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Abstract

This study details sediment resuspension due to internal tides (ITs) and the subsequent propagation of suspended particles

along and off the Iberian continental slope. Five resuspension sites are identified along the western Iberian shelf slope using

a tidal regional model of the Bay of Biscay and Iberian continental shelf. Two sites are sources of lithogenic material, one

is a source of biogenic matter, and two are sources of a mixture of both. The potential pathways for particles from the

resuspension sites toward the GEOVIDE stations are identified using IBIRYS reanalysis to infer their transport by the ocean

circulation. It appears that each station is influenced by a specific pathway and mixed particles from several resuspension

sites. This methodology enables us to establish more realistic interpretations of the geochemical in situ observations combining

distinct modeling of ITs and oceanic circulation as well as in situ sediment properties. It also reveals that the criticality of the

bathymetry slope, commonly used to track the potential occurrence of ITs, is not sufficient to investigate their role in sediment

resuspension. An explicit resolution of ITs using a numerical tidal model is required for an exhaustive identification of the

resuspension sites.
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Abstract
This study details sediment resuspension due to internal tides (ITs) and the subsequent
propagation of suspended particles along and off the Iberian continental slope. Five re-
suspension sites are identified along the western Iberian shelf slope using a tidal regional
model of the Bay of Biscay and Iberian continental shelf. Two sites are sources of lithogenic
material, one is a source of biogenic matter, and two are sources of a mixture of both.
The potential pathways for particles from the resuspension sites toward the GEOVIDE
stations are identified using IBIRYS reanalysis to infer their transport by the ocean cir-
culation. It appears that each station is influenced by a specific pathway and mixed par-
ticles from several resuspension sites.

This methodology enables us to establish more realistic interpretations of the geo-
chemical in situ observations combining distinct modeling of ITs and oceanic circulation
as well as in situ sediment properties. It also reveals that the criticality of the bathymetry
slope, commonly used to track the potential occurrence of ITs, is not sufficient to inves-
tigate their role in sediment resuspension. An explicit resolution of ITs using a numer-
ical tidal model is required for an exhaustive identification of the resuspension sites.

Plain Language Summary

Internal tides are waves with a tidal period generated when tides cross a steep slope
of the sea floor. Internal tides then propagate in every stratified layer of the open ocean
over hundreds to thousands of kilometers. The encounter of internal tides with under-
water relief, either at the generation site or after propagation, results in high bottom fric-
tion that enhances sediment resuspension. Evidence of lithogenic particles was found at
various depths during the GEOVIDE cruise, from the Iberian continental slope to thou-
sands of kilometers away. The present study identifies the sites where internal tides are
responsible for sediment resuspension. Additionally, the oceanic circulation is investi-
gated to establish the trajectories of the resuspended sediment that could explain the
GEOVIDE measurements.

Keywords

Internal tides, sediment resuspension, lithogenic particle transport, geochemical tracer,
modeling, GEOTRACES

1 Introduction

The GEOVIDE cruise took place in May/June 2014 onboard the R/V Pourquoi
Pas ? between Lisbon, Greenland, and Newfoundland. This cruise was part of the GEO-
TRACES program, an international cooperation that aims to study trace elements and
their isotopes distributions and cycles in the global ocean. Suspended particles were sam-
pled between the surface and 1000 m at several stations by in situ seawater filtration.
They were found to have higher Rare Earth Elements (REEs) and iron concentrations
closer to the Iberian margin and to contain 40-100% of lithogenic material Gourain et
al. (2019), Lagarde et al. (2020). Additionally, a continuous propagation of intermedi-
ate nepheloid layers was observed as far as 2000 km away, following isopycnal layers at
the following depths: 180, 220, 500 and 800 m (corresponding to potential density anoma-
lies σ = 27.00, 27.05, 27.18 and 27.39 kg.m−3 respectively, Fig. 1b, Lagarde et al., 2020).
These results suggest intense resuspension along the Iberian continental slope, followed
by a transport mechanism allowing the sediment to reach the middle of the Atlantic Ocean
as hypothesized by Lagarde et al. (2020). Furthermore, the significant resuspension of
particles of strict lithogenic origin leads to the formation of intermediate nepheloid lay-
ers when the sediment propagates off-shelf (McCave & Hall, 2002). The presence of neph-
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Figure 1. Proportion of lithogenic neodymium in suspended particles (in %) along the 3 first

stations over (a) depth and (b) isopycnals. Data from GEOVIDE measurements (black circles)

were linearly interpolated with depth (a) and density (b).The solid black lines represent the

isopycnals of potential density anomaly. The horizontal dashed lines correspond to the isopycnals

of the observed nepheloid layers. Station numbers and locations are shown on top of section plots

and on the map at the top-right. Data from Lagarde et al. (2020).

eloid layers is effectively observed at all depths along the GEOVIDE section, except at
700 m at station 1 (nearest station to the shelf).

The contribution of internal tides (ITs) and internal solitary waves (ISWs) to sed-
iment resuspension at the margins was demonstrated by lab experiments (Cacchione, 1970),
in situ measurements (Huthnance, 1989, Jia et al., 2019) and more recently by numer-
ical modeling (Masunaga et al., 2020). Boegman & Stastna (2019) illustrated all the ob-
servations of sediment resuspension and transport due to ISWs measurements until then
and explained the mechanisms of sediment resuspension by internal waves. Contrasting
with the oceanic circulation that transports particles along isopycnals, the turbulence
associated with the shoaling of internal waves over the topography enables particles to
be transported across isopycnals (Masunaga et al., 2017). ITs and ISWs are generated
by distinct forcing that develops a perturbation of the stratification of the water column.
They propagate with strong vertical displacements of the isopycnals and enhanced cur-
rents.

