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Short Title: Coastal erosion: a major sediment source

One Sentence Summary:
The erosion of the European rock coasts provides sediment fluxes to the ocean that are comparable

to river fluxes.

Highlights:

Sediment fluxes from eroding rock coasts are calculated at the European scale

This flux of sediment is one third of the river sediment flux in Europe.

This overlooked sediment source is significant by its signature in sedimentary records
This sediment source is significant for balancing the oceanic geochemistry
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Abstract

Current assessments of the continent-to-ocean sediment budget assume that river discharge
provides 11-21 Gt/a (72-89%) of the global sediment flux to the ocean. The remaining 11-
28% supposedly comes mainly from glacially-derived sediments and airborne dust. Until
recently, the contribution from rock coasts was estimated to represent 0.4 Gt/a, representing
only 2-49% of the total flux. For the first time, and using the most complete global compilation
of sea cliff recession rates in Europe, this study evaluates the rock coast contribution to
sediment flux. We show that this sediment flux has been largely underestimated, and reveal
that cliff derived sediment supply is only three times less than the solid discharge of rivers
(111 £ 65 vs. 290 Mt/a) for Europe. This new estimate of the rock coast erosion should be
included in future studies on the evolution of the surficial Earth system.
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1 Introduction
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Fig. 1. Illustrations of the different sources of sediment to the ocean. (A) Aerial photograph
displaying suspended sediment plumes of debris produced by cliff collapse (~100 m high cliff close
to Dieppe, Normandy, France, English Channel coast). (B) Sediment supply sources brought by
fluvial, glacial (Raiswell et al., 2006) and aeolian transports (Hay, 1998; Jickells et al., 2005;
Mahowald et al., 2005). The rock shore represents a major additional source (labelled “coastal”).
Sedimentary coastal traps such as beaches or mudflats only temporarily store sediments, their
erosion (either physical or chemical) at a later time only corresponds to the remobilization of
sediments that are already in the coastal system (e.g. Sabatier et al., 2006). The numbers indicate
the sediment global annual fluxes in Gt/a, evaluated from the literature and our own calculation
for the coasts at the global scale (see data compilation Table S1; Milliman and Ren, 1995; Raiswell et
al., 2006; Syvitski et al., 2003; Milliman and Farnsworth, 2011; Dedkov and Gusarov, 2006; Syvitski and
Kettner, 2011; Ludwig and Probst, 1998; Milliman, 2001; Syvitski et al., 2005; Wilkinson and McElroy,
2007; Peucker-Ehrenbrink, 2009; Li et al., 2020; Hay, 1998; Mahowald et al., 2005; Jickells et al., 2005).



Detrital sediment fluxes from continental and rock coast erosion are recorded in onshore and
offshore basins (Belknap and Kraft, 1985; Nyberg et al., 2018). These fluxes exert a major control
on the chemistry of the ocean and consequently the Earth system as a whole (Jeandel and Oelkers,
2015), including climate (Galy et al., 2007), and may also impact tectonics (Lamb and Davis,
2003). Up to now, it is widely accepted that rivers provide and have provided over geological
timescales most of these sediment loads to oceans (Syvitski et al., 2003). However, sediment input
to the ocean not only comes from rivers, but also from glaciers, continental aeolian transport and
the erosion of rock coasts (Figure 1). Yet, among those various contributors, rock coast erosion
has been overlooked. Here, we quantify the rock coast input to the ocean sediment budget at the
European scale, where the most comprehensive dataset is available, and compare it to the river
input.

Coastal systems are complex transfer zones between the continent and the ocean. The material
eroded from the continent enters the ocean as solutes or sediment. According to current estimations
(Supplementary Table S1), solid river discharge accounts for 72-89% (11-21 Gt/a; Milliman and
Ren, 1995; Syvitski et al., 2003; Milliman and Farnsworth, 2011; Dedkov and Gusarov, 2006;
Syvitski and Kettner, 2011; Ludwig and Probst, 1998; Milliman, 2001; Syvitski et al., 2005;
Wilkinson and McElroy, 2007; Peucker-Ehrenbrink, 2009; Li et al., 2020) of the total sediment
flux to the oceans (Figure 1), followed by glacially-derived sediment (6-11%, ~1.5 Gt/a; Raiswell
et al., 2006) and aeolian dust (2-3%, ~0.45 Gt/a; Hay, 1998; Jickells et al., 2005; Mahowald et al.,
2005). Sediment input from the erosion of rock coasts has been crudely approximated as ~2% of
the global flux (~0.4 Gt/a; Mackenzie and Garrels, 1971; Syvitski et al., 2003), a value poorly
supported in the literature (beaches are not considered because their constitutive sediment is stored
after having been already detached from the continent; Figure 1). This value leads to a ratio
between coastal and river inputs r of 0.02 to 0.04. Yet, first-order evidence indicates that this flux
is certainly underestimated, since the 5200 km coastline along the Laptev Sea already provides
~0.06 Gt/a (Rachold et al., 2000). This is ~15% of the global estimate, whereas the coastal length
of the Laptev Sea accounts for only 0.3% of the global coast length.

