much of the sediment is captured and swept northward
along the shelf by the north flowing winter Davidson Cur-
rent (Sternberg, 1996). Because of this relation, the turbidite
frequency is higher during glacial periods. The modern shelf
near the Eel River is amongst the narrowest in Cascadia and
turbidite frequency in these Eel Canyon cores is the highest
of the entire margin, similar to low-stand times (∼70 yr re-
currence interval, given 54 turbidites in 3800 yr; Goldfinger
et al., 2012). This may be due to increased seismicity (in-
cluding tectonic sources in addition to the subduction zone)
or to direct terrestrial input. The overall sedimentation rate is
also higher in the region of Eel Canyon when compared to
cores more northward; Rogue cores span 12 000 yr in eight
meters and Eel cores span only 3500 yr in 4.5 m (67 cm ka−1

vs. 128 cm ka−1, respectively; Goldfinger et al., 2012).
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The Holocene stratigraphic record of slope failures pre-
served as turbidites in the slope basin west of Hydrate Ridge,
was studied at three core sites west of the small submarine
canyon cut into the western flank of Hydrate Ridge (Goldfin-
ger et al., 2008, 2012; Fig. 7). Cascadia cores 56PC/TC,
02PC/TC, and 01KC are all in the same basin and are
within 4 km of each other. All Hydrate Ridge cores contain
a relatively high silt content that is disseminated throughout
even the hemipelagic units, making the distinction of mud-
silt turbidites somewhat more difficult. We attribute this to
the steep, sandy-silty cliffs exposed immediately to the east
where seaward vergent thrust faulting uplifts Hydrate Ridge
itself. We suggest these non-cohesive cliffs input a steady
rain of sandy-silty material to the proximal basin floor. A
similar relation is observed at proximal Sumatra sites.

Considering a cross-basin transect, the most proximal (fur-
thest east) site to the steep cliff contains a late Holocene
(∼3000 yr BP to modern) record in piston and trigger
core 02PC/TC. The mid-basin site to the west (56PC/TC)
contains a complete Holocene record with its base at
∼11 000 cal yr BP. The distal Kasten core site (01KC) may
contain a partial Holocene record; however, radiocarbon age
control to confirm Holocene stratigraphy was not possible
owing to the poor preservation of thin hemipelagic clay in-
tervals. The only ages obtained from this core are at the base
of the section and are late Pleistocene (Fig. 7). No Mazama
ash is present in any of the Hydrate Ridge cores, confirming
the isolation of the Hydrate Ridge site from fluvial and possi-
bly aerial sources. Core 56PC/TC shows among the best res-
olution of individual sand units within individual turbidites
in existing Cascadia cores, most likely because of its prox-
imal location. With little transport distance and time dur-
ing transport for distinct inputs to mix following the initiat-
ing event, individual fining upward pulses remain more dis-
tinct (Goldfinger et al., 2007, 2012). Lithostratigraphic de-
scriptions and correlation details are given in Goldfinger et
al. (2012).

Given the robust correlations between cores 02PC/TC and
56PC/TC (Fig. 7), source proximity generally controls tur-
bidite thickness (Nelson et al., 1986). The section in proximal
core 02PC/TC is about twice the thickness of the equivalent
section in core 56PC/TC. The compressed section of 01KC is
further evidence of source proximity for control of sedimen-
tation in Hydrate Ridge Basin West, likely exacerbated by
the upslope position of the more distal core on the backlimb
of the frontal thrust bounding the basin.

In Cascadia, turbidite channel systems help us in several
ways. First, they provide the opportunity to sample different
regions of the subduction zone. It is also only possible to use
the confluence test of Adams (1990) with these linked chan-
nel systems. A downside of highly channelized systems is re-
lated to their ability to propagate turbidity currents. In some
channel reaches, the channels are so efficient at promoting
turbidity current flow that these reaches have evidence of
turbidity current bypassing. Some Cascadia Channel cores,

particularly just below the confluence with Willapa Chan-
nel, show these are areas of non-deposition (Griggs, 1968).
Some areas of Willapa Channel have bare Pleistocene clay
at the surface, showing turbidity current bypass of 100 %. A
second example is lower Astoria Canyon that has gravel de-
posited in the thalweg and some bypassing of finer fractions,
making levee sites better for turbidite deposition (Goldfinger
et al., 2003). This is analogous to the evidence of bypassing
found in the sedimentary systems offshore the Grand Banks
following the earthquake in 1929 (Piper and Normark, 2009).

