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ABSTRACT

Turbidity currents are the principal pro-
cesses responsible for carving submarine
canyons and maintaining them over geologi-
cal time scales. The turbidity currents that
maintain or “flush” submarine canyons are
some of the most voluminous sediment trans-
port events on Earth. Long-term controls on
the frequency and triggers of canyon-flushing
events are poorly understood in most canyon
systems due to a paucity of long sedimentary
records. Here, we analyzed a 160-m-long
Ocean Drilling Program (ODP) core to de-
termine the recurrence intervals of canyon-
flushing events in the Nazaré Canyon over
the last 1.8 m.y. We then investigated the role
of global eustatic sea level in controlling the
frequency and magnitude of these canyon-
flushing events. Canyon-flushing turbidity
currents that reach the Iberian Abyssal Plain
had an average recurrence interval of 2770 yr
over the last 1.8 m.y. Previous research has
documented no effect of global eustatic sea
level on the recurrence rate of canyon flush-
ing. However, we find that sharp changes
in global eustatic sea level during the mid-
Pleistocene transition (1.2-0.9 Ma) were asso-
ciated with more frequent canyon-flushing
events. The change into high-amplitude,
long-periodicity sea-level variability dur-
ing the mid-Pleistocene transition may have
remobilized large volumes of shelf sediment
via subaerial weathering, and temporarily
increased the frequency and magnitude of
canyon-flushing turbidity currents. Turbidite
recurrence intervals in the Iberian Abyssal
Plain have a lognormal distribution, which is
fundamentally different from the exponential
distribution of recurrence intervals observed

"Present address: School of Geography and Envi-
ronment, Oxford University Centre for the Environ-
ment (OUCE), University of Oxford, South Parks
Road, Oxford OX1 3QY, UK; joshua.allin@ouce.ox
.ac.uk.

in other basin turbidite records. The log-
normal distribution of turbidite recurrence
intervals seen in the Iberian Abyssal Plain is
demonstrated to result from the variable run-
out distance of turbidity currents, such that
distal records are less complete, with possible
influence from diverse sources or triggering
mechanisms. The changing form of turbidite
recurrence intervals at different locations
down the depositional system is important be-
cause it ultimately determines the probability
of turbidity current-related geohazards.

INTRODUCTION

Turbidity currents are among the most volu-
metrically important sediment transport mecha-
nisms operating on Earth’s surface. An individual
turbidity current can be capable of transporting
as much sediment as all the world’s rivers in
one year combined (Talling et al., 2007; Korup,
2012). The most voluminous turbidity cur-
rents are triggered by large (>1 km®) submarine
landslides originating from continental slopes
and volcanic islands. These large landslides,
and their often associated turbidity currents,
pose considerable geohazard risk and have the
potential to generate tsunamis that can damage
coastal settlements and cause considerable loss
of life (Bondevik et al., 1997; Tappin et al., 2008;
Harbitz et al., 2006). Landslides and turbidity
currents may also damage expensive submarine
infrastructure, such as pipelines and telecom-
munication cables (Bruschi et al., 2006; Carter
et al., 2012, 2014; Pope et al., 2016). For these
reasons, understanding the triggering mecha-
nisms and long-term frequencies of volumetri-
cally large submarine landslides and turbidity
currents is important for geohazard assessment.

Nonrandom processes like climate-driven
sea-level change are proposed to be an important
control on the recurrence rates of large-volume
landslides and turbidity currents (Maslin et al.,
2004; Owen et al., 2007; Brothers et al., 2013;
Smith et al., 2013). Similarly, eustatic sea-level

change is regarded as a dominant control on
submarine fan and canyon development by alter-
ing the location of sediment deposition relative
to the shelf edge, thereby limiting its delivery to
the deep ocean by mass transport processes
(“lowstand model”; Vail et al., 1977; Shan-
mugam and Moiola, 1982; Posamentier and
Vail, 1988; Piper and Savoye, 1993; Ducassou
et al., 2009; Lebreiro et al., 2009; Covault and
Graham, 2010). However, whether or not factors
like eustatic sea-level change are a control on the
recurrence rates of large-volume landslides and
turbidity currents worldwide has little empirical
support, based upon few well-dated examples
that do not provide the required statistical power
for testing (Urlaub et al., 2013; Pope et al., 2015).
Furthermore, it is also unclear whether or not sig-
nals of environmental change that propagate into
deep water (>4000 m) are recorded and preserved
in distal marine sedimentary archives (Covault
and Graham, 2010; Romans and Graham, 2013;
Allin et al., 2016; Romans et al., 2016).

FLUSHING OF SUBMARINE CANYONS

Turbidity currents in submarine canyons are
proposed to be one of two broad end-member
types: those that are restricted to, and fill or
recharge the canyon with sediment, and those
that flush sediment from the canyon and con-
tinue into deeper water (Parker, 1982; Piper and
Savoye, 1993; Canals et al., 2006; Piper and
Normark, 2009; Talling et al., 2012; Allin et al.,
2016). “Filling” turbidity currents triggered by
localized failures, hyperpycnal river discharge,
or storms accumulate sediment within can-
yons over hundreds or even thousands of years
(Paull et al., 2005; Canals et al., 2006; Arzola
et al., 2008; Khripounoff et al., 2009; Masson
et al., 2011; Talling et al., 2012; Talling, 2014).
“Flushing” turbidity currents can be defined as
the infrequent (>100 yr to >1000 yr) and large-
scale (partial) erosion of unconsolidated sedi-
ments within a submarine channel by turbulent
or cohesive sediment gravity flows, which then
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deposit the sediment on slope fan lobes and
distal basin plains (Piper and Normark, 2009).
Criteria for identifying canyon-flushing events
in the depositional record include volumes of
>0.2 km?, the presence of erosional hiatuses
within canyons and channels, and lateral con-
tinuity of turbidites within a canyon-fed basin
(Paull et al., 2005; Talling et al., 2007; Piper
and Normark, 2009; Masson et al., 2011;
Talling, 2014).

Turbidity currents that fill, or recharge,
Nazaré Canyon have previously been analyzed
using sediment cores obtained from the canyon
levees. These filling turbidity currents are pre-
dominantly active during sea-level lowstand,
and their recurrences conform to a normal distri-
bution (Allin et al., 2016). Larger turbidity cur-
rents that flush Nazaré Canyon periodically have
been inferred from thick (>20 cm) turbidites in
the central Iberian Abyssal Plain, 140 km from
the mouth of the canyon. In the last 80,000 yr,
these large-volume canyon-flushing turbidity
currents have a recurrence that exhibits an ex-
ponential distribution form (i.e., indiscernible
from a temporally random signal) and do not
correlate with sea-level changes that otherwise
control canyon-filling turbidity currents (Allin
et al., 2016). However, this 80,000 yr record of
canyon flushing in the Iberian Abyssal Plain is
limited, with only 28 turbidites identified within
a single sediment core. Therefore, it is unclear
whether the lack of correlation between sea
level and canyon flushing is real or the result of
the limited record length. It is also unclear how
the exponential distribution of turbidite recur-
rences in the Iberian Abyssal Plain arose, given
the normal distribution of recurrences within
Nazaré Canyon.

WHY IS A QUANTITATIVE
STATISTICAL APPROACH NEEDED?

