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[1] During the last two decades, numerous studies have focused on resolving the landslide histories of the
Canary Islands. Issues surrounding the preservation and dating of onshore and proximal submarine
landslide deposits precludes accurate determination of event ages. However, submarine landslides often
disaggregate and generate sediment gravity flows. Volcaniclastic turbidites sampled from Madeira Abyssal
Plain piston cores represent a record of eight large-volume failures from the Western Canary Islands in the
last 1.5 Ma. During this time, there is a mean recurrence rate of 200 ka, while the islands of El Hierro and
Tenerife have individual landslide recurrences of 500 ka and 330 ka, respectively. Deposits from the 15 ka
El Golfo landslide from El Hierro and 165 ka Icod landslide from Tenerife are examined. This study also
identifies potential deposits associated with the Orotava (535 ka), Giiimar (850 ka), and Rogues de Garcia
landslides (1.2 Ma) from Tenerife, El Julan (540 ka), and El Tinor (1.05 Ma) landslides from El Hierro,
and the Cumbre Nueva landslide (485 ka) from La Palma. Seven of eight landslides occurred during major
deglaciations or subsequent interglacial periods, which represent 55% of the time. However, all of the
studied landslides occur during or at the end of periods of protracted island volcanism, which generally
represent 60% of the island histories. Although climate may precondition failures, it is suggested that
volcanism presents a more viable preconditioning and trigger mechanism for Canary Island landslides.
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of grodigious landslides, some in excess of 1000
km” [Moore et al., 1989, 1994]. Surveys of the sub-
marine slopes of the Western Canary Islands also

1. Introduction

[2] Large-scale flank failures are an important pro-

cess in the evolution of volcanic islands and distri-
bution of volcaniclastic sediment to the deep-
marine realm. Studies of submarine flanks of the
Hawaiian archipelago highlighted the occurrence
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provided clear evidence of numerous Late Quater-
nary landslides, which had volumes greater than
200 km® [Masson et al., 2002, and references
therein]. These volcanic island landslides are 1 to 2

2100



4 Geochemistry %)
" Geophysics ( !
. " Geosystems |

HUNT ET AL.: RECORD OF CANARY ISLAND LANDSLIDES

10.1002/ggge.20139

orders of magnitude greater in volume than those
of the Lesser Antilles (<8.5 km?), Japanese vol-
canic arc (0.1-9.0 km®), Ritter Island (5 km?), or
the May 1980 Mount St Helens landslide (2.8 km?)
[Ui et al., 1986; Tilling et al., 1990; Ward and
Day, 2003; Le Bas et al., 2011; Watt et al., 2012].
Conducting studies of volcanic island landslides,
such as those from the Canary Islands, is important
not only because of their unprecedented large scale
but their potential to generate destructive tsunamis
[Latter, 1981; Kulikov et al., 1994; Tinti et al.,
1999, 2000; Assier-Rzadkieaicz et al., 2000; Tappin
et al., 2001; Tinti and Bortolucci, 2001; Synolakis
et al.,2002; Ward and Day, 2003 ; Whelan and Kel-
letat, 2003; Gelfenbaum and Jaffe, 2003; Fryer
et al.,2004; Fine et al., 2005; Fritz et al., 2009].

[3] Large submarine volcanic island landslides
commonly extend onto the subaerial flank and are
expressed by an arcuate embayment with a steep
inclined headwall [Cantagrel et al., 1999; Gee
et al., 2001]. Determining ages for the subaerial
component of these large-scale landslides relies on
dating the unconformity exposed in the headwall of
the mass movement. However, the volcanic rocks
above the unconformity may not have been
emplaced immediately after the landslide occurred.
Indeed, onshore records of volcanism are often dis-
continuous and characterized by lengthy hiatuses.
Therefore, dating the headwall formations and
infilling strata produce only a maximum and mini-
mum age for the landslide.

[4] The Western Canary Island landslides have been
shown to generate large debris avalanche deposits on
the proximal submarine aprons (Figure 1a) [Holcomb
and Searle, 1991; Watts and Masson, 1995, 1998;
Ablay and Hurlimann, 2000; Gee et al., 2001;
Urgeles et al., 1999, 2001; Masson et al., 2002].
These debris avalanches often disaggregate and gener-
ate turbidity currents that are deposited distally on the
neighboring abyssal plain [Garcia and Hull, 1994;
Garcia, 1996]; in this case, the Madeira Abyssal Plain
[Watts and Masson, 1995; Masson, 1996; Wynn and
Masson, 2003 ; Hunt et al., 2011]. Pelagic/hemipela-
gic sedimentation within the abyssal plain represents
near-continual deposition of primarily calcareous phy-
toplankton. The biostratigraphy, stable-isotope com-
position, and lithology of the hemipelagite in which a
turbidite resides provide a datable record. On the
proximal, submarine flank sediment can be eroded or
overprinted by subsequent events. However, in the
distal abyssal plain, turbidity currents are principally
nonerosive and preserve a complete datable record of
landslide activity [Weaver, 1993].

[s] The volcaniclastic turbidites of the Madeira
Abyssal Plain have been inferred to have a Canary
Island provenance [Pearce and Jarvis, 1992,
1995; Jarvis et al., 1998]. However, previous
studies only investigated turbidites in the last 730
ka. The present study examines a 1.5 Ma history
of Canary Island-sourced turbidites. This uses a
series of long-record piston cores and the top 50 m
of core recovered from Ocean Drilling Program
(ODP) Sites 950, 951, and 952 (locations on Figure
la). The turbidites are dated using high-resolution
coccolith biostratigraphy and lithostratigraphy of
the intervening hemipelagite. This provides event
ages with accuracies conservatively within =10
ka. Analysis of both the turbidite mudcap and vol-
canic sands aid identification of the provenance.

[¢] For the first time, landslide histories from multi-
ple volcanic islands are reconstructed based on the
turbidite record. The turbidite record can be corre-
lated to the extensive onshore and proximal submar-
ine records of Late Quaternary landslides from the
Western Canary Islands [Masson et al., 2002;
Acosta et al., 2003]. This study provides new,
improved determinations of landslide sources, ages,
magnitudes, and recurrence frequencies in the last
1.5 Ma. These deposits may also demonstrate
whether there are relationships between landslide
occurrence and volcanic activity and also between
landslide occurrence and changing climate/sea level.
Resolving these relationships will have implications
for geohazards from other volcanic island provinces
on slow-moving oceanic crust, including those iden-
tified in the Cape Verde and Azores archipelagos
[Le Bas et al., 2007; Masson et al., 2008].

2. Geological Setting

[7] The Canary Islands have developed in
response to slow movement of Jurassic age
(156-176 Ma) oceanic crust over a mantle
plume [Klitgort and Schouten, 1986; Anguita
and Hernan, 1990; Hoernle and Schmincke
1993; Hoernle et al., 1995; Schmincke et al.,
1995; Carracedo et al., 1998]. The result is a
general east-to-west age progression of the
islands [Carracedo et al., 1998; Carracedo,
1994, 1999]. There is substantial evidence of
Late Quaternary landslides from the younger
Western Canary Islands of Tenerife, La Palma,
and El Hierro. These landslides form spatially
extensive blocky submarine debris avalanche
deposits [Masson et al., 2002, and references
therein; Acosta et al., 2003, and references
therein].
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Map of GEBCO bathymetry for the Moroccan Turbidite System, offshore Northwest Africa,

showing the Madeira Abyssal Plain study area (MAP), Madeira Distributary Channel System (MDCS), Aga-
dir Basin (AB), Seine Abyssal Plain (SAP), Selvagen Islands (SI), Agadir Canyon (AC), and Casa Blanca
Ridge (CBR). Map illustrates the piston core coverage available to study (red) and the piston cores and ODP
sites utilized in the present study (yellow). Many of the proximal cores do not penetrate beyond 50 ka, and
thus do not contain the same long time record as those in the Madeir Abyssal Plain. White arrows show the
pathways of turbidity currents generated from the landslides. Inset map (Figure 1B) of Western Canary
Islands and the landslides featured in the present study from Masson et al. [2006].