ISWs have been proposed to explain sediment resuspension along the Iberian shelf
(McCave & Hall, 2002, Van Weering et al., 2002, Oliveira et al., 2002, Schmidt et al.,
2002, Dias et al., 2002, Quaresma et al., 2007). ISWs are generated by the wind over a
stratified upper ocean or by the tides in a shallow stratified ocean such as a river plume.
They can have a large vertical amplitude (< 200 m) and enhanced currents (< 2 m.s−1)
but mainly propagate in the first 300 m along the pycnocline (Marin, 2011); therefore,
they cannot fully explain the GEOVIDE observations (Fig. 1).

ITs have been observed along the Nazaré canyon without direct evidence of sed-
iment resuspension (Huthnance et al., 2002). Contrary to barotropic tidal currents, which
affect the entire water column with a quasi-uniform amplitude, ITs propagate across ev-
ery stratified layer and the associated currents show a highly variable 3D pattern. Their
internal oscillation amplitude is generally weaker than that of ISWs(< 100 m and < 1
m.s−1) but they are highly energetic and constantly generated with a tidal period (de

–3–
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Lavergne et al., 2019). IT energy propagates from IT generation sites in a specific path-
way called the wave beam. Effective bottom friction effects are expected where the IT
energy flux reaches the seabed, possibly in close vicinity of the generation sites (Garrett
& Kunze, 2007, their figure 8). Ribbe & Holloway (2001) showed that IT energy is most
efficiently dissipated by friction when the bathymetry slope is parallel to the IT wave
beam, a situation called the critical slope which leads to sediment resuspension. The crit-
icality of a bathymetric slope depends on stratification and the tidal period. Its tempo-
ral variability is only controlled by the temporal variability of the stratification. This sim-
ple criterion is widely used in the geochemical community to identify potential resuspen-
sion sites due to the presence of ITs or ISWs at those sites (de Madron et al., 1999, Cac-
chione et al., 2002, Puig et al., 2004, Lam et al., 2020). ISWs are more randomly gen-
erated than ITs, so such a criterion is still valid. However, this approach gives no infor-
mation on the occurrence of ITs crossing the slope.

The full signal of ITs off-shelf is not easily observed because of their short periods,
3D propagation pattern, and wavelengths of several tens of kilometers. Considering both
barotropic and baroclinic tides in circulation models is likely to raise numerical difficul-
ties, such as stability or spurious long-term erosion of the stratification due to strong cur-
rents. To date, these processes have been simulated at shelf-scale (tens to hundreds of
kilometers) focusing on shallow waters but rarely at wider scales to focus on interme-
diate sediment resuspension and transport. Molinas et al. (2020) used a tidal regional
model to investigate the IT residual currents influencing particle transport over the Ama-
zon shelf but applied their calculation to the shelf only and did not consider the slope
and the area further offshore. Masunaga et al. (2020) used a tidal regional model with
idealized bathymetry coupled with a sediment model to quantify sediment resuspension
and the transport of particles associated with ITs. However, their study did not com-
pare the transport of particles due to ITs to that due to oceanic circulation.

In this context, our purpose is to investigate how ITs trigger sediment resuspen-
sion and subsequent transport, as observed along the Iberian margin. First, the 3D model
SYMPHONIE1 (Marsaleix et al., 2006, 2008), forced solely by tides, is used to numer-
ically investigate the bottom current speed and energy budget of ITs. This model was
previously deployed in the northeast Atlantic region to study IT dynamics (Pairaud et
al., 2008, 2010) and the tidal influences on river plume (Toublanc et al., 2018). The present
configuration is based on a high-resolution grid (1 km in the region of interest) and a
density field coherent with the GEOVIDE cruise hydrographic conditions. Second, sed-
iment resuspension is investigated using simulated bottom friction and published mea-
surements of local sediment dry bulk densities and particle diameters. Finally, the con-
secutive transport of the nepheloid layers is investigated using IBIRYS122 (Iberian-Biscay-
Irish ocean Reanalysis, hereafter IBIRYS), an operational reanalysis from 3D NEMO sim-
ulations (Maraldi et al., 2013). By exploring these processes, this study proposes for the
first time a mechanistic link between the observed geochemical tracer distributions and
the activity of ITs.

2 Internal tide simulation

2.1 SYMPHONIE model configuration

A regional configuration of the SYMPHONIE model, called BOBIBE (Bay of Bis-
cay/Iberian shelf), was set up and 3D tidal simulations were carried out to quantify IT
bottom currents and energy dissipation. The BOBIBE configuration uses a realistic bathymetry

1 https://sites.google.com/view/symphonieoceanmodel/home
2 https://resources.marine.copernicus.eu/?option=com csw&view=details&product id=IBI

MULTIYEAR PHY 005 002
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over a structured C-grid of 1 km horizontal resolution with 60 vanishing quasi-sigma ver-
tical levels (Estournel et al., 2021). Tides are forced as boundary conditions using both
the tidal velocity and the tidal surface height. The barotropic tidal forcing uses the at-
las FES2014b (Lyard et al., 2021) or the M2, S2, N2, K1 and O1 tidal harmonics. These
tidal harmonics are selected because they have the largest amplitudes in the studied area
and can be separated by harmonic analysis after only a month of simulation. A one-dimensional
vertical density profile, representative of the GEOVIDE cruise section, is uniformly pre-
scribed over the domain. The ocean atmosphere fluxes are disabled preventing any density-
driven or wind-driven circulation in the simulation. This IT-dedicated configuration al-
lows the development of a stable IT regime and thus provides a more precise harmonic
solution of ITs. The spectral properties (amplitude and phase lag) are extracted from
the simulation using harmonic analysis over one month of simulation after 15 days of spinup.
To separate the barotropic tides from ITs, the results are projected over the first ten ver-
tical modes based on the mean stratification after spinup. The diagnostics of IT gener-
ation and energy flux calculations are based on this modal separation of the results.