While humans possess an innate ability to
see patterns and trends, such qualitative as-
sessments of ordering and relationships in em-
pirical data can be guided by prevailing models
and intrinsic biases in judgement (Tversky and
Kahneman, 1973; Burgess, 2016). Robust and
impartial statistical methods are important ad-
ditions to assessments of stratal organization in
deep-marine sedimentary sequences because
they avoid any a priori assumptions of order.
The lowstand model of submarine fan devel-
opment has prevailed for several decades as an
important concept in continental margin and
deep-marine sequence stratigraphy (Vail et al.,
1977; Shanmugam and Moiola, 1982; Posa-
mentier and Vail, 1988; Lebreiro et al., 2009).
However, since the development of the model,
several sediment-routing systems that have been
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dominant during transgressions and highstands
have been documented (Piper and Savoye,
1993; Covault and Graham, 2010; Covault and
Fildani, 2014). In addition, several authors have
noted that many deep-marine successions dis-
play little or no statistically detectable order, and
they have argued for more rigorous statistical
approaches to complement qualitative assess-
ments of stratal organization (Wilkinson et al.,
2003; Sylvester, 2007; Chen and Hiscott, 1999).
Furthermore, uncertainties in stratigraphic age
control can make distinguishing order from
randomness in event recurrence particularly
challenging (Urlaub et al., 2013; Pope et al.,
2016). The paucity of robust statistical analy-
ses of stratal patterns and turbidite recurrence
limits our understanding of eustatic control over
sedimentation in deep water and highlights the
need to more rigorously test the applicability
of sequence stratigraphic models to individual
depositional systems (Shanmugam, 2016). In
particular, longer abyssal turbidite records are
needed to more thoroughly evaluate eustatic
control in deep water over multiple sea-level
cycles, as well as signal preservation over geo-
logical time and the long-term geohazard posed
by damaging turbidity currents.

Here, we analyzed a long (1.8 m.y.) record
of turbidites originating from Nazaré Canyon
using long and complete (average 100% recov-
ery) Ocean Drilling Program (ODP) borehole
samples in the Iberian Abyssal Plain. This rep-
resents one of the longest ever complete records
of turbidity currents, with over 600 individual
turbidites. Our work differs from that of previ-
ous papers due to the 1.8 m.y. record of canyon
flushing that spans multiple sea-level cycles and
is perhaps one of the longest spanning turbidite
recurrence data sets from any deep-water set-
ting. Additionally, the work is novel because it
allows for a more detailed and robust analysis of
the recurrence rates of canyon flushing than was
previously possible.

We had three main objectives:

(1) use sedimentary core descriptions and bio-
stratigraphic age datums to build an age model
and constrain the frequency of canyon-flushing
events in Nazaré Canyon over the last 1.8 m.y.

(2) test whether global eustatic sea-level
change during the Pleistocene affected the fre-
quency of large-volume canyon-flushing events
using regression-based statistical methods.
Establishing whether or not eustatic sea-level
change affects the recurrence rates of large-vol-
ume canyon flushing is important for geohazard
assessment in light of future sea-level change
projections (Church et al., 2013). It will also
help us to understand whether or not signals of
environmental change such as sea level can be
recorded in deep-water turbidite sequences.

(3) identify the distribution form, or shape, of
turbidite recurrence interval data. The distribu-
tion form of turbidite recurrence data may yield
information about possible triggering mecha-
nisms of canyon-flushing events in Nazaré
Canyon, as well as the ways in which different
distribution forms arise in depositional systems.

GEOLOGICAL SETTING

The Iberian Abyssal Plain is located 200 km
off the western coast of Portugal between 40°N
and 43°N. It extends ~700 km to the northwest
at an average water depth of 5300 m (Fig. 1).
The basin is bounded by the Galicia Bank to the
northeast, the Estremadura Spur to the south,
and by a series of seamounts along its west-
ern margin. The total area of the basin covers
~107,000 km? (Weaver et al., 1987). ODP Leg
149 initial reports have detailed the long-term
basin infill record extending back to the Early
Cretaceous (140 Ma), with the aim of under-
standing margin rifting (Milkert et al., 1996a,
1996b). This work demonstrated an onset of
terrestrial-derived turbidite deposition in the
Iberian Abyssal Plain between 2.6 and 2.2 Ma,
which continued into the late Pleistocene.

The Iberian Abyssal Plain is fed by the Nazaré
Canyon, which begins 500 m from the Portu-
guese coastline and extends for 200 km down to
a water depth of 5200 m (Vanney and Mougenot,
1990; Lastras et al., 2009). Sedimentation in the
upper reaches of the canyon originates from both
littoral drift off the Iberian Shelf and nepheloid
fallout (Oliveira et al., 2007). Nazaré Canyon
does not transition into a well-developed, lo-
bate submarine fan at the base of the continental
slope (Fig. 1). Instead, the canyon evolves into
a base-of-slope channel that is bounded by the
Estremadura Spur to the south and a prominent
150-m-high external levee to the north (Fig. 1).
The presence of this large levee suggests that
the canyon mouth has not shifted position over
geological time (Lastras et al., 2009). The Oporto
and Aveiro Canyons are two smaller canyon sys-
tems that enter the Iberian Abyssal Plain north of
Nazaré Canyon (Guerreiro et al., 2007). These
canyons are not considered to be active in the
present day, but they could have acted as sources
of turbidity currents reaching the Iberian Abys-
sal Plain during times of past sea-level lowstand
(Posamentier and Vail, 1988; Guerreiro et al.,
2007, 2009). The ODP Site 898A is located in
the Iberian Abyssal Plain, north of the Nazaré
Canyon mouth at a water depth of 5280 m, and
oblique to the canyon axis and main direction of
sediment transport (Fig. 1). As only large-volume
canyon-flushing turbidity currents are likely to
runout to this distance from source, ODP 8§98A
is an ideal site to study their recurrence over time.
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Figure 1. Bathymetry map of the Iberian Abyssal Plain showing the locations of core site
Ocean Drilling Program (ODP) Hole 898A. Also shown is the location of small mass trans-
port deposits (MTDs) originating from the Galicia Bank, and the three canyons that feed
into the Iberian Abyssal Plain, the Nazaré, Aveiro, and Oporto Canyons. Sites Integrated
Ocean Drilling Program (IODP) 1068 and JC27-51 are shown and are discussed later. Bath-

ymetry data are from the GEBCO database (1I0C, IHO, BODC, 2003).

METHODS
Identification of Hemipelagic Sediments

Age models are used to determine the re-
currence intervals for the deposits of turbidity
currents, known as turbidites. These turbidites
must be differentiated from ‘“background”
hemipelagic sediment that is continuously de-
posited out of the water column. Turbidites are

224

often well sorted, have normal grading, and
have observable internal structure (sometimes
representing bed forms) developed from trac-
tion beneath the flow. The fine-grained mud cap
of turbidites is commonly homogeneous and
often devoid of foraminiferal material, while
the basal contact of the turbidite is often sharp
and erosional (Bouma, 1962; Stow and Piper,
1984). In contrast, hemipelagic sediments
typically consist of bioturbated detrital clay

that contains dispersed foraminifera and lacks
sedimentary structures (Stow and Tabrez, 1998;
Hoogakker et al., 2004).