[s] The focus of this study is the 1.5 Ma-to-recent
volcaniclastic turbidite history recorded in the Ma-
deira Abyssal Plain (locations in Figure la). The
Madeira Abyssal Plain is located 700 km west of
the Canary Islands in water depths of 5000-5500
m (Figure la) [Weaver and Kuijpers, 1983;
Weaver et al., 1992; Wynn et al., 2000, 2002]. It is
connected to the more proximal Agadir Basin via
a 500 km long submarine channel network known
as the Madeira Distributary Channel System
[Masson, 1994 ; Stevenson et al., 2013].

3. History of Landslides Within the
Western Canary Islands in the Last
2 Ma

3.1. Tenerife

[v] There have been numerous landslides from the
northern flank of Tenerife during the last 2 million
years, including the large-scale Roques de Garcia,

Orotava, and Icod landslides (Table 1). The older
Roques de Garcia debris avalanche has a poorly
constrained age between 1.7 and 0.6 Ma [Cantagrel
et al., 1999]. The next youngest event is the Oro-
tava landslide dated at 0.69-0.54 Ma [Watts and
Masson, 1995; Cantagrel et al., 1999]. The young-
est landslide to affect Tenerife is the Icod landslide,
which has been dated at ~165 ka [Hunt et al.,
2011, and references therein]. Meanwhile, the
southeastern flank of Tenerife is the site of the
Guimar landslide, which is dated at 0.84-0.78 Ma
[Ancochea et al., 1990; Cantagrel et al., 1999;
Krastrel et al., 2001 ; Masson et al., 2002] or more
precisely at 0.83—0.85 Ma (Table 1) [Giachetti
etal., 2011].

3.2. LaPalma

[10] The Cumbre Nueva structure represents a
flank collapse on the western flank dated at 558 ka
or 566-530 ka (Table 1) [Carracedo et al., 2001;
Acosta et al., 2003]. Sidescan sonar also provides
evidence of an older Playa de la Veta deposit that
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Table 1. Summary of Volcanic Flank Collapses From Tenerife, La Palma, and El Hierro in the Canary Islands

Volume
Event Type* Age (km?) Area (km?) Comments
Tenerife

Roques de Garcia DA 0.6-1.7 Ma® ~500°  2200-4500° Mapped using sidescan sonar, shallow 3.5 kHz seismic reflec-
tion, and swath bathymetry.? Dating of turbidite linked to
event is 860 * 25 ka9

Guifmar DA 830-850 ka® 44-120° 1600° Mapped using swath bathymetry.® Deposit also found in ODP
Holes 953 and 954.

Orotava Slide and DA 505-566 ka® 5004 2100° Debris avalanche deposit mapped using sidescan sonar and
swath bathymetry.® Onshore dating range has been limited
to 540-690 ka.® However, associated turbidite has been

) ) dated at 530 * 25 ka.
Icod Slide and 165 ka' 320! 1700° Debris avalanche deposits mapped using sidescan sonar and
DA/DF swath bathymetry.® Onshore dating of the event is between
150 and170 ka.® Dating of the debris avalanche from the
sediment drape is ~170 ka.® The turbidite in Agadir Basin
has been dated at 160-165."
La Palma

Playa de la Veta DA 0.8-1.0 Ma®  520-650° 1200-2000° Mapped using sidescan sonar, shallow seismic reflection and
swath bathymetry.”

Cumbre Nueva DA 136-536 ka® 80-95° 700-780°  Mapped using sidescan sonar, shallow seismic reflection and
swath bathymetry.® Correlated turbidite in the Madeira
Abyssal Plain dated at 485 + 25 ka®

El Hierro

Tinor DA (buried)  0.54-1.12 Ma" ? ? Theorized collapse from an unconformity in mining galler-
ias.® Correlated turbidite from Madeira Abyssal Plain dated
at 1,050 =25 ka.

San Andréas Aborted 176-545 ka® ? ? Studied from onshore faults.” Could be related to early phases

Slump of failure during Las Playas I or II events, certainly the
dates coincide with those for Las Playas events.®

Las Playas [ DA 176-545 ka® ? 1700° Broader debris avalanche with smoother sediment cover,
mapped with sidescan sonar.”

El Julan DA 320-500 ka® 60-130°  1600-1800° Mapped using sidescan sonar, seismic reflection profiles and
swath bathymetry, but little onshore record.® Correlated
turl:idite from Madeira Abyssal Plain dated at 540 = 20
ka.‘

Las Playas II Failed slump 145-176 ka® ~50P 950° Confined elongate debris flow/avalanche.” Possible associated

with minor turbidite dated at ~152 ka *
DA/DF
El Golfo DA 15 ka >k 150-180°  1500-1700° Mapped using sidescan sonar, swath bathymetry and shallow

seismic reflection.” Correlation to a large-volume volcani-
clastic turbidite in Agadir Basin and Madeira Abyssal
Plain.”

DA, debris avalanche; DF, debris flow; ?, missing data. ®Acosta et al. [2003]. *Krastel et al. [2001]. “Masson et al. [2002]. *Cantagrel et al.
[1999]. ‘Longpré et al. [2009]. EWatts and Masson [1998). *Waits and Masson [1995). ‘Hunt et al. [this study]. IGiachetti et al. [2011]. *4blay and
Hiirlimann [2000]. 'Hiirlimann et al. [2004]. ™Marti et al. [1997]. “"Wynn et al. [2002]. °Frenz et al. [2009]. PHunt et al. [2011]. “Urgeles et al.
[1999]. "Urgeles et al. [2001]. *Carracedo et al. [1999]. ‘Carracedo et al. [2001]. "Day et al. [1997]. “Masson [1996]. ¥ Weaver et al. [1992].

comprises three individual lobes [Urgeles et al.,
1999; Masson et al., 2002). Dating of the Playa de
la Veta deposit is poorly constrained but is thought
to be 1.0-0.8 Ma [Urgeles et al., 1999; Krastel
etal.,2001; Masson et al., 2002].

3.3. El Hierro

[11] The El Tinor volcano represented the first
subaerial volcanism on El Hierro between 1.12
and 0.88 Ma (Table 1) [Guillou et al., 1996; Car-
racedo et al., 1999]. The El Tinor landslide repre-
sents collapse of this edifice, which has been dated
at 1.04 Ma from an unconformity between El

Tinor and El Golfo lavas [Carracedo et al., 1999].
However, Urgeles et al. [2001] cited an alternative
age between 0.54 and 0.88 Ma for the El Tinor
landslide.

