
1. Introduction
The GEOVIDE cruise took place in May/June 2014 onboard the R/V “Pourquoi Pas ?” between Lisbon, Green-
land, and Newfoundland. This cruise was part of the GEOTRACES program, an international cooperation that 
aims to study trace elements and their isotopes distributions and cycles in the global ocean. Suspended particles 
were sampled between the surface and 1,000 m at several stations by in situ sea water 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 prop-
agation of intermediate nepheloid layers was observed as far as 2,000 km away, following isopycnal layers at 
the following depths: 180, 220, 500, and 800 m (corresponding to potential density anomalies σ = 27.00, 27.05, 
27.18, and 27.39 kg.m −3 respectively, Figure 1b, Lagarde et al., 2020). These results suggest intense resuspen-
sion 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 layers when the sediment 
propagates off-shelf (McCave & Hall,  2002). The presence of nepheloid layers is effectively observed at all 
depths along the GEOVIDE section, except at 700 m at station 1 (nearest station to the shelf).

The Iberian Peninsula has benefited from a wide coverage of sediment sampling, starting with the surveys of the 
Dias and Nittrouer (1984), then the OMEX I project and finally the OMEX II-II program. Thanks to the numerous 
publications of these projects and its database, it is possible to have a complete description of the sediment: grain 
size spectrum, density, and nature. These three properties are necessary to study the resuspension of sediments 
because a heavier sediment will require a faster current for its resuspension. The nature of the  sediment defines 
whether the sediment was created from submerged organisms (biogenic) or from erosion of the continental crust 
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(lithogenic). Knowledge of the nature of the resuspended sediment is then mandatory to link the resuspension 
sites to the GEOVIDE measurements (Figure 1) and better interpret them.

The contribution of internal tides (ITs) and internal solitary waves (ISWs) to sediment resuspension at the 
margins was demonstrated by lab experiments (Cacchione, 1970), in situ measurements (Huthnance, 1989; Jia 
et al., 2019), and more recently by numerical modeling (Masunaga et al., 2020). Boegman and Stastna (2019) 
illustrated all the observations 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 gener-
ated 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 currents.

ISWs have been proposed to explain sediment resuspension along the Iberian shelf (Dias et al., 2002; McCave 
& Hall, 2002; Oliveira et al., 2002; Quaresma et al., 2007; Schmidt et al., 2002; Van Weering et al., 2002). 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 prop-
agate in the first 300 m along the pycnocline (Marin, 2011); therefore, they cannot fully explain the GEOVIDE 
observations (Figure 1).

ITs have been observed along the Nazaré canyon without direct evidence of sediment resuspension (Huthnance 
et al., 2002). Contrary to barotropic tidal currents, which affect the entire water column with a quasi-uniform 
amplitude, ITs propagate across every 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 Lavergne et al., 2019). IT energy prop-
agates from IT generation sites in a specific pathway 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 and 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 criticality of a bathymetric slope depends on stratification and the tidal period. 
Its temporal variability is only controlled by the temporal variability of the stratification. This simple criterion is 
widely used in the geochemical community to identify potential resuspension sites due to the presence of ITs or 
ISWs at those sites (Cacchione et al., 2002; de Madron et al., 1999; Lam et al., 2020; Puig et al., 2004). ISWs are 
more randomly generated than ITs, so such a criterion is still valid. However, this approach gives no information 
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 difficulties, such as stability or spurious long-term erosion of the stratification due 
to strong currents. 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 intermediate sediment resuspension and trans-
port. Molinas et al. (2020) used a tidal regional model to investigate the IT residual currents influencing particle 
transport over the Amazon 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 compare 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 resuspension and subsequent transport, as 
observed along the Iberian margin. First, the 3D hydrodynamic numerical model SYMPHONIE (https://sites.
google.com/view/symphonieoceanmodel/home). Marsaleix et al. (2008, 2019), forced solely by tides, is used to 
numerically 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., 2010, 2008) 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, sediment resus-
pension is investigated using simulated bottom friction and sediment properties. Finally, the consecutive transport 
of the nepheloid layers is investigated using IBIRYS12 (https://doi.org/10.48670/moi-00029, Iberian-Biscay-Irish 
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ocean Reanalysis, hereafter IBIRYS), an operational reanalysis: using 3D hydrodynamic model NEMO (Maraldi 
et al., 2013), historical simulations have been made using in situ measurements to regularly corrected the value 
of the state variables. This methodology gives realistic insight of the historical state of the ocean for the main 
physical component (temperature, salinity, and velocity). By exploring these processes, this study proposes a 
mechanistic link between the observed geochemical tracer distributions and the activity of ITs.