Age Model Development and
Recurrence Estimation

Age control for core in ODP Hole 898A was
provided by coccolith biostratigraphy. The 13
biostratigraphic datum horizons for Pleistocene
deposits were identified using coccolith as-
semblages and standard acme zonal boundaries
(Fig. 2; Liu et al., 1996; Milkert et al., 1996a).
Using these datums, and the thicknesses of
hemipelagic sediment between them, sedimen-
tation rates were calculated. The thicknesses of
hemipelagic sediment were then divided by the
sedimentation rates to convert them into time
intervals (Thomson and Weaver, 1994; Wynn
et al., 2002; Gracia et al., 2010; Clare et al.,
2014). From these time intervals, the ages of in-
dividual turbidites were estimated. Using the age
model to estimate the emplacement age of each
turbidite allowed the calculation of individual
recurrence intervals. Here, we define the recur-
rence interval of a turbidite as the length of time
since the turbidite that preceded it (Clare et al.,
2014, 2015; Pope et al., 2015). The use of hemi-
pelagic age models in determining the age of
turbidites relies on two assumptions: (1) There
is minimal fluctuation in the rate of hemipelagic
sediment accumulation through time (Milkert
et al., 1996a; Lebreiro et al., 2009; Allin et al.,
2016; Clare et al., 2015), and (2) there is mini-
mal erosion of the seafloor by turbidity currents
(Weaver and Thomson, 1993; Thomson and
Weaver, 1994; Wynn et al., 2002; Gutiérrez-
Pastor et al., 2009; Gracia et al., 2010).

Statistical Analysis of Turbidite Recurrence

Testing the Statistical Distribution Form
of Recurrence Intervals in Core from
ODP Hole 898A

The shapes of recurrence interval distribution
forms, which represent the likelihood of recur-
rence intervals of different durations, can yield
information about the dynamics governing the
system that gave rise to them (van Roojj et al.,
2013). It has been demonstrated that certain sta-
tistical distributions of recurrence intervals indi-
cate time-dependent behavior. These statistical
distributions may indicate that additive process
(e.g., for a normal distribution) or a multiplica-
tive interaction of processes (e.g., for alognormal
distribution) are exerting control on a system (van
Rooij et al., 2013; Clare et al., 2016). Equally,
distributions may indicate (pseudo)random-
ness or a lack of memory between successive
events (e.g., for an exponential distribution).
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Figure 2. Photographs of cores recovered from Ocean Drilling Program (ODP) Hole 898A and the biostratigraphic datums (yellow) used

in the age model. The thickness of the biostratigraphic datums shows their depth uncertainty within the core. Beside the photos are inter-

pretations of the core section. Light and dark gray are turbidite mud cap and sand respectively, and white is hemipelagic sediment. Enlarge-

ments of A, B, and C can be seen in Figure 3.
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We aimed to determine the frequency distribu-
tion form of turbidite recurrence intervals at
ODP Hole 898A over the last 1.8 m.y. to under-
stand possible triggers and controls for canyon-
flushing turbidity currents. We used exceedance
plots to determine the distribution form of turbi-
dite recurrence intervals from the Iberian Abys-
sal Plain. Exceedance plots have been used as
a visual test of data distribution over different
scales, and they plot the likelihood that a given
recurrence interval will exceed the longest re-
currence interval in the data set (Talling, 2001;
Sylvester, 2007; Hunt et al., 2013a; Clare et al.,
2014, 2016). In addition to exceedance plots, the
distribution form of turbidite recurrence in ODP
Hole 898A was compared with the lognormally
distributed turbidite recurrence data set of Clare
et al. (2015). This turbidite recurrence data set
originated from Integrated Ocean Drilling Pro-
gram (IODP) borehole 1068 in the Iberian Abys-
sal Plain and extends from 48 to 65 Ma (Fig. 1).

Testing for a Persistent Trend over
Shorter Time Periods

Given the <1.8 m.y. time span of the ODP
Hole 898A core record and the large number of
turbidites (N = 665), it is possible that a given
distribution does not apply to all of the data. In
order to determine whether or not a distribution
was persistent over shorter subsets of the data, we
divided the data into subgroups (A through K)
based on changes in the gradient of the cumula-
tive recurrence curve. The subgroups were plot-
ted on exceedance plots to determine whether
they had similar or different distributions. Lack
of a common distribution form may indicate that
processes governing turbidite recurrence inter-
vals are not consistent through time.

Testing for Sea-Level Control on Turbidite
Recurrence at Site ODP Hole 898A

Statistical analyses are widely used to under-
stand geohazard frequency and triggering, and
thy are most informative where large (N =>100
events) data sets are available (Green, 1991;
Tabachnick and Fidell, 2007; Clare et al., 2016).
Previous turbidite records from the Nazaré Can-
yon and Iberian Abyssal Plain had sufficient
numbers of events, but they did not span one
full sea-level cycle, meaning its influence over
geological time could not be tested (Allin et al.,
2016). The use of appropriately long records and
suitable statistical analyses has been recognized
by multiple authors as essential in identifying
patterns or ordering in deep-water sedimenta-
tion (Wilkinson et al., 2003; Sylvester, 2007;
Burgess, 2016). The large number of turbidites
in ODP Hole 898A and the 1.8 m.y. span of the
record make it an ideal location at which to test
for the influence of eustatic variability on the re-
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currence rate of canyon-flushing events. While
caution should be exercised when making infer-
ences from a single core location within a large
depositional system, the size (N = 665) and the
length of the record are sufficient for robust sta-
tistical analyses. This analysis, combined with
existing turbidite records (Allin et al., 2016),
will provide a much more comprehensive over-
view of the Nazaré depositional system.

The first statistical analysis we used was a
linear model, which tests for the significance of
sea level as an explanatory variable on the recur-
rence of turbidites (McCullagh and Nelder, 1989;
Allin et al., 2016; Clare et al., 2016). Linear
models produce a regression coefficient, which
is a measure of the change in a response vari-
able (recurrence interval) with a 1 unit (meter)
change in the explanatory variable (sea level).
They also produce a correlation coefficient (R?),
which is a measure of the variability in the data
that is accounted for by the explanatory vari-
able (Schemper and Stare, 1996). General rules
of thumb exist for determining the minimum
sample size for regression analysis. Prior statisti-
cal studies have indicated that testing for statis-
tical power and effect size will require at least
between N = 23 and N = 106 events to detect a
large effect of an explanatory variable.

To further test the effect of eustatic sea-level
change on turbidite recurrence, we applied
a nonparametric Cox proportional hazards (PH)
model (Cox, 1972). The Cox PH model requires
no a priori specification of frequency distribu-
tion form and is independent of time. The Cox
PH model is typically used to determine a
hazard rate (regression coefficient) in medical
studies (e.g., rate of patient fatality), but it has
also been applied to turbidite frequency analy-
sis (Hunt et al., 2014; Allin et al., 2016; Clare
et al., 2016). The hazard coefficient is analo-
gous to a regression coefficient; it is the ratio
between the change in the explanatory variable
(e.g., sea level) and the change in the response
variable (in this case, turbidite recurrence). Pre-
vious work has shown that the Cox PH model
requires at least a minimum sample size of N =
20 (Vittinghoff and McCulloch, 2007). In addi-
tion to a hazard coefficient, the Cox PH model
performs survival analysis using three separate
tests (likelihood, Wald, and log-rank), for which
p values are derived. For both the linear and Cox
PH models, where the resultant p value is small
(p < 0.05), sea level is shown to significantly
explain variations in turbidite recurrence. Where
the p value is large (p > 0.05), sea level is not
found to be a statistically significant control on
turbidite recurrence.

For both the linear model and Cox PH model,
we tested the turbidite recurrence data against
the global eustatic sea-level curve of Miller et al.

(2005). This sea-level curve was constructed
from borehole 8'®0 measurements and has a
5 k.y. resolution. Although this resolution is
much lower than sea-level curves used in some
other statistical analyses of turbidite recurrence
(Urlaub et al., 2013; Allin et al., 2016), major
sea-level transitions associated with Pleistocene
glacial cycles are well recorded. This suggests
that the Miller et al. (2005) sea-level curve is
appropriate for the analysis of turbidite records
through the Pleistocene to test for the response
of turbidite recurrence in relation to major
eustatic fluctuations.