[12] The El Julan landslide affected the southwest
flank of EI Hierro and is responsible for the large
scallop-shaped embayment at the head of the El
Julan apron. Masson [1996] speculatively pro-
vided a date of 320-500 ka. The Las Playas I and
Il debris avalanche complexes were defined by
Gee et al. [2001] and Masson et al. [2002] on the
southeast flank. The younger Las Playas I (145—
176 ka) event generated a debris avalanche that is

2103



> “Geochemistry 3
_ " Geophysics
_ _ Geosystems \r

HUNT ET AL.: RECORD OF CANARY ISLAND LANDSLIDES

10.1002/ggge.20139

superimposed on an older Las Playas I (176-545
ka) debris avalanche [Masson et al., 2002, and
references therein].

[13] The El Golfo landslide is the youngest vol-
canic flank collapse in the Canary archipelago
[Weaver et al., 1992; Wynn et al., 2002; Wynn
and Masson, 2003 ; Frenz et al., 2009]. A viable
date based on a midpoint in onshore ages of young
lavas and from study of the associated turbidite de-
posit is 15=*=2 ka (Table 1) [Masson, 1996].
Meanwhile, erosional unconformities in onshore
galerias provide dates of a major landslide older
than 15 ka, with a minimum age of 39 = 13 ka
[Longpré et al., 2011].

4. Previous Work on the Madeira
Abyssal Plain Turbidites

[14] The stratigraphy and provenance of the 0-730
ka Madeira Abyssal Plain turbidite record is well
established [Weaver et al., 1987, 1992; Wynn
et al., 2002]. The lettered turbidite nomenclature
first used in Weaver and Kuijpers [1983] is contin-
ued here, but with the “M” prefix introduced by
Wynn et al. [2002] to denote Madeira Abyssal
Plain. The turbidite record includes volcaniclastic
beds Mb (15 ka) and Mg (165 ka), representing
the El Golfo and Icod landslides, respectively, in
addition to older volcaniclastic beds Mn, Mo, and
Mp (480520 ka) (Figure 2) [Weaver et al., 1992,
2002; Wynn and Masson, 2003 ; Hunt et al., 2011].
Pearce and Jarvis [1995] identified a potential
compositional link between beds Mg and Mo, and
between beds Mb and Mp.

[15] Stratigraphic analysis of Madeira Abyssal
Plain turbidites was also completed for ODP Sites
950, 951, and 952 [Weaver et al., 1998 ; Howe and
Sblendorio-Levy, 1998], with a chemostratigraphy
established for Site 950 [Jarvis et al., 1998]. The
upper 50 m of these ODP cores from the central
basin record the same stratigraphy recovered in the
piston cores from the northern basin (Figure 3).

S. Methodology and Data

[16] This study utilizes targeted cores from a data
set of >100 piston cores from the Madeira Abyssal
Plain, specifically focusing on D11813, D11814,
D11818, D11821, and D11822 (Figure 2). These
core sites are located in the northern region of the
Madeira Abyssal Plain and contain the most exten-

sive temporal record of volcaniclastic turbidites.
At these sites, the turbidites comprise the coarsest
(silt and sand) sediment fraction, while the mud
has bypassed. Core from more distal ODP Sites
950, 951, and 952 will also be utilized (locations
on Figure 3), including turbidite mudcap geo-
chemistry from Site 950. The first objective is to
resolve ages of the volcaniclastic beds in the 1.5
Ma-to-recent piston core and ODP records. The
deposits recovered in the piston cores provide a
sand fraction from which volcanic glasses are ana-
lyzed for provenance. The geochemistry of the
mudcaps of the same deposits in the ODP core
will provide additional details on provenance.
These landslide records are ultimately compared
to the known onshore Canary Island landslide
histories.

5.1. Visual and Geotechnical Logging

[17] Visual sedimentological logging was completed
to assess the vertical sequence and depositional
features of the cored turbidites. Magnetic suscepti-
bility supports identification of volcaniclastic turbi-
dites and aids correlation of turbidites. Magnetic
susceptibility profiles were obtained at a 0.5 cm re-
solution using the GeoTek XYZ core scanner,
reporting high magnetic susceptibility in volcanic
iron-rich sands (50-800 SI). Downcore P wave ve-
locity data was originally collected using an acoustic
profiler, where high P wave values signify turbidite
sands.

5.2. Coccolith Biostratigraphy

[18] Turbidites in the Late Quaternary Madeira
Abyssal Plain have been dated and correlated
according to coccolith biostratigraphy of the inter-
vening hemipelagite [ Weaver and Kuijpers, 1983 ;
De Lange et al., 1987; Weaver and Rothwell,
1987; Weaver et al., 1992]. Indeed, coccolith bio-
stratigraphy has been used to correlate large-vol-
ume turbidites throughout the Moroccan Turbidite
System [Wynn et al., 2002].

[19] Standard coccolith zonation schemes for the
last 2 million years are well established [Gartner,
1977], as summarized in Table 2. The relative
abundances of Pseudoemiliania lacunosa, Gephyr-
ocapsa caribbeanica, G. aperta, G. mullarae, and
Emiliania huxleyi are used to define a number of
datable acme zones as summarized in Table 3
[Weaver and Kuijpers, 1983; Hine, 1990; Hine
and Weaver, 1998].

[20] There are also a series of additional species
that create biozones based on first (FO) and last
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Figure 2. Core correlation panel of the piston cores in the northern Madeira Abyssal Plain with the key vol-
canic events in red. Black areas signify missing core. P wave velocity (purple line) profiles demonstrate turbi-
dite sands and magnetic susceptibility (black line) demonstrates presence of volcaniclastic turbidites.

2105



S - Geochemistr
Geophysics " 3
B, - Geosystems

HUNT ET AL.: RECORD OF CANARY ISLAND LANDSLIDES

10.1002/ggge.20139

Hole @ Hole @ Hole @

951 g 950 g¢Z 952 g

c 22 22 c g2

£ Ll 28 £ 28

2 5 =8 5 =§ 8 3 =§

Core Depth 2 _g @ _g @ 2 _g @
ore 2 ot 2 o 2 ol
(m) 8 3 o8 3 =28 8 5 q".a_‘g

00
1.0

2.0]
30
4.0
5.0
6.0f
7.0{
8.0]
9,0

100

11.0]0.46

12.0{Ma»

| __________|ODP Section

13.0
14.0
15.0.
16.0
17.0
18.0
19.0
20.0:
210
22,0
23.0
24.0
25.0.
2601078
27.0{Ma»
260{0.83
29.0 Ma»
300

31,0]0:98

Ma»
32.0.

33.0{1.05

34.0]Mar| B
35.0
36.0
37.0
38,0
39.0
40.0
410
42,0
430
44.0.
45.0
46,0
47.0
48.0
49.0{ atv
50,01 59m

Volcanic Turbidite Hemipelagic
Siliciclastic Turbidite (Morocco) Calcareous Turbidite Mud

Siliciclastic Turbidite (W Sahara) Grey Non-volcanic Turbidite Mud

Figure 3. Correlation panel of ODP Holes 950, 951, and
952 showing Late Quaternary turbidites in the Madeira
Abyssal Plain in the last 1.5 Ma.