2 Material and methods

2.1 Methodology: overview

The coastal erosion flux F is expressed as F = Heciitt X Vretreat X Leiitt X p.Hciit, the cliff height, Heiifr,
is evaluated from a DEM (Digital Elevation Model), Vretreat IS the average retreat rate depending
on the rock resistance (e.g. hard, medium or soft resistance; Prémaillon et al., 2018), Lciir stands
for the cliff length, and p is the cliff rock density. Two complementary metrics allow defining the
sedimentary flux from rock shores along the European coastline (mapped by the EMODnet
European partnership, www.emodnet.eu; see paragraph 2.2), one of them being developed in this
work. The first metric sums up the fluxes coming from the sites monitored for cliff retreat and
compiled in the GlobR2C2 bibliographic database (Prémaillon et al., 2018). This flux reaches 20
Mt/a for Europe. It is estimated from only 0.5% of the total European coastline length, and only
1.0% of its rock part. The second metric developed here (details in paragraph 2.2) is calculated
from a cliff retreat parametric model. This model accounts for cliff height, rock density and rock
hardness (Prémaillon et al., 2018; Young and Carilli, 2019). The results are spatialized based on
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the European rock coast classification defined by the EMODnet vector database (Figure 2). We
adopted the EMODnet’s working resolution of 100 m. This turns out to be the typical spatial scale
for the measured cliff erosion rates reported in GlobR2C2 (Prémaillon et al., 2018) (for details,
refer to paragraph 2.3). Coastal erosion delivers solid and dissolved material to the ocean in
varying proportions. Here we assume that a minimum of 90% of the coastal eroded volume goes
to the ocean as sediment (see discussion on this point at the end of paragraph 2.2).

A [T River basins with flux data

GlobR2C2 observed erosion
—— Mainrivers

Total: 20 Mt/a
Low to moderate

EMODnet rocky coast data base
we= A: hard rock

W | mportant
= Hot spot

me= AC: intermediate
mm B: soft rock

Fig. 2. Summary of the fluvial/coastal data available for Europe. The river flux database from
Milliman and Farnsworth (2011), corresponding to the gray-blue-shaded areas, is then
summarized for each basin (European Environment Agency). The background color from light
gray to dark gray indicates the elevation (EU-DEM). Panel A figures the coastal rock hardness
inferred from the EMODnet database: it is derived from a geology dataset, mainly based on
lithology (see https://emodnet.ec.europa.eu/en/geology). Panel B shows the monitored cliff sites
with recession velocity measurements, as compiled into the GIobR2C2 dataset . All together, these
sites would provide up to ~20 Mt/a (the “grand minimum”) of sediments to the ocean.

In order to scale the rock coast sediment fluxes to other better-known contributions, we compare
them to the suspended and dissolved fluxes of rivers. To this end, the European continent was first
broken down into 29 hydrologically coherent basin districts (following the European Environment
Agency segmentation, cf. paragraph 2.4). The present-day river fluxes from Milliman and
Farnsworth (2011)’s database were aggregated for each basin district. Correcting these fluxes from
the damming impact would increase the river solid discharge by ca 30%, without affecting the flux
spatial pattern across Europe (Supplementary Materials). Similarly, the coastlines were segmented
at the limits of the basin districts, and the rock coast fluxes were aggregated for these entities
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(details in paragraph 2.4). The basins are broad enough to capture the signature of large catchments
in which the upstream areas are well represented; conversely, in the downstream section where
small coastal catchments occur, the sediment flux is not optimally captured. Five basin districts
were excluded from the analysis due to the lack of cliff EMODnet rock hardness attributes
(Danube, Angerman, Nemunas, Figure 3) or fluvial sedimentary discharge data (Tirso, Skjern,
Figure 3). As a result, the analysis applies to 24 basin districts for which both coastal data and
fluvial fluxes are simultaneously constrained (Figure 3). This captures 3.56 x 10° km? of the
European continent, bounded by 127 x 10%km of coast. The corresponding rock coast is
65 x 10% km-long (52% of the total considered coastal length). This rock coast proportion is close
to the global estimate (Luijendijk et al., 2018; Young and Carilli, 2019).

