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ABSTRACT

Sediment supply is a fundamental control
on the stratigraphic record. However, a key
question is the extent to which climate affects
sediment fluxes in time and space. To address
this question, estimates of sediment fluxes
can be compared with measured sediment
volumes within a closed basin that has well-
constrained tectonic boundary conditions
and well-documented climate variabil-
ity. The Corinth rift, central Greece, is one of
the most actively extending basins on Earth,
with modern-day GPS extension rates of up to
15 mm/yr. The Gulf of Corinth forms a closed
system, and since ca. 600 ka, the gulf has
fluctuated between marine and lacustrine.
We estimated suspended sediment fluxes for
rivers draining into the Gulf of Corinth using
the empirically derived BQART method over
the last interglacial-glacial-interglacial cycle
(0-130 Kk.y.). Modern temperature and pre-
cipitation data sets, Last Glacial Maximum
reconstructions, and paleoclimate proxy in-
sights were used to constrain model inputs.
Simultaneously, we exploited high-resolution
two-dimensional seismic surveys to interpret
three seismic units from 130 ka to present,
and we used these data to derive an inde-
pendent time series of basin sedimentary
volumes to compare with our sediment input
flux estimates. Our results predict total Holo-
cene sediment fluxes into the Gulf of Corinth
of between 19.2 km® and 23.4 km?, with a pre-
ferred estimate of 21.3 km?. This value is a
factor of 1.6 less than the measured Holocene
sediment volume in the central depocenters,
even without taking lithological factors into
account, suggesting that the BQART method
provides plausible estimates. Sediment fluxes
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vary spatially around the gulf, and we used
them to derive minimum catchment-aver-
aged denudation rates of 0.18-0.55 mm/yr.
Significantly, our time series of basin sedi-
mentary volumes demonstrate a clear reduc-
tion in sediment accumulation rates during
the last glacial period compared to the cur-
rent interglacial. This implies that Holocene
sediment fluxes must have increased rela-
tive to Late Pleistocene times. Furthermore,
BQART-derived sediment flux predictions
indicate a 28% reduction in supply during
the last glacial period compared to the Holo-
cene; likewise, seismic sediment accumula-
tion rate estimates indicate a similar magni-
tude of reduction (32%). At the Last Glacial
Maximum, mean annual temperatures in the
region were lower by 5 °C, but mean annual
precipitation rates were broadly similar. We
hypothesize that although weathering rates
might be greater under glacial conditions,
warmer interglacial temperatures may be
more conducive to generating larger storms,
which do more geomorphic work, driving
greater sediment fluxes. Our results dem-
onstrate that sediment export to the basin is
sensitive to glacial-interglacial cycles, and we
explore the potential mechanisms behind this
sensitivity.

INTRODUCTION

Sediment supply from source regions is a
fundamental control on the stratigraphic record
(Gawthorpe and Leeder, 2000; Allen, 2008a;
Blum and Hattier-Womack, 2009; Armitage
et al., 2011; Covault et al., 2011; Allen et al.,
2013; Hampson et al., 2014; Michael et al.,
2014; Romans et al., 2016). In areas of active
extension, landscape and rift evolution models
have all shown the importance of tectonics in
driving the volume, grain size, and character-

istics of sediment supply to depocenters (e.g.,
Humphrey and Heller, 1995; Allen and Dens-
more, 2000; Gawthorpe and Leeder, 2000;
Densmore et al., 2003; Cowie et al., 2006;
Backert et al., 2010). However, the importance
of climate in controlling sediment fluxes from
catchments to depositional basins over a range
of timescales remains contentious (e.g., Collier
et al., 2000; Jerolmack and Paola, 2010; Simp-
son and Castelltort, 2012; Armitage et al., 2013;
Godard et al., 2013; Foreman, 2014; Hidy et al.,
2014). Field-based and seismic stratigraphic
studies have demonstrated that sediment fluxes
can change from glacials to interglacials (Col-
lier et al., 2000; Fuller et al., 2009; Sgmme
et al., 2011; Hidy et al., 2014); however, the
magnitudes, trends, and causes are still debated.
Moreover, some authors have argued that sedi-
ment routing systems may be buffered to high-
frequency climate variation (e.g., Castelltort
and Van Den Driessche, 2003; Jerolmack and
Paola, 2010). Additionally, disagreement be-
tween numerical models with different setups
and assumptions about whether landscapes are
insensitive (Jerolmack and Paola, 2010; Armi-
tage et al., 2013) or sensitive (Simpson and
Castelltort, 2012; Godard et al., 2013) to glacial-
interglacial climate change highlights the need
for model validation by further field studies.

In this study, we address these fundamental is-
sues by examining the effect of high-frequency
climate change (10*-~10° yrs) on a complete
source-to-sink system: the active Gulf of Corinth
rift, central Greece, which is a tectonically and
climatically well-understood study area. This
sedimentary basin is underfilled, meaning any
changes in volumes are due to sediment sup-
ply and not accommodation changes. In addi-
tion, the basin is closed at glacial lowstands and
effectively closed at highstands (Perissoratis
et al., 2000), enabling mass balance compari-
sons. Therefore, this setting allows us to make
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a simpler comparison of source to sink dynam-
ics than many other settings. A rift naturally
produces a series of drainages that wholly drain
into the basin, unlike many other types of basins,
which are characterized by more complex ex-
ternal and internal drainages. Rift drainages are
also relatively small, unless a regional-scale river
has been captured by the rift system at one of the
ends, which is not the case here. In this contribu-
tion, we: (1) predict Holocene sediment fluxes
to the basin using the BQART methodology
(Syvitski and Milliman, 2007); (2) evaluate the
extent to which these fluxes match with depo-
sitional volumes calculated from seismic reflec-
tion data; and (3) use our seismic constraints on
sediment volumes and rates to investigate the
response of the Gulf of Corinth system to cli-
mate change since 130 ka. The results provide
new insights into the sensitivity and response of
sediment routing systems on a regional scale to
climate over a full glacial-interglacial cycle.

RESEARCH BACKGROUND:
SOURCE-TO-SINK SYSTEMS

Sediment routing systems are the link be-
tween the erosional source and the deposi-
tional sink. They allow source and sink to be
connected spatially and temporally, enabling
mass balance comparisons to be made where
sediment budgets can be closed (Allen, 2008a;
Covault et al., 2011; Sgmme et al., 2011; Allen
et al., 2013). Multiple studies have improved
our ability to predict and understand the ef-
fects and time scales of tectonics on sediment
routing systems, suggesting that tectonics can
control the magnitude of sediment supply (Sin-
clair et al., 2005; Cowie et al., 2006; Armitage
et al., 2011; Michael et al., 2013), the locus of
sediment export (Gawthorpe and Leeder, 2000;
Zelilidis, 2000; Cowie et al., 2006; Dufty et al.,
2014), and the grain size (Whittaker et al., 2007,
2010). However, there is no consensus on the
extent to which erosional-depositional systems
are sensitive or buffered to higher-frequency cli-
mate change over time periods of 10* to 10° yr
(Allen, 2008b).

Numerical modeling studies have investi-
gated the effect of climate on sediment sup-
ply from catchments, with differing outcomes,
predominantly due to differences in modeling
approaches (e.g., Jerolmack and Paola, 2010;
Simpson and Castelltort, 2012; Armitage et al.,
2013; Godard et al., 2013). The catchment
fan model of Armitage et al. (2013) demon-
strated that sediment fluxes initially respond to
a climate forcing (e.g., the onset of Northern
Hemisphere glaciation), but if rainfall contin-
ues to oscillate over time scales >100 k.y., the
sediment flux response decays rapidly and is
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therefore buffered. They concluded that initial
step changes in climate might be recorded in
stratigraphy, but ultimately large sediment rout-
ing systems (300-1000 km length) are insensi-
tive to high-frequency precipitation variations
(cf. Castelltort and Van Den Driessche, 2003;
Allen, 2008b). However, Simpson and Castell-
tort (2012) argued that catchment systems are
sensitive to high-frequency changes in water
discharge, which can be related to precipitation
changes. Additionally, their model suggested
that time-averaged sediment fluxes misrepresent
the actual variability of sediment fluxes. The
model of Godard et al. (2013) also found similar
results to Simpson and Castelltort (2012), where
sediment fluxes were demonstrably sensitive to
high-frequency changes in precipitation. Finally,
a number of modeling studies have identified
autogenic behavior in sediment yields, mean-
ing fluxes vary even when there is no change in
the system boundary conditions (Jerolmack and
Paola, 2010; Van De Wiel and Coulthard, 2010).
Such findings therefore suggest that it may not
actually be possible to link specific allocyclic
forcings to sediment fluxes or volumes; this has
been referred to as “signal shredding.”

Clearly, these models do not replicate the
full behavior of real-world systems. Conse-
quently, increasing numbers of studies have
attempted to address landscape sensitivity to
climatic perturbations from field observations.
Foreman (2014) re-evaluated the Clark Fork
Sheet sandstone in NW Wyoming using §*C
records and concluded deposition was the di-
rect result of climate change associated with the
Paleocene-Eocene Thermal Maximum, agree-
ing with both Simpson and Castelltort (2012)
and Armitage et al. (2013) models that a step
change in climate could lead to an increase in
sediment fluxes.