(LO) occurrences. The FO of Reticulofenestra asa-
noi occurs at 1.16 Ma [Takayama and Sato, 1987,
Sato and Takayama, 2006], while the LO is at 0.8
Ma [Takayama and Sato, 1987 ; Hine, 1990; Sata

and Takayama, 1992]. The FO of G. parallela is
at 0.95 Ma, with a potential LO at 0.48 Ma [Hine
and Weaver, 1998]. The FO of Helicosphaera
inversa is at 0.51 Ma, with the LO at 0.14 ka
[Hine, 1990]. Lastly, the FO of G. ericsonii is at
~0.38 Ma, with the LO at 0.015 Ma [Biekart,
1989]. The coccolith biostratigraphy used to date
the ODP record is published and documented by
Howe and Sblendorio-Levy [1998].

5.3. Spectrophotometry

[21] The hemipelagic sediment composition in the
Moroccan Turbidite System is periodically affected by
variations in bottom water chemistry [Berger, 1970;
Crowley, 1983 ; Weaver et al., 1992]. During intergla-
cial highstands, North Atlantic Deep Water (NADW)
production and mixing increases, resulting in relatively
less-corrosive bottom water that favors preservation of
white carbonate-rich hemipelagic sediment [Crowley,
1983]. Alternatively, during glacial lowstands NADW
production and mixing decreases, which results in
more corrosive bottom waters, carbonate dissolution,
and deposition of brown or red clays.

[22] Optical reflectance (L*), reported as L* values
(0=black and 100 =white), is interpreted as a
proxy for the carbonate content of hemipelagic
sediments [Balsam et al., 1999; Helmke et al.,
2002; Nederbragt et al., 2006; Rogerson et al.,
2006]. Spectrophotometry records of temporal
changes in hemipelagite composition provide a
means of determining ages of the deposits relative
to points of sea level change. These dates (£10
ka) can be compared to existing ages of the turbi-
dites to demonstrate both accuracy and precision.
Furthermore, these profiles also provide support
for turbidite correlations.

[23] Spectrophotometry was conducted primarily
using a Konica Minolta CM-2600d fitted to a Geo-
Tek XYZ logger and calibrated against a white tile
standard and in free air. This reflectance data was
obtained at 0.5 cm intervals and reported in Com-
mission internationale de 1’eclairage (CIE) L*, a*
and b* values.

5.4. Scanning Electron Microscope
Volcanic Glass Analysis

[24] The volcaniclastic turbidites commonly com-
prise multiple fining-upward sequences, known as
subunits [Hunt et al., 2011]. The compositions of
the glasses recovered reflect the volcanic material
failed from the respective island. This assumption
is made because sediment in proximity to the
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Table 2. Summary of Late Quaternary Coccolith Biozones

Zone Zone Details Subzone
NN19 Pseudoemiliania lacunosa Zone Calcidiscus macintyrei Subzone
Defined between the LO of Discoaster brouweri (2 Ma) and Defined between LO of Discoaster brouweri (2 Ma) and LO of
LO of Pseduoemiliania lacunosa (0.443 Ma) [Gartner, Calcidiscus macintyrei (1.54 Ma) [Gartner, 1977; Wei and
1969; Hine, 1990; Wei and Peleo-Alampay, 1993]. This Peleo-Alampay, 1993].
zone comprises a number of subzones [Gartner, 1977]. Helicosphaera sellii Subzone
Defined between the LO of Calcidiscus macintyrei (1.54 Ma)
and the LO of H. sellii (1.37 Ma) [Gartner, 1977 ; Backman
and Shackleton, 1983 ; Wei and Peleo-Alampay, 1993].
Small Gephyrocapsa Subzone
Defined between the LO of H. sellii (1.37 Ma) and the last dom-
inant occurrence of Pseudoemiliani lacunosa [Gartner,
1977].
Pseudoemiliani lacunosa Subzone
Defined as the LO of dominant small Gephyrocapsa and the
LO of Pseudoemiliani lacunosa at 0.443 Ma [Gartner, 1977,
Hine, 1990; Wei and Peleo-Alampay, 1993].
NN20 Gephyrocapsa oceanica Zone
Defined between the LO of P. lacunosa (0.443 Ma) and FO of
E. huxleyi (0.298 Ma) [Boudreaux and Hay, 1967 ; Hine,
1990].
NN21 Emiliania huxleyi Zone

Defined as above the FO of E. huxleyi (0.298 Ma) [Boudreaux

and Hay, 1967; Hine, 1990].

island, where most erosion occurs, is predomi-
nantly hemipelagite, and erosion of sands here will
have minimal impact on the overall composition.
This assumption is also valid because the turbidity
currents are also known to be nonerosive along
their flow pathway [Weaver and Thomson, 1993 ;
Weaver, 1994; Wynn et al., 2002; Hunt et al.,
2011; Stevenson et al., 2013].

[25] Samples (~3 cm®) were taken from the bases
of subunits within each of the volcaniclastic turbi-
dites. These were sieved to remove the <63 pm
fraction and subjected to acetic acid (0.1 M) leach-
ing to remove carbonate. The volcanic grains were
then mounted on a semiconductor pad and imaged
using a Hitachi TM1000 SEM. Flat surfaces of unal-
tered volcanic glasses (n=30-50) of 90-125 pm

Table 3. Summary of Late Quaternary Coccolith Biostratigraphy Acme Zones [Weaver and Kuijpers, 1983 ; Hine and Weaver, 1998]

Zone Code Zone

Details

QAZ7 Small Gephyrocapsa Acme Zone

Interval dominated by small Gephyrocapsa species, which extends below OIS 41 to

the lower stage OIS 28 (925 ka). The top of the acme zone is defined by a reversal
in dominance from small Gephyrocapsa species to G. caribbeanica.

QAZ6 G. caribbeanica Acme Zone

Defined by the dominance in G. caribbeanica, which occurs between the lower stages

of OIS 28 (925 ka) and OIS 25 (850 ka). The top of the acme zone is defined by a
reversal in dominance to small Gephyrocapsa species.

QAZ5 Small Gephyrocapsa Acme Zone

Defined by a dominance of small Gephyrocapsa species, which are predominantly G.

aperta and small specimens of G, caribbeanica. This zone extends from upper OIS
25 (850 ka) to the lower part of OIS 15 (290 ka). The top of the acme zone is
defined by a reversal in dominance to G. caribbeanica.

QAZ4 G. caribbeanica Acme Zone

Defined by a dominance of G. caribbeanica, and extends from the lower part of OIS

15 (575 ka) to the lower part of OIS 8 (290 ka). This acme zone can be distin-
guished from QAZ6 by the absence of R. asanoi. The top of the acme zone is
defined by a reversal in dominance to G. aperta.

QAZ3 G. aperta Acme Zone

Interval has a dominance of G. aperta, which extends from the lower part of OIS 8

(290 ka) to the lower part of OIS 5 (120 ka). It is distinguished from QAZS5 by the
absence of Pseudoemililani lacunosa and presence of Emiliani huxleyi. The top of
the acme zone is marked by a dominance in G. mullerae during the OIS 6 glacial
due to selective dissolution.

QAZ2 Transitional Zone (G. mullerae)

Acme Zone

Defined by a dominance of G. mullerae in higher latitudes (from 120 ka), while lower
latitudes are dominated by G. oceanica and G. margerelii. The top of the acme

zone occurs during the lower part of OIS 4 and marks a decrease in abundance of
G. mullerae (and/or equivalent) and an increase in abundance of Emiliani huxleyi

(71 ka).