2.2 Validation of the simulation

The validation of the BOBIBE simulation focused on the stratification, barotropic
velocity, and surface elevation due to ITs. The stratification is compared to that observed
during GEOVIDE over the simulation area (average from the first 11 stations). Figure
2a shows that the pycnocline is located at the same depth (∼ 30 m) and despite slight
differences at the surface, the stratifications match.

The amplitude of the barotropic velocity was compared to the FES2014b tidal at-
las. The major harmonic, M2, is presented in Figure 2b,c;; the remaining tidal harmon-
ics can be found in the Supporting Information (Fig. S2). The difference is presented
in proportion and the white color represents a difference within ±1%. The difference be-
tween BOBIBE and FES2014b only exceeds 10% at the shelf break and over the Iberian
shelf. The barotropic tide is highly sensitive to the bathymetry and energy consumption
from IT generation (mostly happening at the shelf break in this area). The bathymetry
is better resolved and the IT generation is better constrained in BOBIBE than in FES2014b;
therefore, the differences appear reasonable and demonstrate that the overall barotropic
tides are well captured.

As explained in the introduction, the measurement of ITs is difficult, making the
validation delicate. HRET, one of the best global IT dataset, analyzes 20 years of alti-
metric surface elevation measurements in order to extract the stationary state of ITs glob-
ally over different tidal harmonics (Zaron, 2019). The spatial sampling of long-term al-
timetry (1 Hz data) cannot resolve the IT higher modes, so we choose to compare HRET
to the first mode of the BOBIBE simulation. The comparison with M2 is presented in
Figure 2d,e; the remaining tidal harmonics can be found in the Supporting Information
(Fig. S3). The overall amplitude of the ITs is similar in the Bay of Biscay but stronger
over the Galicia Bank and weaker at the southwest of the domain. HRET uses the hy-
pothesis that ITs are propagating like plane waves to better constrain IT mapping. Such
hypothesis appears relevant for large shelf breaks or ridges but is inappropriate for an
isolated seamount like the Galicia Bank, where IT propagation is more concentric. At
the southwest of the domain, HRET seems to capture the northward ITs generated at
the Gorringe Bank, which are not included in the BOBIBE domain.

2.3 Internal tide generation and propagation

Based on the method described in Buijsman et al. (2017), IT energetics are inves-
tigated using two quantities: the energy flux (FBC) and the conversion rate (CRV ). CRV
corresponds to the energy of barotropic tide (BT ) converted to baroclinic tide (BC) at
the sea floor. Positive CV R values refer to IT generation zones, while negative values

–5–
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refer to a sink of IT energy. Sink zones may correspond to the shoaling of ITs over the
bathymetry and could be associated with sediment resuspension. In addition, IT energy
fluxes enable the tracking of IT propagation from their generation site to their sink.

FBC and CRV are defined by the following equations:

FBC =

∫ 0

b

∇h · 〈pBCVBC〉 dz (1)

CV R = ∇h ·
〈
pbBCV

b
BT

〉
(2)

with p is the pressure and V is the current velocity, 〈〉 indicates that the quantities are
averaged along the considered tidal period, ∇h refers to the horizontal gradient and b
refers to the sea floor.

Figure 3a shows the IT energy budget and identifies several generation sites with
a complex energy propagation. Along the Iberian peninsula, the major generation sites
are La Coruña shelf and the Galicia Bank. However, the ITs coming from the Bay of Bis-
cay are not negligible and seem to mostly head toward the Galicia Bank. In some ar-
eas, the ITs do not propagate and sink locally (shading arrows).

As explained in the introduction, the criticality of the bathymetric slope is widely
used to investigate the potential of sediment resuspension from internal waves. The crit-
icality is expressed by the ratio of bathymetric slope over IT wave beam angle (Support-
ing Information Text S1), whose values of ∼ 1 indicate critical slopes (Fig. 3a). We ob-
serve that most shelf breaks present critical slopes (from 400 m to 2000 m).

Finally, Figure 3 highlights that the tidal resuspension sites (TRS) investigated in
this study are generally close to critical slopes although not always (e.g. La Coruña and
Nazaré Canyon). Moreover, TRS are not directly linked to IT sink zones.

3 Sediment resuspension triggered by internal tides

3.1 Internal tide bottom friction

IT bottom friction, and thus potential sediment resuspension, is not necessarily ob-
served in the area of IT generation. ITs coming from a distant source and encounter-
ing a bathymetric slope increase bottom friction over the slope. The Iberian slope is highly
influenced by ITs coming from the Bay of Biscay (Fig. 3b).

The bottom shear stress τb (or bottom friction) is calculated from the harmonic
solutions of the simulation using the same equation coded in the model:

τb = ρV 2
∗ = ρCDV

2 (3)

where ρ is the sea water density, V∗ is the friction velocity, CD is the quadratic friction
coefficient and V is the velocity at the vertical mid-position of the bottom layer. CD is
calculated in BOBIBE simulation using the following equation:

CD =

 κ

ln
(

1
z0

hb

2

)
2

(4)

where κ is the Von Karman constant (κ = 0.4), z0 is the bottom roughness and hb is
the thickness of the bottom layer. The bottom roughness is the scale of unresolved to-
pography at the sea floor, such as sand waves, ripples, or grain size. In the BOBIBE sim-
ulation, z0 = 1 × 10−3 m uniformly over the domain and corresponds to the order of
roughness for continental slopes and abyssal plains.