Collier et al. (2000) derived sediment fluxes
from sediment volumes in the Alkyonides Gulf,
which is part of the Corinth rift (Fig. 1), for the
last 130 k.y. and concluded that sediment fluxes
based on seismic reflection—derived volumes
were ~60% higher during glacial periods than
during interglacials, suggesting that landscapes
are sensitive to climate perturbations at a time
scale of ~100 k.y. For insightful observations to
be made, studies need to fully investigate the link
between catchment erosion and basin deposition,
thus investigating the full source-to-sink system.
For example, Sgmme et al. (2011) investigated
the role of both climate and tectonics on the Golo
source-to-sink system, Corsica, since 80 ka.
They compared BQART-modeled sediment
fluxes (Syvitski and Milliman, 2007) with depo-
sitional volumes on the shelf. They showed that
sediment fluxes were highly sensitive to climate,
but the Golo system was buftered on longer tec-
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tonic time scales. Similarly, for a series of small
catchments in California, Covault et al. (2011)
compared cosmogenic radionuclide—derived
catchment-averaged denudation rates with seis-
mically derived sedimentation rates offshore
and showed that, during falling and lowstand
sea level (40-13 ka), sediment budgets balanced
well with denudation rates, whereas during ris-
ing and high sea levels, sediment budgets were
greater than denudation rates.

Strath terraces and paleo-erosion-rate esti-
mates along the Eel River, California, suggest
that high erosion rates are correlated to the 70—
18 ka glacial period (Fuller et al., 2009), with
higher inferred precipitation rates for that region
(Adam and West, 1983). However, spatially
averaged catchment-wide cosmogenic denuda-
tion rates from river catchments in the southern
United States implied that interglacial denuda-
tion rates were higher than glacial rates (Hidy
et al., 2014); these results agreed well with
suspended sediment fluxes derived from the
temperature-driven BQART model. These re-
sults suggest that higher denudation rates were
driven predominantly by changes in tempera-
ture, a fundamentally different climate regime to
that considered by Fuller et al. (2009), and this
in turn implies that the lower glacial sediment
fluxes in lowland catchments would have been
counterbalanced by higher sediment fluxes in
mountainous regions (cf. Herman et al., 2013).

Studies of natural systems have therefore
provided evidence that particular catchment
systems can either respond to or be buffered to
short-term climate fluctuations, and that sedi-
ment fluxes can be enhanced in either glacial
(e.g., Collier et al., 2000; Covault et al., 2011) or
interglacial conditions (e.g., Hidy et al., 2014).
However, at a regional scale, when integrating
many catchments of different sizes, the extent
to which sediment routing systems are sensitive
to climate fluctuations over time scales of 10* to
10° yrs still remains unclear.

We therefore test these ideas by quantifying
sediment accumulation rates and sediment flux
estimates for both glacial and interglacial periods
in an area where sediment budgets can be closed.
We evaluate whether the system is responding to
short-term climate change (10* to 10° yrs), and
we constrain the magnitude of the response.

TECTONIC AND CLIMATIC
FRAMEWORK OF THE CORINTH RIFT

Tectonics
The present-day Gulf of Corinth is ~120 km
long (E-W) and ~30 km (N-S) wide at its widest

(Fig. 1). It is one of the fastest extending rifts
in the world, with modern-day global position-

373



22°00'E 22°12'E

38°36'N-| 4

38°24"'N

38°12'N

38°00'N

37°48'N-

Watkins et al.

22°24'E 22°36'E 22°48’E

23°12'E

23°00'E
T
Coastline

.‘; lsﬂ!!ihﬂh vi 'ﬂ
1 B i .I!!

Long piston
core
MDO01-2477

Fig. 2

Y

DEM elevation

Selsmlc Surveys 2489 m

38°20'N]

1m

Sea Floor Depth

22°(IJO’E 22°2I0’E

22°4(IJ’E

mO0m

- -900m

Faults
=== Major Active

Intermediate
Active

.

Major Buried
/Inactive

——

Intermediate
Buried/Inactive

Catchment
Boundary

Seismic Surveys
HCMR

- —— M.V. Vasilios
2003

— M.V. Vasilios

—_—

1996

Figure 1. Study area, the Corinth rift, with faults and bathymetry from Nixon et al. (2016). Onshore topography was generated using a
30-m-spatial-resolution Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Digital Elevation Model (DEM) with
drainage network and catchments derived using ArcGIS 10.1. Top inset shows the two-dimensional (2-D) seismic reflection data sets used in
this study and location of long-piston core used to date 12 ka horizon. Lower inset depicts the regional tectonics of Greece and the Eastern
Mediterranean, with the study area outlined in green. NAF—North Anatolian Fault; HCMR—Hellenic Centre for Marine Research.

ing system (GPS) extension rates of 5 mm/yr to
15 mm/yr from east to west (e.g., Roberts and
Jackson, 1991; Le Pichon et al., 1995; Clarke
et al., 1997; Briole et al., 2000; McClusky et al.,
2000). Extension in the region initiated in the
early Pliocene, at ca. 5 Ma (Ori, 1989; Ford
etal., 2013). The basin is asymmetric, with large
N-dipping faults on the southern margin creat-
ing large depocenters in this region of the gulf
for the last 240 k.y. (Nixon et al., 2016). Up-
lift estimates vary on the south coast, but rates
range from 1 mm/yr to 2 mm/yr for Holocene-
constrained rates near Eliki (Fig. 1; see reviews
of uplift rates in Bell, 2008; Bell et al., 2009).
The current drainage network was established
at ca. 400-600 ka, when the rift developed its
present-day geometry (Ford et al., 2016).
Within the gulf, bathymetry ranges from
860 m to ~60 m below sea level at the west-
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ernmost end (Fig. 1; Nixon et al., 2016), due to
the presence of the Rion-Antirion Sill (Moretti
et al., 2003). This sill is interpreted to have
been tectonically stable since the late Pleis-
tocene, and thus periodically transforming
the Gulf of Corinth into a lake during glacial
lowstands (Perissoratis et al., 2000). The pres-
ence of an open basin and lake over the last
130 k.y. means that the basin has been sedi-
ment starved, and so any changes in volume
are not due to a lack of accommodation space.
Marine-lacustrine periodic transformation is
confirmed from long piston cores collected
offshore (Moretti et al., 2004) and can be cor-
related to seismic reflection facies variations
in the basin and to marine lowstand clinoforms
(Lykousis et al., 1998; Collier et al., 2000;
Perissoratis et al., 2000; McNeill et al., 2005;
Lykousis et al., 2007; Bell et al., 2008). Ma-
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rine stratigraphy has high-amplitude seismic
facies, and lacustrine stratigraphy has low-
amplitude seismic facies (cf. Lykousis et al.,
1998; Collier et al., 2000; Perissoratis et al.,
2000;, McNeill et al., 2005; Bell et al., 2008).
These seismic stratigraphic features have been
used to develop an age model for the offshore
Corinth rift stratigraphy (Nixon et al., 2016).

Climate

We identified four broad climatic periods
over the last 130 k.y. for the Eastern Mediter-
ranean: (1) the current interglacial (Holocene),
0-12 ka; (2) the pleniglacial, 12-70 ka, encom-
passing the Last Glacial Maximum (LGM) at
26.5-19 ka (Clark et al., 2009); (3) interstadials
and stadials 1 and 2, 70-115 ka; (4) and the last
interglacial, 115-130 ka.

Geological Society of America Bulletin, v. 131, no. 3/4
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0-12 ka (Holocene)

Currently, the Gulf of Corinth experiences
a warm temperate climate with hot dry sum-
mers (Kottek et al., 2006). Holocene mean sea-
surface temperature (SST), based on analysis
of scleractinian coral Cladocora caespitosa,
is ~16 °C (Royle et al., 2015). Weather station
records for 1950-2000, such as the WorldClim
precipitation and temperature data sets (see
Hijmans et al., 2005 for full study), suggest a
mean temperature range of 11 °C to 17.4 °C,
with a yearly mean of 14.5 °C for catchments in
this study. Mean annual precipitation for catch-
ments is ~740 mm/yr.

12-70 ka (Pleniglacial)

Long-term pollen records that can be used
for reconstructing climate covering a complete
interglacial-glacial cycle and the Holocene are
not available for the Gulf of Corinth specifically,
because no deep cores have been collected. How-
ever, elsewhere in Greece, there are records that
do span the last interglacial-glacial cycle (e.g.,
Ioannina, Kopais, Tenaghi—Tzedakis, 1994,
1999; Tzedakis et al., 2003, 2006; and in the
Aegean—Triantaphyllou et al., 2009; Kouli et al.,
2012). The pollen record at loannina, situated in
the Pindos Mountains in eastern Greece (see in-
set in Fig. 1), is topographically and geomorpho-
logically most similar to the Gulf of Corinth.

Data from loannina suggest that from the
last interglacial into the glacial, there was a de-
crease in the distribution of temperate forests
and an increase in dry shrubland and steppe
biomes (Tzedakis, 1994; Fletcher et al., 2010),
such as Artemisia (herbaceous plants and
shrubs) and chenopods (herbs, shrubs, or small
trees; Tzedakis et al., 2002). This increase sug-
gests an increase in aridity during the last gla-
cial (Tzedakis, 1999). However, the presence
of arboreal pollen throughout the last 130 k.y.
suggests that there was sufficient precipitation
and warm winter temperatures to sustain popu-
lations of trees (Tzedakis et al., 2002).

Three global circulation models (GCMs;
Table 1): Community Climate System Model 4

(CCSM4), Model for Interdisciplinary Re-
search on Climate Earth System Model
(MIROC-ESM) and Max-Planck-Institute
Earth System Model (MPI-ESM-P) describe
both the precipitation and temperature at the
LGM. They suggest that mean annual tempera-
tures for the Corinth Rift were slightly warm
at the LGM (CCSM4: 9 °C; MIROC-ESM:
8.8 °C; and MPI-ESM-P: 9.6 °C), ~5 °C lower
than the modern WorldClim data (14.5 °C).
This is in accordance with the continued
presence of Quercus (oak), which requires
sufficiently warm winter temperatures and
moisture availability (Brewer et al., 2002).
The Corinth rift experienced minor glacia-
tion in a few of the catchments (Hughes and
Woodward, 2017). SST reconstructions using
planktonic foraminifera from Tyrrhenian Sea
cores suggest a decrease to ~10 °C for marine
isotope stage 4 (ca. 70-55 ka; Kallel et al.,
2000). The GCMs indicate a similar range
of precipitation at the LGM as in modern
times (CCSM4: 828 mm/yr; MIROC-ESM:
716 mm/yr; and MPI-ESM-P: 977 mm/yr;
WorldClim: 925 mm/yr; Table 1).