2. IT Simulation
2.1. SYMPHONIE Model Configuration

A regional configuration of the SYMPHONIE model, called BOBIBE (Bay of Biscay/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 over a structured grid with a horizontal resolution near 1 km and with 
61 vanishing quasi-sigma vertical levels (Estournel et al., 2021). Tides are forced as boundary conditions (with 
tidal velocity and tidal surface height) and using the astronomical potential. Tidal forcing is based on FES2014b 
atlas (Lyard et al., 2021) for the M2, S2, 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 over 15 days. A 
one-dimensional vertical density profile, representative of the GEOVIDE cruise section, is uniformly prescribed 
and maintained over the domain. The ocean atmosphere fluxes are disabled preventing any density-driven or 
wind-driven circulation in the simulation. Further details about the configuration can be found in Text S2 in 
Supporting Information S1.

This IT-dedicated configuration allows the development of a stable IT regime and thus provides a more precise 
harmonic analysis to extract ITs. The spectral properties (amplitude and phase lag) are extracted from the simu-
lation using harmonic analysis over 1 month of simulation after 15 days of spinup. To separate the barotropic 
tides from ITs, the results are projected over the first 10 vertical modes based on the mean stratification after 
spinup. The diagnostics of IT generation and energy flux calculations are based on this modal separation of the 
results.

Figure 1. Proportion of lithogenic neodymium in suspended particles (in %) along the three 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 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).
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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 atlas. The major harmonic, M2, is 
presented in Figures 2b and 2c (the remaining tidal harmonics can be found in Figure S2 in Supporting Informa-
tion S1). The difference is presented in proportion and the white color represents a difference within ±1%. The 
difference between 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 happen-
ing at the shelf break in this area). The bathymetry is better resolved and the IT generation is better constrained 

Figure 2. (a) Comparison of the stratification used in BOBIBE and that measured during GEOVIDE (average from the first 11 stations). (b) Amplitude of barotropic 
velocity for M2 in BOBIBE; and (c) difference to FES2014b atlas in proportion, the white color represents a difference within ±1%. (d) Elevation amplitude of the first 
baroclinic mode for M2 in BOBIBE; and (e) stationary signal of ITs from HRET. The horizontal dashed lines in (a) correspond to the depths of the observed nepheloid 
layers.
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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 data set, analyzes 20 yr of altimetric surface elevation measurements in order to extract the 
stationary state of ITs globally over different tidal harmonics (Zaron, 2019). The spatial sampling of long-term 
altimetry (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 Figures 2d and 2e; the remaining tidal harmonics 
can be found in Figure S3 in Supporting Information S1). The amplitude pattern of ITs is highly similar within 
the center of the Bay of Biscay but stronger over the Galicia Bank and weaker at the southwest of the domain. 
HRET uses the hypothesis that ITs are propagating like plane waves to better constrain IT mapping. Such hypoth-
esis 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. IT Generation and Propagation

Based on the method described in Buijsman et al. (2017), IT energetics are investigated 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 CVR values refer to IT generation zones, while nega-
tive values 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 propaga-
tion from their generation site to their sink.