Based on the spectral velocity fields of M2, S2, N2, K1 and O1, a prediction of V
is made over two months with a time resolution of 30 min, and the maximum of V is
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show the rivers bringing lithogenic particles and sediment.
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extracted. This method was performed under two scenarios: the total tidal contribution
(barotropic and baroclinic) and the baroclinic contribution only (Fig. 4). Six areas where
bottom friction may be strong enough to lead to sediment resuspension are selected as
they present a total tidal bottom velocity (barotropic and baroclinic) > 20 cm.s−1 within
the range of isopycnals observed during the GEOVIDE cruise (Fig. 1). Hereafter, the
areas located over the slope are named after the shelf on top.

The Galicia Bank (Fig. 4a,e) is a sea mount with a summit at 800 m depth. Be-
cause of its steep topography, this seamount is a major source of ITs in the region. The
maximum bottom velocities cover a large area around the main summit of the sea mount.
These locations correspond to critical slopes on the flanks of the sea mount but not over
its top (Fig. 3b).

La Coruña shelf (Fig. 4b,f) presents a narrow area of strong bottom friction over
the continental slope. The slope partially corresponds to a critical slope. However, a ma-
jor IT generation zone is located nearby to the southwest (43.2N-9.8W, Fig. 3a); ITs orig-
inating from this area may be responsible for strong bottom friction. ITs originating from
the Bay of Biscay could also break there, enhancing bottom friction. Although this area
presents few critical slopes, strong sediment resuspension is likely to occur here due to
ITs.

The Minho and Aveiro shelves are very similar (Fig. 4c,g), with barotropic tidal
currents coming across steep slopes. The maximum bottom friction over these areas is
weaker than that over the Galicia Bank or La Coruña. The Minho and Aveiro shelves
present medium bottom friction at the top of the slope mainly due to barotropic tidal
currents and does not present a critical slope. The Aveiro shelf presents a second loca-
tion of medium bottom friction mid-slope associated with local IT generation, which cor-
responds to a critical slope.

The Mondego shelf (Fig. 4d,h) is less steep than the Minho and Aveiro shelves. A
medium bottom friction is observed close to the top of the continental slope, partially
due to ITs but without any major IT generation site around. This location corresponds
to a critical slope, with ITs coming from another site and breaking there.

The Nazaré canyon (Fig. 4d,h) is one of the longest canyons of the Iberian penin-
sula, with significant barotropic tidal current across its flanks associated with IT gen-
eration. Strong bottom friction occurs at the bottom of the canyon. This location does
not correspond to a critical slope but is many around.

South of the Nazaré canyon, the Estremadura Spur shelf is highly influenced by
barotropic tides, as well as by ITs at specific locations. This results from the barotropic
tide crossing the Estremadura Spur shelf and increasing the barotropic tidal currents am-
plitude over the shelf (Fig. 2b). These areas of strong bottom friction are located above
the isopycnals sampled during GEOVIDE; therefore, they are not considered in this study.

To summarize, the simulation of ITs reveals six areas with strong bottom friction
that could generate sediment resuspension. Among them, two are not over critical slopes
and two others spread over both critical and not critical slopes. In this study, the cri-
terion for sediment resuspension was the maximum tidal bottom friction therfore, the
resuspension could occur following the spring-neap tide cycle. The fact that these ar-
eas do not strictly correspond to critical slopes increases the number of potential resus-
pension locations over shelves, offering new perspectives for worldwide sediment tidal
resuspension investigations. Hereafter, all these selected areas will be referred to as TRS.

3.2 Sediment resuspension threshold

After identifying the potential TRS, we investigated whether bottom friction was
strong enough to generate sediment resuspension at those sites. The threshold of sed-
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iment resuspension can be estimated using the static approach of the Shields criterion.
Shields (1936) was one of the first to propose an empirical threshold of sediment resus-
pension in an adimensional space based on a lab experiment using multiple fluids and
sediment. This adimensional space uses the Shields parameter (ϑ) to compare bottom
friction to sediment properties, and the boundary Reynolds number (Re∗) to describe
the turbulence of the flow at the scale of the sediment:

ϑ =
τb

gd(ρS − ρ)
(5)

Re∗ = V∗
d

ν
=
√
CD

V D

ν
(6)

where d is the grain diameter of the sediment, ρ is the density of the fluid, ρS is the dry
bulk density of the sediment and ν = 1.41 × 10−6 m2.s−1 is the kinematic viscosity
for sea water.

More recently, analytical Shields curves were formulated for various motion thresh-
olds (motion, rolling, resuspension) and cohesive sediments (silts; Miedema, 2012a,b, 2013).
The curve for cohesive sediments has been chosen for the smallest grain size observed
to be the most restrictive. Because the parameters needed to properly generate these curves
are missing, custom curves that fit the Shields curves were used.

The sediment properties at each potential TRS are found in the literature, from
the closest in situ samples (Table 1). Biogenic sediment dominates the Galicia Bank and
is present along the Iberian slope near the Minho, Aveiro and Mondego resuspension sites.
Most of the sediment along the Iberian slope is lithogenic. Then, ϑ and Re∗ are calcu-
lated for the range of sediment diameter observed.

Figure 5 compares the values of ϑ and Re∗ at the potential TRS (in color) to the
Shields curves (in black):Cases falling below the motion curve correspond to steady sed-
iment. Cases falling above the motion curve but below the rolling curve correspond to
sediment slowly sliding over the seabed. Cases falling above the rolling curve but below
the suspension curve correspond to sediment moving along the seabed. Cases falling above
every curve are favorable to sediment resuspension, because the sediment is light enough,
thin enough or the flow is strong enough.

