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Abstract

The volume and grain-size of sediment supplied from catchments fundamentally
control basin stratigraphy. Despite their importance, few studies have constrained
sediment budgets and grain-size exported into an active rift at the basin scale. Here,
we used the Corinth Rift as a natural laboratory to quantify the controls on sediment
export within an active rift. In the field, we measured the hydraulic geometries, sur-
face grain-sizes of channel bars and full-weighted grain-size distributions of river
sediment at the mouths of 47 catchments draining the rift (constituting 83% of the
areal extent). Results show that the sediment grain-size increases westward along the
southern coast of the Gulf of Corinth, with the coarse-fraction grain-sizes (84 per-
centile of weighted grain-size distribution) ranging from approximately 19 to 91 mm.
We find that the median and coarse-fraction of the sieved grain-size distribution are
primarily controlled by bedrock lithology, with late Quaternary uplift rates exerting
a secondary control. Our results indicate that grain-size export is primarily controlled
by the input grain-size within the catchment and subsequent abrasion during fluvial
transport, both quantities that are sensitive to catchment lithology. We also demon-
strate that the median and coarse-fraction of the grain-size distribution are predomi-
nantly transported in bedload; however, typical sand-grade particles are transported
as suspended load at bankfull conditions, suggesting disparate source-to-sink transit
timescales for sand and gravel. Finally, we derive both a full Holocene sediment
budget and a grain-size-specific bedload discharged into the Gulf of Corinth using
the grain-size measurements and previously published estimates of sediment fluxes
and volumes. Results show that the bedload sediment budget is primarily comprised
(~79%) of pebble to cobble grade (0.475-16 cm). Our results suggest that the grain-

size of sediment export at the rift scale is particularly sensitive to catchment lithology
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1 | INTRODUCTION

Basin stratigraphic architecture is fundamentally deter-
mined by the magnitude of sediment supply (Allen &
Densmore, 2000; Armitage, Duller, Whittaker, & Allen,
2011; Cowie et al., 2006; Densmore, Allen, & Simpson,
2007; Forzoni, Storms, Whittaker, & Jager, 2014; Leeder,
Harris, & Kirkby, 1998; Pechlivanidou et al., 2018), and
the grain-size distribution within that supply (Allen et al.,
2015; Armitage et al., 2011; Brooke, Whittaker, Armitage,
D'Arcy, & Watkins, 2018; Hampson, Duller, Petter,
Robinson, & Allen, 2014). In particular, well-constrained
measures of grain-size in fluvial systems can be used to
reconstruct palaeoslopes (Cassel & Graham, 2011; Duller
et al., 2012; Garefalakis & Schlunegger, 2018; Paola &
Mohrig, 1996), estimate tectonic subsidence rates through
downstream fining (Michael, Whittaker, Carter, & Allen,
2014; Parsons, Michael, Whittaker, Duller, & Allen, 2012)
and infer drier or wetter periods through time (Brooke
et al., 2018; D'Arcy, Roda-Boluda, & Whittaker, 2017).
Grain-size also plays a fundamental role in determining the
spatiotemporal scales over which internal dynamics of sed-
imentary systems operate (Ganti, Lamb, & McElroy, 2014)
and dictates sediment facies partitioning within subsid-
ing depocentres (Allen et al., 2013; Armitage et al., 2011,
2015). Consequently, understanding the mechanics of sedi-
ment routing systems hinges on quantifying how sediment
grain-size supplied by the source catchments to basins vary
in space, and with respect to sediment discharges.

The interface between the source and the sink is an import-
ant place to consider the grain-size distribution and sediment
discharge exported from catchments to the depositional sink
(Allen, 2008). Multiple studies have shown how climate, tec-
tonics and lithology control the sediment flux and grain-size
distribution released from individual catchments that supply
depocentres (Allen et al., 2015; Attal & Lavé, 2009; D'Arcy
et al., 2017; Glaus et al., 2019; Litty & Schlunegger, 2017;
Michael et al., 2014; Roda-Boluda, D'Arcy, McDonald, &
Whittaker, 2018; Whittaker, Attal, & Allen, 2010); however,
detangling the relative importance of these boundary condi-
tions on the nature of sediment exported to depocentres has
remained elusive, in part due to the role that internal sedi-
mentary dynamics play in transforming the source signal into
stratigraphy (Ganti et al., 2014; Jerolmack & Paola, 2010;
Romans, Castelltort, Covault, Fildani, & Walsh, 2016).

and fluvial mophodynamics, which complicates our ability to make direct inferences

of tectonic and palaeoenvironmental forcing from local stratigraphic characteristics.

Corinth Rift, grain-size, sediment transport, bedload, sediment export, sediment budget

Highlights

e Constrained the full weighted grain-size export for
47 rivers draining the Corinth Rift.

e Found a strong spatial grain-size export trend,
with sizes increasing to the West.

e Found that grain-size distributions are primarily a
result of the bedrock lithology being eroded.

e Shown that our sieved distributions are predomi-
nantly transported as bedload.

e Constrained a full-weighted grain-size specific
sediment budget for the entire Corinth Rift.

e Provided a mechanistic explanation for the facies
distribution observed in the Gulf.

Previous studies suggest that in some modern systems such
as the Sperchios graben, central Greece, and the Apennines,
Italy, active faulting exerts a first order control on the grain-
size released from catchments to basins, where coarse sedi-
ment supply has been correlated with uplift in the footwall of
active normal faults that cause increased slope failure within
a knickzone (Pechlivanidou et al., 2018; Roda-Boluda et al.,
2018; Whittaker et al., 2010). Moreover, the coarse-fraction
of grain-size distributions can be preferentially stored within
the sediment routing system before export, particularly in
settings with high subsidence rates, indicating that sediment
exported from these catchments can be significantly finer
than that initially produced and transported within these
catchments (Armitage et al., 2011; Ferguson, Hoey, Wathen,
& Werritty, 1996; Parsons et al., 2012; Pechlivanidou et al.,
2018). Several models have provided insight into the mag-
nitude of sediment fluxes exported from tectonically active
catchments to basins, and its variation over time (Cowie et al.,
2006; Sinclair, Gibson, Naylor, & Morris, 2005). However,
many do not incorporate the controls on grain-size from field
or theoretical perspectives (cf. Allen et al., 2013; Cowie et al.,
20006, Leeder et al., 1998; Watkins et al., 2018).

In contrast to the aforementioned studies, which gen-
erally focused on tectonic boundary conditions, correla-
tions between grain-size exported from catchments and
geomorphic and hydrologic variables (e.g., mean annual
stream flows and historical storm intensity) have also
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been established (e.g., Brooke et al., 2018; D'Arcy et al.,
2017; Litty, Schlunegger, & Viveen, 2017). Multiple stud-
ies demonstrated that grain size exported from catchments
with similar climate and tectonic characteristics can vary
due to differences in catchment lithology (e.g., Allen
et al., 2015; Réddoane, Rddoane, Dumitriu, & Micldus,
2008; Roda-Boluda et al., 2018). Stronger bedrock litholo-
gies are likely to produce coarser sediment (Roda-Boluda
et al., 2018), when compared with weaker bedrock, and the
frequency of landslides also appears to be controlled by
the relative abundance of weak and hard substrate within
a catchment (Damm, Becht, Varga, & Heckmann, 2010;
Guzzetti, Cardinali, & Reichenbach, 1996; Margielewski,
2006). Lithology also controls the initial grain-size into
which rocks fragment (Allen et al., 2015), which is then
reworked by the fluvial system. Furthermore, clast attrition
rates are dependent on their constituent lithology (Attal &
Lavé, 2009; Litty & Schlunegger, 2017) and abrasion can
have major implications on the size of sediment exported
from catchments (Dingle, Attal, & Sinclair, 2017).

While existing work has highlighted numerous contrasting
controls on grain-size released from catchments in different
settings, many of these studies focused on a limited number
of catchments at a local scale. Consequently, we still lack a
holistic understanding of the primary controls on grain-size
export across multiple catchments supplying sediment to a
subsiding depocentre at a regional scale. In this study, we
address this knowledge gap by investigating how the grain-
size and volumetric sediment budget exported from catch-
ments varies in space at the scale of an entire rift system,
the Corinth Rift, central Greece. We selected this location
because the locus of sediment input and magnitudes of sedi-
ment discharge have been well constrained for the last 12 kyrs
(Watkins et al., 2018), and tectonic, climatic and lithological
boundary conditions are well documented in this region (Bell
et al., 2009; Ford, Hemelsda€l, Mancini, & Palyvos, 2016;
Ford et al., 2013; Gawthorpe et al., 2018; Nixon et al., 2016;
Watkins et al., 2018).