FBC and CRV are defined by the following equations:

𝐹𝐹𝐵𝐵𝐵𝐵 = ∫
0

𝑏𝑏

∇ℎ ⋅ ⟨𝑝𝑝𝐵𝐵𝐵𝐵𝑉𝑉𝐵𝐵𝐵𝐵⟩ 𝑑𝑑𝑑𝑑 (1)

CVR = ∇ℎ ⋅
⟨

�����
�
��

⟩

 (2)

with p is the pressure and V is the current velocity, 𝐴𝐴 ⟨⟩ indicates that the quantities are averaged along the consid-
ered 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 propaga-
tion. Along the Iberian Peninsula, the major generation sites are La Coruña shelf (43°N,9°W), the Galicia Bank 
(43°N,12°W), and the Estremadura Spur shelf (39°N, 10°W). In some areas, 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 poten-
tial of sediment resuspension from internal waves. The criticality is expressed by the ratio of bathymetric slope 
over IT wave beam angle (Text S1 in Supporting Information S1), whose values of ∼1 indicate critical slopes 
(Figure 3b). We observe that most shelf breaks present critical slopes (from 400 to 2,000 m) that could trigger 
sediment resuspension. We will now compare this static methodology, only based on the bathymetry and density 
profile, to a more dynamical methodology involving the current velocity due to ITs.

3. Sediment Resuspension Triggered by ITs
3.1. IT Bottom Friction

To determine where ITs can trigger sediment resuspension, examining the conversion rate is not sufficient 
because we need to study the kinetic energy applied to the sea floor: the bottom shear stress (or bottom friction). 
This variable (τb) is calculated using the equation encoded in the model:

𝜏𝜏𝑏𝑏 = 𝜌𝜌𝜌𝜌 2

∗ = 𝜌𝜌𝜌𝜌𝐷𝐷𝜌𝜌
2 (3)
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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 follow-
ing equation:

𝐶𝐶𝐷𝐷 =

⎛
⎜
⎜
⎜
⎝

𝜅𝜅

ln

(
1

𝑧𝑧0

ℎ𝑏𝑏

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. Equation 4 is valid only if hb is smaller than the height of the logarithmic velocity profile due to the bottom 
friction; a condition which is not met in the deep area of the domain. Thus, CD is forced to be greater than 
2.5 × 10 −3 as it is commonly done in ocean modeling (Maraldi et al., 2013). The bottom roughness is the scale 
of unresolved topography at the sea floor, such as sand waves, ripples, or grain size. In the BOBIBE simulation, 
z0 = 1 × 10 −3 m uniformly over the domain and corresponds to the order of roughness for continental slopes and 
abyssal plains.

To calculate the maximum τb that could occur due to the tides, we calculated V from the harmonic solutions of 
the simulation. A tidal prediction of V from the simulated tidal harmonics (M2, S2, K1, and O1) is made over 

Figure 3. (a) Internal tide (IT) energy flux vertically integrated (W.m −1) and conversion rate (cyan contours for generation 
and dark blue contours for sink). The cyan arrows refer to IT generation; the dark blue arrows refer to IT sinks, shading 
arrows refer to generated and locally dissipated ITs. (b) Ratio between the topography slope and the angle of the IT 
wave beam for diurnal tidal harmonics (based on M2). Values equal to 1 indicate critical slope areas; values <1 refer to 
transmissive slopes (subcritical); and values >1 refer to reflective slopes (supercritical).



Journal of Geophysical Research: Oceans

BARBOT ET AL.

10.1029/2022JC018816

7 of 15

2 months with a time resolution of 30 min. Then, the maximum of V is extracted from this prediction. This 
method was performed under two scenarios: the total tidal contribution (barotropic and baroclinic) and the baro-
clinic contribution only (Figure 4). Nine areas are selected where τb > 0.1 kg.m −1.s −1, within the range of isop-
ycnals observed during the GEOVIDE cruise (black and white arrows in Figure 1). All areas are detailed below.

At the northern part of the Iberian Peninsula (Figures 4a and 4e), three areas show intense bottom friction. La 
Coruña shelf presents a wide area of strong bottom friction over the continental slope which partially corresponds 
to a critical slope. ITs are mainly generated and dissipated locally (Figure 3a) but also came from the cap further 
north (44.1°N–9°W) and from the Bay of Biscay. The Fisterra shelf presents a small sea mount within the conti-
nental slope which is crossed by the barotropic tides inducing a very localized bottom friction area. The bottom 
friction closer to the coast is more likely caused by the ITs from La Coruña shelf, dissipated on a critical slope. 
Then, the Ulla shelf presents two sites of ITs generation over critical slopes responsible for the bottom friction.