RESULTS
Core Sedimentology

ODP Hole 898A contains multiple dark, nor-
mally graded sequences with silty/sandy bases
interspersed with pale microfossil-rich clays
(Fig. 2). The normally graded sands capped with
muds are interpreted to be turbidites in the sense
of Stow and Piper (1984), which vary from 0.5
to 200 cm thick, with an average thickness of
18.5 cm (Fig. 2). The turbidites typically exhibit
coarse sandy bases and fine upward into clay
mud caps. Some of the turbidites consist primar-
ily of sand and contain very little fine-grained
material (Fig. 3A). Certain sandy turbidites
have multiple fining-upward sequences that
may be subunits representing multistage failures
(Fig. 3A; Hunt et al., 2013b). Other turbidites
have thin, >2-cm-thick sandy bases and consist
primarily of fine-grained mud cap (Fig. 3B),
while others have no coarse basal sand/silt units
(Fig. 3C). The pale, nanofossil-rich clay is inter-
preted to be hemipelagite after Stow and Tabrez
(1998). The boundaries between turbidite units
and overlying hemipelagic clays are sometimes
obscured by sediment mixing due to bioturba-
tion (Fig. 3B). In these cases, we delineate the
boundary between the two facies to be where
they exist in equal proportions.

Age Model and Sedimentation Rate

The biostratigraphic datum horizons for
ODP Hole 898A are shown in Figure 2 (Milk-
ert et al., 1996a). Uncertainties associated with
these datums are difficult to constrain, because
they are rarely reported. Conservative estimates
of uncertainty surrounding the use of coccolith
biostratigraphy are =10 k.y. (Hunt et al., 2013b).
The age model shows a relatively linear hemi-
pelagic sedimentation rate since 1.8 Ma (R? =
0.97; Fig. 4). The average sedimentation rate for
the entire record is 2.01 cm/k.y. The sedimen-
tation rate between each datum was used for
calculating individual turbidite recurrences. The
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Figure 3. Photographs and lithological logs of deposits within core Ocean Drilling Program (ODP) 898A. (A) Section in the upper core
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with one that is largely mud-dominated. (C) Section in the lower core showing a mud-rich turbidite with no coarse base, along with two
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minimum accurately resolvable hemipelagic
interval within core ODP Hole 898A is 0.5 cm
thick, due to bioturbation mixing.

Distribution Form of Turbidite Recurrence
Intervals at ODP Hole 898A

The ODP Hole 898A turbidite recurrence
data plot as a straight line on a log-probability
plot, indicating that their distribution form is
lognormal (Fig. 5A; Clare et al., 2016). Ex-
ceedance plots also show a strong similarity
between the lognormally distributed IODP 1068
recurrence data of Clare et al. (2015) spanning
68—48 Ma and the recurrence data from ODP
Hole 898A (Fig. 5SA). When analyzed using a
Mann-Whitney U-test, the ODP Hole 898A tur-
bidite recurrence data are not significantly dif-
ferent from a synthetic recurrence data set with
a lognormal distribution (P >0.05). When the
ODP Hole 898A data set is subdivided based on
changes in the slope of cumulative recurrence
(Fig. 5B), a largely persistent lognormal trend
through time can be seen on exceedance plots
(Fig. 5C). All but subgroups A and G exhibit this
trend, indicating the bulk of the data conform to
a lognormal distribution.

Geological Society of America Bulletin, v. 130, no. 1/2

Influence of Sea Level on Turbidite
Recurrence and Thickness at
ODP Hole 898A

Due to the low temporal resolution (5 k.y.)
of the sea-level curve, it is difficult to visually
identify any correlation between the individual
cycles of sea-level change and turbidite recur-
rence. Plotting the curves of cumulative tur-

Age (Ma)

1 1.5
0 1 1 L

bidite age and cumulative turbidite thickness
against a global eustatic sea-level curve shows
a change in both trends between 1.1 and 0.9 Ma
(Fig. 6). This change coincides with the mid-
Pleistocene transition between 1.2 and 0.9 Ma,
when long-periodicity (>0.1 m.y.), high-ampli-
tude glacial variability began to persist (Mudel-
see and Schultz, 1997; Clark et al., 2006). Prior
to the mid-Pleistocene transition, the average

Figure 4. Age model for core

R?=0.9767

Hemipelagic depth (m)
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Sed. rate (cm/k.y.)
O = NW b
o © o S,

% Sed. rate = 2.01 cm/k.y.

from Ocean Drilling Program
(ODP) Hole 898A from bio-
stratigraphic datums outlined
in Milkert et al. (1996b; Fig. 2).
Gray bars on age tie points show
depth uncertainty. The R? corre-
lation coefficient indicates a rela-
tively constant sedimentation
rate through time. The graph in
light gray shows the hemipelagic
(H.P.) accumulation rate, while
the graph in dark gray shows
the total sedimentation rate.

227



@

0.991 F IODP 1068 (N = 1570)

09 ODP 898A (N = 665)

0.7 \'(
0.5
0.31

0.14 \
0.01 \‘

®

T bl 1
0.01 0.1 1 10 100
800

Exceedance probability

Normalized recurrence (Ry)

AB C

D EFGH I J K

=2}
(=3
o

seypiqun] oN

Turbidite number
'S
1<)
o

N
(=3
o

0.0 0.5 1.0 1.5 2.0
Cumulative recurrence (Ma)

©

0.99+

z "B
E 0.9 . 8
9 0.7 A E
Q
@ 0.5- « F
g 03- . ¥ G
3 co
§ 0.1 LI
X K
0.01 T : T !
0.01 0.1 1 10 100

Normalized recurrence (Ry)

Figure 5. (A) Exceedance plots of the Ocean
Drilling Program (ODP) Hole 898A data
set compared with the lognormally distrib-
uted recurrence data set from Integrated
Ocean Drilling Program (IODP)1068
(Clare et al., 2015). Normalized recurrence
data are plotted on a log-probability plot.
(B) Subdivisions of the ODP Hole 898A data
based on changes in the slope of cumula-
tive recurrence. (C) Log-probability plot
of normalized recurrence data for all data
subdivisions based on changes in the slope
of cumulative recurrence.

recurrence of canyon-flushing was 3000 yr, and
the average turbidite thickness was 17.9 cm
(Fig. 6). The coefficients of variability for tur-
bidite recurrence and thickness before the mid-
Pleistocene transition are 149 and 92, respec-
tively (Fig. 7). The coefficient of variation is a
dimensionless ratio of the standard deviation to
the mean, with higher values indicating higher
variability in turbidite recurrences.
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Figure 6. Turbidite ages and thicknesses from Ocean Drilling Program (ODP) Hole 898A
(N = 665) plotted against the sea-level curve (black) of Miller et al. (2005). The dashed gray
line is the cumulative age of turbidites, the dotted gray line is the cumulative turbidite thick-
ness, and the solid gray line is the frequency of turbidites in 10,000 yr intervals. There is a
significant decrease in the average turbidite recurrence, an increase in the frequency, and
an increase in the average thickness during the mid-Pleistocene transition (MPT). Following
the onset of >0.1 m.y. glacial cycles at ca. 0.9 Ma, the average turbidite recurrence increased,
and the average thickness decreased relative to the pretransition values.