Here, we present field measurements of the grain-size dis-
tributions exported by 47 rivers that drain 83% of the Corinth
Rift by area. We use this comprehensive rift-scale grain-size
dataset to: (a) investigate the geomorphic, hydraulic, litho-
logic and tectonic controls on grain-size export; (b) quantify
the mode of sediment transport for different grain-sizes in
the study rivers using sediment transport theory and hydrau-
lic geometry measurements, and (c) couple the estimated
sediment fluxes from Watkins et al. (2018) with our grain-
size measurements to derive the first constrained grain-size
sediment budget for an entire rift where sediment discharge
and grain-sizes are explicitly coupled. Watkins et al. (2018)
modelled the sediment discharge rates in the Holocene and
showed that their estimates matched the seismically derived
sediment accumulation rates in the underfilled basin of the

Ee?:iegnh Wg EAGE —\W/| LEYJ—3

Corinth Rift; however, they did not investigate the controls
on grain-size export or produce a grain-size-related sediment
budget for the rift system. We begin with a summary of the
geologic setting of our study area, and previous work pertain-
ing to the study area.

2 | GEOLOGICAL SETTING AND
PREVIOUS WORK

The Corinth Rift, central Greece, is one of the fastest ex-
tending rifts in the world with modern GPS extension rates
varying from ~5 mm/year in the East to ~15 mm/year in the
West (Avallone et al., 2004; Briole et al., 2000; Clarke et al.,
1998; McClusky et al., 2000). The Corinth Rift initiated at
~5 Ma (Ori, 1989), and the present-day Corinth Rift geom-
etry has been estimated to have been in place for the last
~400-800 kyr (Ford et al., 2016).

The water-filled basin associated with the active rift is
known as the Gulf of Corinth, which is ~120 km long (E-W)
and ~30 km at its widest (N-S; Figure 1). The Alkyonides
Gulf, in the furthest northeast of the Gulf of Corinth (Figure 1)
is a constituent part, but is semi-closed from the main basin.
The presence of the Rion-Antirion Sill at 60 m depth at the
basin's western end (Perissoratis, Piper, & Lykousis, 2000)
implies that the basin is isolated during lowstands and ef-
fectively closed during highstands with respect to sediment
export from the rift (Perissoratis et al., 2000). The modern
depositional facies of the Gulf comprise highstand Gilbert
deltas that fringe large parts of the Gulf, particularly in the
south-central and eastern portion of the Gulf, and offshore
drilling has revealed that the Holocene deposits in the main
basin are predominantly mud/silt-grade sediments (McNeill
et al., 2019; Moretti et al., 2004).

Many detailed studies have characterized the South
Gulf of Corinth coastal margin (Bornovas & Rondogianni-
Tsiambaou, 1983; Ford et al., 2016; Gawthorpe et al., 2018).
The onshore Corinth syn-rift stratigraphy has previously
been divided into a Lower, Middle and Upper Group; how-
ever, Lower and Middle groups contain broadly similar litho-
facies (Backert, Ford, & Malartre, 2010; Ford et al., 2016;
Ford, Williams, Malartre, Popescu, & Nichols, 2007; Rohais,
Eschard, Ford, Guillocheau, & Moretti, 2007). We synthe-
sized this stratigraphy into three main units based on lithol-
ogy rather than relative age in order to investigate the role
of lithology on grain-size (Figure 2). These are (i) Hellenide
Basement, comprising carbonates and flysch; (ii) Syn-rift
Lithology 1: uplifted Gilbert deltas and conglomerates which
comprise the onshore and more proximal facies of the early
Corinth Rift; (iii) Syn-rift Lithology 2: the distal portion of
the early Corinth Rift syn-rift sediments deposited within a
lacustrine environment (comprising finer grained lithologies,
such as sandstones, siltstones, mudstones).
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Study area, the Corinth Rift, central Greece. Onshore topography generated using a 30 m ASTER Digital Elevation Model

(DEM). Drainage network and catchments derived using ArcMap 10.1, catchments are numbered relating to the rest of the study. Red circles

denote localities from the field campaign. Location of Figure 2 is outlined in a grey box. Top inset shows the location of late Quaternary uplift rates
compiled by Pechlivanidou et al. (2019). Faults are from Nixon et al. (2016). Bottom inset shows the location of the Corinth Rift with respect to

Greece

Previous studies have also estimated Holocene surface-uplift
rates of 0.8-2 and 1.3-2.2 mm/year along the southern coastline
in the footwalls of the East Eliki Fault and Derveni Fault respec-
tively (McNeill & Collier, 2004; Mouyaris, Papastamatiou, &
Vita-Finzi, 1992; Pirazzoli et al., 1994; Stewart, 1996; Stewart
& Vita-Finzi, 1996). Late Quaternary surface-uplift rates de-
rived from uplifted terraces and dated corals cover much of the
South coast (compiled by Pechlivanidou et al. (2019); Figure 1-
inset), and vary from 0.7-0.8 mm/year (Psathopyrgos Fault)
in the West to 0.9—-1.3 mm/year for the central and eastern
faults along the South coast of the Gulf of Corinth (Armijo,
Meyer, King, Rigo, & Papanastassiou, 1996; De Martini
et al., 2004; Houghton, Roberts, Papanikolaou, McArthur, &
Gilmour, 2003; Keraudren & Sorel, 1987; McNeill & Collier,
2004; McNeill, Collier, Martini, Pantosti, & D'Addezio, 2005;
McNeill et al., 2007). The North coast, however, is interpreted

to be predominantly subsiding or stable based on the sinuous
coastline (Stefatos, Papatheodorou, Ferentinos, Leeder, &
Collier, 2002) and subsidence markers (Bell et al., 2009).

In addition, Watkins et al. (2018) calculated suspended
sediment fluxes entering the Gulf. They found that Holocene-
averaged basin sediment accumulation rates (derived from
a seismic reflection dataset supported by piston-core data)
were directly comparable (within a factor of 1.6) to sus-
pended sediment fluxes estimated for source catchments
around the Gulf, derived using the BQART model (Syvitski
& Milliman, 2007). Figure 3 shows the suspended sediment
fluxes of Watkins et al. (2018) scaled to match the known
sediment accumulation rates in the basin. Suspended sedi-
ment fluxes are spatially variable around the Gulf (Figure 3),
with larger catchments producing higher amounts of sus-
pended sediment. Additionally, there is a concentration of
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FIGURE 2 (a) Synthesized geological
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of the Corinth Rift. Middle and Lower
Groups are schematically drawn to show
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Description of Lithofacies with relation to lithology map

E| The Corinth Rift has been divided into three main groups, the Hellenide
Basement, the Lower Group and the Middle Group based on age (Rohais et al.,
2007; Ford et al., 2016). Within both the Lower Group and the Middle Group
are similar depositional facies. Therefore we have created a lithology map
based on lithofacies and not based on ages. Our lithology map has three
broad lithofacies units: Syn-rift Lithology 1, Syn-rift Lithology 2 and Hellenide
Basement.

Syn-rift Lithology 1 (Magenta

This group broadly consists of promixmal facies which contain, alluvial fan
deposits (pebble-boulder conglomerates), braided river deposits (gran-
ule-pebble conglomerates) and floodplains (siltstones & mudstones), and
Gilbert-type deltas that have topsets and foresets that are granule to pebble
grade (Rohais et al., 2007).

Syn-rift Lithology 2 (Yellow

This group has a range of lithologies with the majority relating to distal facies
within a lacustrine environment. Lithologies are predominantly mudstones,
sandstones, marlstones with some pebble conglomerates (Rohais et al., 2007;
Gawthorpe et al., 2018).

Hellenide Basement (Cyan

In the Northern Peloponnese two Hellenide Basement units can be found, the
Pindos and Tripolis Unit. Both units contain predominantly thick carbonate
sequences and clastic flysch. The base of the Tripolis Unit also contains volcan-
iclastics (Dercourt, 1964; De Wever, 1975; Zambetakis-Lekkas and Karotsieris,
1986; Degnan and Robertson, 1998; Skourlis and Doutsos, 2003; Skourtsos and
Kranis, 2009; Skourtsos et al., 2016).