70-115 ka (Interstadials and Stadials 1 and 2)

Pollen records show a series of cycles of open
vegetation—steppe (cooler/drier) and sustained
tree expansion (warmer/wetter) periods, suggest-
ing that the climate was variable between 115
and 70 ka (Tzedakis, 1994, 1999). The overall
percentage of Carpinus betulus (hornbeam) sug-
gests that the climate was warm enough to sus-
tain their population, but the overall decrease in
pollen abundance from the last interglacial sug-
gests a cooler climate (Tzedakis et al., 2002). SST
reconstructions using planktonic foraminifera
from Tyrrhenian Sea cores suggest a relatively
warm SST, with a mean for the time period of
14 °C, similar to modern temperatures (World-
Clim; Table 1). The proportion of Fagus (beech;
Tzedakis et al., 2002) indicates moisture avail-
ability persisted long enough for Fagus to become
dominant (Roucoux et al., 2011). Overall, ap-
proximately one third of this period of time (111—

TABLE 1. TEMPERATURE AND PRECIPITATION VALUES FROM WORLDCLIM
AND LAST GLACIAL MAXIMUM GLOBAL CIRCULATION MODELS

Mean annual temperature
(C)

Mean annual precipitation
(mm/yr)

Mean of Lowest individual  Highest individual Mean of Lowest individual  Highest individual
catchments  catchment mean  catchment mean catchments  catchment mean  catchment mean
WorldClim
14.5 11.1 17.4 743 544 880
CCSM4
9.0 5.5 11.9 828 561 1005
MIROC-ESM
8.8 5.3 1.7 716 505 874
MPI-ESM-P
9.6 6.0 125 925 675 1078
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104 ka and 88-83 ka) had colder climatic condi-
tions, and two thirds of the time (104-88 ka and
83-68 ka) had conditions closer to the Holocene
and the last interglacial (Tzedakis et al., 2002).

115-130 ka (Last Interglacial)

The last interglacial in southern Europe had a
duration of ~15 k.y. During the last interglacial,
there was a similar proportion of arboreal pol-
len to the Holocene (Tzedakis et al., 2002), sug-
gesting similar climates. Mean Tyrrhenian Sea
SSTs indicate that the last interglacial climate
was slightly warmer (1 °C) than the Holocene
(Kallel et al., 2000).

DATA SETS AND METHODOLOGY

Establishing Onshore Catchment
Source Areas

Analysis of a 30-m-spatial-resolution digi-
tal elevation model (DEM) from the Advanced
Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) was undertaken with the
ArcGIS 10.1 hydrological toolbox to derive a
drainage network for the Gulf of Corinth. A
threshold of 300 pixels (0.27 km?) was used to
establish the channel network, and stream order
was defined using the Strahler method (Strahler,
1957). We obtained 73 catchments larger than
5 km? draining into the gulf (Fig. 1) and excluded
those with an area less than 5 km?. These catch-
ments were compared carefully to their geom-
etries on published maps and aerial imagery. A
manual adjustment was subsequently made to
five catchment boundaries, to bring them into line
with our observations, correcting for any artifacts
due to the DEM spatial resolution. The sediment
flux of each catchment was estimated using the
BQART model (Syvitski and Milliman, 2007).
‘We assumed that the drainage network geometry
has not changed markedly over the last 130 k.y.

BQART Sediment Flux Model

Sediment fluxes were estimated for four time
periods during the last 130 k.y.: (1) the Holocene
(12-0ka), (2) the pleniglacial (70-12 ka), (3) the
interstadials and stadials 1 and 2 (115-70 ka),
and (4) the last interglacial (130-115 ka); these
were subsequently compared with the sediment
volumes in the basin. The BQART model is a
global multiregression empirical model for esti-
mating suspended sediment load (Q,), estab-
lished by Syvitski and Milliman (2007) from a
data set of 488 global rivers. When catchment-
wide average temperatures are >2 °C, suspended
sediment load, Q,, in million tonnes per year
(MT/yr), can be expressed as

Qs = O)BQO'NAU'SRT, (1)
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where ® is a constant of 0.0006 for units of
MT/yr; Q is the catchment water discharge rate
(km®/yr); A is drainage area (km?); R is maxi-
mum relief in the catchment (km); 7" is mean
catchment-averaged annual temperature (°C);
and B is a parameter that encompasses other
effects such as lithology; if B is set to 1, then
Syvitski and Milliman (2007) showed that esti-
mated sediment load accounts for 66% of global
variance in observed sediment load. Addition-
ally, Syvitski and Milliman (2007) stated that
most of their predicted loads were within a fac-
tor of 5 of the mean trend line generated when
predicted loads were compared to observed
sediment load, and all fell within an order of
magnitude of their study of 488 rivers (which
account for 63% of Earth’s land surface).

To convert sediment loads from million
tonnes per year to m*/yr of sediment, a surface
porosity (@) of 54.8% was used, based on the
porosity-depth model of Nixon et al. (2016) for
sediment in the gulf, which was derived from
the porosity data of Goldhammer (1997). This
porosity is consistent with the MD01-2479
long-piston core (Moretti et al., 2004). We used
a grain density of 2550 kg/m?, based on an ini-
tial bulk density of 1700 kg/m®. Subsequently,
we quote the amount of sediment released from
the onshore catchments in units of volume per
unit time. Consequently, in this study, we de-
fined the term “sediment flux,” a term that is
widely used in the source-to-sink community,
as the sediment load when in units of m*/yr.

We used the model to estimate Q, values
for the Holocene, and then for the time peri-
ods identified in the climate review. Catchment
maximum relief and drainage areas were de-
rived from the DEM. For the 12-70 ka period,
we added 60 m to the maximum relief, because
the Gulf of Corinth is lake during glacial low-
stands, rimmed by the Rion Sill (at 60 m below
current sea level). We did not change catchment
areas in the model between the highstand and
lowstand (—60 m) conditions, because (1) the
southern margin of the gulf has steep bathymetry
offshore (Fig. 1; cf. Nixon et al., 2016), creating
little change in plan-view catchment area; (2) the
northern margin has shallower bathymetry, and
catchments may have been larger by several
square kilometers; however, if we did increase
every catchment’s area by 5 or 10 km?, then it
would lead on average to small increases of 3%—
6% in modeled sediment fluxes, as catchment
area in the BQART equation is to the power 0.5
(unlike relief); and (3) bathymetry and seismic
lines do not extend completely to the coast in any
case, so we cannot conclusively know the shape
of the catchments at the lowstand. We set B equal
to 1 because lithological effects on bedrock
erodibility are currently not fully constrained
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(Sklar and Dietrich, 1998) and to avoid unknown
variables in our modeling; furthermore, the Gulf
of Corinth lacked major glaciation during the
glacial period (Hughes and Woodward, 2017).
Water discharge estimates for individual catch-
ments were derived by multiplying each catch-
ment area by the mean precipitation estimates
for each catchment, as described below. We used
this method to estimate water discharge as we
can robustly apply it to the last 130 k.y., as we
do not have information on runoff:precipitation
ratios for the last 130 k.y. Modern data for one
river in the area suggests that the runoff ratio is
~60% (Kaleris and Langousis, 2017); this would
reduce modeled sediment fluxes by ~15% if ap-
plied to the system as a whole.

Holocene precipitation and temperature values
were derived from the high-resolution World-
Clim data sets (Hijmans et al., 2005), created
from a compilation of weather stations around
the world for the period of 1950-2000, and in-
terpolated with a 30 arc second spatial resolution
(Hijmans et al., 2005). The mean temperature for
the catchments yields a value of 14.5 °C for the
Holocene (Table 1). This temperature is ~1.5 °C
lower than Corinth SSTs (Royle et al., 2015),
so we investigated the possibility that Holocene
temperatures could be +10% from the World-
Clim values. Annual catchment precipitation
means derived from WorldClim data sets range
between 544 and 880 mm/yr (Table 1); we simi-
larly considered a +10% variation from these
precipitation values in our model.

Three sets of GCMs for the LGM were used
from the Coupled Model Intercomparison Proj-
ect phase 5/Palaeoclimate Modeling Intercom-
parison Project phase 3 (CMIP5/PMIP3) repre-
senting ~21 k.y. (Taylor et al., 2012). The LGM
models are the Community Climate System
Model (CCSM4; Gent et al., 2011), MIROC-
ESM (Sueyoshi et al., 2013) and MPI-ESM-P
(e.g., Jungclaus et al., 2013). We averaged the
three LGM GCMs to produce a synthetic cli-
mate model, herein named AV-LGM, to produce
end-member sediment flux and subsequent vol-
ume estimates for the period of 70-12 ka. We
also explored the potential of the climate being
200 mm/yr drier based on our climate review.
Finally, we used the MPI-ESM-P LGM GCM
data set to estimate sediment fluxes at the LGM,
because this is the warmest and wettest of the
three LGM GCM:s.