Figure 4. Total (top) and baroclinic (bottom) maximum tidal bottom shear stress from M2, S2, N2, K1, and O1 tidal harmonics over the Iberian continental shelf: (a, e) 
the northern shelf, (b, f) the Galicia Bank, (c, g) the central shelf and (d, h) the Southern shelf. The isopycnals reflect the potential density at the bottom and highlight 
the range of the GEOVIDE particle measurements (Figure 1). The black and white arrows highlight the potential areas of high bottom friction within the isopycnals 
range considered. The cyan arrows show the rivers bringing lithogenic particles and sediment.
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The Galicia Bank (Figures 4b and 4f) is a seamount with a summit at 800 m depth with ITs generated on most of 
its flanks. Other ITs are coming from other sea mounts further north, from the Bay of Biscay, and from the Iberian 
shelves. The maximum bottom friction locations correspond to critical slopes on the flanks of the sea mount but 
not over its top (Figure 3b).

At the central part (Figures 4c and 4g), Minho and Aveiro shelves are very similar, with barotropic tidal currents 
coming across steep slopes. But Minho bottom friction is only due to barotropic tides whereas Aveiro one involves 
ITs generated locally (Figures 3a and 4g). The maximum bottom friction over these areas is weaker than other 
sites and Aveiro bottom friction only partially corresponds to a critical slope.

Finally, at the southern part (Figures 4d and 4h), three other areas are highlighted. The Mondego shelf is influ-
enced by the ITs from southern shelves, breaking over a supercritical slope. Even with a non-matching criticality, 
this area shows a medium bottom friction due to ITs. The Nazaré canyon presents ITs generation over its flanks 
with a strong bottom friction at the bottom of the canyon and some weaker over the northern flanks. These 
locations partially correspond to critical slopes. The Estremadura Spur shelf is highly influenced by barotropic 
tides and a lot of the bottom friction is only due to them (Figure 4h). ITs are generated at the western part over a 
complex bathymetry with many ITs dissipated locally (Figure 3a) over critical slopes.

To summarize, the simulation of ITs reveals nine areas with strong bottom friction that could generate sediment 
resuspension. Among them, three are over critical slopes, four others spread over both critical and not critical 
slopes and one occurs over supercritical slopes; one area is only due to barotropic tides so the slope criticality is 
not a concern. In this study, the criterion for sediment resuspension was the maximum tidal bottom friction there-
fore, the resuspension could occur following the spring-neap tide cycle. The fact that these areas do not strictly 
correspond to critical slopes increases the number of potential resuspension locations over shelves, offering new 
perspectives for worldwide sediment tidal resuspension investigations. Hereafter, all these selected areas will be 
referred to as tidal resuspension sites (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 sediment 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 sedi-
ment resuspension in an adimensional space based on a lab experiment using multiple fluids and sediment. This 
methodology has been validated for the study of sediment motion in continental shelves by Larsen et al. (1981). 
This adimensional space uses the Shields parameter (ϑ) to compare bottom friction to sediment properties, and 
the boundary Reynolds number 𝐴𝐴 (𝑅𝑅𝑅𝑅∗) to describe the turbulence of the flow at the scale of the sediment:

𝜗𝜗 =
𝜏𝜏𝑏𝑏

𝑔𝑔𝑔𝑔 (𝜌𝜌𝑆𝑆 − 𝜌𝜌)
 (5)

��∗ = �∗
�
�

=
√

��
��
� (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 sedi-
ment and ν = 1.41 × 10 −6 m 2.s −1 is the kinematic viscosity for sea water.

More recently, analytical Shields curves were formulated for various motion thresholds (motion, rolling, resus-
pension) and cohesive sediments (silts; Miedema, 2012a; 2012b, 2013). The curve for cohesive sediments has 
been chosen for the smallest grain size observed to be the most restrictive (7 μm), then the cohesive effect has 
been added to the rolling threshold. 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). The sediment along the Iberian slope have a density from 2.3 g.cm −3 to 2.5 g.cm −3, whereas the Galicia 
Bank sediment have a density of 1.7 g.cm −3 which greatly affect the relation between (D, V) and (ϑ, 𝐴𝐴 𝐴𝐴𝐴𝐴∗ ). Thus, 
for clarity purposes, Galicia Bank is considered separately as well as the TRSs that present silt.