Synrift
Unit 1

Synrift
Unit 2

high sediment export along the southern coast. However, this
dataset did not address the grain-sizes associated with these
sediment fluxes. A full analysis of the distributions and mag-
nitudes of these fluxes is presented in Watkins et al. (2018).

3 | DATASETS AND METHODS

3.1 | Field and laboratory methods

We focussed on measuring grain-size and channel mor-
phology at 47 study sites near the river mouths of the

majority of catchments that drain into the Gulf of Corinth
(see Supporting Information). Where river mouths were
not accessible or were not suitable for data collection due
to human interference (i.e. engineering or road works), we
visited the nearest feasible upstream location. At each site,
we measured the

(i) Full-weighted grain-size distribution of high-flow gravel
bars, using in situ sieving;

(i1) Grain-size distribution of clasts >1 mm by Wolman point
counting;

(iii) Bankfull width, W, (m);
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(iv) Bankfull depth, H,, (m);
(v) Reach slope, S (degrees);

We selected high-flow channel bars for constraining the
full-weighted grain-size distribution by in situ sieving, be-
cause this is the material that would be mobilized and trans-
ported at bankfull conditions (sec. Attal et al., 2015; Dingle
et al., 2017; Leopold & Wolman, 1957; Whittaker et al.,
2010). We removed the top layer (in order to account for ar-
mouring effects) and dug a pit into the channel bar to mea-
sure sediment size as a function of mass fraction: this method
constrains the full distribution of grain-sizes exported as it
temporally averages the channel bar sediment. The amount
of sediment required to be sieved was dictated by the largest
clast exhumed; following previous work we ensured that the
largest clast was <10% by weight of the total amount sieved
(cf. Kellerhals & Bray, 1971; Whittaker et al., 2010). This
method ensured that the 84" percentile of the grain-size dis-
tribution (Dg,), a standard indicator of the coarse fraction
grain-size, was captured. We sieved ~29 to 205 kg of sedi-
ment at each locality and processed a total of ~3 tonnes of
sediment across our study sites. At each locality the sediment
was sieved into grain-size categories of <1, 1-2, 2-4 and
4-8 cm. Clasts greater than 8 cm were weighed individually
and converted to a grain-size by assuming that the clast was
spherical with a density of 2,450 kgm_3 and then appropri-
ately categorized into either 8—16 or 16-32 cm bins. If the
largest clast was not easily recognizable (i.e. it was within
the <8 cm category), we ensured that the total weight of the

[]
(m) Qs (x10% m/yr)
- 2489
[ 20-40
[] 40-80
[ s0-16
# I 160 - 320

Holocene basin volume (35 km3), to derive
the full suspended sediment flux for each

0-20

catchment

largest bin size was under 10% of the total weight sieved. In
one instance (catchment 24), a site had a clast with a mass
of 10.8% of the total sediment measured. However, 90% of
all the localities had largest clasts that were <6% of their
respective total sieved weights. In order to get a finer reso-
lution of grain-size distributions within the <1 cm fraction,
we sieved a representative sample of this fraction with finer
sieves. The proportions of these finer grain-size fractions
were then scaled to repopulate the full-weighted grain-size
distribution, given the total mass of sediment within the
<1 cm fraction. The laboratory grain-size categories were
0-0.015 cm (0-150 microns), 0.015-0.025 cm (150-250 mi-
crons), 0.025-0.05 cm (250-500 microns), 0.05-0.085 cm
(500-850 microns), 0.085-0.1 cm (850—-1000 microns), 0.1—
0.17, 0.17-0.236, 0.236-0.475 and 0.475—-1 cm. At the river
mouths where the channel bars had a full grain-size distribu-
tion that was finer than our 1 cm field sieve, we collected a
representative sample that was later sieved in the laboratory.

We also characterized the grain-size distribution (>1 mm)
of the same channel bar surface by adopting the Wolman point
count method (Wolman, 1954); however, we modified this
method to measure the long axis (the a axis) of 100 clasts as
opposed to the intermediate axis (the b axis). We adopted this
methodology because the intermediate axis can be difficult
(and time consuming) to measure objectively, particularly for
smaller clasts (cf. Brooke et al., 2018). Litty and Schlunegger
(2017) showed that the ratio of the long and intermediate axes
is relatively constant and therefore supporting measurement
of the long axis only. Grain-size measurements from this
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independent method were compared with the weighted grain-
size distribution. In particular, we compared the D5, and Dy,
estimates of the Wolman point counts with the results of the
sieving to test whether D5, and Dy, derived from the Wolman
Point count of the channel bar surface effectively captures the
D5, and Dg, of the subsurface data through sieving. In situ
sieving captures the full-weighted grain-size distribution (in-
cluding fines <1 mm) and the Wolman point count only cap-
tures the grain-size distribution of clasts greater than 1 mm
of the channel bar surface. We therefore excluded the fines
less than 1 mm in the in situ sieving data to compare with the
point count data.

To characterize the spread of the measured grain-sizes, we
show the values of D,s—Dss and D;g—Dygq (D, denotes the X
percentile of the grain-size distribution) as grain-size bounds
for the data measured using in situ sieving. The Wolman
grain-size error bars were generated by comparing Ds, at sites
where multiple Wolman point counts were carried out, and
we calculated the percentage difference between these inde-
pendent trials. All percentage differences in median grain-size
were then collated into one dataset and averaged to derive a
typical error of +£15% for the Dy, from Wolman point counts.

Finally, we measured the bankfull width and depth of the
channel using a laser range finder with a precision of +4 cm.
Channel slopes were recorded (also using a laser range
finder) with a precision of +0.1°. Maximum stage height was
identified from debris (such as rafted wood, or human debris
such as plastic) that showed clear indication of entrainment
during high flows, or from other markers such as bleaching
horizons, and lack of vegetation (Whittaker, Cowie, Attal,
Tucker, & Roberts, 2007).

3.2 | DEM methods and constraining
tectono-lithological controls on grain-size

A drainage network for the Corinth Rift was established
using a 30 m spatial resolution ASTER Digital Elevation
Model (DEM). We derived a stream network using the
ArcGIS 10.1 hydrological toolbar, setting a threshold of
300 pixels (0.27 kmz). Small catchments with areas <5 km?
were precluded as many had no field expression or were not
governed by fluvial processes. Overall 72 fluvial catchments
were identified that drain into the Gulf and are numbered for
identification (Figure 1).

We analysed the dependence of the measured in situ-sieved
median grain-size (Dsq) and Dg, on the following geomor-
phic and hydrologic quantities: (a) catchment drainage area,
A; (b) maximum catchment relief, R; (c) the percentage area
within a catchment with slopes >30° and; (d) mean catch-
ment annual precipitation, MAP (m/year). These quantities
were derived from the DEM and the WorldClim precipitation
raster (Hijmans, Cameron, Parra, Jones, & Jarvis, 2005). We
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selected these broad geomorphic and hydrologic parameters
as potential variables for the following reasons: (a) Catchment
area determines the length of the trunk channel, which exerts
a primary control on both abrasion and selective transport
of finer material downstream (c.f. Attal & Lavé, 2009). (b)
Maximum catchment relief is often used as a proxy for tec-
tonic uplift (Syvitski & Milliman, 2007), and sediment pro-
duction is potentially higher in steeper, high elevation areas
that may supply coarser material into to the fluvial system.
(c) Percentage area within a catchment of slopes >30° pa-
rameterizes the importance of landsliding, which can sup-
ply coarse material into the rivers (c.f. Litty & Schlunegger,
2017; Roda-Boluda et al., 2018; Whittaker et al., 2010). (d)
Annual precipitation can control the grain-size output be-
cause high precipitation rates increase water discharge and the
capacity of rivers to transport coarse sediment supplied from
the hillslopes (c.f. Ferguson, Prestegaard, & Ashworth, 1989;
Komar & Shih, 1992). We fit a linear relationship with all pa-
rameters in the first instance, and calculate the coefficient of
determination () to evaluate the proportion of the variance
in grain-size that can be attributed to these geomorphic/hy-
draulic variables. Additionally, we tested the null hypothesis
that the linear regression coefficient is zero in the population
using a two-tailed ¢ test at a 95% significance level. This study
does not consider multi-parameter dependencies.