Total Sediment flux 100 Mt/a

01 - Strongly river dominated ‘ River suspended
r=u. —
flux

_ - Slightly river dominated

r=04 ——

3 Neutral Coast flux
r=25——

D Slightly coast dominated
r=10 —

- Strongly coast dominated
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< %@ Baltic Sea
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Fig. 3. Proportion of sedimentary contribution to the ocean (rock coast/river). A “strongly
dominated” class indicates a ratio (r) between both components larger than one order of
magnitude (r < 0.1 or r > 10). A “slightly dominated” class indicates a ratio (r) between the coast
and river contribution between 0.1 and 0.4 (river dominated), and between 2.5 and 10 (coast
dominated). “Neutral” refers to the basin districts for which the ratio between the two components
does not exceed 2.5 (0.4 < r < 2.5). The total inputs into the different seas are shown by brown
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arrows for those of coastal origin and blue arrows for river solid discharge. A similar figure
showing the pre-dam estimates is presented as Supplementary Material (Figure S1).

2.2 Mass flux calculation from coasts

We calculated two metrics: the first one assesses a minimum flux strictly based on observations;
the second one extrapolates the likely sediment flux to the entire rock coastline of Europe.

The first metric (observation-based minimum) of rock coast sediment supply is the sum of
sediment fluxes from the sites where the cliff erosion rates have been determined over a 1 to 100
years period and compiled in the GlobR2C2 database (Prémaillon et al., 2018). This equates to a
628 km-long stretch of coastline, representing 0.5% of the 127.10° km-long coastline study area.
The equivalent flux is computed in the same manner as for the general case (second metric).

The second metric represents the annual sedimentary flux F of the rock coast computed along the
coastline (i) as the product of the cliff height Heiirr (ii), the cliff retreat rate Vretreat (iii), the cliff
length Leii (iv), and the rock density p (v): F = Huaiitt X Vretreat X Laiitt % p. (i) For the coastline, we
use the Global Self-consistent Hierarchical High-resolution Geography dataset (GSHHG version
2.3.6 August 17, 2016). The GSHHG coastline derives from the SRTM 3 Arc-second Digital
Elevation Model (DEM). (ii) As proposed by Prémaillon et al. (2018) and Young and Carilli
(2019), the cliff height is evaluated as the third quartile DEM elevation value within a buffer of
~100 m around the coastline. The DEM used is the EU-DEM, a raster dataset with elevations
captured at 1 arc-per-second or approximately every 30 meters. It is a hybrid product based on
SRTM and ASTER GDEM data that are fused by a weighted averaging approach
(https://ec.europa.eu/eurostat/web/gisco/geodata/reference-data/elevation). The EU-DEM
elevation value of 0 corresponds to sea level (vertical reference EVRS 2000). (iii) To assess cliff
retreat at the continental scale, we combine a rock resistance index coming from the EMODnet
coastal rock type classification. The EMODnet rock coast is classified into three classes, A, AC,
and B, which correspond respectively to hard rock, composite and soft rock coasts. Second, we
use the results of Prémaillon et al. (2018), who classified the rocks into three types, based on an
original, geotechnical parameter-based classification proposed by Hoek and Brown (1997). Using
a worldwide compilation of 1 to 100 years observations, Prémaillon et al. (2018) showed that cliffs
made of hard, intermediate, and soft rock retreat at different median rates of 0.029, 0.10, and 0.23
m/a, respectively. These are median values of the scattered data; using these lowers the weight of
unusual quickly receding sea cliffs. A reasonable range of values corresponds to the 17% to 83%
quantiles (the robust bounds of a 66% confidence interval), leading to associated uncertainty
ranges of 0.019, 0.04, and 0.13 m/a, respectively. These retreat rates were then applied to the
EMODnet A, AC, and B coasts, respectively. The influence of a hypothetical misclassification
was tested by assigning the slowest erosion rate (0.019 m/a) to every rock coast type. The result
of this test still falls within the low range of our general estimate. At the monitored sites reported
in the GlobR2C2 database, we used the cliff retreat rates instead of the rates extrapolated from the
EMODnet classification. The spatial sampling of GlobR2C2 is variable; for example, the
Scandinavian coasts are poorly documented (more information on this is available in Prémaillon
et al., 2018). We assume that the related uncertainty falls within the large uncertainty of the final
estimate (see the end of this paragraph). (iv) The cliff length is measured from the obtained
EMODnet shapefile projected onto the closest GSHHG segments, because the two traces slightly
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differ and the GSHHG coastline corresponds to an elevation of O in the DEM. With regards to the
coastal length, given the fractal nature of the coastline (Mandelbrot, 1967), decreasing the
resolution to 10 m would double the coastline length and thus would double the cliff erosion flux
(see § 2.3 in which it is justified that 100 m is the most representative resolution). (v) We used
densities of 2500, 2400 and 2200 kg/m?, respectively for the A, AC, and B rock shores. We
evaluated the precision of the predicted sediment supply estimate using uncertainties of 10 m for
the cliff height (Prémaillon et al., 2018), 200 kg/m? for the rock density and the 17% and 83%
quantiles (see above) for the cliff rate measurements (Prémaillon et al., 2018) (details in Table 1).
This led to a ~46-176 Mt/a range (111+65 Mt/a). The lower bound is close to the value obtained
if all of the coast types were set to the slowest recessing type (type A, 52 Mt/a, Table 2).