QAZ1 Emiliani huxleyi Acme Zone

Defines a marked increase in abundance of Emiliani huxleyi from the lower part of

OIS 4 onwards (71 ka).
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size were analyzed from each identified subunit
using scanning electron microscope (SEM) energy
dispersive spectroscopy (EDS), with operating con-
ditions of 15 kV and a dwell time of 120 s.

[26] A series of glass standards produced from inter-
national standard reference materials allowed verifi-
cation of accuracy and precision. Concentrations
between 1 and 2 wt % have precisions of 4%—6% of
the value, 2-10 wt % values have precisions to
within 2%-5%, while those values >10 wt % have
precisions of 0.5%—4% (Appendix 1, supporting in-
formation)." Accuracies were generally within 1%—
5% of the certified value for the suite of standard
reference materials, where accuracies were higher
with increasing concentration. SEM EDS volcanic
glass data is reported in Appendix 2 (supporting in-
formation), SRM data in Appendix 3 (supporting in-
formation), and calibration curves presented in
Appendix 4 (supporting information).

[27] Although microprobe methodologies may
produce higher accuracies, this SEM EDS method-
ology was adequate for the purpose of this study.
Relative proportions of basic and evolved igneous
glasses within the turbidite sand fraction, coupled
with the mudcap geochemistry, can provide
insight into provenance.

5.5. ODP Methods and Data

[28] The stratigraphy for the top 55 m of sediment
recovered from ODP Sites 950, 951, and 952 is
first based on position in the vertical sediment
sequence, color, and magnetic susceptibility.
Additional information from coccolith biostratig-
raphy and mudcap chemostratigraphy aided devel-
opment of the 0—1.5 Ma stratigraphy, dating of the
deposits and deriving potential provenances
[Howe and Sblendorio-Levy, 1998; Jarvis et al.,
1998]. Volumetrics of the deposits were calculated
from the ODP core using the method of Alibés
et al. [1999] and Weaver [2003].

6. Results

6.1. Late Quaternary Volcaniclastic
Turbidite Stratigraphy

[29] A correlation panel of the northern subbasin
of the Madeira Abyssal Plain, where the northern
branches of the Madeira Distributary Channels ter-
minate, shows the main, widespread, large-volume

' Additional supporting information may be found in the
online version of this article.

volcaniclastic turbidites Mb, Mg, Mn, Mo, and Mp
within the last 550 ka (Figure 2). Cores D11814
and D11821 penetrate beyond 550 ka and record
three additional 0.2—0.7 m thick, silt to fine sand-
grained, volcaniclastic turbidites named Mz, Mab,
and Maf (Figure 2). There are also a number of
less widespread deposits represented as thin, gray,
volcaniclastic turbidite muds (identified as beds
Mdl1, Ml1, and MI3, Ms2, Mvl, Mx, and Mx1).
These are not discussed further due to their low
volume and difficulty in ascertaining their
provenance.

[30] The turbidite stratigraphy established in the
piston core record can be extrapolated to the ODP
sites (Figure 3). Indeed, the upper 50 m of the
ODP sites correspond to the sequences recovered
from piston cores in the northern subbasin (Figures
2 and 3). Dating and correlation of beds between
piston core sites and ODP holes was achieved
using coccolith biostratigraphy. High-resolution
coccolith biostratigraphy was completed on core
D11814 and the aforementioned piston cores from
the Madeira Abyssal Plain (Figures 4 and 5). This
biostratigraphy resolves datum horizons within the
hemipelagite sediment deposited between the tur-
bidites. These datum horizons are described in
Tables 2 and 3 and shown in Figure 4. The posi-
tion of the bed in relation to specific datum hori-
zons can be used to both date and correlate (Figure
5 and Table 4).

[31] Hemipelagite sedimentation rates can also
be generated from these datum horizons and
used to broadly date the beds by interpolation
between datums (Figure 6). Hemipelagite sedi-
mentation rates decrease beyond ~500 ka,
probably due to burial compaction, which
causes issues with the application of either
broad linear or polynomial trends to these data
(Figure 6). Linear sedimentation rates appear to
underestimate and inconsistently date turbidites
at 150-550 ka (beds Mg, Mn, Mo, and Mp). A
polynomial sedimentation rate better dates the
younger beds but underestimates and inconsis-
tently date turbidites >800 ka (beds Mz, Mab,
and Maf) (Figure 6 and Table 4). Therefore,
applying a single, broad hemipelagite sedimen-
tation rate to date beds potentially provide ages
with greater error (Figure 6 and Table 4).

[32] The L* profiles demonstrate significant nega-
tive/positive excursions that relate to changes in
climate/sea level, which can be correlated to peaks
and troughs in the Lisiecki and Raymo [2005]
global benthic foraminifera §'®*0 record (Figure
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7). Glacial oxygen-isotope stages are commonly
characterized by red-brown glacial clays with
<50 values on the L* grayscale. Higher L* val-
ues (generally >55) correspond to white inter-
glacial oozes and marls (Figure 7). This
provides an additional method of dating the
major volcaniclastic turbidites: Mb at ~15 ka,
Mg at ~170 ka, Mn at ~485 ka, Mo at ~535
ka, Mp at ~540 ka, Mz at ~850 ka, Mab at
~1040 ka, and Maf at ~1175 ka (Figure 7 and
Table 4). The use of biostratigraphy at 1-5 cm
resolutions in combination with L* profiles at
0.5 cm resolution provides high levels of confi-
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dence in dating turbidites. The error is reduced,
where oxygen isotope stage boundaries can be
clearly attributed within the L* record (£5 ka).

[33] To further aid age verification of the turbidites
recovered in the piston cores, previous biostrati-
graphic and magnetostratigraphic dates from ODP
studies are utilized. A R. asanoi biostratigraphic
event at 36.51-37.52 m depth at ODP Site 950, 5
cm above bed Mz, is dated at 830 ka [Howe and
Shblendorio-Levy, 1998]. The top of the Jaramillo
event (980 ka) occurs at 39.7 m core depth below
bed Mz and above bed Mab at ODP Site 950. The
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Figure 4. Hemipelagite coccolith biostratigraphy for core D11814 in the northern Madeira Abyssal Plain.
Displays details on coccolith acme zones based on relative abundances and biozones based on species first
and last occurrences. The biostratigraphic dates are used to calibrate the hemipelagite reflectance curve (L*).
The biostratigraphy and L* profile is then linked to the Lisieki and Raymo [2005] benthic 6180 curve.
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Figure 5. Coccolith biostratigraphy for the piston cores from the Madeira Abyssal Plain. Demonstrates both

turbidite correlation and dating.

bottom of the Jaramillo event (1.05 Ma) is at
42.7 m core depth immediately below bed Mab
[Shipboard Scientific Party, 1995]. These ODP
biostratigraphic and magnetostratigraphic ages
support the dates attributed to the volcaniclastic
turbidites from the piston core study and support
correlation of events between the two core data
sets (Table 4).