We also evaluated the role of lithology and tectonics in con-
trolling the eventual grain-size exported from catchments along
the southern margin of the Gulf of Corinth. We used a simpli-
fied lithology map to calculate the relative percentage of dif-
ferent lithological groups within a given catchment (Figure 2).
We also used the available late Quaternary uplift rates along the
southern coast of the Gulf of Corinth (Figure 1 inset) to test if
these rates correlate with the grain-size exported to the rift. We
extrapolated the available late Quaternary uplift rates to obtain
a trend line of uplift for the South coast, which was then ap-
plied to specific sites in our study area. These uplift rates are an
indicator of net tectonic uplift over a maximum of ~400 kyrs.
This trend is different to the short-term GPS extension rates,
which suggest extension rates increase strongly from East to
West (e.g., Briole et al., 2000; Clarke et al., 1997; Le Pichon,
Chamot-Rooke, Lallemant, Noomen, & Veis, 1995; McClusky
et al., 2000; Roberts & Jackson, 1991). Our rationale, however,
for comparing the measured grain-size distributions with geo-
logically derived uplift rates, rather than geodetically measured
uplift rates that average over decadal and centennial timescales,
stems from previous studies that established that grain-size
trends within catchments respond transiently to uplift rates over
long timescales (~800 kyr; Roda-Boluda et al., 2018; Whittaker
et al., 2010; Whittaker et al., 2007). In this study we present
our field data and investigate the correlation between individual
parameters and the grain size distributions measured; we do not
quantify the interactions and dependencies between numerous
parameters controlling grain size using multivariate approaches.
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Hydraulic controls on sediment export

The mode of sediment transport that dominates export of sedi-
ment is important because it dictates the nature of the sediment
that fills the basin, and determines the transit time of sediment
through the catchment. Over long timescales, the frequency-mag-
nitude trade-offs of sediment transport indicate that sediment dis-
charge is maximized for the bankfull flows (Wolman & Miller,
1960). We quantified the primary mode of sediment transport (i.e.
bedload, mixed-load or suspended-load) within each catchment
draining into the Gulf using the measurements of D5, and Dg,
and the bankfull characteristics of the channel. Turbulent velocity
fluctuations, which scale with the shear velocity (u:) of the flow,
determine the potential for a sediment particle to be entrained into
the flow. This vertical force is balanced by gravitational force pa-
rameterized by the sediment settling velocity, W,. The ratio of
these velocities, W/u., is important to constrain (e.g., Bagnold,
1966), and was specifically used by Dade and Friend (1998) to
determine the dominant mode of sediment transport: for example
Wu.. >3 corresponded to bedload-dominated sediment transport
regime, W/u. <0.3 corresponded to suspension-dominated sedi-
ment transport regime and 0.3 < W/u. <3 corresponded to the
mixed-load sediment transport regime where sediment transport
occurs through bedload and intermittent suspension.

We estimated the settling velocity of D5, and Dy, sediment
sizes and for a typical sand-grade particle (0.25 mm) using
the method of Ferguson and Church (2004), see Appendix A.
Shear velocity is related to the bed shear stress, 7, by (e.g.,

Dade & Friend, 1998):
u= ]2, ()
Py

where p,, is density of water. We estimated the bed shear stress
under bankfull conditions by assuming steady and uniform flow
conditions, where the bed shear stress was approximated as the
depth slope product, that is 7, = p,,gRS, where g is gravity, Ry
is hydraulic radius and S is slope (Appendix A). The shear stress
approximation used here is only valid upstream of the backwater
reach—a portion of the river where non-uniform flow dominates
due to the upstream influence of the receiving basin (e.g., Lamb,
Nittrouer, Mohrig, & Shaw, 2012). Rivers with steep slopes and
shallow flow depths are expected to have a short backwater reach
(Paola & Mohrig, 1996), and we excluded the localities where
data were collected within a distance less than the estimated back-
water length upstream of the river mouth (see Appendix A).

3.4 | Estimating the total Holocene sediment
budget for the rift

We estimated a total Holocene sediment budget for the
Corinth Rift building on the previous work of Watkins et al.

(2018). Using seismic reflection data, Watkins et al. (2018)
determined that the volume of Holocene-aged sediment
within the Corinth basin (the Gulf of Corinth) is 35 km”.
This is likely the suspended fraction of the budget as long-
piston cores (Moretti et al., 2004) and IODP drilling results
(McNeill et al., 2019) suggest that Holocene sediment is pre-
dominantly silts and sands. To quantify the total Holocene
sediment budget averaged over the Holocene, we estimated
the bedload sediment budget using a range of ratios. This
is because the ratio of bedload to suspended load has been
shown to be highly variable and also difficult to obtain (e.g.,
Turowski, Rickenmann, & Dadson, 2010), as such we adopt
the ratio of 35:65 bedload to suspended load (Pratt-Sitaula
et al., 2007) with upper and lower ratios of 45:55 and 25:75,
respectively, based off field data, to acknowledge the wide
uncertainties. We adopted a ratio of 35:65 for bedload to
suspended load (Pratt-Sitaula et al., 2007), which is based
on field-derived bedload and suspended fractions from the
Marsyandi River, Himalayas, a steep gravel-bedded moun-
tain catchment for the last 5,000 years (Pratt-Sitaula et al.,
2007). We also acknowledge that the ratio of bedload to total
sediment flux can vary from <25% to >50% in the natural
settings (e.g., Turowski et al., 2010). To better characterize
this range of variability in bedload to suspended load ratios,
we also computed the total Holocene sediment budget using
bedload to suspended sediment load ratios of 25:75 and
45:55, values consistent with the modern field observations
of Turowski et al. (2010) in the Pitzbach catchment, Austria.

Finally, we investigate the median grain-size around the
Gulf that is at the threshold of suspension (WJ/u. = 0.3).
This estimated grain-size (0.085 cm, results below) defines
the grain-sizes that the bulk suspended sediment volume (i.e.
0-0.085 cm) and bulk bedload sediment volume (0.085—
32 cm) represent.

3.5 | Deriving the grain-size-specific
bedload discharge for the Holocene

To estimate a grain-size-specific bedload discharge for the
Holocene, we require sediment flux data for each sieved
river. Watkins et al. (2018) derived annual suspended sedi-
ment fluxes using the BQART method for every river drain-
ing into the Gulf. When these fluxes were summed and
scaled over the Holocene (i.e. summed over 12,000 years),
a suspended volume of 21.3 km® was obtained for the pe-
riod, which was similar in magnitude to the known Holocene
sediment volume deposited in the Gulf (35 km?®). Based on
this association, we assume that these suspended sediment
fluxes are appropriate to use for each of the rivers we have
sieved. We then derive the Holocene bedload flux for each
river using the range of ratios of bedload to suspended loads,
summarized in the previous subsection.
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We scaled the normalized sieved grain-size distribution
at each site by the estimated Holocene bedload sediment
flux for that river. We obtain a volume fraction for each
grain-size class in each river, assuming the sieved grain-
size data are representative of the transported bedload. We
only consider the normalized volume that represents the
grain-size distribution that is greater than 0.085 cm as this
value corresponds to the suspended load-mixed load tran-
sition and smaller grain sizes are likely not transported in
bedload at bankfull conditions (see Section 4.4). Finally, we
sum the sediment flux corresponding to each grain-size bin
for multiple rivers, which yields an estimate of the grain-
size-specific Holocene bedload discharge (see Supporting
Information for full description of this method).

4 | RESULTS
4.1 | Grain-size of sediment export to the
Gulf

Figure 4 shows the cumulative frequency distributions
of grain-size export from sieved data of gravel bars for
47 major rivers draining the Corinth Rift, divided into
three sets based on location: the South coast of the Gulf of
Corinth (Figure 4a); the North coast of the Gulf of Corinth
(Figure 4b) and the Alkyonides Gulf (Figure 4c). As these
distributions are measured at or near the river mouth we infer
that this is what is being exported. Results indicate that the
median grain-size export (Ds) for the South coast is sand
to pebble grade (finest Dy, is 0.2 mm from catchment 51 in
the East to a maximum of 40.3 mm from catchment 71 in
the West). The sieved Dy, varied from 19.3 mm in the East
to 75.7 mm in the West (Figure 4a; Table 1). Only 12.5%
of the measured D5, values along the South coast are sand
grade or finer (<2 mm), and 21% of the Dy, values are cob-
ble grade (>64-256 mm). South coast catchments display
a clear export trend, where finer grain-sizes are exported in
the East (cooler colours; Figure 4a). In contrast, the North
coast has a less clear trend. The sieved D5, ranges from 2.4 to
36.8 mm, and the range for Dg, is 7.5 to 123 mm (Figure 4b;
Table 1). Approximately 40% of Dg, on the North coast are
cobble grade (>64-256 mm) with the coarsest grain-size in
the West part of the North coast. The largest Dg, exported
for the entire Gulf is 123 mm, corresponding to catchment
10 on the North coast (Figures 1 and 4b). The D5, and Dy,
along the Alkyonides Gulf range from 2.2 to 17.5 and 4.7 to
65.6 mm respectively (Figure 4c). The cumulative frequency
distributions for every catchment draining the Corinth Rift
exhibit the same unimodal distribution with median grain-
sizes being within approximately a 40 mm range of one
another. However, coarse-fraction Dg, values exported to
the Gulf have a range that is three times as large, covering

approximately 120 mm. The histograms of the raw sieved
data can be found in the Supporting Information. These his-
tograms reveal that the data are not normally distributed and
as such Dyg, is not always one standard deviation from the
median or mean grain size, however, Figure 4 reveals that the
systematics of variation occur across a range of percentiles.
Therefore, using the g4 percentile of the grain-size distri-
bution for each catchment, consistent with previous studies
(Brooke et al., 2018; Roda-Boluda et al., 2018) is valid when
attempting to understand the causes of these variations. We
note that we could have equally taken any high percentile
value for comparison. Indeed, the higher the percentile the
greater the spread in data and the clearer the variation be-
tween catchments.