Figure 5 compares the values of ϑ and Re* at the potential TRS (colored rectangles) to the Shields curves (in 
black). Cases falling below the rolling curve correspond to steady sediment. Cases falling above the rolling curve 
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but below the resuspension curve correspond to lifted sediment which sink back. Cases falling above every curve 
are favorable to sediment resuspension, because the sediment is light enough, thin enough or the flow is strong 
enough (black labels in Figure 5a). Sediment with cohesive silt do not react the same as non-cohesive one so 
another curve is added for sediment with slits (Figures 5a and 5c).

Area Criticality
Isopycnals  
[kg.m −3]

τb  
[kg.m −1.s −2]

ρS  
[g.cm −3]

D  
[μm] Nature References TRS

C Yes/No 27.0–28.2 0.20–0.52 2.5 50–100 Lit. Flach et al. (2002) ++

F Yes 27.0–28.2 0.14–0.16 2.5 10–200 Lit. van Weering and de Stigter (1998) +

U Yes 27.1–27.8 0.11–0.26 2.5 50–600 Mix. van Weering and de Stigter (1998) +

G Yes/No 27.5 0.55–0.70 1.7 10–200 Bio. Flach et al. (2002), Yenes et al. (2019) ++

Mi Yes 27.1–27.2 0.23 2.3 150–500 Mix. Dias and Nittrouer (1984) 0

A Yes/No 27.1–27.8 0.28 2.3 10–300 Mix. Dias and Nittrouer (1984) +

M No 27.0–27.5 0.25 2.3 60–500 Mix. Dias and Nittrouer (1984), Duarte and Taborda (2007) +

N Yes/No 27.4–27.8 0.41 2.5 7–30 Lit. de Stigter et al. (2007), Ribeiro (2008) +

E Yes 27.1–27.9 0.41 2.5 8–120 Mix. Balsinha (2020) ++

Note. 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 ++ when all the sediment can be resuspended, + when only the smaller fraction can and 0 when any of it can.

Table 1 
Characteristics of the Potential Tidal Resuspension Sites (TRS)

Figure 5. Sediment resuspension threshold for (a) silty light sediment tidal resuspension sites (TRSs), (b) dense sediment 
TRSs and (c) silty dense sediment TRSs. Above the solid line, the sediment is lifted from the sea floor, above the dotted line, 
the cohesive silts larger the 7 μm are lifted from the sea floor and above the dashed line the sediment stays in suspension. The 
colors denote the nature of the sediment: blue for biogenic, yellow for lithogenic, and purple for a mix of both. Hatched color 
highlights steady sediment. The grid scales of sediment grain size versus fluid velocity are computed for sea water properties 
(ν = 1.10 −3 m 2.s −1, σ = 27 kg.m −3) for sediment density ρS = 1.7 g.cm −3 (e.g., chalk) for (a) and ρS = 2.5 g.cm −3 (e.g., quartz, 
calcite) for (b, c).
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The Galicia Bank, La Coruña shelf, and Estremadura Spur shelf are well above the threshold curve, suggesting 
that sediment resuspension occurs during the common tidal cycle. The Nazaré canyon and Fisterra shelf are 
mostly above the threshold curve, suggesting that only the finer fraction of the sediment is resuspended during 
the common tidal cycle and the medium fraction during spring tides. The Ulla, Aveiro, and Mondego shelves 
are crossed by the threshold, so only the finer fraction of the sediment can be resuspended during spring tides. 
The Minho shelf is way below the threshold, so 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 Peninsula. Table 1 summarizes the 
isopycnals, the nature of the sediment, 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 2,000 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 that would allow connect-
ing the stations 1, 13, or 21 (Figure 3a). Thus, we suggest that although ITs clearly trigger bottom friction and 
sediment resuspension, they are not responsible for the transport of suspended particles between the GEOVIDE 
stations; however, advection by the oceanic circulation may be. The IBIRYS operational reanalysis current field 
is used to investigate this transport. This product is a reanalysis from a 3D NEMO simulation at 1/12°: this 
simulation was assimilated with temperature and salinity profiles, sea surface height, and sea surface temperature 
to better represent the historical state of the ocean (further description and validation are provided by Maraldi 
et al., 2013). This simulation only extends to 19°W and therefore, does not include station 21 of the GEOVIDE 
cruise. The daily averaged currents of IBIRYS are collocated with GEOVIDE 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 (Figure S4 in Supporting Information S1).