The Galicia Bank and La Coruña shelf are well above the threshold curve. This
suggests that sediment resuspension not only occurs during spring tides, but also dur-
ing the common tidal cycle. The Nazaré canyon is just above the silt threshold curve,
suggesting that sediment resuspension there only happens during spring tides. On the
Aveiro and Mondego shelves, only the thinner sediment, of both lithogenic and biogenic
origin, can be resuspended. On the Minho shelf, the sediment size is too large and the
flow too slow to generate sediment resuspension.

This method gives us a first order estimation of the TRS along the Iberian penin-
sula. The Table 1 summarizes the isopycnals, the nature of the sediment (dry bulk den-
sity), and the intensity of the resuspension at the investigated TRS.

4 Sediment transport

As reported in the introduction, the suspended particles seem to be transported
as far as 2000 km offshore. However, IT transport of sediment only occurs over smaller
scales (Masunaga et al., 2020, Molinas et al., 2020). In addition, ITs generated in the
area do not present a significant propagation pattern northwestward (Fig. 3a)that would
allow them reaching station 13 or 21. Thus, we suggest that although ITs clearly trig-
ger bottom friction and sediment resuspension, they are not responsible for the trans-
port of suspended particles between the GEOVIDE stations; however, advection by the
oceanic circulation may be. The IBIRYS operational reanalysis current field is used to
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Figure 5. Shields curves using dimensionless Reynolds number and Shields parameter for

(a) light sediment (e.g. chalk: ρS = 1.7 g.cm−3) and (b) heavy sediment (e.g. quartz, calcite:

ρS =2.5 g.cm−3). The colors denote the nature of the sediment: blue for biogenic, yellow for

lithogenic, and purple for a mix of both. Above the black curves, the sediment is eroded; below

the black curves, the sediment is deposited. The scales ||V || versus D in the background are

computed for sea water properties (ν = 1.10−3 m2.s−1, σ =27 kg.m−3) for both ρS .
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Table 1. Characteristics of the potential tidal resuspension sites (TRS). The flow dynamics

at the bottom come from the IT simulation and the sediment properties come from the cited

literature. The intensity of the sediment resuspension is symbolized by ++, + and 0 when the

flow-sediment situation is far above, close to and below the resuspension threshold (Fig. 5).

Area Criticality Isopycnals τb ρS D References TRS

kg.m−3 kg.m−1.s−2 g.cm−3 µm

Galicia Yes/No 27.2-27.5 0.86 1.7 10-200 Flach et al. (2002)

Yenes et al. (2019)

++

La Coruña Yes/No 27.0-27.5 1.12 2.5 50-100 Flach et al. (2002) ++

Minho No 26.9 0.23 2.3/1.7 150-1000 Dias & Nittrouer (1984) 0

Aveiro top No 27.1 0.28 2.3/1.7 10-300 Dias & Nittrouer (1984) +

Aveiro mid Yes 27.5 0.28 2.3/1.7 10-300 Dias & Nittrouer (1984) +

Mondego Yes 27.1-27.2 0.25 2.3/1.7 60-500 Dias & Nittrouer (1984)

Duarte & Taborda (2007)

+

Nazaré No 27.4-27.5 0.41 2.5 7-30 de Stigter et al. (2007)

Ribeiro (2008)

+

simulate this transport. This product is a reanalysis from a 3D NEMO simulation at 1/12
that was assimilated with temperature and salinity profiles, sea surface height and sea
surface temperature (further description and validation are provided by Maraldi et al.,
2013). This simulation only extends to 19Wand therefore, does not include station 21
of the GEOVIDE cruise. The daily averaged currents of IBIRYS are collocated with GEO-
VIDE measurements for comparison. The measurements and simulation results have been
found to be in agreement, asserting the use of this simulation to investigate the regional
circulation (Supporting Information Fig. S4).

Three depths are investigated: 180, 500, and 800 m, corresponding approximately
to the nepheloid layers observed along σ = 27.0, 27.2 and 27.4 kg.m−3 (Fig. 1). This
simulation describes the dynamics next to the TRS. We are aware that the usage of ver-
tical z-coordinate depth for the simulation is different than that of the vertical ρ-coordinate.
However, the large vertical resolution of the reanalysis (∼ 100 m at these depths) leads
to relatively smoothed vertical structures. Thus, the vertical coordinate approximation
will not affect the interpretation of the simulation results regarding particle transport.

With a velocity range of 3-10 cm.s−1 and a distance between the TRS and the GEO-
VIDE stations of ∼ 500 km, the timescale involved ranges of 50-200 days. The monthly
mean current field is averaged over 3 different time periods (2 years, 6 months and 3 months).
For each period, the flow is considered steady and the streamlines are calculated to de-
scribe the potential pathways of the particles. When the shorter period is selected, a stronger
mesoscale activity is observed with faster currents (∼ 10 cm.s−1), whereas slower cur-
rents (∼ 3 cm.s−1)are associated with the longer period. The sediment pathways from
the TRS to the GEOVIDE stations slightly differ depending on the selected period; how-
ever, the general transport is clear. We choose to describe the sediment pathways us-
ing the 2-year average (from June 2012-June 2014) as it better shows a long-term mean
state of the sediment transport (results based on the other periods are available in the
Supplementary Information, Fig. S5).
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Figure 6 resents the horizontal streamlines from velocity fields. Note that the cur-
rent structures at 180 m are consistent with the surface circulation during the cruise (Zunino
et al., 2017, their figure 5, derived from altimetry sea level anomalies). Potential path-
ways from the TRS to the three GEOVIDE stations are inferred from the streamlines
that connect them (colored arrows). The most striking feature is that no pathway di-
rectly connecting the three GEOVIDE stations is observed, at any depth. A strong north-
ward current along the shelf slope washes all the Iberian slope, then splits up in differ-
ent directions at La Coruña shelf. The potential pathways between each station are de-
scribed and discussed below.