The spatial trend in the D5, map (Figure 5a) highlights
that fine-grained sediment (D5, sand to the smallest pebble
grade size, >2-8 mm) is exported at the eastern side of the
South coast of the Gulf of Corinth (catchments 46 to 52),
while rivers draining the central and western margins of the
South coast Gulf of Corinth export coarser median grain-
sizes (granule to coarsest pebble grade, >2-64 mm; catch-
ments 53-72). Data also reveal a concentration of coarse Dy
grain-size export (pebble grade, >16-32 mm; catchments
56, 59 and 62) in the centre of the South coast (Figure 5a).
The coarsest D5, export for the entire rift is from the North-
West coast and South-West coast, with three catchments, 71,
5 (the largest catchment—Mornos) and 10 (Figure 1), ex-
porting the largest Dsy,.

The Dg, map of grain-size transported from source catch-
ments (Figure 5b) shows that for some catchments in the
West of the Corinth Rift, the Dg, found at river mouths is
cobble grade (>64-128 mm, Figure 5b; catchments 3, 4, 5, 8,
9,10, 67,71 and 72). Similar to the D5, map, the coarsest Dg,
was measured from the central South coast, with catchments
56 and 59 exporting grain-sizes as large as 66.9 and 73.4 mm
respectively (Table 1). In general, the coarse fraction of sedi-
ment (Dg,) exported from catchments along the eastern South
coast (catchments 46 to 54) are markedly finer than the rest of
the catchments along the South coast.

Figure 6 shows the comparison of the measured D5, and
Dy, grain-sizes from Wolman point count and in situ sieving.
Grain-sizes less than 1 mm were excluded from the sieved
data to enable a one to one comparison. Although these meth-
ods are measuring different aspects of the same channel bars
and therefore not truly equivalent, we wish to explore if the
Wolman point count method can give a good representation
of the subsurface when fines of less than 1 mm are excluded.
This is especially important in areas where sieving is not
possible. Wolman D5, and sieved Ds,, grain-sizes exhibit a
strong positive correlation with a linear regression slope of
1.22 (Figure 6a), indicating that the Wolman median grain-
sizes are approximately 20% coarser when compared to their
sieved counterpart.
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FIGURE 5 Catchment colour-coded
with respect to their sieved Ds (a) and
Dy, exports (b). The D5, and Dg, for each
catchment are placed into categories that
correspond to the legend in the figure
where each category has a millimetre
measurement, phi measurement and a
descriptive term. The colours darken with
increasing grain-size
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Similarly, Wolman Dy, and sieved Dy, also show a posi- situ-sieved Dy, in catchments with the coarsest grain-sizes
tive relationship. In this case the slope of the linear regression (~>90 mm; Figure 6b). Nevertheless, the datasets indicate
line is approximately 1, indicating good agreement between that the Wolman point count provides a good first-order mea-
the methods, although the Wolman Dyg, underestimates the in sure of gravel bar grain-size when sieving is not practicable.
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FIGURE 6 (a) Comparison of Wolman point count Ds, with

sieved D5y, (when excluding fines of less than 1 mm). Wolman point
count error bars are +15% and sieve error bars denote D,s—Dss. (b)
Comparison of Wolman point count Dg, with sieved Dg, (when
excluding fines of less than 1 mm). Wolman point count error bars are
+15% and sieve error bars denote D;g—Dgq

4.2 | What factors control grain-size?

In this section, we investigate the controls on the final grain-
size export from the catchments into the Corinth Rift. We begin

by testing the role that geomorphic and hydrologic parameters
play in controlling grain-size exported from the Corinth rivers.

4.2.1 | Geomorphic and hydrologic
parameters

Following related studies on upland rivers in the Andes and
the Swiss Alps (Litty & Schlunegger, 2017; Litty et al.,
2017), we compared our sieved Ds, and Dg, across the catch-
ments with their respective catchment area, maximum
catchment relief, percentage of catchment area with slopes
greater than 30 degrees and mean annual precipitation rate
(Figure 7). Figure 7 shows the (a) fitted linear model with the
corresponding * value and (b) corresponding ¢ statistic for
the slope of the linear model (Figure 7).

Our analysis revealed that the measured D5, and Dy, data
did not exhibit a linear relationship with catchment area
(Figure 7a), and the computed #? values were low (Dsp: 0.08,
Dg,: 0.04; Figure 7a) and ¢ statistics (Dsy: 1.82, Dgy: 1.29;
Figure 7a) were less than the critical value at the 95% signif-
icance level (+2.101). In contrast, the measured Ds, and Dg,
exhibited a linear trend with the (a) maximum catchment re-
lief (Figure 7b) and (b) percentage of area of catchment with
slopes >30 degrees (Figure 7c), with the estimated  statistics
greater than that of the critical value at the 95% significance
level. However, the * value of the linear relationships were
<.2 (Figure 7b,c), indicating that less than 20% of the vari-
ance in grain-size data is explained by a linear relationship
with respect to slope and relief.

Finally, our analysis revealed that Ds, and Dy, are cor-
related with the mean annual precipitation (MAP; Figure 7d),
with wetter catchments being associated with larger me-
dian and coarse-fraction grain sizes. A linear regression
suggests: (a) Ds, = 0.0705*MAP — 0.04, #* of .37, and (b)
Dg, = 0.192*MAP — 0.11, 7 of 33 (Figure 7d); in both
cases the 7° of these relationships are greater than the oth-
ers in Figure 7. The computed ¢ statistic in both these cases
exceeds the critical value at a significance level of 95%, thus
leading to the rejection of the null hypothesis that the regres-
sion slope is zero. We found that a power-law model between
Dy, and precipitation has an even greater #* value (.44), sug-
gesting that a non-linear relationship may better capture the
trends between the grain-size exported from the catchments
and MAP (Figure 7d).

4.2.2 | Lithological and tectonic controls

Previous work has shown that bedrock lithology and tec-
tonic uplift rates may control the grain-size export from
catchments (Allen et al., 2015; Roda-Boluda et al., 2018;

FIGURE 7

Sieved D5, and Dy, plotted against a series of geomorphic and hydrological parameters including: Catchment area (a), Maximum

catchment relief (b), Percentage of catchment with slopes greater than 30° (¢) and Catchment mean annual precipitation, MAP, mm/year (d).