For the time period of 115-70 ka, we assumed
that the WorldClim data set is representative of
the interstadials, which account for two thirds
of this time period (see climate review), and
the AV-LGM model is representative of the re-
maining stadial climate conditions. We explored
three different setups, where WorldClim and the
AV-LGM data set were combined with different
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ratios: (1) 66:34, (2) 50:50, and (3) 75:25, re-
spectively. For the last interglacial (130-115 ka),
because it was climatically similar to the Holo-
cene, we reapplied the modern WorldClim data
sets. However, we also investigated the possibil-
ity of the climate being warmer by adding 1 °C
to each pixel in the WorldClim data set.

Offshore Seismic and Core Data Sets

Data from four two-dimensional (2-D) seismic
reflection surveys were used: the RV AEGAEO
1995; the M..V. Vasilios 2003; the M.V. Vasilios
1996; and the R/V Maurice Ewing 2001. The
R/V AEGAEO data set was collected by the Hel-
lenic Centre for Marine Research (here called
the HCMR survey) in 1995 (Lykousis et al.,
1998, 2007). The survey was collected using a
variety of sources (3.5 kHz acoustic profile and
1, 5, 10, and 40 in.? air guns; Lykousis et al.,
1998, 2007). Maximum penetration depth of the
synrift sediments was ~0.4 s two-way traveltime
(TWTT; ~1.25 km).

The M. V. Vasilios 2003 data set was collected
by the Universities of Southampton, Leeds, and
Patras (McNeill et al., 2005; Bell et al., 2008),
and it consists of high-resolution multichannel
2-D seismic reflection profiles collected using a
150-2000 Hz sparker source (Fig. 1; McNeill
et al., 2005; Bell et al., 2008). The profiles
imaged to depths of 1.5 s TWTT below the sea-
floor (~0.75 km).

To aid interpretation within the Alkyonides
Gulf (Fig. 1), we used 2-D single-channel
sparker data from the M.V. Vasilios 1996 survey,
which imaged to 0.85 s TWTT (~430 m; Fig. 1;
Collier et al., 2000; Leeder et al., 2002). Fur-
thermore, we integrated interpretations of the
130 ka seismic horizon from Nixon et al. (2016)
that was derived from the deeper, but lower-
resolution R/V Maurice Ewing 2001 data set
(Taylor et al., 2011) as well as the M. V. Vasilios
1996 survey and the HCMR survey.

Five long piston cores (up to 30 m in length)
were collected by the RSS Marion Dufresne in
the central rift basin (Moretti et al., 2004). Three
cores penetrated through the marine succession
into the lacustrine unit, and dating of the sedi-
ment at the base of the marine succession for
the MDO01-2480 core yielded a date of 13,210
+ 50 yr B.P. (Moretti et al., 2004), confirming
that the transition from lacustrine to marine con-
ditions was broadly synchronous with the onset
of the Holocene (ca. 12 ka).

Seismic Stratigraphic Interpretation, Depth
Conversion, and Sediment Volumes

Seismic stratigraphic techniques (such as
downlap, toplap, and onlap terminations) were
used to map four seismic horizons in TWTT.
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These horizons were (1) the seabed, (2) Hori-
zon 1, constrained by piston-core data to be
12 ka, (3) Horizon 2, a distinctive high-ampli-
tude, continuous horizon of unconstrained age,
and (4) Horizon 3, a horizon that separates high-
amplitude from low-amplitude seismic reflec-
tions and is widely accepted to be 130 ka based
on seismic facies characteristics consistent with
a marine-lacustrine transition (Fig. 2; Lykousis

etal., 1998; Collier et al., 2000; Bell et al., 2008;
Nixon et al., 2016). Horizon 2 and 3 were not
mapped outside the Central, Alkyonides, and
Lechaion Gulfs (Fig. 1) due to poor imaging
at depth and are therefore only constrained in a
dashed-white polygon that can be seen in later
in Figure 5. These horizons define three units,
the gulf-wide Holocene Unit (seabed—Hori-
zon 1), Unit II (Horizon 1-Horizon 2), and Unit
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Figure 2. Hellenic Centre for Marine Research (HCMR) two-dimensional (2-D) seismic
section from the central basin in two-way traveltime (ms; location noted on Fig. 1). (A) Un-
interpreted section. (B) Seismic interpretation, with the location of the long-piston core
from Moretti et al. (2004). Bold, dashed lines denote the boundaries of three seismic units,
L, II, and III. Base of Unit I is correlated to marine-lacustrine transition recorded in the
piston core and from seismic character change. Horizons (H1-H3) are correlated to a sea-
level curve for the last 130 k.y. from Siddall et al. (2003), with modifications for Rion Sill
depth and marine-lacustrine transitions. Fault names: LYK—Lykoporia Fault and DER—

Derveni Fault.
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III (Horizon 2-Horizon 3; Fig. 2). In order to
make a comparison with the Holocene Unit and
Units II and III later, we clipped the Holocene
Unit to the white-dashed polygon (seen later in
Fig. 5) and named this Unit I. The MD01-2477
long-piston core was correlated to the seismic re-
flection data in order to determine which seismic
reflection corresponds to the most recent marine-
highstand flooding event (at ca. 12 ka; Fig. 2);
elsewhere in the gulf, we used seismic strati-
graphic indicators to interpret Horizon 1 (Fig. 2).
Units II and III were defined using the seismic
facies principles identified by Lykousis et al.
(1998), Collier et al. (2000), Leeder et al. (2002),
McNeill et al. (2005), and Bell et al. (2008); the
seismic characteristics of these units vary mark-
edly and are explored in the results, below.

Two-way-time structure maps were produced
from the horizons bounding the three units and
depth converted by applying a linear veloc-
ity model developed for the offshore Corinth
rift by Nixon et al. (2016), where velocity in-
creases at 1.5 km™ s from the seafloor, where
the velocity is 1.55 km™ (for further details, see
Nixon et al., 2016). The model is based on an
integration of tomography (Zelt et al., 2004),
prestacked depth-migration velocity models
(Clément, 2000), semblance plots (Bell et al.,
2008), and geophysical core logs (Collier et al.,
2000; Moretti et al., 2004).

After the interpreted horizons were depth
converted, isopachs were produced for the three
units, which were then decompacted using a
depth-porosity relationship for calcareous sedi-
ments derived from Goldhammer (1997) and the
following equation (Angevine et al., 1990):

Ty = [T\(1 = @ I/(1 = @sp), 2

where 7, is the decompacted thickness, Ty is the
compacted thickness, @, is the porosity at the
midpoint of the buried unit, and @ is the poros-
ity at the seafloor.

To generate a Holocene isopach that cov-
ered the entire gulf, we merged our isopach
covering the gulf east of Selinoutas (Fig. 1)
with a depth-converted version of the isopach
from Beckers et al. (2015) for the western
gulf (where they assumed average velocity
of 1600 ms™'). We decompacted this whole-
gulf Holocene isopach using Equation 2. The
volumes of the decompacted Holocene unit,
Unit II, and Unit III were additionally calculated
for each time interval. We used these volumes
to derive sediment accumulation rates, as this
methodology helped us to remove the well-
known temporal bias associated with deriving
sediment accumulation rates from one-dimen-
sional data, such as borehole data (Sadler and
Jerolmack, 2015).
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SOURCE: DISTRIBUTION OF
HOLOCENE SEDIMENT FLUXES
INTO THE GULF

Using the BQART model, we estimated that
the total yearly sediment flux into the Gulf of
Corinth is ~1,770,000 m*/yr, (i.e., 1.77 km%/k.y.)
for our preferred model output using the climate
and relief constraints outlined in the section on
“BQART Sediment Flux Model.” If these sedi-
ment fluxes are assumed to be representative
of the Holocene, we predict a total volumetric
export of 21.3 km? in the last 12 k.y. (Table 2).
These cumulative sediment fluxes to the Gulf
of Corinth could be as high as 1.95 km’/k.y. if
mean annual catchment temperatures are 10%
warmer than the WorldClim data set, or they
could be as low as 1.6 km*/k.y. if Holocene tem-
peratures are colder than the WorldClim data set
by 10%, giving plausible Holocene volumes in
the range of 19.2 km? to 23.4 km®. Changing the
precipitation rate from our preferred model by
+10% gives values that lie within this range as
well (Table 2).

Figure 3 reveals the spatial distribution of
BQART-derived suspended sediment fluxes
exported into the gulf when using the World-
Clim data. Sediment flux estimates are highly
variable in space and range; they vary from
~1000 m*/yr to >300,000 m*/yr, with a median
of 9582 m*/yr (Fig. 3). The highest sediment in-
put catchment is the large E-W—striking Mornos
catchment on the north coast (Fig. 3); previous
studies have shown high sediment outputs from
this catchment throughout the last 400 k.y. (Ford
et al., 2016). However, apart from the Mornos
and two catchments draining into the Gulf of
Itea (Fig. 3), the rest of the north coast contri-
bution is a minor part of the overall sediment
flux budget.

The south coast catchments are predicted to
produce the majority of the sediment supplied
to the offshore basin. Catchments that drain the
footwall of the West and East Eliki fault, the
onshore segment of the Derveni fault, and the
Lykoporia fault have the highest sediment fluxes,
with the largest exports (Fig. 3): ~135,600 m*/yr
(Selinoutas), ~97,100 m*/yr (Vourikos), ~60,000
m?¥/yr (Krathis), and ~68,800 m*/yr (Sithas). The
Alkyonides Gulf has few large catchments and
as a result little sediment input. These sediment
fluxes can be converted into estimated sediment
yields (i.e., denudation rates) that range between
~0.18 and 0.55 mm/yr by dividing their respec-
tive sediment fluxes by catchment area.