Station 1 Station 1 is influenced by two eddies: in front of the Aveiro shelf, the eddy
structure is found down to 800 m, whereas in front of the Nazaré canyon, the eddy does
not reach 500 m. The TRS potentially affecting station 1 vary depending on depth: at
180 m, Aveiro (purple arrow); at 500 m, Mondego (purple arrow); and at 800 m, Nazaré
(yellow arrow). The Aveiro and Mondego TRS are both composed of mixed sediment
(biogenic and lithogenic); therefore, they can partially explain the lithogenic signature
of the GEOVIDE observations. Note that some variations in the relative composition
of the resuspended sediment cannot be excluded.

Station 13 is mostly influenced by southward and northeastward currents; thus, the
lithogenic particles observed at this station are transported following a circuitous path-
way. This pathway is the same at every depth, starting from the La Coruña TRS and
circumventing the Galicia Bank. At 180 m, this pathway transports particles from the
La Coruña resuspension site only, the particles being mainly lithogenic (yellow arrow).
At 500 m however, the resuspension of mixed sediment at the Mondego shelf and bio-
genic sediment at the Galicia Bank can completely invert the ratio of lithogenic/biogenic
particle within the suspended particles (shading color arrows). At 800 m, the additional
lithogenic sediment from the Nazaré canyon could balance the the ratio of lithogenic/biogenic
particle. Thus, we suggest that station 13 is affected by lithogenic particles at 180 m,
mostly biogenic particles at 500 m, and both at 800 m. This is in good agreement with
the GEOVIDE observations of lithogenic REEs (Fig. 1).

The streamlines at 800 m seem to hardly connect the Galicia Bank to station 13;
therefore, the circulation cannot fully explain this pathway. The ITs are very energetic
over the Galicia Bank (Fig. 3a) and the currents are quite slow at such depth (∼ 2 cm.s−1).
Thus, it may be that ITs transport the sediment through the streamline over 70 km. This
distance is comparable to that from the simulation of Masunaga et al. (2020), where the
sediment is transported over 50 km by an IT flux of ∼ 5 kW.m−1 (their figures 5 and
13). Alternatively, the currents transporting Mediterranean waters may bring sediment
from areas further south than the area considered in this study.

Station 21 does not seem to connect with the TRS at any depth. Long and me-
andering pathways could approach station 21 from La Coruña but no further than 17W
(Fig. 6c, yellow arrow).

Moreover, a large northeastward current highly influences station 21: at 180 m, cur-
rent velocities are ∼ 12 cm.s−1 then decrease with depth to 6 cm.s−1 at 800 m. This
current is one of the southern branches of the North Atlantic Current (SNAC, Zunino
et al., 2017). The authors show that station 21 is under the influence of a large anticy-
clonic eddy during the cruise. This station displays very different temperature and salin-
ity than the nearby stations (Supporting Information Fig. S1), with Subpolar Mode Wa-
ter below 180 m and Subarctic Intermediate Water at 500 m (Garcia-Ibanez et al., 2018).
Current velocity across the GEOVIDE transect highlights a strong shear current cen-
tered on station 21. It cannot be excluded that this complex circulation could bring wa-
ter masses from other coastal/shelf margin locations than the Iberian coast. For exam-
ple, the East North Atlantic Central Waters are highly represented at this depth (Garcia-
Ibanez et al., 2018) and may have been influenced by ITs from the Gulf of Maine (Duda
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tidal resuspension sites and the transport of the particles. On top of each station there is the

station number and its localization. Data from Lagarde et al. (2020).

et al., 2018). The present choice of such regional model reanalysis does not enable us to
reach a conclusion on the origins of the highly lithogenic particles observed at station
21. This will require further investigations based on a Lagrangian methodology (Maes
& Blanke, 2015, Artigue et al., 2020) applied to a simulation of the North Atlantic basin
reproducing the mixing of the various water masses in the North Atlantic. The ongo-
ing study of neodymium isotopic composition (εNd) of the GEOVIDE samples could help
to determine the exact origin of the particles (Grenier et al., 2018).

The simulation of the oceanic circulation provides a better understanding of the
transport of the suspended particles over the area. Distinct pathways are highlighted for
each station. Because stations 13 and 21 are not connected, the interpolation of the par-
ticulate lithogenic fraction between these two stations is not relevant and hampers the
interpretation of the results. Distinct interpolations of the GEOVIDE measurements are
proposed in Figure 7. The results shown in Table 1 and Figure 6 were added to the Fig-
ure 7 in order to propose a clear summary of our study.

5 Conclusion and perspectives

This study proposes the first interdisciplinary approach to explain the resuspen-
sion and transport of lithogenic particles from the Iberian coast to the middle of the North
Atlantic basin. Based on a semi-realistic 3D tidal model and sediment properties, we es-
tablish that ITs generated in the Bay of Biscay and along the Iberian slope participate
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to sediment resuspension and could be the major mechanism for the resuspension oc-
curring below 300 m. Five TRS are identified: La Coruña shelf and Nazaré canyon are
sources of lithogenic sediment, the Aviero and Mondego shelves are likely providing both
lithogenic and biogenic sediments, and the Galicia Bank is a source of biogenic sediment.
Most of these sites are under strong IT influence, except the Aveiro TRS, which is the
only location of strong barotropic tidal currents at the top of the shelf slope. Using a
regional model reanalysis, the mean state of the oceanic circulation in the area is inves-
tigated within the first 1000 m. Associated with the TRS, this approach explains most
of the GEOVIDE observations (Lagarde et al., 2020). However, we demonstrate that sta-
tions 13 and 21 are not connected. More specifically, the significant lithogenic fraction
and the water masses observed at station 21 at 500 m could reflect transport of sediment
originating from the North American margins rather than from the Iberian margin.