The transport of the sediment by the circulation follow the isopycnals so IBIRYS have been interpolated at the 
isopycnals of the nepheloid layers observed: σ = 27.0, 27.17 and 27.39 kg.m −3 (Figure 1). With a velocity range 
of 3–10 cm.s −1 and a distance between the TRS and the GEOVIDE stations of ∼500 km, the timescale involved 
ranges of 50–200 days. The monthly mean current field is averaged over three different time periods (2 yr, 6 
and 3 months). For each period, the flow is considered steady and the streamlines are calculated to describe 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 currents (∼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; 
however, the general transport is clear. We choose to describe the sediment pathways using the 2 yr average (from 
June 2012 to 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 Figure S5 in Supporting Information S1).

Figure 6 presents the streamlines from velocity fields at each isopycnals. Note that the current structures at 27.0 
kg.m −3 (Figure 6a) are consistent with the surface circulation during the cruise (Zunino et al., 2017, their Figure 
5, derived from altimetry sea level anomalies). Potential pathways 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 
directly connecting the three GEOVIDE stations is observed, at any isopycnal. A strong northward current along 
the shelf slope washes all the Iberian slope, and then splits up in different directions at La Coruña shelf. The 
potential pathways between each station are described and discussed below.

Station 1 is influenced by two eddies: in front of the Aveiro shelf, the eddy structure is found at the three isop-
ycnals, whereas in front of the Nazaré canyon, the eddy only affects the shallower one. The TRS potentially 
affecting station 1 vary depending on the isopycnal: at 27.0 kg.m −3, Aveiro, Mondego and Estremadura Spur 
TRSs (purple arrows, Figure 6a); at 27.17 kg.m −3, Estremadura Spur TRS (purple arrow, Figure 6c); and at 27.39 
kg.m −3, Nazaré canyon and Estremadura Spur shef (yellow and purple arrows, Figure 6c). With this method 
the station 1 seems mostly affected by mixed sediment so it 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 as well as other sediment coming from further south with the current as highlighted by 
Hernández-Molina et al. (2016).
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Station 13 is mostly influenced by southward and northeastward currents; thus, the lithogenic particles observed 
at this station are transported following a circuitous pathway. This pathway is the same at every isopycnals: start-
ing from the La Coruña TRS and circumventing the Galicia Bank (Figure 6). At 27.0 kg.m −3, this pathway trans-
ports particles mainly lithogenic from the La Coruña and Fisterra TRSs but also mixed sediment from Ulla TRS. 
At 27.17 and 27.39 kg.m −3 however, the resuspension of biogenic sediment at the Galicia Bank can completely 
invert the ratio of lithogenic/biogenic particle within the suspended particles (blue and yellow to purple arrows, 
Figures 6b and 6c). In addition, a current at 27.39 kg.m −3 seems to directly link Estremadura Spur TRS to station 
13. Thus, we suggest that station 13 is affected by lithogenic particles for shallow isopycnals and mixed particles 
below. This is in good agreement with the GEOVIDE observations of lithogenic REEs (Figure 1).

Some streamlines seem to hardly connect the TRSs and the GEOVIDE station, but could if ITs transport the parti-
cles across the streamline over 50–100 km (IT symbols in Figure 6). 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 13f). This could happen near La Coruña/Fisterra shelf, Galicia Bank and Estremadura Spur 
shelf where ITs energy flux >3 kW.m −1 (Figure 3a). As for station 1, currents may also bring sediment from areas 
further south (Hernández-Molina et al., 2016).