A power-law relationship between modeled
sediment flux and catchment drainage area is
observed, which is explicit in the BQART equa-
tion, with an exponent of ~1 (Fig. 4A). This
exponent value means that suspended sediment
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TABLE 2. BQART SEDIMENT FLUX ESTIMATES INTO THE GULF OF CORINTH

Rate Volume
Age (km¥/k.y.) (km?)
(ka) Preferred Minimum Maximum  Preferred Minimum Maximum
HOLOCENE Temperature +10%  12-0 1.77 1.72 1.83 21.3 19.2 234
Precipitation £10%  12-0 1.77 1.60 1.95 21.3 20.6 21.9
LATE PLEISTOCENE 70-12 1.09 1.00 1.19 63.2 58.1 69.1
115-70 1.53 1.41 1.59 69.0 63.6 71.6
130-1151  1.77 1.91 26.6 28.7
115-12* 1.28 132.2

*Weighted average of 70-12 ka and 115-70 ka preferred rates.
tSame as the Holocene, where maximum value includes 1 °C temperature increase. Results are within error of

the Holocene.

fluxes increase almost linearly with area, and
therefore the gradient of this linear relationship
is a prediction of the average denudation rate
for catchments draining into the gulf. From this,
we derive a denudation rate, equating to a sedi-
ment yield, of 0.36 mm/yr for the modern day
catchments.

Figure 4B shows (1) the normalized cumula-
tive frequency (i.e., percentage) of the number of
catchments with respect to their individual sedi-
ment fluxes (squares), ordered from smallest to
largest; and (2) cumulative frequency of the total
sediment flux for each of these catchments (cir-
cles). The cumulative frequency of the number of
catchments (squares) shows that sediment fluxes
are not evenly distributed; ~93% of catchments
produce less than 70,000 m’/yr (Fig. 4B). The
catchment with the median sediment flux exports

38°24'N
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38°00'N

37°48'N

just over 10,000 m?/yr. The cumulative frequency
of sediment fluxes for these catchments shows
that ~5% of them produce 40% of the total an-
nual budget (Fig. 4B). These 5% of catchments
are the largest draining into the gulf, e.g., Mornos
and Selinoutas (Fig. 3).

SINK: HOLOCENE AND THE LAST
GLACIAL-INTERGLACIAL CYCLE

Interpretation of Glacial-Interglacial Units

The gulf-wide Holocene Unit, Unit II, and
Unit III vary markedly in their seismic character
and expression (Fig. 2). The gulf-wide Holocene
Unit, 12-0 ka (known as Unit I when clipped to
the extent of Units II and III, rather than covering
the whole gulf), typically has high-amplitude,
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Figure 3. Map showing modern annual suspended sediment flux (Q,, m*/yr)
exporting from each catchment predicted from the BQART model. Gray-scale
Digital Elevation Model (DEM) is shown in background.
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sediment flux for each of these catchments
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high-frequency, continuous, parallel uniform re-
flections (Fig. 2). A primary diagnostic feature
of this unit is the draping and onlapping of re-
flections onto clinoforms within Unit II around
the gulf (Bell et al., 2008). The base is core-con-
strained to the end of the Pleistocene.

Unit II is highly variable in seismic character
spatially and with depth. On the shelf margins
and in the Alkyonides, Lechaion, and Eratini
subbasins, there are well-developed lowstand
clinoforms within this unit (Lykousis et al.,
1998, 2007; Collier et al., 2000; Perissoratis
et al., 2000; Leeder et al., 2002; McNeill et al.,
2005; Bell et al., 2008). To aid the interpreta-
tion of Unit II in the central Corinth basin, we
separated it into two clear subunits with clear
seismic facies differences, Ila and IIb (Fig. 2).
IIa ranges from high-amplitude, high-frequency,
continuous, parallel uniform reflections to
lower-frequency reflections with depth (Fig. 2).

Geological Society of America Bulletin, v. 131, no. 3/4

A thin package of high-amplitude reflections
is observed approximately midway by depth
(TWTT) through the unit (Fig. 2), separating
Subunits ITa and IIb. This package can be seen
throughout the gulf and may represent a short
marine incursion at ca. 50 ka (see below), given
that high-amplitude reflections are typically
interpreted to represent marine sediment accu-
mulation (Collier et al., 2000; Bell et al., 2008;
Nixon et al., 2016). Below this thin package bi-
secting Unit II, reflections have a lower ampli-
tude and lower frequency than they had above
in Unit Ia (Fig. 2). Unit III is predominantly
high-amplitude reflections throughout, although
thinner, continuous low-amplitude areas are
present (Fig. 2). The base, Horizon 3, shows a
clear transition from the high amplitudes of Unit
III to low-amplitude reflections below, which
has been interpreted by several authors to be the
marine-lacustrine transition at 130 ka (Lykousis
etal., 1998; Collier et al., 2000; Bell et al., 2008;
Nixon et al., 2016).

While the ages of Horizons 1 and 3 are widely
accepted, the age of the base of Unit II (Hori-
zon 2) is more poorly constrained. We interpret
a band of high-amplitude reflections within Unit
II to be ca. 50 ka (Fig. 2). We base this age on
the Siddall et al. (2003) sea-level curve, as a
brief marine transgression occurred at that time,
and the fact that Collier et al. (2000) found fur-
ther marine facies at the base of their core older
than 51 k.y. B.P, from radiocarbon dating. If
the Rion-Antirion Sill has remained tectonically
stable at a depth of 60 m, the sea-level curve of
Siddall et al. (2003) suggests that lacustrine con-
ditions would have initiated by 70 ka at the latest
(Fig. 2). There are earlier points on the Siddall
et al. (2003) sea-level curve where the sill depth
is approached, and the transition to predomi-
nantly lake conditions may plausibly have initi-
ated between 100 ka and 115 ka (Fig. 2). We
propose either 100 or 115 ka as realistic ages
for the base of Unit II (Horizon 2). We therefore
proceed with our age model (Horizon 1 = 12 ka,
Horizon 2 = 100 or 115 ka, and Horizon 3 =
130 ka), and we consider the uncertainties in the
age of Horizon 2 below.

Sediment Volumes over the Last 130 k.y.

We estimate a total basinwide decompacted
volume for the Holocene of ~35 km?* using the
gulf-wide Holocene isopach (Fig. 5). The seis-
mic reflection profiles do not extend all the way
to the coastline (they stop within ~1 km; Fig. 1),
and so the Holocene isopach was extrapolated
to the coastline. We estimated that this extrapo-
lated volume is ~6% of the total volume (this
does not include the western end of the gulf,
which Beckers et al. [2015] covered with their
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Holocene isopach). The steep southern margin
is poorly imaged in seismic reflection data, but
minimal storage of suspended sediment export
has likely occurred on these slopes. Coarse bed
load is, however, deposited on the shelf in large
Gilbert-type deltas; this is less important in this
study, because the BQART model only predicts
suspended sediment flux, and we did not in-
clude the Gilbert deltas in our basin volumes.
The BQART model prediction of suspended
sediment fluxes for the Holocene is ~21.3 km?,
generated using a standard lithological B value
of 1; this compares well with the observed vol-
ume measured in the basin and is well within the
factor of 5 margin of error stated by Syvitski and
Milliman (2007; even if we use the 60% run-
off ratio for the Holocene and reduce sediment
fluxes by 15%, the BQART model still predicts
within a factor of 5). In addition, although the
majority of the bed load is captured in Gilbert-
type deltas that fringe the gulf, some may make
it into the central basin. Therefore, the BQART
model (which solely estimates suspended load)
is expected to provide an underestimate com-
pared to the observed volume in the basin.
Nonetheless, based on our data, we conclude
that the BQART model provides realistic first-
order estimates of sediment fluxes over time
scales of 10* yrs.

Our mapped isopachs allow us to compare
sediment volumes deposited in the central gulf
during 12-0 ka (Holocene isopach), 100/115—
12 ka (Unit II), and 130-100/115 ka (Unit III).
The calculation of sediment accumulation rates
for these time periods enables us to assess
whether sediment flux varied between glacials
and interglacials. Figure 6 shows the deeper
isopachs generated for Units II and III. We then
compare the smaller Holocene Unit (Unit I) with
Units II and III, which were calculated over the
same areas. The decompacted volumes for Units
I, 11, and III, within the white dashed polygon,
are 16, 80, and 34 km?, respectively (Table 3).
The volumes are unambiguously not the same
and are fully constrained by seismic mapping.
However, the velocity model used for depth
conversion (cf. Nixon et al., 2016) could af-
fect the results, and thus we investigated how
a plausible £10% in velocity gradient would
impact the volumes obtained. We found that the
volumes are largely insensitive to the change in
velocity model, with Unit III, at 34 km?, hav-
ing the greatest uncertainty of +1.6% difference
(Table 3). Although Units I, II, and III do not
encompass the entire gulf, we assume that the
trends in sediment accumulation rates are in-
dicative of the entire gulf for the last 130 k.y.
This is because the spatial extent encompassed
by the units is an area that has remained, over
the last 240 k.y., the major depocenters in the
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Figure 5. 12-0 ka isopach of sediments in the Corinth basin created by merging western gulf Holocene isopach from Beckers et al. (2015)
with our central and eastern Holocene isopach. Faults are taken from Nixon et al. (2016). Sediment thicknesses range up to 90 m. Three
clear depocenters can be seen along the basin (western Gulf of Corinth, central of Corinth, and Alkyonides Gulf). The isopach has been
smoothed using the Petrel smoothing process, with an iteration of 1 and a filter width of 4 (~200 m). Fault names: PF—Psathopyrgos Fault,
TF—Trizonia Fault, AEF—Aigion Fault, WCF—West Channel Fault, AF—Akrata Fault, EEF—East Eliki Fault, DF—Derveni Fault,
LYF—Lykoporia Fault, EXF—East Xylokastro Fault, EAF—East Antikyra Fault, LF—Lechaion Fault, E.AIF—East Alkyonides Fault.

basin (Nixon et al., 2016). Furthermore, we de-
liberately made the spatial extent of Units I, II,
and III the same to be able to compare them
on a like-for-like basis. We now explore differ-
ent scenarios related to the age uncertainties
of the base of Unit II (Horizon 2) and produce
sediment accumulation rates for these different
scenarios.