Table 1. Detailed calculation of the sea cliff-sourced sediment flux. E is the cliff retreat (erosion)
rate, H is the cliff height (no value is given as it varies along the coast), V is the annual volume
sourced from the cliffs, p is the material density considered, and Q is the equivalent mass flux. The
total flux is also given considering 90% of the total material eroded from the sea cliffs is the
sedimentary (solid) input from the cliffs (rock coasts) to the ocean.

Uncertainty v

Coast type Length E +/- onH +/- p +/- Q +/-
(km) (m/a) (m) (x10° m®/a) (kg/m?) (Mt/a)

A (hard rock) 52846 0.029 0.019 10% 157 104 2500 0.2 39 26

B (soft rock) 8326 0.23 0.13 10% 316 181 2200 0.2 69 40

AC (intermediate) 4455 0.10 0.04 10% 6.0 24 2400 0.2 14 6

Total 65627 53.3 31.0 123 73

(90% suspended) 111 65

Table 2. Minimum rock coast (cliff) sediment delivery. This table is similar to Table 1, but assigns
the minimum value of the retreat rate for each cliff segment. Consequently, it provides a minimum
estimate for cliff (rock coasts) sediment delivery.

Coast type Length E V Q
(km) (m/a) (10°m¥/a)  (Mt/a)

A (hard rock) 52846 0.029 15.7 39

B (soft rock) 8326 0.029 6.7 15

AC (intermediate) 4455 0.029 1.7 4

Total 65627 24.2 58

(90% suspended) 21.8 52




Coastal erosion processes are very poorly known; in particular, the fraction released by dissolution
is generally neglected, even if a component of corrosion due to meteoric waters or living organisms
(for example, via the variation in pH induced by the photosynthesis cycle; Higgins, 1980) cannot
be ruled out (mostly discussed in the literature for carbonate rocks; Naylor et al., 2012). Recent
laboratory experiments have shown that the fraction of Si released by dissolution ranges from 0.1
to 3% (Fabre et al., 2019). Here, we propose suspended material fluxes, making the conservative
(i.e., leading to a minimum estimate of the sediment flux from eroding rock coasts) hypothesis of
10% rock dissolution at the coast (and 90% eroded as solids). Consequently, the discussed metric
corresponds to 90% of the volume lost by rock coasts estimated in the previous section. The second
metric estimates the sediment discharge from the eroding rock coasts as 111 + 65 Mt/a (Table 1).

2.3 Characteristic coastline dimension

The fractal nature of the coast has been analyzed following Mandelbrot (1967), using the GSHHG
coastline. The coastline data is delivered through five distinct resolutions (Wessel and Smith,
1996): (f) full resolution, containing the maximum resolution of the GSHHG data (about 120 m,
cf. Figure 4); (h) high resolution (~300 m), obtained after a Douglas-Peucker line reduction to
reduce the data size by ~80% relative to full resolution; (i) intermediate resolution (~1000 m), (1),
low resolution (~5 km), and (c) crude resolution (~20 km), obtained after a Douglas-Peucker line
reduction to reduce the data size by ~80% relative to the high, intermediate and low resolution
datasets, respectively (cf. Figure 4).

Based on the coastline datasets with different resolutions, the total coastline length was calculated
as well as the median distance between two data points. This was processed for the entire dataset
(worldwide) and for Europe (Figure 4). Similarly, the input data, GlIobR2C2 and EMODnet are
displayed at a resolution (median distance between two successive data points) of about 100 m.
Consequently, we used the full resolution coastline which is approximately at 100 m, leading to a
world’s coastline of 1.83 x 10° km-long; the coastal length in all of Europe is ~0.231 x 10° km-
long whereas the coastal length in the study area is 0.127 x 108 km.