During the mid-Pleistocene transition be-
tween 1.2 and 0.9 Ma, the average turbidite
recurrence decreased to 2200 yr, while the
thickness increased to 33.7 cm. There was a
considerable fall in sea level to —110 m at the
end of the mid-Pleistocene transition that is as-
sociated with the lowest turbidite recurrence
intervals contained within the ODP Hole 898A
record (Fig. 6). The coefficients of variation for
turbidite recurrence and thickness during the
mid-Pleistocene transition are 322 and 155, re-
spectively, indicating higher variability in turbi-
dite recurrence values than the period before the
onset of the transition.

After the mid-Pleistocene transition, between
0.9 Ma and present, turbidite recurrence resta-
bilized at an average duration of 2850 yr, i.e.,
slightly shorter than before the mid-Pleistocene
transition. The average turbidite thickness for
this period is 13.7 cm, although turbidite thick-
ness remained consistently higher than before
the mid-Pleistocene transition until ca. 0.5 Ma
(Fig. 6). Box and whisker plots of turbidite
recurrence and thickness illustrate increased

variability in both parameters relative to the
pretransition values (Fig. 7). The coefficients of
variation for turbidite recurrence and thickness
during the mid-Pleistocene transition are 191
and 106, respectively, which are closer to the
values observed before the transition (Fig. 7).
Kolmogorov-Smirnov and Mann-Whitney tests
indicate the populations of both turbidite recur-
rence and thicknesses are significantly different
before and after the mid-Pleistocene transition
(p<0.05).

The p value (<0.05) and the low correla-
tion coefficient (R? = 1.9%) produced by the
log-linear model reveal that the majority of the
variance in recurrence intervals cannot be statis-
tically explained by eustatic sea level (Fig. 8).
However, the low p values from the Cox propor-
tional hazards model indicate that we cannot re-
ject the null hypothesis that turbidite recurrence
does not correlate with sea level (Table 1). The
hazard coefficient indicates only a small (<1%)
change in the recurrence of turbidity currents in
response to a 1 m change in sea level (Table 1),
and so sea level is a credible control. Both the
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Figure 7. Box and whisker plot
illustrating the differences in
(A) turbidite recurrence and
(B) turbidite thickness before
(dark gray) and after (light gray)
the onset of 100 Kk.y. sea-level
cycles following the mid-Pleisto-
cene transition (MPT). Boxes
show the upper and lower quar-
tiles, whiskers show maximum
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the mid-Pleistocene transition, with the median, mean, and upper/lower quartile values lower
than values observed before the mid-Pleistocene transition. The same decreases in the median,
mean, and upper/lower quartile values are observed in the turbidite thickness data following
the mid-Pleistocene transition. Values inset in quartile boxes are coefficients of variation.

rate of sea-level change (first derivative) and
sea-level combined with its first derivative are
not significant in either the linear or the Cox
proportional hazards models (Table 1).

DISCUSSION

This section will discuss the influence of cli-
matically driven sea-level changes on canyon
flushing within Nazaré Canyon. We will also
discuss the significance of a lognormal distri-
bution of turbidite recurrence, as well as how it
may arise in turbidite records.

Are All Turbidites the Result
of Canyon Flushing?

Our use of only a single core (ODP Hole
898A) in the Iberian Abyssal Plain makes it
impossible to use turbidite volume or lateral
extent to infer that turbidites are the result of
canyon flushing. Canyon-flushing events may
occur within a wide range of volumes, based
on the availability of unconsolidated sediment
within the canyon. The ODP Hole 898A site
and the JC27-51 site have similar water depths

and distances from the Nazaré Canyon mouth
(Fig. 1; Allin et al., 2016). Additionally, the re-
currence intervals and thicknesses of turbidites
in ODP Hole 898A are similar to those reported
in distal Iberian Abyssal Plain core JC27-51,
interpreted to be canyon-flushing events (Allin
et al., 2016). If lateral continuity of turbidites is
assumed over the proximal 25% of the Iberian
Abyssal Plain, then thicknesses of greater than
0.5 cm equate to >0.1 km® and are likely the
result of considerable sediment erosion (Paull
et al., 2005). Furthermore, the location of ODP
898A on the periphery of the basin suggests that
turbidites in this core represent the more distal
edge of deposits that are likely thicker in the
central Iberian Abyssal Plain (Fig. 1; Hunt et al.,
2013a). Therefore, we infer that the majority of
turbidites in the ODP Hole 898A record are the
result of canyon-flushing turbidity currents.

Does Eustatic Sea Level Affect
Canyon Flushing?

The role of sea level as an important control
on the development of deep-sea sedimentary
systems is well established (Vail et al., 1977;

Sea level vs. LogRecurrence
-0.1457 + 0.003366 Sea level

2.0 .
—— Regression . e o
15 95% % o we

Log of recurrence interval

-50 -75 -100 -125

Sea level (m)

Figure 8. Results of the log-linear regres-
sion model of turbidite recurrence with sea
level as the explanatory variable. The fitted
line plot shows a large amount of variance
within the data, indicating sea level is a poor
explanatory variable and cannot be impli-
cated as a significant control on turbidite
recurrence. CI—confidence interval.

Shanmugam and Moiola, 1982; Posamentier
and Vail, 1988; Ducassou et al., 2009). This
includes turbidity currents that fill submarine
canyons (Lebreiro et al., 2009; Covault and
Graham, 2010). However, the role of eustatic
sea level changes in controlling canyon-flushing
events in the Nazaré Canyon is less clear (Allin
et al., 2016). Here, as with previous research,
the statistical analyses reveal minimal correla-
tion between short-term (120 k.y.) fluctuations
in sea level and the recurrence of turbidites in
the Iberian Abyssal Plain (Fig. 8; Table 1; Allin
etal., 2016). The majority of individual sea-level
highstands and lowstands cannot be reliably
correlated with clusters of turbidites in Hole
ODP 898A, highlighting the need for impartial
statistical analyses (Fig. 6). However, the onset
of the mid-Pleistocene transition at ca. 1.2 Ma
is associated with a marked change in average
recurrence rate and thickness of turbidites.

The mid-Pleistocene transition is a recog-
nized global climatic shift from short-period-
icity, low-amplitude sea-level cycles into long-

TABLE 1. SUMMARY TABLE OF THE RESULTS OF THE LINEAR MODEL AND COX PROPORTIONAL HAZARDS (PH) MODELS

Log-linear model

Cox proportional hazards model

) Regression Correlation coefficient Likelihood Wald Log rank Hazard
Explanatory variable p value coefficient (R?) (p) (p) (p) coefficient
Sea level <0.005 0.003 1.9 0.0085 0.0088 0.0087 1.004
First derivative of 0.42 0.0002 * 0.1472 0.1453 0.1453 1
sea level
Sea level + first 0.939 -3.518 x 107 * 0.3645 1
derivative

Note: Sea level appears to be significant in the loglinear model (p < 0.005), but the regression and correlation (R?) coefficient is low (1.9%). Similarly, with the Cox
proportional hazards model, the p value is significant (<0.05), but the hazard coefficient only indicates a 0.4% change in the hazard with a 1 m change in sea level (1.004).
Neither the change in sea level (first derivative) nor the combination of sea level and its derivative (rate) is significant in either linear or proportional hazards models

(p > 0.05).