SOURCE-TO-SINK: COMPARISON
OF SEDIMENT FLUXES AND BASIN
UNIT VOLUMES

Observed Sediment Accumulation Rates
and Predicted Sediment Fluxes for
the Last 130 k.y.

By dividing the decompacted volumes of
each of Units I, II, and III by their estimated
age, we derived average sediment accumulation
rates, which reflect changing sediment fluxes to
the gulf over the last 130 k.y. The factor with
the greatest uncertainty for the sediment accu-
mulation rate calculation is the age model used.
Consequently, we determined sediment accu-
mulation rates using three different scenarios
to explicitly take into account the uncertainties
in the age of the base of Unit II. However, the
volume and sediment accumulation rate for the
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Holocene (Unit I) is unchanged throughout the
different scenarios because its base (Horizon 1)
has been dated by core. The three scenarios are
as follows, and rates are shown in Table 4 and
Figures 7A and 7B.

Scenario 1

No age for the base of Unit II (Horizon 2) is
assumed, and the volumes of Units II and III are
summed together to avoid any uncertainty in the
age of Horizon 2. This provides a volume for the
full period 130-12 ka. The sediment accumu-
lation rate for Unit I is then applied to the last
interglacial, 130—115 ka, on the basis that it was
climatically similar to the Holocene, and this
volume is subtracted from the summed volume
of Units II and III.

Scenario 2

The base of Unit II (Horizon 2) is assumed
to be 100 ka, and therefore Unit II represents
100-12 ka, and Unit III represents 130-100 ka.
We can take this further and split Unit III into
Subunit IIIb (130-115 ka), where we apply the
same sediment accumulation rate as the current
interglacial to calculate a volume, and subtract
this volume from Unit III to calculate the volume
and sediment accumulation rate of Subunit IIla
(115-100 ka).
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Scenario 3

The base of Unit II (Horizon 2) is assumed to
be 115 ka, marking the end of the last interglacial
period. Therefore, Unit II is 115-12 ka, and Unit
MIis 130-115 ka.

Scenario 1 has the fewest horizon age as-
sumptions. If, by inference, the last interglacial
period had the same sediment accumulation rate
as the Holocene, i.e., ~1.33 km*/k.y., this would
result in the glacial period between 115 and
12 ka having a lower time-averaged sediment
accumulation rate of 0.91 km*k.y., a reduc-
tion of 32% relative to the Holocene (Fig. 7A;
Table 4).

Scenario 2 generates a Unit I, 100-12 ka, sed-
iment accumulation rate of 0.91 km?/k.y., identi-
cal to scenario 1. For Unit IIT (130-100 ka), the
rate is ~1.13 km¥k.y. If we subdivide Unit III
into 130-115 ka (Subunit IIIb) and assign the
same sediment accumulation rate as the current
interglacial (1.33 km¥Xk.y.), then the remainder
of Unit III, Subunit IIla (115-100 ka), has esti-
mated sediment accumulation rates of 0.94 km?/
k.y. (Fig. 7A).

Scenario 3 assumes the base of UnitI1is 115 ka,
so Unit III correlates to the last interglacial. This
results in Unit III (130-115 ka) having a high
sediment accumulation rate of 2.27 km/k.y.
when compared to the current interglacial sedi-
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ment accumulation rate (1.33 km?/k.y.; Fig. 7B).
The glacial period (Unit II: 115-12 ka) in this
scenario would have a lower rate at 0.78 km?/k.y.
than the other scenarios (Fig. 7B; Table 4).

The trends seen over the last 130 k.y. for sce-
narios 1, 2, and 3 are similar and all generate
lower sediment accumulation rates during gla-
cial periods. The reduction is 32%, 32%, and
66% for scenarios 1, 2, and 3, respectively, rela-
tive to the last interglacial. We note a model of

constant sediment accumulation rate over time
is inconsistent with the seismic interpretations
and age models presented here. Instead, for all
three scenarios, the volumes constrained from
the seismic reflection data reveal that there is an
observed reduction in sediment accumulation
rates from interglacial to glacial conditions, thus
proving there is a signal being recorded in stra-
tigraphy and that the signal is not buffered. Our
results demonstrate that sediment accumulation

rates in the Gulf of Corinth have clearly changed
over the glacial-interglacial cycle—and conse-
quently, so have sediment fluxes into the gulf.
We interpret this to reflect a climate-driven dif-
ference in sediment supply over this period (see
Discussion).

Since the simple climatic and topographic
variables used in the empirically derived
BQART model give a reasonable match to
observed sediment volumes in the basin over

TABLE 3. SENSITIVITY TESTING OF THE VELOCITY MODEL FOR UNITS |, Il, AND Il

When K = 1.5 km/s?

When K = 1.35 km/s?

When K = 1.65 km/s?

Percentage change

Percentage change

Units m3 km? m? km? (%) m? km?® (%)
Unit | 1.575 x 10" 16 1.573 x 10" 16 -0.12 1.577 x 10" 16 +0.13
Unit 11 7.98 x 10 80 7.92 x 10 79 -0.79 8.05 x 10 81 +0.8
Unit Il 3.375 x 10" 34 3.321 x 10" 33 -1.6 3.429 x 10" 34 +1.6

Note: Velocity model for depth conversion of the form V = 1.5507 + KAt, where t is two-way traveltime (Nixon et al., 2016).
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TABLE 4. SCENARIOS FOR OBSERVED VOLUMES AND SEDIMENT ACCUMULATION RATES

Seismic stratigraphy

Units Volume Age Rate
(km?3) (ka) (km3/k.y.)

Scenario 1

Unit | 16 12-0 1.33
Unit 1+ 11 114 130-12 0.97
Last Interglacial (LG)* 20 130-115 1.33
(Unit Il + 111) — (LG*) 94 115-12 0.91
Scenario 2

Unit | 16 12-0 1.33
Unit Il 80 100-12 0.91
Unit 11l 34 130-100 1.13
Unit Illa 14 115-100 0.94
Unit 1lb* 20 130-115 1.33
Scenario 3

Unit | 16 12-0 1.33
Unit Il 80 115-12 0.78
Unit 11l 34 130-115 2.27

*Scaled using the Holocene sediment accumulation rate.

the Holocene, we therefore used it to estimate
sediment fluxes and volumes for the four dif-
ferent climate periods over the last 130 k.y.:
12-0ka, 70-12 ka, 115-70 ka, and 130115 ka.
These values were then compared to the sedi-
ment volumes and sediment accumulation rates
constrained from the seismic reflection data.
BQART-derived sediment fluxes are higher for
the interglacials (12-0 ka and 130-115 ka) than
for the glacial periods (Table 2), where sediment
fluxes for the two interglacials are ~1.77 km?/
k.y., but could be as high as ~1.91 km%k.y.
(Fig. 8; Table 2) if temperatures were warmer by
1 °C for 130-115 ka (Kallel et al., 2000). This
is the same trend as the sediment accumulation
rates calculated from the seismic reflection data
for the three scenarios (Fig. 7).

For 70-12 ka, using the AV-LGM model
temperature and precipitation constraints, the
BQART model predicts a flux of ~1.09 km?/k.y.
(Fig. 8). If we allow the period between 70 and
12 ka to have a climate that may have been drier
with precipitation reduced by 200 mm/yr, con-
sistent with some proxy data, we estimate an
end-member sediment flux of 1.00 km*/k.y., a
decrease of 8% (Fig. 8). We note that this large
change in precipitation results in a relatively
minor decrease in sediment flux rates. Further-
more, we used solely the MPI-ESM-P LGM
GCM to estimate sediment fluxes, because
this was the warmest and wettest of the three
LGM GCMs. We found that sediment fluxes
could have been as high as 1.19 km*k.y. In ad-
dition, we note that glacial catchments could
have been slightly larger due to the lower base
level at this time; however, we note that sedi-
ment accumulation rates were still lower during
glacial periods than during interglacials despite
this effect.

During the 115-70 ka period, when climate
was fluctuating between warm interstadials
and cooler stadial conditions, we used different
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ratios of WorldClim to the AV-LGM model (see
section on “BQART Sediment Flux Model”
in data sets and methodology). Using setup 1
temperature and precipitation conditions, the
BQART model predictions suggest a suspended
sediment flux rate of 1.53 km¥k.y. (Table 2;
Fig. 8). Setup 2 and 3 produce end-member
estimates of 1.41 km%/k.y. and 1.59 km?/Kk.y.,
respectively (Table 2). Combining the sedi-
ment fluxes volumes for 70-12 and 115-70 ka,
we generated an average sediment flux rate
of 1.28 km?/k.y. for the overall glacial period of
115-12 ka (Table 2).

Overall, the rates in Table 2 and Figure 8 show
that predicted suspended sediment flux rates
were highest during interglacials (1.77 km*/k.y.)

and lowest during the pleniglacial (70-12 ka,
1.09 km?/k.y.). Additionally, the period between
115 and 70 ka had an intermediate rate compared
to the interglacials and glacials (1.53 km?/k.y.).
The BQART model results suggest a reduc-
tion of 28% in sediment accumulation between
the glacial and interglacial periods, similar to the
reduction in interglacial to glacial sediment ac-
cumulation rates calculated for all three seismic
horizon age scenarios (Fig. 6A; Table 4). Con-
sequently, the simple climatic and topographic
variables used to derive the BQART model
predict a similar flux response to that calcu-
lated independently from the analysis of seismic
reflection data.