The LGM and modern coastline length are similarly calculated using the paleo-elevation model
ICE-6G_C taking into account glacio-isostatic motion and global sea level evolution (Peltier et al.,
2015). We used raster maps from this model with a ~60km resolution
(http://www.atmosp.physics.utoronto.ca/~peltier/data.php, Figure 4). An additional removal of
glacial extent can be processed for the LGM coastline length following Ehlers et al. (2011). We
also computed ~2 km resolution LGM and modern coastlines (Figure 4) from CleanTOPO2 world
MNT to which has been added the difference in elevation between 20 ka BP and present (ICE-
6G_C model; Peltier et al., 2015). These evaluations suggest that the LGM coastline length was
more than 20% shorter than the current one (27% if considering ice-free coasts; Figure 4).
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Fig. 4. Coast length as a function of its resolution (median distance between two consecutive
points) for the world and for Europe (larger than the study area), from GSHHG (Wessel and Smith,
1996) dataset (filled circles). Letters stand for the GSHHG resolution: f, full; h, high; I,
intermediate; I, low; c, crude (see text). Percentage numbers stand for the ratio of the length of
the European to the world coastlines. The equations are length = exp(-0.231*In(Resolution) +
22.391) for the world coastline and length = exp(-0.288*In(Resolution) + 20.59) for the European
coastline. It predicts a world/Europe coast length of 1.83.108/0.231x10% km at a resolution of 100
m and 3.11.10%/0.449x10° km at a resolution of 10 m. The coastline is approximately 1.7 to 1.9
times longer at a resolution of 10 m than at a resolution of 100 m. Open symbols correspond to
global coastline length evaluated for LGM. Triangles correspond to LGM coastline length
calculated similarly to open symbols (current state) with model ICE-6G_C (Peltier et al., 2015).
In addition, downward triangles correspond to LGM ice-free coastline length (upward triangles)
(Ehlers et al., 2011). ICE-6G_C allows evaluations at ~60 km resolution, calculated from maps
provided by Peltier (http://www.atmosp.physics.utoronto.ca/~peltier/data.php). Evaluation at
~2 km is calculated from CleanTOPO2 world MNT to which has been added the difference in
elevation between 20 ka BP and present (ICE-6G_C model; Peltier et al., 2015). These evaluations
suggest that the LGM coastline length was more than 20% shorter than the current one (thin line;
27% if considering ice-free coasts).

2.4 Basin district definition and sedimentary inputs from rivers

In order to compare the sediment flux from rock coasts and rivers, we divided the study area into
“basin districts”, according to (European Environment Agency) (Figures 3 and 5). These
administrative basin units merge major river catchments, minor river catchments and areas flowing
directly to the sea. To establish the correspondence between river and coastal sediment fluxes, the
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coastline was segmented at the coastal boundaries of these basin districts and the basin district was
labelled accordingly. This important operation connects land areas to their maritime facades.
Taking the Rhone River as an example (Figure 5), the Rhone catchment extends far inland whereas
its outlet is only a specific point. The European Environment Agency aggregated neighboring
catchments to form the Rhone basin district as a unique and homogeneous hydro-geographic
entity. This basin district has roughly similar river and coastline lengths (Figure 5). If we had
limited ourselves to the boundaries of the large catchments, we would not have been able to take
the contribution of the small adjacent sub-basins into account, and therefore the focus on a segment
of the coastline would have been subjective. In other words, the discretization of the basin district
makes it possible to link a continental hinterland with its maritime facade without any obvious
imbalances.

O Gauging station

| I:l Catchment boundaries
] (HydroSHED data base)