*Testing the rate (first derivative) of sea level against turbidite recurrence was done using a generalized linear model. This method is similar to the log-linear model,

except no correlation coefficients are generated.
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periodicity, high-amplitude sea-level cycles that
occurred between 1.2 and 0.9 Ma (Mudelsee
and Schultz, 1997, Clark et al., 2006). Sea level
before the mid-Pleistocene transition fluctuated
with a 41 k.y. periodicity, had ~75 m ampli-
tude, and had lowstands that persisted for only
5000-15,000 yr. Following the mid-Pleistocene
transition, the periodicity of sea-level cycles
increased to >100,000 yr, while the amplitude
increased to >100 m, and lowstands persisted
for over 20,000 yr (Fig. 6; Shackleton et al.,
1990; Mudelsee and Schultz, 1997; Paillard,
1998; Miller et al., 2005; Clark et al., 2006).
Sequence stratigraphic models predict that
sea-level lowstands shift sediment deposition
toward the shelf edge and promote increased
deep-sea fan development (Posamentier and
Vail, 1988). The mid-Pleistocene shift from <75
to >100 m sea-level amplitudes is recognized in
seismic surveys on the Iberian, Mediterranean,
and Moroccan margins, where it corresponds
to the onset of thick, notably cyclic packages
of sediment (Ercilla et al., 1994; Llave et al.,
2001; Herndndez-Molina et al., 2002; Le Roy
et al., 2014). It is also associated with the ap-
pearance of fully shelf-incising canyons on the
Ebro margin of the Mediterranean (Mauffrey
et al., 2017). The initial increase in the ampli-
tude of sea-level variability associated with the
mid-Pleistocene transition would have exposed
a greater volume of sediment on the continental
shelf to subaerial weathering processes (Fig. 9).
Therefore, it might be expected that large-scale
canyon-flushing events in Nazaré Canyon would
increase after the mid-Pleistocene transition.
Here, we propose a new model for canyon
flushing over the last 1.8 m.y. Between 1.8 and
1.2 Ma, canyon flushing occurred largely inde-
pendent of sea level (Fig. 9A). During this time,
large amounts of unconsolidated sediment accu-
mulated on the shelf, below the 75 m amplitude
of eustatic sea level. The initial increase in turbi-
dite frequency at the end of the mid-Pleistocene
transition is coincident with the lowest sea level
in the last 10 m.y., beginning at 0.9 Ma (Fig. 6;
Miller et al., 2005). This drop in sea level would
have exposed a large portion of the Iberian con-
tinental shelf not previously subjected to subaer-
ial weathering, likely resulting in a considerable
basinward flux of sediment (Fig. 9B). Despite
the increased periodicity and amplitude of sea-
level variability after the mid-Pleistocene transi-
tion (0.9-0 Ma), the 2850 yr average recurrence
interval of turbidites is similar to the pretran-
sition average of 3000 yr (Fig. 6), albeit with
more variability in recurrence values (Fig. 7A).
Furthermore, turbidites in the Iberian Abys-
sal Plain are on average thinner after the mid-
Pleistocene transition, in spite of the predicted
increase in sediment delivery due to longer and
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Figure 9. Schematic model of the Iberian continental shelf and Nazaré
Canyon. (A) Before the mid-Pleistocene transition, large volumes of sedi-
ment accumulated on the shelf owing to the low, 75 m amplitude of sea-
level cycles. (B) During the mid-Pleistocene transition (MPT), when
sea level dropped to ~110 m below present day, a large amount of this
sediment became exposed to subaerial weathering. This temporarily in-
creased the frequency of flushing turbidity currents in Nazaré Canyon.
(C) Following the mid-Pleistocene transition, the mean recurrence of
canyon flushing returned to near its pretransition value.

more pronounced sea-level lowstands (Fig. 7B).
This suggests that the recurrence rates and sedi-
ment volumes of canyon-flushing events are
associated with changes in the amplitude and
periodicity of sea-level change, but they are rel-
atively stable during times of regular sea-level

amplitude and periodicity (Figs. 9A and 9C).
Therefore, sharp and irregular drops in sea level
can lead to an increase in canyon flushing, al-
though at other times, the process appears to be
independent of sea level, contrary to the prevail-
ing lowstand model.

Geological Society of America Bulletin, v. 130, no. 1/2
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Sources of Uncertainty in Age-Depth
Modeling and Statistical Analyses

The age model used to estimate the recur-
rence interval of turbidites is based on two main
assumptions: (1) continuous hemipelagic ac-
cumulation between age datums and (2) largely
noneroding turbidity currents at their point
of emplacement. While there is evidence that
hemipelagic sedimentation in the Iberian Abys-
sal Plain is relatively consistent over glacial-
interglacial time scales, there is likely to be
some variability in hemipelagic sedimentation
rate that is not captured due to the limited num-
ber of age datums (Lebreiro et al., 2009; Gracia
etal., 2010; Clare et al., 2015; Allin et al., 2016).
The age datums that underpin the model are
subject to depth uncertainty in the ODP Hole
898A core, with some having hemipelagic depth
uncertainty of up to +50 cm (Fig. 2). This is due
to uncertainty in the precise position of first and
last occurrences of key coccolith species. The
age uncertainties of the datums are much more
variable (Milkert et al., 1996a). Error on bio-
stratigraphic datums within the late Quaternary
are conservatively taken to be 10,000 yr (Hunt
et al., 2013a), although this error is most likely
greater beyond 100 ka.

Turbidity currents within abyssal basins can
be nonerosional, but some may contain higher
concentrations of sediment and subsequently
erode the seafloor (Weaver and Thomson, 1993;
Thomson and Weaver, 1994; Wynn et al., 2002;
Gutiérrez-Pastor et al., 2009; Gracia et al., 2010;
Allin et al., 2016). Basal erosion has the poten-
tial to bias the age model by removing hemi-
pelagic sediment as well as older turbidites,
although Clare et al. (2015) demonstrated that
error due to minor systemic erosion may not
significantly affect the distribution form of re-
currence intervals. In addition to uncertainties
in the hemipelagic accumulation rate, the exact
position of the boundaries between turbidites
and hemipelagic sediment can also be unclear.
The hemipelagic age model relies on accurately
identifying the boundary between the two sedi-
ment types in order to estimate the amount of
hemipelagic accumulation between age datums,
as well as the age of turbidites through inter-
polation. Bioturbation by infaunal organisms
can mix sediment types and make defining this
boundary difficult. In order to account for this,
any bioturbated boundaries between turbidites
and hemipelagite are taken to be where both
types of sediment occur in equal proportions.
Bioturbation can therefore result in additional
uncertainty in the age of turbidites and in the
statistical analyses.

The results of the log-linear model and Cox
proportional hazards model indicate that nei-
ther sea level nor the rate of sea-level change is
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a dominant control on the recurrence intervals
of canyon-flushing turbidity currents (Table 1).
However, the sea-level curve of Miller et al.
(2005) has a 5000 yr resolution, which is suf-
ficient to capture broad glacial-interglacial vari-
ability, but it may be too coarse to capture any
statistical correlation with recurrence intervals
(Fig. 6). Furthermore, the Miller et al. (2005)
sea-level curve is a global eustatic sea-level
curve and may not capture local variability as-
sociated with isostatic and tectonic influences
(Shanmugam and Moiola, 1982; Stow and Piper,
1984; Covault and Graham, 2010). Other sea-
level curves covering the Pleistocene exist, but
they are either too short to cover the full length
of the ODP 898A record (Rohling et al., 2009),
or they are too coarse to provide any meaning-
ful comparison (Haq and Schutter, 2008). The
uncertainties associated with age datums have
potentially imparted error onto the recurrence
intervals of turbidites, masking the influence of
sea-level change. However, positions of the age
datums within the core do not seem to affect the
clustering of turbidites, implying the clusters are
real rather than an artifact of the age modeling
(Fig. 6). Therefore, the effect of the mid-Pleisto-
cene transition on turbidite recurrence can also
be considered to be real.