6.2. Turbidite Mudcap Geochemistry

[34] Since much of the mud component is bypassed
at the northern basin sites, the geochemistry of the
mudcaps is taken from sites within the basin centre.
Specifically, the mudcap geochemistry of Jarvis
et al. [1998] for ODP Site 950 is utilized. These
mudcap compositions are recalculated on a carbon-
ate-free basis. Most of the volcaniclastic turbidites

fall into two clear compositional fields on the ter-
nary diagrams of De Lange et al. [1987]. These tur-
bidites can be grouped into a basic igneous group
(Group 1), defined by low Zr and K,O, and high
TiO,, MgO, and Fe,0O;, and an evolved igneous
group (Group 2), with higher Zr and K,O, but lower
TiO,, MgO, and Fe,O; [De Lange et al., 1987,
Pearce and Jarvis, 1992, 1995] (Figure 8). Group 1
includes beds Mb, Mp, and Mab and Group 2
includes beds Mg, Mo, and Mz, as delineated by
the F6203-A1203-Mg0, KzO-TiOz-A1203, and
K,0-TiO,-Zr ternary diagrams (Figure 8). How-
ever, beds Mn and Maf have a more convoluted
provenance, displaying geochemical affinities for
both Groups 1 and 2 (Group 3 in Figure 8c).

[35] Caution must be made when attempting to
assign provenance based on such few geochemical
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Figure 7. L* and b* photospectometry profiles of the hemipelagites in piston cores D11822, D11821,
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although the older date and higher K composition
implies a Tenerife source.

6.3. Volcaniclastic Turbidite Glass
Geochemistry

[37] Bed Mb contains volcanic glasses of ultra-
mafic picrobasalt to evolved trachyte-phonolite
compositions. The glasses principally fall within
the onshore compositional range for El Hierro on
the total alkali-silica (TAS) diagram [Le Bas et al.,
1986]. Although primarily composed of basalts
and basanite glasses, bed Mb also contains glasses
of phonolite, trachyte, and phonotephrite composi-
tions (Figure 9a). The presence of evolved glasses,
from the predominantly basaltic EI Hierro source,
is supported by original turbidite provenance work
by Pearce and Jarvis [1992]. Furthermore, the
onshore composition field is constrained using
limited documented samples (Appendix 5, sup-
porting information).

[33] Bed Mg in the Madeira Abyssal Plain is a
consequence of the Icod landslide on Tenerife
[Hunt et al., 2011, and references therein]. The
glasses from bed Mg comprise predominantly
evolved phonolites in addition to trachytes, trachy-
basalts, trachy-andesites, tephriphonolites, and ba-
salt trachy-andesites (Figure 9b). Together with
the evolved composition of the mudcap, the glass
compositions support a Tenerife provenance.

[39] Bed Mn represents the next significant volca-
niclastic turbidite, dated at ~485 ka. The volcanic
glasses recovered from bed Mn lie within the
onshore compositional field for La Palma (shown)
and El Hierro (Figure 9c). Unlike beds associated
with El Hierro, the glasses from bed Mn lack any
evolved compositions >53 wt % SiO,. Indeed, the
glasses are principally basic in composition rang-
ing from picrobasalts to low-alkali tephriphono-
lites, with <54 wt % silica and <11 wt % alkalis
(Figure 9c). This supports an attribution of a basal-
tic source. With the mudcap geochemistry show-
ing disparity from the El Hierro source, the
implication is that La Palma is the provenance for
this basaltic bed.

[4] The overall glass composition for the ~535
ka bed Mo is generally evolved, corresponding to
the onshore compositional field for Tenerife (Fig-
ure 9d). Although a minor proportion of glasses
are basalt and basanite in composition, the glasses
recovered are predominantly tephriphonolitic to
phonolitic (Figure 9d). These evolved glasses are

>56 wt % SiO, and >8 wt % alkalis, similar to
those from bed Mg, suggesting a Tenerife source.

[41] The overall composition of the ~540 ka bed
Mp spans picrobasalts to phonolites, akin to the
compositional distribution of bed Mb from EI
Hierro (Figure 9e). There are a minor component
of glasses with evolved tephri-phonolites and pho-
nolites, although the predominant glass composi-
tion is basanite.

[42] Bed Mz has been dated at ~850 ka, with an
evolved mudcap composition. Bed Mz is com-
posed predominantly of evolved volcanic glasses
and lacks glasses of basic composition <46 wt %
SiO, and <4 wt % alkalis (Figure 9f). This
evolved composition, akin to beds Mg and Mo,
supports a Tenerife provenance.

[43] Bed Mab (~1.05 Ma) has glasses that cover a
compositional range from basic picrobasalts to
tephriphonolites (Figure 9g). The dominant com-
position is that of basanite, with <44 wt % SiO,
and <7 wt % alkalis (Figure 9g). The glass and
mudcap compositions support a basic source. The
range of compositions is similar to bed Mb and
suggest an El Hierro source.

[44] Bed Maf, which has been dated at ~1.2 Ma,
has a mudcap geochemistry that indicates an affin-
ity for the evolved Tenerife composition. This is
confirmed in the volcanic glass composition.
Although there are basanite glasses, there are no
basalt or picrobasalt glasses. Indeed, overall, the
glasses comprise predominantly evolved composi-
tions >46 wt % SiO, and lie within the composi-
tional range associated with Tenerife (Figure 9h).

7. Discussion

7.1. The 0-1.5 Ma Catastrophic Flank
Collapses From the Canary Islands

[45] Large-volume volcaniclastic turbidites (>50
km?) in the Madeira Abyssal Plain record poten-
tially tsunamigenic flank collapses from the West-
ern Canary Islands [Watts and Masson, 1995;
Masson, 1996; Wynn and Masson, 2003; Hunt
et al., 2011]. The previously documented Madeira
Abyssal Plain piston core stratigraphy only
resolved these events to ~500 ka [Weaver et al.,
1992]. The present study is able to extend this vol-
caniclastic turbidite history to 1.5 Ma. This record
is supplemented with bioistratigraphy, L* hemipe-
lagite  stratigraphy, new  volcanic  glass
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geochemistry, and bulk major-element mudcap
geochemistry from previous ODP studies (Figures
2-9). By utilizing this data, turbidites are reliably
dated and found to represent previously identified
Late Quaternary landslides from Tenerife, El
Hierro, and La Palma. Therefore, greater confi-
dence can be placed with using turbidite records to
construct landslide records.

[46] Turbidites Mb (~15 ka), Mp (~540 ka), and
Mab (~1.05 Ma) have a basaltic-rich provenance
from El Hierro, and can be assigned to the El
Golfo, El Julan, and El Tinor landslides respec-
tively (Figure 10 and Table 4). Turbidites Mg
(~165 ka), Mo (~535 ka), Mz (~850 ka), and
Maf (~1175 ka) are attributed to a Tenerife prove-
nance, and most likely represent the Icod, Orotava,
Giiimar, and Roques de Garcia landslides, respec-
tively (Figure 10 and Table 4). Lastly, turbidite
Mn (~485 ka) has a proposed provenance from La
Palma, and is potentially associated with the Cum-
bre Nueva landslide (Figure 10 and Table 4).

[47] Turbidite dates may have errors of =10 ka
and Canary Island geochemical compositions
overlap considerably (Table 4 and Appendix 5,
supporting information). Thus, it must be appreci-
ated that there are varying degrees of certainty on
the correlation between turbidite and onshore land-
slide, with particular reference to beds Mn and
Maf.