Station 21 does not seem to connect with the TRS at any isopycnal. Long and meandering pathways could 
approach station 21 from La Coruña but no further than 17°W (yellow arrow, Figure 6c). Moreover, a large north-
eastward current highly influences station 21: from ∼12 cm.s −1 at 27.0 kg.m −3 to 6 cm.s −1 at 27.39 kg.m −3. This 
current is one of the southern branches of the North Atlantic Current (SNAC) highlighted by Zunino et al. (2017). 
The authors show that station 21 is under the influence of a large anticyclonic eddy during the cruise. This station 
displays very different temperatures and salinity than the nearby stations (Figure S1 in Supporting Informa-
tion S1), with Subpolar Mode Water 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 centered on station 
21. It cannot be excluded that this complex circulation could bring water masses from other coastal/shelf margin 
locations than the Iberian coast. For example, 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 
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 (Artigue et al., 2020; Maes & Blanke, 2015) applied to a simulation of the North 
Atlantic basin reproducing the mixing of the various water masses in the North Atlantic and tidal dynamics. The 
ongoing study of neodymium isotopic composition (ϵNd) of the GEOVIDE samples could help to determine the 
exact origin of the particles (Grenier et al., 2018).

Figure 6. Streamline based on the mean velocity from June 2012 to June 2014 at (a) σ = 27.0 kg.m −3, (b) σ = 27.17 kg.m −3 and (c) σ = 27.39 kg.m −3. The arrows 
describe the potential pathways of the particles that may link the tidal resuspension sites and 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. The internal tide (IT) symbol refers to a situation where the particles 
are transported across streamlines by ITs.
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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 particulate 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 Figure 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 resuspension 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 establish that ITs generated in the Bay of Biscay and along the Iberian slope 
participate in sediment resuspension and could be the major mechanism for the resuspension occurring below 
300 m. Eight TRS are identified: La Coruña shelf, Fisterra shelf and Nazaré canyon are sources of lithogenic 
sediment, the Ulla, Aviero, Mondego and Estremadura Spur 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 some areas of Estremadura Spur shelf, strong bottom friction is only due to barotropic tidal 
currents at the top of the shelf slope. Using a regional model reanalysis, the mean state of the oceanic circulation 

Figure 7. Proportion of lithogenic neodymium in particulate matter along isopycnals (a) between station 1 and 21 and (b) between station 1 and 13) using linear 
interpolation. The color inside the black rings refers to the GEOVIDE measurements. The other symbols refer to the 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).
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in the area is investigated on the suspected isopycnals. Associated with the TRS, this approach explains most 
of the GEOVIDE observations (Lagarde et al., 2020). However, we demonstrate that stations 13 and 21 are not 
connected. More specifically, the significant lithogenic fraction and the water masses observed at station 21 at 
500 m (27.17 kg.m −3) 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 strategy 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 properties (nature and size) are required to simulate and identify TRSs. Further work on sediment 
resuspension and large distance particle transport should consider applying Lagrangian tracking to the oceanic 
circulation simulations as well as performing a complete tidal-circulation model coupled with a sediment model.

Data Availability Statement
The GEOVIDE CTD data are available at SENOE (DOI: 10.17882/52153). The GEOVIDE geochemical tracer 
data and OMEX II-II sediment data are available at BODC (https://www.bodc.ac.uk/geotraces/data/idp2017/; 
https://www.bodc.ac.uk/omex/omexii-ii/). FES2014b tidal atlas is available at SEDOO (DOI: 10.6096/3001). 
IBIRYS12 is available at CMEMS (DOI: 10.48670/moi-00029).
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Contents of this file

1. Text S1: Calculation of the slope criticality

2. Text S2: Numerical details of SYMPHONIE for the BOBIBE configuration

3. Figure S1: GEOVIDE physical measurements

4. Figure S2: Barotropic tides validation

5. Figure S3: Internal tides validation

6. Figure S4: IBIRYS12 reanalysis validation

7. Figure S5: Sediment transport based for different mean circulations

8. Table S1: Constants used in SYMPHONIE

July 25, 2022, 6:28pm



X - 2 :

Introduction

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

details the feature used by the hydrodynamic numerical model SYMPHONIE and the

specific choices that have been made for the BOBIBE configuration of this study. 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. Table

S1 lists the numerical and physical constants used for the BOBIBE configuration.
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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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Text S2. Numerical details of SYMPHONIE for the BOBIBE configuration