Were Earthquakes Responsible for
Increased Canyon Flushing during
the Mid-Pleistocene Transition?

The southwestern Iberian margin is tectoni-
cally active as a result of the compressional
rotation associated with the Azores-Gibraltar
fracture zone (Buforn et al., 1988; Borges et al.,
2001; Zitellini et al., 2004; Custédio et al.,
2015). Several turbidites observed in the Tagus
and Horseshoe Basins to the south of the Iberian
Abyssal Plain are proposed to have been caused
by regional earthquakes (Gracia et al., 2010;
Masson et al., 2011). However, it is not clear
whether earthquakes trigger canyon-flushing
events in Nazaré Canyon (Allin et al., 2016). It
has been proposed that eustatic sea-level cycles
affect the flexural stress of faults proximal to
the coastline and thus can increase earthquake
generation (Brothers et al., 2013). It is therefore
implied that the sudden drop in sea level at the
end of the mid-Pleistocene transition could be
responsible for the increased frequency of earth-
quakes, and thus increased the frequency of can-
yon flushing during this period.

Flexural stress modeling has suggested that
offshore fault activity is inhibited during times
of sea-level lowstand, while onshore fault ac-
tivity is promoted (Luttrell and Sandwell,
2010). Offshore fault activity that triggers large
canyon-flushing turbidity currents reaching

the Tagus and Horseshoe Basins is unlikely to
trigger flushing in Nazaré Canyon (Allin et al.,
2016). Earthquakes originating from onshore
faults near the head of Nazaré Canyon are pro-
posed to be more likely triggers of canyon flush-
ing. However, these onshore faults have a low
likelihood of reactivation as a result of sea-level
change (Neves et al., 2015). Therefore, it is dif-
ficult to implicate seismicity as a cause of in-
creased canyon flushing during the mid-Pleisto-
cene transition.

Significance of a Lognormal Distribution

Lognormal distributions are typically ob-
served where the mean value is low and where
large variance is observed in the data (Limpert
et al., 2001). A lognormal distribution of data
can result from a lognormally distributed ran-
dom variable, but it more likely results from
multiplication of the probabilities of two or
more independent random variables (Limpert
et al., 2001; Gronholm and Annila, 2007; van
Rooij et al., 2013). A theoretical example of log-
normal multiplicative interactions between in-
dependent probabilities after Clare et al. (2015)
can be seen in Equation 1:

P

P(LS disintegrates to TC) X P(TC reaches ODP Hole 898A) (1)

(TC at ODP Hole 898A site) = (trigger generates LS) X

where P is recurrence probability, LS represents
landslide, and TC represent turbidity current.
Previous work on the distribution form of basin
turbidite recurrence intervals has revealed ex-
ponential distributions in basin records in five
locations (Clare et al., 2014; Allin et al., 2016).
This exponential distribution is indicative of
temporally random behavior resulting from an
exponential trigger, multiple input sources, or
multiplicative processes.

The lognormal distribution of turbidite recur-
rence intervals observed in ODP Hole 898A is
fundamentally different from the exponential
distribution observed in these basins, includ-
ing more distally in the Iberian Abyssal Plain
(Fig. 10). The lognormal distribution of turbi-
dite recurrence intervals observed in core IODP
1068 between 65 and 48 Ma suggests that the
distribution form of turbidite recurrence has
remained consistent in this part of the Iberian
Abyssal Plain through geological time (Fig. 4;
Clare et al., 2015). A lognormal distribution of
turbidite recurrence likely results from at least
one temporally ordered process, although time
dependence is not a fundamental characteristic
of a lognormal distribution. However, the ODP
Hole 898A turbidite recurrence data during the
last 1.8 m.y. cannot be correlated confidently
with sea level using linear or Cox regression
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Figure 10. Comparison of exceedance plots
showing recurrence data from several basin
turbidite records worldwide. The lognormal
distribution of recurrence data from Ocean
Drilling Program (ODP) Hole 898A (light
gray) is fundamentally different from the
exponential form observed in five other dis-
tal basin records. Recurrence data are from
Clare et al. (2014) and Allin et al. (2016).

methods. Rescaled range analysis also shows no
temporal ordering within the data. The absence
of any statistically significant sea-level effect on
turbidite recurrence implies that a lognormal
distribution is not a direct result of sea-level in-
fluence and may not be indicative of temporal
ordering.

Origin of a Lognormal Distribution

We propose two hypotheses to explain the
lognormal distribution of turbidite recurrences
at ODP Hole 898A: (1) The variable turbidity
current runout distance is biasing the deposi-
tional record. This variable runout distance may
have resulted in a different recurrence distribu-
tion at ODP Hole 898A than the exponential
form observed at the more distal JC27-51 site.
(2) The distribution may have resulted from a
combination of turbidity currents with different
triggering mechanisms or sources on the con-
tinental margin. Next, we will discuss the two
hypotheses.

Variable Turbidity Current Runout Distance
Is Truncating the Depositional Record
Long-term sedimentary archives, like those
found in abyssal plain settings, can store records
(signals) of climatic or environmental vari-
ability through time. One of the ways in which
the signal of sea-level variability is recorded in
the deep-sea stratigraphic record is through the
deposition of sediment via mass transport pro-
cesses (Romans and Graham, 2013; Romans
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et al., 2016). This is because sea-level change
can limit, or otherwise increase, sediment sup-
ply to the shelf edge, where mass transport pro-
cesses dominate (Stow and Piper, 1984; Posa-
mentier and Vail, 1988; Covault and Graham,
2010; Covault et al., 2010). However, the fidel-
ity of such a record is dependent on the ability
of sediment transport processes to reach and de-
posit sediment at core sampling locations.

Turbidite recurrence intervals within the
lower Nazaré Canyon have been documented
as conforming to a normal distribution result-
ing from the dominant control of eustatic sea
level (Allin et al., 2016). However, turbidite re-
currence intervals in the distal Iberian Abyssal
Plain site JC27-51 conform to an exponential
or time-independent distribution (Fig. 1; Al-
lin et al., 2016). This fundamental difference
in the distribution form of recurrence intervals
could be due to more distal locations in the
Iberian Abyssal Plain receiving fewer turbidity
currents. Additionally, debris-flow deposits in
core JC27-51 (Allin et al., 2016) suggest that
the transformation and collapse of erosive flows
due to choking by sediment entrainment may
also act to limit the runout distance of canyon-
flushing events (Amy et al., 2006; Talling et al.,
2007, 2012). Core site ODP Hole 898A, with a
lognormal distribution, is more proximal to the
mouth of Nazaré Canyon than the more distal
JC27-51 site, which displays an exponential
distribution of turbidite recurrences (Fig. 1).
It is possible that the lognormal distribution in
ODP Hole 898A results from more turbidity
currents reaching this site than the more distal
JC27-51 site.

To test the hypothesis that the distance from
source truncates the turbidity current record, cre-
ating lognormal and exponential distributions of
recurrences further downslope, we generated a
synthetic turbidite recurrence data set (N = 500;
mean of 1500 yr; standard deviation of 500)
with a normal distribution. To simulate a slope-
to-deep-water system, we progressively stripped
an increasing percentage (from 10% to 75%) of
the smallest turbidite recurrence intervals from
the data set, to account for the inefficiency of
some flows to reach distal localities (Fig. 11). A
lognormal form initially arises when the lowest
20% of the recurrences are removed. Further re-
moval of the smallest recurrence intervals ulti-
mately yields an exponential distribution, thus
shredding any evidence of the original normal
distribution (Figs. 12A and 12B). Probability
density function plots show how the incremental
removal of the lowest recurrence intervals effec-
tively truncates the lower end of the distribution,
and also adds a heavier tail (Fig. 12C).