The turbidites in cores 12PC/TC and 23PC/TC are well
correlated, evidenced by the detailed multi-pulse turbidite
structures seen in Fig. 9c. 23PC/TC is 330 km downstream
from 12PC/TC and the correlations show that channel sys-
tems promote the long distance conveyance of turbidity cur-
rents, even with a low gradient such as that found in the Cas-
cadia Channel system (Fig. 9). The channel gradients imme-
diately upstream of 12PC and 23PC are∼1◦. This is reason-
able given the flow velocity estimates of Griggs (1969) with
5.8 and 3.3 m s−1 in the upper and middle channels. That
these turbidites share such detailed turbidite structure, when
separated by 330 km, spanning reaches of non-deposition,
strengthens the argument that the turbidity currents maintain
the seismogenic signal for large distances.

The Rogue Apron site has a somewhat higher
hemipelagic-sedimentation rate (Goldfinger et al., 2012,
2013) compared to the other Cascadia cores and is also
a proximal site at the foot of a steep continental slope.
Cores 31PC/TC, 30PC/TC, and 01JC/TC form an unequally
spaced E–W 7 km transect. In contrast to HRBW cores, the
sedimentary section in 01JC/TC, the most distal core, is
expanded by∼5 %. This small expansion may be due to real
variations in deposition or to variations in coring results (e.g.
incorrect scope cable length, Skinner and McCave, 2003).
One sedimentologic explanation would be that there was a
hydraulic jump at the base of the slope, causing proximal
cores to be bypassed leaving a thicker deposit at the distal
core (Goldfinger et al., 2013), similar to the sedimentary
response to the morphology offshore the 1929 Grand Banks
earthquake (Piper and Normark, 2009). Variations in scope
cable length can also change the magnitude of stratigraphic
section compaction or extension (caused by over or under
pressure from the piston system, Skinner and McCave,
2003).

4.3 Cascadia and Sumatra, similarities and contrasts

We discussed the factors that contributed to sedimentation of
seismoturbidites along the subduction zone settings offshore
of Sumatra and Cascadia. Slope basin cores along both mar-
gins suggest that turbidity currents are not as well organized
in these proximal sites as currents in more distal or channel
settings. Channels serve to confine and control flow, as well
as serve as filters that allow passage of larger events, filtering
out smaller ones, as well as amalgamating small complexities
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while apparently preserving significant elements of hetero-
geneity from the turbidity current. The evidence from more
proximal cores is consistent with the preservation of greater
inter-core variability in turbidite structure due mostly to the
proximal setting. Similar observations have been made at
the Hikurangi margin (Pouderoux et al., 2011), where cores
MD-3002 and MD-3003 show how local processes strongly
control depositional histories, as well as cores collected else-
where (Summer et al., 2010).

The good stratigraphic correlation between Sumatra core
sites isolated from each other, land sediment sources, and
from other triggering mechanisms, coupled with compati-
ble radiocarbon ages suggest that the most likely trigger-
ing mechanism is regional earthquakes. Uncorrelated events
present at some sites may be due to random sediment failures
or smaller local earthquakes. These uncorrelated turbidites
are thin and have low mass with non-unique fingerprints,
making it difficult to interpret their trigger origin.

The youngest turbidite in the northern Sumatra cores most
likely triggered by the 26 December 2004 great SASZMw =

9.1–9.3 earthquake. This event triggered turbidity currents in
multiple submarine drainage systems that left stratigraphic
evidence in the form of multi-pulse turbidites in isolated
slope basin and trench depocenters. Radiocarbon and210Pb
analyses support this conclusion.