Black squares denote South coast catchments, blue circles denote North coast catchments and red triangles denote catchments draining into the

Alkyonides Gulf
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(a) The simplified lithological map of the South coast (seen also in Figure 2); (b) A ternary diagram where each apex represents a

catchment draining a 100% of either Hellenide Basement, Syn-rift Lithology 1 or Syn-rift Lithology 2, then the Dy, of the southern catchments are plotted
depending on their respective catchments lithology and scaled for their export size and; (c) A plot showing the percentage of each catchment composed of

Syn-rift Lithology 2 divided by the combination of Hellenide Basement and Syn-rift Lithology 1 plotted against their respective Dg, export. Values >1 on

the x-axis represent catchments that have relatively more Syn-rift Lithology 2 and <1 represents catchments that have relatively more Hellenide Basement

and Syn-rift Lithology 1. The plot clearly shows that an increase in Syn-rift Lithology 2 within catchment areas results in a reduction in the size of Dg,

Whittaker et al., 2010). To test for lithological controls
on grain-size export in our study area, we made a Cyan-
Magenta-Yellow (CMY) ternary diagram (Figure 8b), based
on the lithological grouping outlined in the Section 3.2, in
which the exported Dg, from the South coast catchments
are plotted with respect to percentage of the three main lith-
ologies present within these catchments (Figures 2 and 8a).
Each Dy, grain-size point is coloured based on the catchment
lithology composition in the CMY ternary plot. Figure 8b
reveals that the larger points, that is larger 84" percentile
grain-sizes, are associated with catchments that have rela-
tively higher contributions of Hellenide Basement and Syn-
rift Lithology 1 (Gilbert-type deltas/conglomerates) and as a
result are coloured cyan to magenta. In contrast, the majority
of the smaller points, which relate to relatively smaller Dyg,,

are predominantly associated with catchments composed
primarily of Syn-rift Lithology 2 (sandstones/siltstones/
mudstones; yellow; Figure 8b). To further elucidate this re-
lationship, we compared the measured Dg, against the ratio
of the percentage of Syn-rift Lithology 2 and the combined
percentage of Hellenide Basement and Syn-rift Lithology 1
present within their respective catchment (Figure 8c). A ratio
value less than 1 corresponds to catchment with higher frac-
tion of the Hellenide Basement and Syn-rift Lithology 1, and
aratio value greater that 1 indicates dominance of more Syn-
rift Lithology 2 within the catchment (Figure 8c). We find
a negative correlation exists between the sieved Dg, meas-
urements for each catchment and the ratio of the percent-
age of Syn-rift Lithology 2 and the combined percentage of
Hellenide Basement and Syn-rift Lithology 1 present within



WATKINS ET AL.

21°48'0"E

22°12'0"E

= o 17
Ras ch SrcWILEY--"
22°36'0"E 23°0'0"E

(@

38°12'0"N

38°0'0"N -

Correlation line for point
locations of uplift (mm/yr)

and localities

(b)

LQ Uplift Rates (mm/year)
[\]

08| |
0.4 y=-5E-10x*+ 6E-0.5X-0.2435 Q 1) |
rr=.76
O L L L L L
0 20 40 60 80 100 120
Distance (km)
FIGURE 9

(c)
100 T T T T T T T
=-24.8x + 68.2
of P
80
70._72 0
560
—~ 60
E 50 O 0e
Qg 40
30 . o N
20 + 48 50
10 460 49 51 60
0 L L L L

1 1 1 1
0 02 04 06 08 1 12 14 16 18

LQ Uplift Rates (mm/year)

(a) Map of the South coast of the Gulf of Corinth, catchments are labelled in blue, sample sites are grey spots. A yellow line

denotes the line to which uplift rates in Figure 1-inset are correlated to. (b) Late Quaternary (LQ) uplift rates from Figure 1-inset, compiled by

Pechlivanidou et al. (2019), plotted along-strike the yellow line in (a). (c) Dg, from each sample site in (a) plotted against late Quaternary uplift

rates that were extrapolated from the trendline in (b). Each point is colour coded depending on the sample site location within the ternary diagram

seen in (b). All points have their respective catchment label

each catchment (Figure 8c). This observation suggests that
catchments composed predominantly of Hellenide Basement
and Syn-rift Lithology 1 have coarser export than catch-
ments composed primarily of Syn-rift Lithology 1.

To test the influence of tectonics on grain-size, we
plotted the late Quaternary uplift rates (Figure 1-inset;
Pechlivanidou et al., 2019) for the sample sites along the
South coast relative to their location along the line shown in
Figure 9a. A polynomial fit was used to parameterize the dis-
tribution of uplift rates to first-order (Figure 9b), which were
then compared to our sieved Dg, measurements (Figure 9c).

When Dy, is plotted against late Quaternary uplift rates
we find a negative linear trend, where only 16% of the vari-
ance in Dy, is explained by a linear relationship (Figure 9c).
For instance while uplift rates are highest in the centre of
the South coast (50-80 km; Figure 9b; = .76), the coars-
est measured Dyg, is not located here (Figure 9c), which
suggests that there is no simple relationship between tecton-
ically driven uplift rates and grain-size exported. However,
when we colour code the Dg, points with respect to their

location in the ternary diagram (Figure 8b) and thus con-
sider catchment lithology, potential trends emerge. For in-
stance, relatively fine Dy, clasts (<40 mm) in Figure 9c span
a wider range of uplift rates (0.6—1.6 mm/year). However,
these points are predominantly coloured yellow and thus
are derived from catchments that are composed predomi-
nantly of Syn-rift Lithology 2 (sandstones/siltstones/mud-
stones). In fact, there appears to be a slight increase in Dgy
with uplift rates when solely considering the yellow (Syn-
rift Lithology 2) points. This suggests that lithology exerts
a greater effect on grain-sizes than tectonics. Similarly,
coarser Dg, clasts (>40 mm) are associated with catchments
that have a lithology dominated by the Hellenide Basement
(cyan coloured markers in Figure 9c) and uplift rates esti-
mated here are of a similar range as those catchments that
export finer Dg,. In summary, finer Dg, measurements are
associated with Syn-rift Lithology 2 and coarser Dg, mea-
surements are associated more with Hellenide Basement
and Syn-rift Lithology 1 lithologies. Furthermore, when
data from the catchments that are dominated by the Syn-rift
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Lithology 2 alone are considered, then the Dy, increases
with increasing uplift rate (Figure 9c).

4.3 | What is the mode of sediment
transport?

The ratio of the settling velocity to shear velocity computed
for Dy, and D5 indicate that the primary mode of transport for
the sediment we sampled near the river mouths is bedload for
the majority of the rivers draining into the Gulf (Figure 10);
the cumulative frequency curve shows that ~64% of the meas-
ured Dy, and ~14% of the Ds, reside in the bedload-dominated
regime. Our results indicate that the median and coarse frac-
tions of the grain-size distributions measured are primarily
transported in bedload and mixed load (i.e. intermittent sus-
pension). At bankfull conditions, the estimated W /u. for both
the D5, and Dy, values do not reside in the suspended trans-
port regime for all the catchments studied here (Figure 10). In
contrast, results indicate that fine sand is transported predomi-
nantly as suspended load at bankfull conditions (Figure 10).

4.4 | Total Corinth Rift Holocene
sediment budget

Figure 11 reveals the total Holocene sediment budget for the en-
tire Corinth Rift. We find that the median grain-size at the thresh-
old of suspension (i.e. W/u. = 0.3; Figure 10) is 0.083 cm. We

interpret this result to indicate that the majority of the suspended
of the suspended volume is comprised of grain-sizes that span
0-0.085 cm, and the bedload volume is primarily comprised of
grain-sizes within the range of 0.085-32 cm (Figure 11).

Results indicate that the total bedload volume, estimated
from the measured Holocene suspended sediment volume in
the Gulf, 18.8 km®, using a bedload to suspended load ratio of
35:65 (Pratt-Sitaula et al., 2007). The upper and lower bounds
on the total bedload volume were 25.6 and 11.7 km3, using
bedload to suspended ratios of 45:55 and 25:75 (Turowski
et al., 2010) respectively.

4.5 | Grain-size-specific bedload discharge
for the Holocene

We use bedload fluxes that are derived from BQART sus-
pended discharges exported for the 43 sieved rivers from
Watkins et al. (2018) to produce the Holocene grain-size-
specific bedload discharge in Figure 12. We find that the
Holocene grain-size-specific sediment discharge is ap-
proximately 21% (i.e. 2 km?) coarse sand to granule grade
sediment, 0.085-0.4 cm (bins 0.085-0.475 cm; Figure 12).
Around 79% (approximately 7.4 km?) is between 0.475 and
16 cm, approximately pebble to cobble grade (Figure 12).
The dominant contributing grain-size fractions are both
within the 1-2 and 2—4 c¢m bins, with approximately 21% in
both (1.96 and 1.91 km® respectively; Figure 12; medium
pebble to very large pebble, 0.8—6.4 cm). The grain-size
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T L] I 1
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c | | —D
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FIGURE 10 Shows two sets of results; (i—lower graph) W /u. calculated using Dy, (blue circles), Dg, (black circles) and medium-fine

sand (0.25 mm; orange circles) for 22 of the catchments (see Supporting Information), and; (ii—upper graph) cumulative frequency of Ds (blue

line), Dy, (black line) and medium-fine sand (orange line). For the sake of clarity, bedload, mixed-load and suspended-load transport regimes are
highlighted with clear boundaries at W /u.. = 3 and 0.3 (Dade & Friend, 1998)
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derived using a ratio of 35:65 bedload to suspended load. Upper and
lower bedload error bars are based off bedload to suspended load ratios
of 45:55 and 25:75 respectively

fraction of 16-32 cm contributes the least to the bedload
sediment budget, approximately 0.2% (0.02 km?).