More broadly, questions raised by the geochemical results lead to the development
of this method associating dedicated IT simulation to regional circulation one. This strat-
egy helped to improve the first interpretations of the geochemical data (Gourain et al.,
2019, Lagarde et al., 2020). Not all TRS from this study are located on critical slopes,
and many critical slopes of the Iberian peninsula are not associated with a TRS. Thus,
we suggest that the slope criticality is not sufficient to properly identify TRS and should
be reserved to internal solitary waves (in the upper 300 m). An explicit modeling of the
ITs with a thin grid resolution (< 3 km) and a good knowledge of the sediment prop-
erties (nature and size) are required to simulate and identify TRSs. Further work on sed-
iment resuspension and large distance particle transport should consider applying La-
grangian tracking to the oceanic circulation simulations as well as performing a complete
tidal-circulation model coupled with a sediment model.
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canyon, and to R. Almar for his advice on sediment resuspension. The BOBIBE sim-
ulation was performed using HPC resources from GENCI/CINES (grants 2020-A0080110098
and 2021A0100110098). The GEOVIDE CTD data are available at SENOE (DOI: 10.17882/52153).
The GEOVIDE geochemical tracer data are available on the GEOTRACES portal (https://
www.bodc.ac.uk/geotraces/data/idp2017/).

References

Artigue, L., Lacan, F., Van Gennip, S., Lohan, M. C., Wyatt, N. J., Woodward,
E. M. S., . . . Drillet, Y. (2020). Water mass analysis along 22 n in the subtropical
north atlantic for the jc150 cruise (geotraces, gapr08). Deep Sea Research Part I:
Oceanographic Research Papers, 103230.

Boegman, L., & Stastna, M. (2019). Sediment resuspension and transport by inter-
nal solitary waves. Annual Review of Fluid Mechanics, 51 , 129–154.

Buijsman, M. C., Arbic, B. K., Richman, J. G., Shriver, J. F., Wallcraft, A. J., &
Zamudio, L. (2017). Semidiurnal internal tide incoherence in the equatorial p
acific. Journal of Geophysical Research: Oceans, 122 (7), 5286–5305.

Cacchione, D. (1970). Experimental study of internal gravity waves over a slope
(Unpublished doctoral dissertation). Massachusetts Institute of Technology and
Woods Hole Oceanographic Institution.

Cacchione, D., Pratson, L. F., & Ogston, A. (2002). The shaping of continental
slopes by internal tides. Science, 296 (5568), 724–727.

de Lavergne, C., Falahat, S., Madec, G., Roquet, F., Nycander, J., & Vic, C. (2019).
Toward global maps of internal tide energy sinks. Ocean Modelling , 137 , 52–75.

–17–



manuscript submitted to JGR: Oceans

de Madron, X. D., Castaing, P., Nyffeler, F., & Courp, T. (1999). Slope transport of
suspended particulate matter on the aquitanian margin of the bay of biscay. Deep
Sea Research Part II: Topical Studies in Oceanography , 46 (10), 2003–2027.

de Stigter, H. C., Boer, W., de Jesus Mendes, P. A., Jesus, C. C., Thomsen, L.,
van den Bergh, G. D., & van Weering, T. C. (2007). Recent sediment transport
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sea: A case study from the ouvéa island, new caledonia. Marine pollution bulletin,
97 (1), 160–168.

Maraldi, C., Chanut, J., Levier, B., Ayoub, N., Mey, P. D., Reffray, G., . . . others
(2013). Nemo on the shelf: assessment of the iberia–biscay–ireland configuration.
Ocean Science, 9 (4), 745–771.

Marin, F. (2011). Solitons: Historical and physical introduction. In R. A. Mey-
ers (Ed.), Mathematics of complexity anddynamical systems (pp. 1561–1575). New
York, NY: Springer New York. Retrieved from https://doi.org/10.1007/978-1

-4614-1806-1 100 doi: 10.1007/978-1-4614-1806-1 100

Marsaleix, P., Auclair, F., & Estournel, C. (2006). Considerations on open bound-
ary conditions for regional and coastal ocean models. Journal of Atmospheric and
Oceanic Technology , 23 (11), 1604–1613.

Marsaleix, P., Auclair, F., Floor, J. W., Herrmann, M. J., Estournel, C., Pairaud, I.,
& Ulses, C. (2008). Energy conservation issues in sigma-coordinate free-surface
ocean models. Ocean Modelling , 20 (1), 61–89.

Masunaga, E., Arthur, R. S., Fringer, O. B., & Yamazaki, H. (2017). Sediment
resuspension and the generation of intermediate nepheloid layers by shoaling
internal bores. Journal of Marine Systems, 170 , 31–41.

Masunaga, E., Arthur, R. S., & Yamazaki, H. (2020). Baroclinic residual circu-
lation and mass transport due to internal tides. Journal of Geophysical Research:
Oceans, 125 (4), e2019JC015316.

McCave, I., & Hall, I. R. (2002). Turbidity of waters over the northwest iberian con-
tinental margin. Progress in Oceanography , 52 (2-4), 299–313.