The potential of basin sites was initially undervalued in
Cascadia, when it was assumed that most turbidity currents
of interest would be channelized flows. For this reason, basin
sites in Cascadia are few. However during the Sumatra cruise,
we were forced to core in slope basins for age control pur-
poses due to the∼4200 m depth of the CCD; this depth was
everywhere exceeded in the trench. Analysis of the Sumatra
basin cores and the Hydrate Ridge Basin West cores subse-
quently revealed the importance of the record of turbidites
in these basins, which are commonly quite isolated and thus
provide a turbidite record free of terrestrial turbidite sources.
In Sumatra all but two basin cores (85PC/TC and 92PC/TC)
are completely isolated from terrestrial sources of sedimenta-
tion; these two cores are possibly influenced by canyon sys-
tems linked to the forearc islands of Siberut and Nias. Cas-
cadia Hydrate Ridge Basin West cores were originally col-
lected in the interest of investigating slope failures related
to hydrate destabilization, but were demonstrated to instead
record earthquakes (Johnson et al., 2005; Goldfinger et al.,
2012). Other cores (e.g. M9907-10PC) collected in the slope
of Washington and Oregon did not have the high relief source
area required to generate turbidity currents, as evidenced by
the lack of turbidites in these cores (A. Mix, personal com-
munication, 2012, also documented in non-channel areas by
Carson, 1971 and Barnard and McManus, 1973).

Turbidite sedimentary systems along the margins of Suma-
tra and Cascadia provide different forcing factors, control-
ling the spatial likelihood of preserving and later correlat-
ing turbidites. Sumatra’s margin is compromised by the lack
of channel systems in the trench/abyssal plain, making most

sites proximal and limiting the spatial extent for any given
turbidite deposit. This makes it more difficult to distinguish
and correlate the stratigraphic sequences. Cascadia’s chan-
nel systems and shallow depth (for radiocarbon data) con-
tribute to our ability to correlate seismoturbidites because the
channels tend to promote low-frequency components of the
content of the current over longer distances and have multi-
ple branches, sampling different regional source areas. These
channel sites are excellent locations to develop a stratigraphic
framework, where more proximal slope basins and base-of-
slope apron fan settings result in a turbidite structure that is
more likely to be influenced by local physiography and other
factors.

5 Conclusions

Based on correlation of similar sequences of individual tur-
bidites between several depositional settings, earthquakes are
a principal cause for turbidite deposition along slope and
trench settings for the Cascadia and Sumatra–Andaman sub-
duction zones during much or all of the Holocene. Source
proximity, basin effects, turbidity current flow path, earth-
quake rupture patterns (both temporal and spatial), hydrody-
namics, and topography all likely play roles in the construc-
tion of each turbidite as evidenced by the complex vertical
structure of the final deposits.

Sedimentary systems in both Sumatra and Cascadia have
been impacted by processes driven by climate and tecton-
ics. These impacts from the Pleistocene are long lived and
continue to have an effect on turbidity current flow paths.
Basin records in Sumatra and Cascadia show that local to-
pography has a dominant control on sedimentation, influenc-
ing the overall section thickness, the degree to which small
local downslope movement will be recorded, the grain size
profiles, and the recording fidelity of transport events. Very
proximal sites in both settings appear to record much more
detail, in some cases obscuring some components of the tur-
bidite. Relatively more distal cores lose some detail but re-
tain the main elements of seismoturbidites for significant dis-
tances down channel (Fig. 9b). “Distal” in this sense may be a
matter of only a few km, as both Cascadia and Sumatra cores
show strong sorting out of the chaotic proximal deposits into
well-organizedcorrelable deposits in distances as short as
1–3 km.