7.2. Tenerife

[48] The Icod landslide (bed Mg in Maderia
Abyssal Plain and AB14 in Agadir Basin) repre-
sents the last flank collapse from northern Tenerife
[Hunt et al., 2011]. The consistent date of the tur-
bidite coupled with onshore dating constraints of
150-170 ka [Ablay and Hiirlimann, 2000; Hunt
et al., 2011] would indicate that the 165 =5 ka
date is reliable. The evolved composition of the
turbidite mudcap and volcanic glasses support
Tenerife as the provenance, and support the
assignment of bed Mg to the Icod landslide (Fig-
ures 4 and 9 and Table 4). The volume of this
landslide has been previously calculated as
320 + 40 km® (Table 1) [Hunt et al., 2011]. The
presence of high amounts of carbonate, altered
volcanic grains, and a volume in excess of the
onshore scar indicates that a proportion of the fail-
ure was submarine [Hunt et al., 2011]. The timing
of the Icod landslide appears to be coincidental
with the El Abrigo explosive eruption (dated at
170 = 10 ka by Huertas et al. [2002]) at the end of
the Diego Hernandez eruptive cycle.

[4] The Orotava landslide of northern Tenerife
has been dated onshore between 540 and 710 ka
[Marti et al., 1994; Watts and Masson, 1995;
Ancochea et al., 1999; Cantagrel et al., 1999;
Marti and Gudmundsson, 2000]. The relatively
poor onshore dating constraints mean that the
associated turbidite presents the best dating con-
trol. Bed Mo has an evolved mudcap composition
and volcanic glasses of basanite to predominantly
phonolite composition, which support Tenerife as
the source (Figures 4, 8, and 9). Bed Mo has an
age of 535=*10 ka, which is consistent with
onshore dates of the Orotava landslide (Tables 1
and 4). The offshore volume of the debris ava-
lanche has been estimated at 80 km® [4blay and
Hirlimann, 2000]. The volume of the turbidite
within the Madeira Abyssal Plain is 130 = 30 km?.
However, the turbidite volume in the more proxi-
mal Agadir Basin is unknown, indicating that a
total volume of ~210 km? for the whole event is a
minimum estimate. The geometry of the La Oro-
tava valley indicates an onshore failure component
of ~130 km® [4blay and Hiirlimann, 2000]. Thus,
like the Icod landslide, a submarine component is
required for mass balance [Hunt et al., 2011]. The
La Orotava landslide could potentially be linked to
the Granadilla explosive eruption (dated at 570 ka
by Bryan et al. [2000]) at the terminus of the Gua-
jara eruptive cycle.

[s0] Bed Mz has a provenance from Tenerife (Fig-
ures 4, 8 and 9) and an age of 850 =10 ka.
Although east directed, the Giiimar landslide
(830-840 ka) from Tenerife could have generated
a turbidity current that reached the Madeira
Abyssal Plain (Figure 4 and Table 4). Bed Mz has
a volume of 85 *+ 20 km®, which alone is greater
than the 37-47 km® subaerial volume quoted by
Giachetti et al. [2011] for the Giiimar landslide.
This would also suggest a submarine component
to accommodate mass balance [Krastel et al.,
2001; Masson et al., 2002].

[s1] The Roques de Garcia landslide from Tenerife
has a speculative onshore age range of 0.6—1.7 Ma
[Cantagrel et al., 1999 ; Masson et al., 2002]. Bed
Maf in the Madeira Abyssal Plain at 1.18 = 0.01
Ma has a composition potentially signifying a
Tenerife provenance (Figures 4, 8, and 9 and Ta-
ble 4). From 0.9 to 1.7 Ma, there is no other turbi-
dite of Tenerife provenance with significant
volume in the ODP or piston core record. Thus,
bed Maf most likely represents the Roques de
Garcia landslide. The age of this landslide poten-
tially coincides with volcanism resulting in the

2116



[gasiet ~ Geochemistry |3
' __828?;,?{3%55 \(J HUNT ET AL.: RECORD OF CANARY ISLAND LANDSLIDES 10.1002/ggge.20139

El Hierro La Palma Tenerife

> 5 = § g

S 2 £ = @

2 2L T 2 T
© . ) I o T o ®
= Global Benthic Relative Sea Level 2 B g 3 =
;% Foraminiferal 51 8?2§$mpgged to :Iourr;ant c(}m) , Volcaniciastic § €8 8§ ¢ 8
- i o < - = + P o © o © @

B0, A0 ; S8 ~1e0-10040-00 40 20 ¥ 0 Turbidites > -JI = - -

S
2}
e
o
=
(1]
o
i S
E.L;z% = E T Mb (El Golfo - EI Hierro) - 300km? |
ois3
e T Md1 (El Hierro) - 10km?3
o= = I Mg (Icod - Tenerife) - 320km3 * I

200 4
o1s7

oiss
300155

Tosto
400ois11

“jois12

— Mn (Cumbre Nueva - La Palma)

ois13 g F Mo gmtava-Tenenfa).:»zmm
o Mp (El Julan - El Hierro) - 235km?3 I

01515

oIS16
600 - 0I1S17

01519

7004
01520

01521

800 {ors22
01523

1o

1 Mz (Guimar - Tenerife) - >85km3 ‘

ois26
9004ois27

0lS28
01529

ois3o

T Mz1 (?) - 10km3
100001s31 <é
ois32 T Maat (?) - 20km3 I
1100455

01S36
01837

I Maf (Rogues de Garcla - Tenerife)

1200 ]oisas - >50km3

0IS39
401540
101541

1300101542

[01533 { Mab (El Tinor - El Hierro) - >115km?3
M=

— I Mah1 (?) - 40km3

Figure 10. Temporal plot of the volcaniclastic turbidites from the Madeira Abyssal Plain against sea level/
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Ucanca caldera (dated at 1.2 Ma by Marti et al.
[1994, 1997]).

[52] Bed Maf represents a volume of at least 50 km”.
Previous estimates of total volume for the Roques de
Garcia landslide are in excess of this [Masson et al.,
2002, and references therein]. The remaining volume
may reside within a turbidite in Agadir Basin and/or
a buried proximal debris avalanche deposit, neither
of which can be resolved. Although this contribution
implies that turbidite Mz correlates to the Giiimar
landslide, owing to the poor onshore dating controls,
bed Mz could instead potentially represent the
Roques de Garcia landslide, while bed Maf could
represent an older buried landslide.

7.3. La Palma

[53] Bed Mn represents the Cumbre Neuva land-
slide deposit. The volume of bed Mn exceeds
50 km® and the proximal debris avalanche is esti-
mated at 95 km®, thus the total volume is 145 *+ 10
km>. There is a 50 ka discrepancy in the age
between a minimum age of 536 ka for the onshore
Cumbre Neuva landslide and the age of bed Mn at
485 = 10 ka. This discrepancy could be explained
by the poor resolution of the onshore minimum age.
There are no further turbidites identified as having a
La Palma provenance in the Madeira Abyssal Plain
in the last 1.5 Ma. Thus, bed Mn most likely repre-
sents the Cumbre Neuva landslide (Tables 1 and 4).

[s4] The Playa de la Veta complex has speculative
onshore dates of 1.0-0.8 Ma age [Masson et al.,
2002]. However, this age range is poorly con-
strained in the proximal region. There are two minor
volcaniclastic events identified in ODP core at 1.3—
1.0 Ma (Maal at 1.04 Ma and Mahl at 1.27 Ma)
(Table 4), but no provenance information is avail-
able. More voluminous and widespread volcaniclas-
tic turbidites are present in the older 2.2-1.7 Ma
ODP record, but these ages exceed onshore ages
from the Playa de la Veta collapse(s) (Table 1).