Miedema, S. (2012a). Constructing the shields curve: Part a fundamentals of the
sliding, rolling and lifting mechanisms for the entrainment of particles. Journal of
dredging engineering , 12 (1), 1–49.

Miedema, S. (2012b). Constructing the shields curve. part b: Sensitivity analysis,
exposure and protrusion levels settling velocity, shear stress and friction velocity,
erosion flux and laminar main flow. J. Dredging Eng , 12 , 50–92.

Miedema, S. (2013). Constructing the shields curve: Part ccohesion by silt, hjul-
strom, sundborg. In International conference on offshore mechanics and arctic en-
gineering (Vol. 55409, p. V006T10A023).

Molinas, E., Carneiro, J. C., & Vinzon, S. (2020). Internal tides as a major pro-
cess in amazon continental shelf fine sediment transport. Marine Geology , 430 ,
106360.

Oliveira, A., Vitorino, J., Rodrigues, A., Jouanneau, J., Dias, J., & Weber, O.
(2002). Nepheloid layer dynamics in the northern portuguese shelf. Progress
in Oceanography , 52 (2-4), 195–213.

Pairaud, I. L., Auclair, F., Marsaleix, P., Lyard, F., & Pichon, A. (2010). Dynamics
of the semi-diurnal and quarter-diurnal internal tides in the bay of biscay. part 2:
Baroclinic tides. Continental Shelf Research, 30 (3-4), 253–269.

Pairaud, I. L., Lyard, F., Auclair, F., Letellier, T., & Marsaleix, P. (2008). Dynam-
ics of the semi-diurnal and quarter-diurnal internal tides in the bay of biscay. part
1: Barotropic tides. Continental Shelf Research, 28 (10-11), 1294–1315.

Puig, P., Palanques, A., Guillén, J., & El Khatab, M. (2004). Role of internal waves
in the generation of nepheloid layers on the northwestern alboran slope: implica-
tions for continental margin shaping. Journal of Geophysical Research: Oceans,
109 (C9).

Quaresma, L. S., Vitorino, J., Oliveira, A., & da Silva, J. (2007). Evidence of

–19–



manuscript submitted to JGR: Oceans

sediment resuspension by nonlinear internal waves on the western portuguese
mid-shelf. Marine geology , 246 (2-4), 123–143.

Ribbe, J., & Holloway, P. E. (2001). A model of suspended sediment transport by
internal tides. Continental Shelf Research, 21 (4), 395–422.
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Introduction

Text S1 details the methodology for the calculation of the slope criticality. Figures S2

and S3 show validation of the barotropic and baroclinic tides for all the tidal harmonics

used in the BOBIBE simulation. Figure S4 shows the validation of the IBIRYS12 reanaly-

sis compared to GEOVIDE transect over co-located stations. Figure S5 details the impact

of the average period used for the circulation to investigate the sediment transport.
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Text S1. Calculation of the slope criticality

The calculation of the critical slope is based on the ratio between the topography slope γ

and the IT wave beam slope l. If γ/c > 1, the slope is considered as steep. If γ/c > 1, the

slope is considered as flat. If γ/c = 1, the slope is considered as critical. The expression of

c can be found from the dispersion relationship of the internal gravity wave in a rotating

fluid (Kundu et al., 2004):

ω2 −N2 k2
H

k2
H + k2

V

+ f 2 k2
V

k2
H + k2

V

= 0 (1)

with ω the wave frequency, N the Brunt-Vissl frequency, f the Coriolis parameter, kH the

horizontal wavenumber and kV the vertical wavenumber. N is defined by the potential

density profile:

N2 = − g

ρ0

dρ0

dz
(2)

with g the gravitational acceleration, ρ0 the unperturbed potential density. So for a given

density profile, the IT wave beam slope can be calculated as the ratio between horizontal

and vertical wavenumber:

c2 =
k2
H

k2
V

=
ω2 − f 2

N2 − ω2
(3)

The calculation is made for M2, the dominant semi-diurnal tidal waves in this region. The

diurnal tidal waves have no relevant criticality slope in this area because located outside

the critical latitude (f ≥ ω).
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Figure S1. GEOVIDE measurements of (upper panel) the salinity, (central panel)

the potential temperature and (lower panel) the velocity across the section from LADCP.

The black lines represent the isopycnals of potential density anomaly. Each station where

particles were sampled are represented by the dotted gray lines (station number and

localization on top). Data from Zunino et al. (2017).
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Figure S2. (a-e) Barotropic velocity amplitude for the simulated tidal harmonics and

(f-j) the difference to FES2014b atlas (Lyard et al., 2021).
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Figure S3. (a-d) Internal tide surface elevation amplitude for M2, S2, K1, O1 simulated

tidal harmonics and (e-h) the corresponding value from HRET empirical IT atlas (Zaron,

2019).
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Figure S4. Vertical structure of the currents in the daily mean of IBIRYS12 reanalysis

and GEOVIDE measurements. The values of IBIRYS12 are co-located (time and space)

with the stations of the GEOVIDE cruise. GEOVIDE measurements from Zunino et al.

(2017).
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Figure S5. Streamline based on the mean velocity (top) 2 years, (center) 6 months

and (bottom) 3 months before June 2014 at (left) 180 m, (middle) 500 m and 800 m.

The red crosses show the GEOVIDE particle measurement stations. The squares show

the location of tidal resuspension sites. The arrows describe the potential pathways of the

particles from the tidal resuspension sites to the GEOVIDE stations. The colors define

the nature of the particles transported: yellow for lithogenic, blue for biogenic and purple

for both lithogenic and biogenic mixed.May 3, 2022, 2:54pm