We find that the total bedload discharge for the Holocene,
when deriving from suspended BQART estimations and ap-
plying the 35:65 bedload to suspended load ratio is 9.4 km®
(note that the value when derived from seismic data in
Figure 11 is 18.8 km3). We, however, are not concerned by
the disparity of these numbers because we know that the total
BQART suspended load volume is lower than the observed
volume, 35 km3; from Watkins et al. (2018). We also infer
that the shape of the Holocene grain-size bedload sediment
discharge distribution in Figure 12 would not change if the
unaccounted-for catchments were added because they are
spatially scattered around the Gulf of Corinth and these catch-
ments are unlikely to be characterized by different grain-size
dynamics than the rest of the catchments studied here.

5 | DISCUSSION

5.1 | Comparison of grain-size from in situ
sieving versus Wolman point counts

We sieved approximately 3 tonnes of sediment to constrain
the full-weighted grain-size distribution exported at the

Basin
Research
mouths of 47 rivers, accounting for ~83% of the Corinth
Rift by area. In situ sieving allows for the characteriza-
tion of the full-weighted grain-size distribution of a sedi-
mentary deposit, but many studies instead use the Wolman
point count method to characterize the surface grain-size
distribution >1 mm of modern sediments (i.e. no fine sedi-
ment; for example Brooke et al., 2018; Roda-Boluda et al.,
2018). We find that point count data can adequately, but
not perfectly, reproduce median and coarse fraction grain-
sizes obtained from gravel bars by in situ sieving when the
fines of the sieved sediment are excluded. Sieving char-
acterizes the b (intermediate) axis of clasts; however, our
modified Wolman point count captures the a (long) axis.
We show that this approach produces reasonable results
(Figure 6), even though the a axis is systematically larger
that the b axis. Previous studies (Litty et al., 2017) have
shown that the ratio of the long to intermediate axis is rela-
tively constant implying that the trend in the correlation
would be unaffected. Our results indicate that Wolman
point count data capture the full-weighted grain-size dis-
tribution reasonably well provided the information on the
finer fraction of distribution is not required. These results
therefore lend support to previous studies that have solely
undertaken point counts without sieving to characterize the
grain-size distribution (e.g., D'Arcy, Whittaker, & Roda-
Boluda, 2016; Litty & Schlunegger, 2017; Roda-Boluda
etal., 2018). However, complete sediment budgets (includ-
ing fines <1 mm) cannot be calculated without sieving, and
our study highlights the importance of considering the full-
weighted grain-size distribution to fully characterize grain-
size distribution (D5, and Dgy).

5.2 | Controls on grain-size export
within the Corinth Rift

This is the first study where the bedload grain-size export
distribution for an entire rift has been constrained. The cumu-
lative frequency graphs show that marked variations in grain-
size export around the Gulf exist (Figure 4). We showed from
our analysis that catchment area has no statistical control on
grain-sizes (Figure 7a). For the other geomorphic parame-
ters, our results suggest that the (a) maximum catchment re-
lief (Figure 7b) and (b) percentage of catchment with areas
greater than 30 degrees (Figure 7c), exhibit a linear trend with
measured grain size, albeit with low r* values suggesting that
little of the variance in grain-size can be explained by these
variables. In contrast, we find that D5, and Dg, demonstrably
vary with mean annual precipitation rate (a proxy for dis-
charge) for both linear and power law models, with the latter
displaying a stronger relationship (Figure 7d). These results
are consistent with the idea that higher precipitation rates
lead to higher water discharges that result in the mobilization
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of larger clasts, supporting similar findings from the Andean
catchments (Litty et al., 2017). We theorize this observation
may reflect the role of storms at the sub-catchment scale,
given that a similar correlation with grain-size does not apply
to catchment drainage area.

Our results demonstrate that the catchment lithology ex-
erts a clear influence on the final grain-size distributions ex-
ported from the catchments (Figure 8). Catchments that drain
predominantly Hellenide Basement (Carbonates and Flysch)
and Syn-rift Lithology 1 (Gilbert deltas and conglomerates)
have a coarser sediment export than catchments that predom-
inantly drain the Syn-rift Lithology 2 (sandstones/siltstones/
mudstones; Figure 8b,c). Given that Syn-rift Lithology 2 is a
weaker substrate compared to other lithological units in the
study area, we infer that catchments dominated by this bed-
rock lithology may supply finer input sediment distributions
from the hillslopes to the river network (cf. Allen et al., 2015;
Roda-Boluda et al., 2018). In addition, disparate rates of flu-
vial abrasion for different constituent lithologies may also
explain the trends observed in our data. Previous laboratory
experiments have revealed that fluvial abrasion rates can be
up to 500 times higher for unconsolidated sandstones than
for stronger metamorphic lithologies like quartzite (Attal &
Lavé, 2009); however, these experiments also showed sig-
nificant scatter for a given lithology that was attributed to
factors such as silification of sandstones, schistosity planes,
content of phyllitic minerals and mixture of different grain-
size lithologies within the bedload flux (Attal & Lavé, 2009).
In our analysis, we distilled the local lithologies into three
broad groups (Figure 8) and the observed lithological control
on the grain-size export may be more apparent because of
spatial averaging at a regional scale. Regardless, our data are

size-specific bedload discharge for the
Corinth Rift. The bars are when a 35:65
bedload to suspended load ratio is assumed
and the upper and lower error bars are when
we assume a bedload to suspended load
ratios of 45:55 and 27:75 respectively

consistent with previous observations that catchments with
weak bedrock lithologies may export finer sediment because
of both high rates of fluvial abrasion and finer input grain-
size distributions from the hillslopes to the fluvial network.
Future work will be needed to address which specific litho-
logical parameters (e.g., rock strength, degree of jointing, ce-
mentation etc.) are most important for controlling grain size
release from catchments. Furthermore, we acknowledge that
one of the units consists of uplifted Gilbert delta conglom-
erates so there is the possibility of recycling of clasts (e.g.,
Sinclair, Stuart, Mudd, McCann, & Tao, 2019). In order for
this to be quantified further a full lithological examination of
these deposits would be required.

Our results also indicate that uplift rates alone have lit-
tle control on the final grain-size distribution released from
rivers on the South coast of the Gulf of Corinth (Figure 9c).
However, when we introduce the colours pertaining to
catchment lithology from Figure 8 into the Dy, against late
Quaternary uplift rates graph (Figure 9c), we observe that
the finer Dg, (<40 mm) are predominantly yellow in colour
(Syn-rift Lithology 2) and appear to be weakly yet positively
correlated with late Quaternary uplift rates (Figure 9c). This
suggests that tectonics does have an influence on grain-size,
but catchment lithologies need to be accounted for to detect
this signal. This finding is in contrast to previous studies that
showed that long-term tectonic uplift rates significantly affect
the grain-size (Pechlivanidou et al., 2018; Roda-Boluda et al.,
2018; Whittaker et al., 2010). Whittaker et al. (2010) hypoth-
esized that coarse sediment found within knickzones of catch-
ments being uplifted by active normal faults was a result of
increased landsliding due to slope-steepening. Roda-Boluda
et al. (2018) also documented increased landsliding frequency
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within knickzones, but they demonstrated that the grain-size
supplied by landslides was highly dependent on the underly-
ing lithology. Together, these findings suggest that while the
transient response of the catchments along the South coast of
Gulf of Corinth to Quaternary uplift (Demoulin, Beckers, &
Hubert-Ferrari, 2015) may cause increased landsliding within
the knickzones (cf. Roda-Boluda et al., 2018; Whittaker et al.,
2010), it is the underlying lithology that governs the calibre of
grain-size input from landslides (cf. Roda-Boluda et al., 2018)
and modulates how susceptible the input grain-size is to abra-
sion once it enters the fluvial transport realm.