DISCUSSION

Are Regional Sediment Routing Systems
Sensitive to Short-Term (10* Years)
Climate Fluctuations?

From our seismic reflection data interpreta-
tion, we have shown that sediment accumu-
lation rates over the last 130 k.y. have varied
(Figs. 7A and 7B; Table 4). Our results indicate
that sediment accumulation rates were lower
during the last glacial than during interglacial
periods for all three sediment accumulation rate
scenarios considered. This implies that sedi-
ment fluxes from the source catchments have
also varied over a glacial-interglacial cycle. Our
data require a sediment accumulation rate of
~2.9 km¥/k.y. for the entire gulf-wide Holocene
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isopach and 1.33 km?/k.y. for Unit I (see Fig. 5).
We obtained ~0.91 km*/k.y. for both periods be-
tween 115 and 12 ka and between 100 and 12 ka
(scenarios 1 and 2; Fig. 7A; Table 4), which is
a reduction of 32% compared to the present
and last interglacial; a much larger reduction
was obtained for scenario 3. We infer from this
that catchments in the Corinth Rift must have a
response time of ~10* yrs for this signal to be
observed in the basin.

Our finding that sediment routing systems at
a regional scale are sensitive to climate change
is not concordant with the model of Armitage
et al. (2013), which investigated landscape re-
sponse to climate oscillations (100 k.y.), because
we observed recordable signals in the basin even
though our study focused on the most recent of
the many Pleistocene glacial cycles. Our results
agree with Simpson and Castelltort (2012) and
Godard et al. (2013), who also showed that
high-frequency climate changes can alter sedi-
ment fluxes, and they are consistent with the
study of Hidy et al. (2014), which showed that
catchments have 30%—35% higher denudation
rates during interglacials, a magnitude similar
to this study. However, the changes in sedi-
ment flux predictions in the model of Simpson
and Castelltort (2012) are related to changes in
water discharge; similarly, Godard et al. (2013)
showed that sediment fluxes are sensitive to
high-frequency precipitation changes. Mean
annual precipitation (and therefore water dis-
charge) in our study did not change significantly
between the WorldClim data set (Hijmans et al.,
2005) and our AV-LGM model used to model
the four different climate periods over the last
130 k.y. (see “Climate” section).

Several authors have suggested that land-
scapes may be buffered to high-frequency envi-
ronmental change when the driving frequency
is shorter than the natural response time, or
when the autogenic dynamics dominate (e.g.,
Jerolmack and Paola, 2010; Van De Wiel and
Coulthard, 2010). However, the modeling re-
sults of Jerolmack and Paola (2010) suggest a
correlation to allocyclic forcing can be made
when the forcing time scale is longer than the
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response time of the system or if the environ-
mental perturbation is large. Our sediment vol-
ume data suggest that the landscapes around the
Corinth Rift likely have response times shorter
than 10* yrs. We should also note that the catch-
ments in this study are relatively small (>5 km?
to ~1000 km?), which may suggest that the
reason we see a response to high-frequency
climate change is because the response time of
such small catchments is shorter than the cli-
mate signal (cf. Romans et al., 2016). This is in
concordance with studies of similar catchment
sizes, such as the Golo system, Corsica, which
also responds to high-frequency climate change
(Sgmme et al., 2011), However our study does
not specifically address larger river systems
(300 to >1000 km), which may be buffered
(Castelltort and Van Den Driessche, 2003). We
currently do not have the temporal constraints to
investigate millennial-scale sediment flux varia-
tions. However, constraining rates at this time
scale may be feasible in future when the drilling
results of IODP (International Ocean Discovery
Program) Mission 381 in the Gulf of Corinth are
published.

Veracity of Empirical Models for
Predicting Basinal Sediment Flux

Comparison with the basin-wide Holocene
(12-0 ka) sink volume (35 km?) shows that the
BQART model effectively predicts the sediment
volume for this time period (21.3 km?), within
a factor of 1.6, even when we leave the litho-
logical parameter, B, equal to 1. Because of the
general agreement between the BQART model
and the Holocene seismic volume, our results
suggest that simple climate and topographic
variables are sufficient to predict Holocene sedi-
ment fluxes reliably to first order.

Our modeled sediment fluxes over the last
130 k.y., using simple climate variables, are
higher than the seismically derived sediment ac-
cumulation rates of Units I, II, and III within the
central basin, Alkyonides Gulf, and Lechaion
Gulf (Figs. 7A, 7B, and 8); this is because the
seismic units are spatially limited. However, the
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BQART-derived sediment fluxes show a similar
trend to the seismically derived sediment accu-
mulation rates. BQART-derived sediment fluxes
for the last 130 k.y. clearly show an increase in
sediment flux between glacial to interglacial
periods. The percentage change in sediment
accumulation rates between interglacials to gla-
cials calculated using scenarios 1 and 2 (32%)
is similar to the magnitude change derived
with the BQART model (28%). The BQART
model, therefore, appears to effectively predict
the trends, sensitivity, and approximate magni-
tude of change in sediment fluxes over the last
130 k.y., at least in this setting.

What Is Driving the Difference in Sediment
Flux between Interglacials and Glacials?

We show that: (1) seismically derived sedi-
ment accumulation rates have varied over the
130 k.y., which we interpret to be driven by
climate changes over this time period; and
(2) simple climate and topographic variables
in the BQART model can effectively predict
sediment fluxes over a glacial-interglacial
cycle. While this study is the first to investi-
gate sediment fluxes into the whole of the Gulf
of Corinth, Collier et al. (2000) carried out a
more localized seismic interpretation study into
changing sedimentation rates in the Alkyonides
Gulf (Fig. 1). They found that sedimentation
rates had changed between interglacials and
glacials, but, significantly, they argued that gla-
cials produced higher sediment fluxes. We have
compared our interpreted Horizons 1, 2, and 3
with those of Collier et al. (2000), and, because
we picked very similar seismic horizons, any
differences between the studies are not due to
differences in seismic mapping. Instead, we at-
tribute the difference in our sediment flux calcu-
lations to two factors.

First, we note that the velocity model used
by Collier et al. (2000) to depth convert the
seismic reflection data is slower in the upper
~150 m of the basin fill and faster in the deeper
section when compared to the model we used.
This results in Collier et al. (2000) computing a
smaller Holocene volume and larger 70-12 ka
volume than would be calculated using the ve-
locity model for this study. Collier et al. (2000)
noted that their velocity model is not based on
any local seismic data or deep well control,
whereas the velocity model used here integrated
velocity information from piston cores (Moretti
et al., 2004), semblance analysis from seismic
data processing (Bell et al., 2008), wide-angle
velocity studies (Clément, 2000), and seismic
tomography data (Zelt et al., 2004), and it is
therefore likely to better capture the true veloc-
ity structure.
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Second, although our horizon interpretations
are similar those of Collier et al. (2000), we
differ in the assigned age given to the base of
Unit II (Horizon 2). Collier et al. (2000) gave
this horizon an age of 70 ka; although this is not
constrained by core data, it presumes the Rion
Sill has remained at a depth of 60 m and uses
the Shackleton (1987) sea-level curve. As men-
tioned previously, water depths would have ap-
proached the sill depth, and the first transition to
lake conditions may plausibly have initiated at
the earlier time of 115-100 ka (Fig. 2).

Although Collier et al. (2000) had no direct
age-control on the horizon they estimated at
70 ka, they did have a marine incursion dated
older than 51 k.y. B.P., which stratigraphically
lies above their 70 ka horizon (or our Horizon
2). Between Horizon 1 and 2, we observed a
suite of high-amplitude reflections, which we
suggest may be correlated to the marine incur-
sion at ca. 50 ka, based on the Siddall et al.
(2003) sea-level curve (Fig. 2). If these high-
amplitude reflections are correlated correctly to
ca. 50 ka, and we use the Collier et al. (2000)
70 ka age estimate for Horizon 2, we would
calculate sediment accumulation rates for our
volumes of ~1.1 km¥k.y. for 50-12 ka (Ila;
Fig. 2) and 2 km*/k.y. for 70-50 ka (IIb; Fig. 2).
When we compare our 12-0 ka Holocene rate
of 1.33 km%/k.y. with the rate calculated for the
70-50 ka period of 2 km?/k.y., it would mean
that this interval produced ~50% higher fluxes
than the current interglacial.

The sediment accumulation rates between 70
and 50 ka would actually be the highest sedi-
ment fluxes over the entire 130 k.y. period using
our calculated volumes. Based on our climate
review, we see no reason why the most signifi-
cant change in sediment accumulation rates over
the complete 130 k.y. interglacial-glacial-inter-
glacial cycle should occur between 70 and 50 ka.
End-member changes between interglacial and
glacial conditions are the most significant cli-
mate change over the last 130 k.y.; the 70-50 ka
period is a transition between interstadial-stadial
conditions to peak glacial conditions in which
the amplitude of the climate change and its rate
were lower than elsewhere in the glacial cycle.
We therefore suggest that it is unlikely that a
peak in sediment accumulation rate should cor-
respond to this interval, and we propose an age
of 115/100 ka for Horizon 2 to be more likely
than the 70 ka age of Collier et al. (2000). In
summary, the combination of (1) a different
(but probably more realistic) velocity model
and (2) a difference in age assigned to Horizon
2 (70 ka vs. 115/100 ka) accounts for the dif-
ferences between our study and that of Collier
et al. (2000). Collier et al. (2000) concluded
that glacial periods produced more sediment
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export, and they inferred that cold wet winters
were the driving force behind these higher rates.
However, palynology records suggest that gla-
cial periods in Greece are, if anything, slightly
drier than interglacials, based on the presence
of Artemisia and chenopods (Tzedakis, 1999;
Tzedakis et al., 2002). Our sediment flux model
indicates higher predicted suspended sediment
fluxes during interglacials than glacials, which
is consistent with our sediment accumulation
rate estimates. When combined with palynol-
ogy information on climate, we would suggest
warmer interglacials drive sediment supply
changes. This finding is in direct concordance
with the field studies conducted by Fuller et al.
(2009) and Hidy et al. (2014), where higher
sediment fluxes were correlated to periods of
higher precipitation in California during the last
glacial and higher temperatures in interglacials,
respectively.