This model illustrates that progressive trunca-
tion of initially normally ordered turbidite recur-

rence records can produce both lognormal and
exponential distributions of turbidite recurrence
in increasingly distal settings. This downslope
truncation of the record is likely due to the avail-
ability of readily erodible sediment within the
canyon, which can limit the capacity of flows
to travel long distances. This truncation pro-
cess likely explains why the influence of sea
level on turbidite recurrence is more difficult to
detect (i.e., shredded; Romans et al., 2016) in
deep water.

Combination of Turbidity Currents with
Different Triggers or Sources

While the truncation of turbidite records with
increasing distance from source can account
for the lognormal distribution of recurrence,
the Iberian margin is prone to large-magnitude
(Mw >7) earthquakes (Custédio et al., 2015).
These large-magnitude earthquakes (~2000 yr
average recurrence) have been invoked as the
trigger of canyon-flushing turbidity currents that
deposit large-volume turbidites in the Tagus and
Horseshoe Basins, south of the Iberian Abyssal
Plain (Fig. 1; Gracia et al., 2010, Masson et al.,
2011). The role of earthquakes in triggering large
canyon-flushing turbidity currents in the Nazaré
Canyon is less clear. Only three out of the six
turbidites in the distal Iberian Abyssal Plain dur-
ing the last 20,000 yr were deposited coeval with
interpreted seismoturbidites in the Tagus and
Horseshoe Basins to the south (Gracia et al.,
2010; Masson et al., 2011; Allin et al., 2016).
This makes it difficult to infer an effective seis-
mic trigger for turbidites that traveled to the
Iberian Abyssal Plain. The combined effect of
turbidites associated with sea-level changes and
earthquakes could result in a distinct, possibly
lognormal distribution form (Fig. 13A). How-
ever, this assertion is difficult to test because it is
impossible to discriminate between seismically
and nonseismically triggered turbidites in core
ODP Hole 898A (e.g., Sumner et al., 2013).
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Figure 11. Method for modeling the effect of
down-system truncation of turbidite records
on the distribution form of recurrence. To
simulate a slope-to-deep-water system, in-
creasing percentages of turbidites with the
lowest recurrences were stripped from the
data set, thereby combining time intervals
before and after each removed turbidite.
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Figure 13. Schematic cartoons and abacus plots illustrating two of the different scenarios that might result in a lognormal distribution of
turbidite recurrence. (A) Different triggering mechanisms operating within the Nazaré Canyon. (B) A combination of different sources
of turbidites along the Portuguese margin. P—probability, TC—turbidity current, ODP—Qcean Drilling Program.

The western slopes of Galicia Bank feature
mass transport deposits (Fig. 1), indicating that
some turbidites in ODP Hole 898A may not
have originated from the Portuguese margin
(Hernandez-Molina et al., 2008). However, sedi-
ment supply to the western Galicia Bank area is
largely pelagic, and turbidites derived from this
biogenic sediment are calcareous-rich units and
are readily distinguishable from those of ter-
rigenous origin (Milkert et al., 1996b; Alonso
et al., 2008). In ODP Hole 898A core, less than
5% of turbidites are calcareous, and the Galicia
Bank can be ruled out as a significant source of
turbidites (Milkert et al., 1996b). Furthermore,
no known landslide scars exist on the margins
of the Iberian Abyssal Plain, suggesting that the
Portuguese margin, and its submarine canyons,
has been the dominant source of large turbidity
currents reaching deep water.

There are two smaller canyons on the Portu-
guese margin that feed into the Iberian Abyssal
Plain, the Oporto and Aveiro Canyons. Core site
ODP Hole 898A is located 70 km away from
where these canyons reach the Iberian Abyssal
Plain (Fig. 1). These canyons do not incise the
shelf, and they are considered to be largely inac-
tive in the present day (Guerreiro et al., 2007,
2009). However, littoral transport may have
fed the heads of these canyons during lowstand
conditions, similar to the Nazaré Canyon today.
This littoral sediment supply may have resulted
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in increased instability and turbidity current
generation, similar to other such stranded can-
yons (Stow and Piper, 1984; Posamentier and
Vail, 1988; Covault and Graham, 2010; Paull
et al., 2014). Therefore, it is possible that the
lognormal distribution at ODP Hole 898A rep-
resents a mixing of turbidites with more than
one source area (Fig. 13B). However, multiple
sources of turbidity currents that feed into ba-
sin plains are proposed to generate exponential
distributions of turbidite recurrence, making this
scenario unlikely (Clare et al., 2014).

Climate Change and Geohazard
Implications

Previous statistical work has suggested that
global eustatic sea-level change cannot be de-
termined to be a significant control on the recur-
rence rates of large landslide-triggered turbidity
currents (Urlaub et al., 2013; Clare et al., 2014),
although some of the largest events occur at or
after sea-level transitions (Hunt et al., 2013a).
We have demonstrated that only large, infre-
quent shifts in sea-level amplitude and period-
icity appear to have significantly altered the re-
currence of canyon flushing in Nazaré Canyon.
While canyon-flushing events are relatively rare,
and do not pose the same tsunami risk as open
slope failures, they can still break submarine
telecommunication and damage hydrocarbon

infrastructure (Carter et al., 2012, 2014; Pope
et al., 2016). Canyon flushing should therefore
be incorporated into risk models for infrastruc-
ture design. The lognormal distribution provides
a probability density function from which haz-
ard models can be derived. However, given the
lack of any apparent eustatic sea-level control
on these canyon-flushing events in the present
day, their recurrence rate may not change sig-
nificantly with projected sea-level rise.

CONCLUSIONS

In this study, we have demonstrated that the
recurrences and volumes of canyon-flushing
events in shelf-incising canyons are associated
with changes in the periodicity and amplitude
of eustatic sea-level variation, such as during
the mid-Pleistocene transition. The increases in
frequency and thickness of turbidites during the
mid-Pleistocene transition were likely the result
of increased subaerial exposure of the conti-
nental shelf and increased basinward sediment
transport; however, tectonic factors associated
with sea level cannot be ruled out. Additionally,
during periods of minimal change in sea-level
amplitude, canyon flushing remains temporally
(pseudo)random in time. This is somewhat in
contrast to previous research, which has sug-
gested that canyon flushing is entirely un-
affected by changes in sea level. This work
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further demonstrates the importance of robust
and impartial statistical analyses in testing for
controls on deep-water sedimentation, and it
highlights the need for suitably long and com-
plete turbidite records.

Large-volume turbidites in core ODP 898A
conform to a lognormal distribution of recur-
rence over the last 1.8 m.y., which is fundamen-
tally different to the exponential form observed
in other basins worldwide. A persistent lognor-
mal trend in turbidite recurrence through time
appears to arise from progressive truncation of
the turbidite record due to distance from source;
however, multiple sources of turbidites or distinct
triggering mechanisms may have contributed to
this trend. The truncation model indicates that
turbidite recurrence records become increasingly
disordered with distance from source, thereby
progressively shredding any environmental sig-
nals that might be preserved. Statistical distribu-
tions of geohazard recurrence and their probabil-
ity density functions are important for designing
predictive hazard models. This work indicates
that the distribution form of turbidite recurrence
intervals can vary significantly with sampling
location along a sediment-routing system. While
this presents some uncertainty when attempting
to predict turbidity current geohazards, it high-
lights the usefulness of statistical distributions in
understanding environmental signal propagation
and preservation in deep water.
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