The numerical model SYMPHONIE1 (Marsaleix et al., 2008, 2019) is based on the

Navier-Stokes primitive equations solved on an Arakawa curvilinear C-grid (Arakawa &

Lamb, 1981) under the hydrostatic and Boussinesq approximations. The model makes use

of an energy conserving finite difference method described by Marsaleix et al. (2008), a

forward-backward time stepping scheme, a Jacobian pressure gradient scheme (Marsaleix

et al., 2009), the equation of state of Jackett, McDougall, Feistel, Wright, and Griffies

(2006), and the K-epsilon turbulence scheme with the implementation described in Costa,

Doglioli, Marsaleix, and Petrenko (2017). Horizontal advection and diffusion of tracers

are computed using the QUICKEST scheme (Leonard, 1979) and vertical advection using

a centered scheme. Horizontal advection and diffusion of momentum are each computed

with a fourth order centered biharmonic scheme as in Damien, Bosse, Testor, Marsaleix,

and Estournel (2017). The biharmonic viscosity of momentum is calculated according to a

Smagorinsky-like formulation derived from Griffies and Hallberg (2000). The lateral open

boundary conditions, based on radiation conditions combined with nudging conditions,

are described in Marsaleix, Auclair, and Estournel (2006) and Toublanc, Ayoub, Lyard,

Marsaleix, and Allain (2018).

The VQS (vanishing quasi-sigma) vertical coordinate described in Estournel, Marsaleix,

and Ulses (2021) is used to avoid an excess of vertical levels in very shallow areas while

maintaining an accurate description of the bathymetry and reducing the truncation errors

associated with the sigma coordinate (Siddorn & Furner, 2013). The implementation of

the tide, described in Pairaud, Lyard, Auclair, Letellier, and Marsaleix (2008); Pairaud,

Auclair, Marsaleix, Lyard, and Pichon (2010), consists on the one hand of the amplitude
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and phase of the tide introduced at the open lateral boundaries and on the other hand of

the astronomical plus loading and self-attraction potentials.

In addition to this usual configuration of the model, specific nudging conditions have

been developed for this particular study. To prevent the erosion of the stratification by

the tides, a nudging term have been add in every point of the grid to maintain the initial

value of temperature and salinity:

∂X ′

∂t
= ...+ λRX̄ ′ (4)

where X is the anomaly of either the temperature or the salinity, λR is the nudging

frequency and X ′ is the difference to a reference field Xref (X ′ = Xref − X). The

horizontal bar indicates a temporal filter that selects the low frequencies, so that gravity

waves (considered high frequencies) are not damped by the nudging. The temporal filter

is calculated by:

∂X̄ ′

∂t
= λLF

(
Xref −X − X̄ ′

)
(5)

with the following numeric scheme:

X̄ ′(t+ ∆t) =
(
1 − ∆tλLF

)
X̄ ′(t) + ∆tλLF (Xref (t) −X(t)) (6)

whose filtering properties are detailed in Grebenkov and Serror (2014). Note that the

possibility of oscillations during the transient solution produced by the coupling of Eq. 4

and Eq. 5 is eliminated by the following condition on λR:

λR = 0 ifX ′X̄ ′ < 0 (7)

Otherwise, the value for λrelax, λR and λLF are constant parameters and can be found in

the Table S1.
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Table S1. Numerical and physical constants used in SYMPHONIE. As the spatial

resolution is the same for longitude and latitude, only one of them is described.

Name Symbol Value

Internal time step ∆t 90 s

External time step ∆text 1.25 s

Mean spatial step ∆̄x 900 m

Minimum spatial step ∆xmin 800 m

Maximum spatial step ∆xmax 1000 m

Number of layers nz 60

Size of the sponge layer Dsponge 70 grid nodes

Boundary nudging frequency for velocity λrelax 0.1 days

Nudging frequency for T,S λR 2 days

Low frequency for nudging λLF 10 days

Bottom roughness zb0 1 × 10−3 m

Minimum friction coefficient CDmin 2.5 × 10−3
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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).

July 25, 2022, 6:28pm
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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).

July 25, 2022, 6:28pm
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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 mixed. July 25, 2022, 6:28pm
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