Our model results allow us to evaluate the
role of temperature and precipitation in driv-
ing changes in sediment flux. Mean annual
precipitation estimates between the intergla-
cial/modern (WorldClim) and LGM conditions
(AV-LGM) used in the BQART model are in-
sufficient to greatly alter sediment fluxes, and
so suspended sediment flux change cannot be
explained by simple water discharge changes.
The reduction in temperature in the BQART
model is therefore primarily responsible for the
reduction in model-predicted glacial sediment
fluxes, although this in itself does not provide
a physical mechanism for enhanced sediment
fluxes during the warmer interglacials. Next, we
consider two alternative hypotheses to explain
the observed sediment flux changes.

Hypothesis 1: Lower Sediment Production
during Glacial Periods

The comparison between our seismically de-
rived volumes in the gulf and our BQART mod-
eling of sediment fluxes indicates that sediment
accumulation in glacial conditions was lower
than interglacials. A simple hypothesis would be
that glacial conditions result in reduced export
due to lower sediment production. Some numeri-
cal studies have argued that within Mediterra-
nean catchments, glacial sediment production is
lower due to steppe vegetation being dominant
(Leeder et al., 1998). However, the same study
argued that sediment discharges were actually
higher during this period (Leeder et al., 1998), a
situation that we do not observe in our basin fill.

The decrease in temperature combined with a
similar amount of precipitation predicted for the
Corinth rift between the interglacial and glacial
periods would typically imply an increase or
maintained level of physical weathering dur-
ing glacial periods (Tucker et al., 2011; D’ Arcy
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et al., 2017). Indeed sediment production is of-
ten considered higher in glacial periods due to
vegetation changes and periglacial processes
such as more effective freeze-thaw weathering
(e.g., Matsuoka, 2008) and increased sediment
generation on hillslopes. This is supported by the
study by Hales and Roering (2007) in the South-
ern Alps, New Zealand, where they showed that
sediment generation rates are higher in present-
day alpine conditions above certain high eleva-
tions. Furthermore, during the LGM, this alti-
tudinal zone would have been at a considerably
lower elevation (Hales and Roering, 2007). In-
deed, increased physical weathering in the Medi-
terranean has been proposed as one reason for
the fact that many preserved/exposed bedrock
fault scarps postdate the LGM (e.g., Benedetti
et al., 2002; Palumbo et al., 2004; Roberts and
Michetti, 2004), as fast periglacial erosion rates
and resultant high sedimentation rates in the
hanging wall are argued to have buried (Bene-
detti et al., 2002; Roberts and Michetti, 2004) or
destroyed (Roberts and Michetti, 2004; Tucker
etal., 2011) scarps formed during the peak of the
last glacial period.

Consequently, we suggest that the reduc-
tion in sediment accumulation rates during the
glacial may not be tied simply to changes in
sediment generation within catchments, but it
may reflect changes in sediment discharge from
the catchments to the depocenter. In this case,
sediment production may be maintained or ele-
vated, suggesting an out-of-phase situation,
where production is high in glacials, but export
to neighboring depocenters is lower than during
interglacial periods. The recognition that this
may be an out-of-phase situation is important
within the context of signal preservation. In this
case, it would mean that changes in volumes in
stratigraphy represent the changing sediment
fluxes caused by different climate regimes; the
volume changes would not reflect differing rates
in primary sediment production (cf. D’Arcy
et al., 2017).

Hypothesis 2: Intense Interglacial Storms
Surpass Geomorphic Thresholds

An alternative explanation for higher sedi-
ment accumulation rates in interglacials is
that while mean annual precipitation does not
change significantly between glacial and inter-
glacial conditions, the distribution of annual
rainfall does. It is already known that storm
intensity scales predictably with atmospheric
moisture content and temperatures (Trenberth
et al., 2003; Berg et al., 2013). We therefore hy-
pothesize that warmer interglacial climates are
more conducive to generating higher-intensity
storms than colder interglacials (cf. Li and Bat-
tisti, 2008; Miller et al., 2010; D’Arcy et al.,
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2016), generating more threshold-surpassing
events that could do more geomorphic work.
Storms have been shown to cause higher sedi-
ment fluxes directly into the Corinth basin; for
example, Heezen et al. (1966) directly cor-
related breaks in submarine telephone cables
that ran along the southern Gulf of Corinth
continental slope to submarine landslides di-
rectly related to storms. Similarly, Mamassis
and Koutsoyiannis (1996) explained that intense
storms are associated with summer periods for
the modern Greek system. Therefore, although
water discharge has relatively little significance
in the BQART equation, the variance in water
discharge may be taken into account by tem-
perature because increased variability in pre-
cipitation increases with higher temperature (cf.
D’Arcy et al., 2017). Our hypothesis that vari-
ance in water discharge is controlling sediment
export is comparable to the numerical modeling
results of Godard et al. (2013) and Simpson and
Castelltort (2012).

In this model, sediment production in the
glacial period, which may have been enhanced
relative to today, is initially stored in the catch-
ments surrounding the Gulf of Corinth. Sub-
sequently, in the interglacial, higher discharge
events incise, entrain, and export this sediment
to the Gulf of Corinth depocenters. Heightened
sediment production in glacials agrees with the
results of Collier et al. (2000), but we argue that
it is stored and “flushed out” in interglacials.
Figure 9 synthesizes and visually illustrates this
hypothesis.

Studies of Mediterranean alluvial fans have
shown that periods of fan aggradation correlate
to glacials, where sediment supply to fans in-
crease and periods of dissection relate to inter-
glacials (Harvey et al., 1999; Pope and Wilkin-
son, 2005), and this fan incision would lead to
an increase in sediment being supplied to catch-
ment rivers. Our field observations show that the
river systems we studied on the southern margin
of the Gulf of Corinth do have incised river-fill
terraces that are undated but attributed to the late
Pleistocene, and that could plausibly be related
to heightened sediment accumulation within the
catchment during the last glacial and subsequent
incision in the current interglacial (cf. Church
and Slaymaker, 1989). We suggest this combi-
nation of drivers is the most plausible explana-
tion for the sediment accumulation rate changes
observed in the Gulf of Corinth in this study.

Higher-temporal-resolution stratigraphic con-
straints, currently being generated from IODP
Mission 381, will provide further data with
which to test these ideas in the future, as sedi-
ment accumulation rates will be available over
much finer time intervals. In addition, for our
hypothesis to be rigorously tested, i.e. that sedi-
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Figure 9. Synthesis figure schematically hypothesizing that sediment production is higher

in glacial periods, but with lower sediment fluxes, while higher sediment fluxes are found in
interglacials because of higher discharges from more intense storms.

ment production in glacial periods is heightened,
further investigation would be needed on the
role of sediment production on hillslopes and
their storage capacity over short time periods.
Similarly, more work is required on quantify-
ing the amount of incision on river-fill terraces
throughout the river systems draining into the
gulf to constrain the sediment storage in the
catchments at the time of deposition and subse-
quent incision and sediment fluxes. This would
require the dating of river terraces by techniques
such as cosmogenic-nuclide analysis or opti-
cally stimulated luminescence to constrain their
ages. Such data, in combination with terrace
mapping, could then be used to better estimate
sediment storage within the catchment at the
time of river terrace deposition, and then subse-
quent incision rates could be quantified.

CONCLUSIONS

This study compared measured sediment vol-
umes in the Gulf of Corinth basin with predicted
sediment fluxes over the last 130 k.y. to inves-
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tigate how climate controls sediment flux. The
principal conclusions are:

(1) The Holocene sediment volume for the
entire Gulf of Corinth, from seismic reflection
data interpretation, is 35 km?; the BQART sedi-
ment flux model predicts this volume effectively
within a factor of 1.6. This result suggests that
simple topographic and climatic metrics are suf-
ficient to provide first-order estimates of sedi-
ment fluxes over time scales of 10* yrs.

(2) Sediment accumulation rates in the basin
over the last 130 k.y. are ~30% higher in inter-
glacials than glacials.

(3) The BQART modeled sediment fluxes
predict the same magnitude of decrease from
interglacial to glacial periods as observed in the
basin sediment volumes, so the simple climatic
and tectonic variables used in the model can pre-
dict temporal changes in sediment accumulation
and sediment fluxes.

(4) We conclude that landscapes are sensitive
to high-frequency (tens of thousands of years)
climate change, because the offshore sediment
accumulation rates reflect changes between
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glacial (lower rates) and interglacial (higher
rates) periods. These changes must reflect actual
changes in sediment fluxes over the last 130 k.y.
because the basin is overall underfilled and sedi-
ment starved.

(5) We hypothesize that these changes in
sediment accumulation rates are a product of
heightened sediment production in glacials due
to a combination of lower temperatures (~5 °C)
yet similar mean annual precipitation rates com-
pared with interglacials. This sediment is stored
in the catchments until subsequent warmer inter-
glacials, which experience more intense storms.
This results in higher-discharge events, which
mobilize and export sediment into the gulf.

(6) The changing volumes and sediment ac-
cumulation rates over an interglacial-glacial cy-
cle lead us to the conclusion that catchments are
responding to short-term climate signals, which
are recorded in the basin. However, we argue
that these signals are modified by upstream
sediment storage and release, and these effects
can complicate the coupling between landscape
denudation and observations of basin fill.
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