Cascadia’s margin is dominated by Pleistocene formed
turbidity current channel pathways which promote turbidity
current flows for large distances. Sumatra margin pathways
do not inherit these sedimentary systems, so turbidity cur-
rents are more localized. The Sumatra margin lacks a locally
sourced supply of sediment, thus there are no large fan sys-
tems affecting turbidity current transport in the trench. Ben-
gal/Nicobar fan sediments extend from the shelf in the north-
ern Bay of Bengal to at least the southern tip of Sumatra,
but have not been active since the late Pleistocene (Moore
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et al., 1976; Weber et al., 2003) leaving few turbidity cur-
rent sources other than earthquakes or random self-failures.
Holocene hemipelagic sedimentation rates are lower in this
equatorial location (Combes et al., 1999; Kahru et al., 2010),
further contributing to the lack of large fans and sediment
sources for sheet flow turbidites sourced on the slope. In
Cascadia the regional draping of abyssal plain sedimenta-
tion on the incoming plate is sourced locally. In Sumatra,
this sedimentation was originally sourced in the Himalayas
to the North and is now sourced locally through recycling
of accreted material in the accretionary prism. Because Ben-
gal Fan sedimentation processes are no longer active in the
Sumatra trench (Weber et al., 2003), the channel systems on
the incoming plate are relict systems and disrupted by re-
activated normal faults in the downgoing plate. The lack of
trench axial channels (channels in the axis of the trench) re-
tards the propagation of turbidity currents down trench, indi-
cated by the strong relation between particle size and point
sediment sources of the turbidity currents in the Sumatra
trench.

The presence or absence of turbidite channel systems ex-
erts a first order control on sedimentation in the trench in
these two sedimentary systems. The absence of long trench-
parallel channel systems in Sumatra is due to interruption
by subducting features and a low sedimentation rate since
at least the Pleistocene. These two factors appear to limit
turbidity current transport in the trench. Cascadia basin has
some channel systems, but also does not have a trench par-
allel transport system for a different reason; the trench is
filled with the large Astoria and Nitinat fans and instead has
channels that trend away from the major fan systems, out
into Cascadia basin for long distances. Sites in the southern
CSZ where there are no large fans tend to be small aprons or
plunge pools, with more similarities to the Sumatra trench. In
Sumatra the proximity to localized source areas exerts con-
trols on the thickness and coarseness of turbidite deposits. In
Cascadia, the cores and the 3.5 kHz seismic data suggest that
sheet flow mass wasting is more common near the base of
the slope, accounting for greater consistency of the deposits.

Channel configuration controls the distance that turbidity
currents can travel in Sumatra and Cascadia. Formed during
low stands with high sediment discharge, Juan de Fuca and
Cascadia Channel systems have rectangular cross sections
which may tend to promote high flow velocities that main-
tain flows throughout this study area. In contrast, channel
systems in Sumatra are limited in length or not detectable, so
the down-trench flow propagation of coarse grained turbid-
ity currents appears to be quite short. Turbidites in Cascadia
show that both point source and sheet sources contribute to
the sedimentary record in the trench (see also Goldfinger et
al., 2013). Somewhat in contrast, turbidites in Sumatra sug-
gest that point sources are more important with respect to the
aerial distribution of turbidity currents.

Consistent reproduction of similar structure across de-
positional settings in both margins reinforces the need for

a common source mechanism to explain the observed cor-
relations. The best explanation of the observed consistency
is an earthquake source. Both Cascadia and Sumatra tur-
bidites show evidence of strong local influences on turbidite
structure that are consistent with proximity to and type of
locally sourced sediment failures. Variability is higher in
proximal settings, but so also is the fidelity of recording
details of the turbidity current. We interpret the effects to be
superimposed on the initial longitudinal flow structure of the
turbidity current, allowing observation of the influences of
both the initial structure and the local modifications to each
resulting turbidite. Long channel systems, more prevalent in
Cascadia, tend to promote low-frequency components of the
content of the current over longer distances with some loss
of detail with distance.

Supplement information

For those interested in observing the core figures in greater
detail, there is a higher resolution version of this paper avail-
able as a Supplement (117 MB file size).

Supplementary material related to this article is
available online at:
http://www.nat-hazards-earth-syst-sci.net/13/833/2013/
nhess-13-833-2013-supplement.zip.
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