7.4. El Hierro

[ss] The El Golfo landslide (bed Mb) represents
the last major landslide in the Canary Islands at 15
ka. However, K-Ar dates from precollapse lavas in
the El Golfo embayment constrain landslide activ-
ity to be between 21 and 134 ka [Guillou et al.,
1996; Széréméta et al., 1999; Carracedo et al.,
1999, 2001]. Longpré et al. [2011] provide new
“OAr/*°Ar dates for the El Golfo debris avalanche,
which constrain a younger maximum age of
87+ 8 ka and a minimum age of 39+ 13 ka.
Nonetheless, bed Mb, at 15 ka, represents the only

large-volume (130-150 km®) sediment gravity
flow of basic composition in the last 480 ka.

[s6] There is a minor event recorded in the Ma-
deira Abyssal Plain (bed Md1l) dated at 60-70 ka,
with a volume of 10-15 km® [Weaver et al.,
1992], which has been shown to have a basic com-
position akin to El Golfo (Table 4) [Pearce and
Jarvis, 1995]. Sampling from above failure planes
representing alternative older minor collapses
could yield the older dates reported for the El
Golfo landslide. However, the 15 ka date of the
large-volume sediment gravity flow best repre-
sents the age of the major landslide.

[57] The southern aprons of El Hierro have also been
the sites of landslide activity. The El Julan landslide
on the southwest flank has been speculatively dated at
15-190 ka [Krastel et al., 2001] or 300500 ka [Mas-
son, 1996]. Bed Mp (at ~540 ka) in the Madeira
Abyssal Plain has been geochemically linked to El
Hierro (Figures 4, 8, and 9 and Table 4) and poten-
tially represents the El Julan event. Combining proxi-
mal and distal submarine deposits provides a total
volume of 235 = 20 km® [Masson et al., 2002]. Alter-
natively, the Las Playas debris avalanche deposits rep-
resent failures on the southeast flank. However, these
are relatively small in volume, potentially represent
aborted slumps, and are directed to the east [Day
et al., 1997; Masson et al., 2002]. Therefore, the Las
Playas events may not have produced turbidity cur-
rents capable of reaching the Madeira Abyssal Plain.

[s8] Guillo et al. [1996] dated the lavas of the
older El Tinor volcano at 1.03—1.12 Ma. The El
Tinor volcano suffered a major collapse prior to
development of the El Golfo edifice. There is an
unconformity found in water galerias, whereby
543 ka aged lavas are located on 1.04 Ma basalts
[Carracedo et al., 2001]. The 1.04 Ma age of the
unconformity coincides with the ~1.05 Ma date
for bed Mab (Table 4), thus bed Mab with basic
igneous composition may represent the El Tinor
collapse (Figures 4, 8, and 9). The proximal debris
avalanche is most likely buried beneath the El
Golfo deposit, however the turbidite alone has a
volume of 115 = 30 km?>.

7.5. Controlling Factors on Volcanic
Island Landslides

7.5.1. Recurrence Rates

[s9] The volcaniclastic turbidite record in the Ma-
deira Abyssal Plain provides a chronology and
provenance of landslides from the Western Canary
Islands in the last 1.5Ma (Figures 2, 3, and 8).
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Coupled with onshore dates of known Canary
Island landslides, this turbidite record can help
understand how landslides are preconditioned and
triggered. Beds Mb, Mp, and Mab indicate that
flank collapses from El Hierro have a mean recur-
rence interval of 500 ka. Flank collapses from
Tenerife have a mean recurrence interval of 330
ka, based on beds Mg, Mo, Mz, and Maf. Utilizing
all the beds featured in this study, there is a mean
recurrence of 200 ka for flank collapses across the
Western Canary Islands.

7.5.2. Links to Active Volcanism

[0] The large-volume landslides featured in this
study can be potentially correlated to periods of pro-
tracted and explosive volcanism on the respective
islands, rather than periods of volcanic quiescence
(Figure 10). Therefore, loading and/or destabilization
of the volcanic edifice through volcanic activity
appears to be a major preconditioning factor for col-
lapse of island flanks. Seismic activity, associated
with intrusions and explosive eruptions, has been
identified as a potential trigger mechanism [Elsworth
and Voight, 1995; Hirlimann et al., 2002], although
the exact relationship is poorly constrained. Marti
et al. [1997] and Hiirlimann et al. [1999b] suggest
that caldera collapse eruptions are also capable of
triggering volcanic landslides. This study suggests
that volcanic activity and loading of the island edifi-
ces preconditions volcanic flanks to fail, but cannot
resolve the trigger. However, previous work on the
Icod landslide has suggested that the landslide may
trigger the massive caldera-forming eruption [Hunt
et al., 2011; Boulesteix et al., 2012].

7.5.3. Links to Sea Level and Climate Change

[61] Flank collapses in the Hawaiian archipelago
have been suggested to relate to periods of warm
and wet climate. Specifically, these failures have
been associated with the transition from glacial to
interglacial conditions [McMurtry et al., 2004].
However, numerous >1.0 Ma Hawaiian landslide
ages used to support this hypothesis are reliant
upon K-Ar radiometric dates from K-poor lava
flows, which thus have questionable accuracy.
Keating and McGuire [2004] also suggest a link
between climate change associated with rapid sea
level rise and volcanic island landslides, including
the Canary Islands. Indeed, instability and onset of
subaerial landslides have been linked to develop-
ment of weak bedding and soil saturation, which
are associated with warm and wetter climate
[Turner and Schuster, 1996]. A study of the Oro-
tava landslide has implied that failure occurred on
a weak horizon represented by a residual soil
[Hiirlimann et al., 2000, 2001].

[62] In this study, seven of eight volcaniclastic turbi-
dites occurred during either interglacials or at transi-
tions between interglacial and glacial conditions,
which represent 35% and 20% of the time, respec-
tively (Figures 4, 7, and 10). Applying a +10 ka
error to the deposit ages resulted in six events de-
posited during deglaciations and interglacial periods,
whereas four landslides occur during these intervals
when a —10 ka error is applied. The present study
suggests a link between deglaciations and volcanic
island landslides. However, the present study also
demonstrates that coincidence of major volcaniclas-
tic turbidites with marine transgressions and inter-
glacials is not ubiquitous. For example, the Icod
landslide (bed Mg) occurs during glacial oxygen-
isotope stage six and is not obviously influenced by
quaternary climate change.

8. Conclusions

[63] The Late Quaternary piston core record of tur-
bidite deposition within the Madeira Abyssal Plain
reveals a 0—1.5 Ma record of eight large-volume
volcanic flank collapses in the Canary Islands. New
volcanic glass geochemistry and published bulk
mudcap geochemistry coupled with dating of the
events has helped to identify the source of these
beds. This Late Quaternary turbidite record, coupled
with onshore studies, has provided one of the most
extensive and accurate archives of landslide activity
from a volcanic archipelago. This record shows a
general recurrence of 200 ka for large-volume Ca-
nary Island landslides during the last 1.5 Ma.

[4] The turbidite records show that landslide
occurrence is potentially linked to loading of the
volcanic edifice through both intrusive and extru-
sive volcanism. Furthermore, seven of the eight
events occur during climatic conditions associated
with rising- and highstands of sea level, as sug-
gested for the Hawaiian archipelago. Thus warmer
and wetter climates could act to also precondition
the flanks of the Canary Islands to fail. Further
implications for tsunamigenic hazards are that
most landslides have involved a significant sub-
marine component of failure, rather than being
purely subaerial failures into the ocean.
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