Measured basin

- Extrapolated basin

E Basin district limit

EMODnet rocky
coast data base

100 200 km

Fig. 5. Rhone basin district (as defined by the European Environment Agency). The basin district
encompasses various sub-basins (HydroSHEDS data base; Lehner et al., 2008). The fluxes of some
of them (green catchments) are measured at gauging stations (those drawn are from Milliman and
Farnsworth, 2011). The others (in red, mainly close to the sea) were not measured but extrapolated
with the average specific flux from the green areas. The EMODnet rock coast classification is
shown for comparison.
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The first step was to partition the continent into meaningful entities in a consistent manner. The
second step was to aggregate the sediment fluxes for specific gauging stations in order to document
them. Such estimate was required to allow the comparison with our calculated flux from rock
coasts. The average fluxes were calculated for each of the previously mentioned basin districts.
The basin districts correspond to areas drained by numerous rivers. Some of them (usually the
biggest ones) were monitored, resulting in sediment and dissolved material yields, which were
compiled at a global scale in 2011 (Milliman and Farnsworth, 2011). For each basin district, we
calculated the surface weighted average of the suspended solid specific fluxes for the monitored
areas (shown in green in Figure 5). Catchments that are not monitored (as illustrated in red in
Figure 5) also provide sediment fluxes but are not included in the database. Rather than ignoring
these data, which would have underestimated the sediment flux, we calculated the surface-
weighted specific sediment flux and forced this value onto not monitored catchments (Figure 5,
see Table Data S1 and the sensitivity analysis in the Supplementary Materials). For the study area,
the area monitored for the suspended material is ~43% of the total area (Table Data S1). We
evaluated the dissolved solid fluxes in a similar way (Figure S2 and Table Data S1).

3 Results

The studied rock coasts supply a total mass of 111 + 65 Mt/a (Tables 1 and 3). At the same time,
the solid discharge from rivers contributes 290 Mt/a (Table 3). The proportion of rock coast vs.
river sediment supply for Europe is therefore 38% (r = 0.38).

Table 3. Estimates of the European sedimentary flux into the ocean. For global fluxes, see Table
S1.

Flux (Gt/a) Area or length Remarks and References

0.6 Gt/a of dissolved solids from these rivers (Dedkov and

0.3-0.85 5x10°km?  Gusarov, 2006; Milliman and Farnsworth, 2011 and
WwWw.eurosion.org, 2004)
Rivers 0.34 4.85 x 10° km? This work (equivalent dissolved solids 0.42 Gt/a)
0.29 356 x 10° km? This work, only the selected area (equivalent dissolved solids
' ' 0.33 Gt/a)
0.046-0.176

(central value 127 x 10°km  This work, only the selected area (65x10° km of rock coast)
Rock coasts 0-111)

3
0.02 0.682x 10° km (Prémaillon et al., 2018)

Grand minimum (sum of the observations), this work and

The uncertainty of our estimate for the European rock coast sediment supply is £65 Mt/a, a value
arising from the following uncertainties: +200 kg/m? for the densities, 10% for the cliff height and
a 66% confidence uncertainty for the cliff retreat rates (Table 1 and paragraph 2.2). Consequently,
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the sediment flux due to the erosion of the selected rock coasts likely ranges between ~46 and 176
Mt/a. The lowest bound (46 Mt/a) is very conservative. Indeed, the first metric evaluated using
monitored sites indicates 20 Mt/a (paragraph 2.2 and Table 3), almost half of the lowest bound,
considering only 1% of the rock coastline.

An average r ratio of 0.38 indicates that rivers still dominate the sediment supply at the continental
level. However, basin districts where rivers dominate (Figure 3) are either draining mountainous
areas (Po) or areas under the Mediterranean climate forcing (sensu Koppen-Geiger, Peel et al.,
2007; cf Mesima Basin, Figure 3). Conversely, significant sinuosity of the coastline, as seen in
deglaciated ria and fjord landscapes, favors sediment supply via coastal erosion versus rivers (e.g.
Tana, Figure 3). Basin districts characterized by gentle topography display similar river and rock
coasts contributions (Duero, Figure 3). As a whole, European watersheds that discharge into the
Atlantic Ocean are dominated by sediment inputs from rock coasts (r = 1.2), those that discharge
into the Baltic Sea are dominated by fluvial inputs (r = 0.4), and those that discharge into the
Mediterranean Sea are strongly dominated by rivers (r = 0.2).

4 Discussion

Regarding the river fluxes, part of the measured solid flux may be trapped between the gauging
station and the sea, in coastal plains and deltas. This is the case in the Ganges-Brahmaputra Basin
where approximately 30% of the present day river load is naturally trapped in the delta floodplain
(Goodbred and Kuehl, 1999). This decreases the contribution of rivers to ocean sediments
(Milliman and Ren, 1995; Nyberg et al., 2018). Reducing the effective river solid discharge
contribution would further increase the relative contribution of rock coast erosion to the ocean
sediment budget.