Measurements of grain-size from catchments with the
highest late Quaternary uplift rates further bolster our in-
terpretation that bedrock lithology acts as a primary con-
trol on grain-size export at the regional scale. For example
catchments 50 to 55 along the Corinth South coast have
high uplift rates (>1.1 mm/year, Figure 9¢) but do not cor-
respond to the coarsest grain-size export. Instead, these
catchments (50 to 55) are dominated by Syn-rift Lithology
2 lithology, which we argue yields finer grain-size dis-
tributions when compared to catchments with Hellenide
Basement lithology (cf. Roda-Boluda et al., 2018). The
finer input grain-size distribution can then be more read-
ily abraded once they enter the river system (cf. Attal &
Lavé, 2009). We therefore caution against the simplistic
interpretation that higher uplift rates can result in coarser
sediment export into a basin at the regional scale, because
the underlying lithology may exert the dominant control on
grain-size export with a secondary tectonic signal superim-
posed (Figure 9c¢).

5.3 | Grain-size-specific bedload budget and
implications for the resulting basin architecture

Our results have significant implications for sediment de-
livery, basin architecture and facies partitioning within the
Gulf of Corinth depocentre. Using channel hydraulics and
sediment transport theory, we showed that the median and
coarse-fraction of the grain-size distributions measured
here are predominantly exported as bedload under bankfull
flow conditions (Figure 10). The resulting bedload sedi-
ment budget, the first for any rift system, shows that 79% of
the bedload is pebble grade and coarser (Figure 12) and the
remaining 21% is coarse sand to granule grade (Figure 12).
The presence of Gilbert-type deltas, that fringe much of the
coast, coupled with new borehole data indicating that the
main basin is predominantly composed of muds and silts
(McNeill et al., 2019), suggests that (a) the constrained
bedload sediment budget is deposited at the coast and
does not reach the main basin floor, and for many source
catchments this sediment may be entirely sequestered in
the their Holocene Gilbert delta or associated proximal
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turbidite systems (cf. Cullen, Collier, Gawthorpe, Hodgson,
& Barrett, 2019); (b) for rivers that do not have large del-
tas, the bedload is likely mostly trapped on the shelf. Our
results also confirm that sediment <0.085 cm, that is me-
dium sand, fine sand, silts and mud grade sediments are ex-
ported primarily as suspended load in bankfull conditions
(Figure 10). This fine fraction of the total sediment load is
likely mobilized more frequently than the median and coarse
fraction of the grain-size distribution, even in flows below
the bankfull stage. Thus, sand, silt and mud grade sediment
may have a shorter residence time in the fluvial transport
realm when compared to bedload fraction (>0.085 cm) of
the grain-size distribution, which is likely the reason why
only 8% of the total amount that we have sieved resides in
suspended load as it is much more easily mobilized and ex-
ported. Observations also indicate that fine sediment can
be delivered to the basin readily through hypopycnal flows
(Beckers et al., 2016). The disparate source-to-sink transfer
timescales for coarse and fine fraction of the sediment sug-
gests that these grain-size fractions can be partitioned differ-
ently within the basin architecture of the Corinth Rift. These
observations may also be pertinent to other rift systems such
as the Gulf of Suez (Young, Gawthorpe, & Sharp, 2003) and
the North Sea (van Cappelle, Ravnas, Hampson, & Johnson,
2017).

Our results also have implications for the interpretation
of rifting/faulting and sediment supply from the basin archi-
tecture. To date, studies have largely focussed on the locus
and magnitude of sediment supply (Armitage, Jones, Duller,
Whittaker, & Allen, 2013; Cowie et al., 2006; Gawthorpe &
Leeder, 2000; Watkins et al., 2018) and the variations in Dy,
and Dg, when investigating basin stratigraphy (e.g., Armitage
et al., 2011; Brooke et al., 2018). Our study highlights the
importance of considering the full grain-size distribution
supplied by the catchments and the relative timescales over
which different fractions of the grain-size distribution reside
within the fluvial transport zone before being stored within
basins. The inferred long timescales of transit for the median
and coarse sediment supply suggests that tectonic, climatic
and lithological signals expressed within the grain-size dis-
tribution may be attenuated or lost due to the fluvial morpho-
dynamics over timescales shorter than the fluvial sediment
storage timescales (Ganti et al., 2014; Jerolmack & Paola,
2010; Romans et al., 2016). However, allogenic signals ex-
pressed in the grain-size distribution may be recorded within
the sedimentary record when the transfer timescales of the
sediment from source to sink are shorter than the associ-
ated climatic or tectonic perturbations (Ganti et al., 2014;
Jerolmack & Paola, 2010), consistent with previous studies
that documented tectonic and lithological controls on grain-
size released from upland catchments on million year times-
cales (Allen et al., 2015; Roda-Boluda et al., 2018; Whittaker
etal., 2010).
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Our investigation of Dg, export with respect to uplift
(Figure 9c) suggests that, on the regional scale, sedimentary
basin architecture may not retain a grain-size-specific tec-
tonic signal because of multiple constituent lithologies. We
conclude that catchment lithology is the primary determi-
nant of grain-size supplied to the basin in the Corinth Rift.
Results indicate that this is likely a consequence of lithologi-
cal controls on both the input grain-size distribution supplied
from hillslopes and landslides and the sediment abrasion
properties. Many catchments along the southern coast have
knickpoints at varying locations (Demoulin et al., 2015) and
future work could investigate how the location of knickzones
with respect to active faults and river mouths dictates grain-
size supply to the upstream river network (cf. Roda-Boluda
et al., 2018; Whittaker et al., 2010), and how quickly this
signal is lost, for instance by down-system abrasion (Attal
& Lavé, 2009; Dingle et al., 2017). We argue that a wide
range of grain-sizes may be yielded in time and space if a rift
is studied at the regional scale spanning multiple lithologies
and with catchments in different stages of response to active
faulting, which complicates the simplistic interpretation of
basin stratigraphy as a function of rift evolution (Gawthorpe
& Leeder, 2000).

6 | CONCLUSIONS

We constrained, for the first time, the full-weighted bedload
grain-size export for an entire rift. Based on extensive field
measurements of the grain-size distributions at the mouths
of 47 rivers draining into the Gulf of Corinth, combined
with data of the composition of the bedrock lithology, late
Quaternary uplift rates, geomorphic and hydrologic param-
eters, and sediment transport theory, we find that:

e A clear grain-size export trend exists along the South coast
of the Gulf of Corinth, where finer Dg, grain-size is ex-
ported to the East, with values as low as 7.4 mm. The mea-
sured bedload grain-size distributions coarsen westward
and reach a maximum Dyg, of ~91 mm in the catchments
that are farthest West of the rift.

e The median and 84" percentiles of the grain-size distribu-
tions estimated using Wolman point counts reasonably, but
not perfectly, match those estimated using in situ sieving
(when excluding fines of <1 mm). However, in the absence
of constraints on the fine fraction of the grain-size distri-
bution through in situ sieving, it is not possible to fully
quantify the full grain-size distribution by this method.

e Bedrock lithology, rather than tectonic uplift rate, exerts
the dominant control on final-grain-size distributions mea-
sured at the river mouths. Finer grain-sizes are associated
with weaker bedrock, possibly because catchments with
weak bedrock both supply finer input grain-size distribution

from landslides and may also be readily abraded during
fluvial transport. For a given bedrock lithology, the ex-
ported grain-size shows a weak positive correlation with
the late Quaternary uplift rates, suggesting a secondary
tectonic control on grain-size export into the rift.

e The median and coarse fraction of the measured grain-
sizes are predominantly transported as bedload and in-
termittent suspension at bankfull conditions. In contrast,
medium and fine sand, silt and mud may be readily
mobilized and transported predominantly as suspended
load for the same flow conditions, suggesting dispa-
rate timescales of transit for fine and coarse fraction of
sediment being supplied to the basin. This observation
provides a mechanistic explanation for the facies parti-
tioning seen in the modern Corinth Rift basin architec-
ture where large relatively coarse-grained Gilbert-type
deltas fringe much of the Gulf and fine sediments dom-
inate the basin fill (McNeill et al., 2019; Moretti et al.,
2004).

e The bedload sediment budget of the rift is primarily com-
posed of pebble grade and coarser sediment, and we infer
that this sediment budget corresponds to the Gilbert-type
deltas that fringe much of the Gulf of Corinth with the sus-
pended sediment load primarily contributing to the sedi-
ment budget of the main basin depocentre.

e Together, our results demonstrate how the interplay be-
tween bedrock lithology, tectonics, climate and fluvial
morphodynamics may manifest in the grain-size export
signal at the rift scale with implications for controls on
basin architecture and for inferring paleoenvironmental
changes from the sedimentary record.
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