Several anthropogenic modulations could also affect the coast-to-river ratio (r). While extensive
damming led to a considerable decrease in the solid river discharge (estimated to be ~30% here,
see Supplementary Materials), increasing the relative contribution of the coastal supply,
agricultural practices and urbanization may have counteracting effect (Milliman and Ren, 1995;
Li et al., 2020; Syvitski and Kettner, 2011; Ludwig et al., 2009). In addition, large coastal defenses
have locally inhibited sediment supply (e.g. northeastern England; Pye and Blott, 2015). However,
the use of pre-dam estimates only moderately affects the spatial distribution of r (see Figure S1).
Although it is a first estimate, we consider that the flux proposed in this study is illustrative of the
current coastal input. Debates on anthropogenic impacts on sediment fluxes do not fundamentally
alter the fact that rock coasts are of primary importance for the ocean sediment budget.

In this work, we consider that sediment traps such as beaches only delay the transit of sediments
to the ocean for a period of time shorter than several millennia. Within this interval, the flux to the
ocean will fluctuate, following the storage or removal of beach sand. Because they are open
systems, beaches always loose sediments, which is balanced by a continuous supply of sediments
from rivers and rock coasts. In the event of sediment deficit in rivers (e.g. due to damming), the
beaches thin, exposing longer rock coastlines to erosion, which in turn supplies larger quantities
of sediments, both net and relative, to the system (Willis and Griggs, 2003; Rao et al., 2010; Costa
et al., 2015). This contribution is important for maintaining beach volumes and should be
considered in coastal management (Costa et al., 2015; Mushkin et al., 2016). Nevertheless, this
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study points to a new source of sediments which will end up in ocean basins, irrespective of
delayed delivery to the sink.

Our newly calculated value of rock coast sediment flux is only three times lower than the river
sediment flux thus indicating that these two fluxes are of comparable amplitude. However, the
nature of the transported sediment material is likely to be different both in terms of granulometry
and degree of alteration. Sediments transported by large rivers are usually physically and
chemically weathered by lengthy erosion processes and transport (Bouchez et al., 2012).
Conversely, rock coast erosion delivers newly exposed rocks and some regolith material from the
cliff top (Costa et al., 2015; Prémaillon et al., 2018). With regards to the granulometry, rivers
deliver mostly fine material (suspended load usually accounts for more than 80% of the sediment
flux, Turowski et al., 2010); however, even if this has not been studied in detail, our field
experience suggests that cliff collapses must deliver relatively coarse material to the ocean.

Considering this new source of sediments to the ocean has broad consequences for global
geochemical cycles. Since the mid-2000, researchers concur that the dissolved material input to
the ocean is not sufficient to balance the marine geochemical budget (Jeandel and Oelkers, 2015).
Imbalances have been identified by: (i) the development of isotopic measurements in sea water,
notably Nd and Si (Lacan and Jeandel, 2005; Little et al., 2014; Kendall et al., 2017; Jeandel and
Vance, 2018), and (ii) the reanalysis of the published geochemical signature of continental fluxes
(Gislason et al., 2006; Oelkers et al., 2012; Jeandel and Oelkers, 2015). The budget imbalance
arose because important processes and their possible contributions, revealed by the analyses of
element’s isotopes, were omitted. Among these missing processes, the dissolution of terrigenous
sediments in sea water releases chemical species (Ehlert et al., 2016; Jeandel, 2016). This process
IS most active under shallow waters, where waves and currents stir the sediments, but the exact
release mechanism is still debated (Ehlert et al., 2016; Jeandel, 2016). When dissolved in seawater,
rock coast erosion products are likely to significantly contribute to the ocean chemistry. The
release of fresh and reactive terrigenous material (e.g. Figure 1A) may be of particular importance
for the Si and Fe cycles. For the Si cycle, whose dissolved river flux is currently estimated at 0.068
Gt/a (2.4 Tmol/a), the marine dissolution of terrigenous sediments could add between 30 and 120%
of dissolved Si to the ocean (Jeandel and Oelkers, 2015; Fabre et al., 2019). This dissolution not
only includes the 11-21 Gt/a of the riverine solid sediment flux (adding 3.8 Gt/a of Si; Vierset al.,
2009) but also the 0.6-2.4 Gt/a of the rock coast input solid sediment flux (results from this work,
upscaled at the global scale, see Supplementary Material). Since Si is a limiting element in much
of the ocean, a larger Si flux would rapidly be assimilated by the local biology (Fripiat et al., 2011),
accelerating its uptake from ocean water and sedimentation (0.15 Gt/a or 5.3 Tmol/a; Hayes et al.,
2021). In the case of the Fe cycle, the mass budget imbalance is not as clear, but increasing the
rock coast sediment flux by a factor 3 to 12 would make it a major Fe source (extrapolating from
Raiswell et al., 2006, 12-30% of the Fe reaching the continental shelf would come from coastal
erosion). We conclude that the additional source of sediments from the erosion of the rock coasts
is a key process of the geochemical cycles.

The contribution of rock coast erosion may have fluctuated over the Holocene and the glacial
cycles. During the Holocene, the deceleration of the sea-level rise at ~6 ka BP (except at high
latitude (Clark et al., 1978) was probably rapidly followed by a worldwide sediment accretion
represented by ancient beaches and mangroves that are often dated back to ~5 ka BP (Woodroffe
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et al., 1985; Stapor et al., 1991; Harvey, 2006). During that short period of time (~6 to 5 ka BP),
beaches were not yet established, meaning that cliffs were found on most of the world’s coast,
likely shedding large amounts of sediments into the sea before the progradation of the beaches
shielded some of the coastlines (e.g. the eastern USA; Belknap and Kraft, 1985). With the
exception of the 20th century sea level rise caused by human-driven global warming, the current
sea level, since 6 ka BP, is marked by slow relative changes. Unshielded rock coasts have first
retreated by purging (peri-)glacially autochtonous weathered material, initially lying at the coast
(Griggs and Trenhaile, 1994). Today, cliff-retreat rates mostly come from non-weathered cliff
erosion (Préemaillon et al., 2018). We can vouch for this assertion based on the millennial retreat
rates calculated from °Be cosmogenic nuclide (Regard et al., 2012; Hurst et al., 2016; Swirad et
al., 2020; Duguet et al., 2021). These millennial rates are either similar to estimates of the current
retreat rate (Regard et al., 2012; Swirad et al., 2020) or lower, indicating a recent and gentle
acceleration, probably caused by human activity (Hurst et al., 2016; Duguet et al., 2021).

Can we speculate on the past evolution of the rock coast's contribution to global sediment flux?
During the LGM (~20 ka BP), the sea level was ~120 m below present. Using the most recent
glacio-isostatic database (Peltier et al., 2015), we show that the total coast length was over 20%
shorter than at present (paragraph 2.3 and Figure 3). As a consequence, it is possible that the
sedimentary yield from the rock coast erosion during the LGM was reduced in a similar proportion.
In turn, the coeval evolution of the continental fluxes during glacial cycles is still poorly
constrained. It is currently impossible to accurately evaluate sediment yield fluctuations because
past river catchment denudation rate measurements are too sparse. It is suspected, however, that,
with the notable exception of the monsoonal Asia (Clift and Jonell, 2021), glacial periods produced
more sediments. Indeed, during the last two glacial-interglacial cycles (the last 150 ka), a deglacial
sediment pulse has been released in the Alps and Himalayas (Vance et al., 2009; Mariotti et al.,
2021). This reflects the increase in glacial denudation, as reported by Raiswell et al. (2006).
Sediment export is controlled by rivers and icebergs. During glacial periods, icebergs supplied 3-
5 times more sediments than today (Raiswell et al., 2006). But even though glacial sediment
production was higher, the river outflux to the ocean was dampened by temporary storage on the
continent, in terraces and at river mouths during the Holocene sea level rise. Consequently, there
is no clear argument to support a strong imbalance between rock coast and river sediment supply
to the ocean during glacial-interglacial cycles. Therefore, we propose that the order of magnitude
of the relative coastal/river fluxes estimated in this contribution may hold for the Quaternary.

The quantification presented here is based on an empirical coastal erosion model. At the European
scale, this model could be improved by further studies in unexplored areas such as Scandinavia.
Wave energy is not considered as an important erosion driver in this model (Prémaillon et al.,
2018), which deserves further investigation (Zhao et al., 2020). Beyond the European scale, the
next step forward is to extend the model on a global scale. This upscaling requires data from poorly
monitored coastlines in different climatic contexts, such as South America, Africa, southern Asia
or more specifically volcanic islands.
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5 Conclusion

Taking Europe as an example, and using the most-complete cliff retreat rates database available to
date, we demonstrate that the rock coast sediment supply to the global ocean is not as marginal as
previously thought. At the scale of Europe, the magnitude of this flux is only three times lower
than the river solid discharge. To extrapolate our findings at the global scale, a quantification of
the rock coast erosion should be performed for the other continents, not yet possible because of
the lack of relevant data. Nevertheless, this additional sedimentary source must be further
investigated for: (i) its signature in the sedimentary records of ocean basins; (ii) its effects on the
geochemical ocean budget; and (iii) the consequences of rising sea level on rock coast erosion
rates.
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