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Abstract

Hydrothermal vents are important sources of biogeochemical constituents with a global rel-
evance, like iron. The fate of these elements is poorly constrained, both by the physical
mechanisms of transport and mixing, and by the geochemical speciation processes. Here we
set up a regional simulation of the ocean circulation that resolves submesoscale and tidal
processes around the Trans-Atlantic Geotraverse (TAG) hydrothermal vent to investigate
how the small scales of the dynamics impact the dispersal of a hydrothermal plume. A
passive Eulerian tracer is continuously released at TAG and spreads over 260 days. We de-
sign sensitivity experiments to isolate key forcing mechanisms: a simulation without tides,
a simulation with a bathymetry that is smoothed to remove kilometer-scale features, and
a simulation with Lagrangian particles to be compared to the Eulerian framework. We
find that the kilometer-scale seafloor topography is essential to drive submesoscale insta-
bilities and generate submesoscale eddies that capture seafloor material and transport it
off the ridge, increasing dramatically the horizontal spreading as compared to the smooth-
bathymetry simulation. Tides are found to increase vertical diffusivity above the ridge,
but their impact on the horizontal dispersal is negligible. Eulerian and Lagrangian exper-
iments lead to very similar horizontal dispersal pathways, although the vertical spreading
is much reduced in the Lagrangian simulation, which is explained by the lack of an explicit
representation of mixing processes.

Plain Language Summary

Ocean dynamics at kilometer scales have been shown to strongly impact the spreading
of material at the ocean surface, but their impact in the deep ocean remains understudied.
We designed and ran numerical experiments to resolve the fine-scale ocean currents at depth
and their interaction with the seafloor, to study their impact on the spreading of material
from hydrothermal vents on the Mid-Atlantic Ridge. We find that the seafloor features at
kilometer scales are crucial to generate eddies that transport material off the Ridge, but tides
have a limited impact. The seafloor and dynamical small scales are not included in global
models, which likely leads to a misrepresentation of the pathways and fate of hydrothermal
biogeochemical compounds.

1 Introduction

Hydrothermal vents, mostly located over mid-ocean ridges, are important sources of
biogeochemical constituents, and host benthic and pelagic populations (Lutz & Kennish,
1993; Baker & German, 2004; Martin & Russell, 2007; Matabos et al., 2025). Over the past
decades, there has been increased evidence for basin-scale spreading of hydrothermal plumes
and their biogeochemical constituents (Nishioka et al., 2013; Resing et al., 2015; Fitzsimmons
et al., 2017). Some of these constituents, like iron, escape ultimately from the deep ocean,
from which they subsequently influence the upper ocean and thus significantly contribute to
global biogeochemical cycles (Tagliabue et al., 2010; Tagliabue & Resing, 2016; Frith-Green
et al., 2022). The distribution of these hydrothermal constituents is influenced by both
physical processes and geochemical speciation processes as they are released and exported
up to thousands of kilometers away from their source. Nevertheless, many unknowns remain
on the short- and long-term fate of these constituents. Indeed, it is difficult to disentangle the
impacts of multi-scale oceanic transport and mixing from poorly constrained biogeochemical
processes. Yet, it is crucial to estimate how, how far, and in what proportion hydrothermal
plumes disperse from their sources, to assess their influence and impact on the upper-ocean
biological activity and global carbon cycle (Tagliabue et al., 2010; Tagliabue & Resing, 2016;
Ardyna et al., 2019; Gonzalez-Santana et al., 2020).

Physics-biogeochemical coupling is fairly well documented in the surface layer of the
ocean. For example, mesoscale eddies (O(10-100 km)) can trap plankton and nutrients
and transport them through ocean basins (Gaube et al., 2014). Submesoscale dynamics
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(O(0.1-10 km)) drive vertical exchanges near the surface, critically impact biogeochemical
cycles, and shape ecosystems (Klein & Lapeyre, 2009; Lévy et al., 2018, 2024). More
recent research has shown that tidally-driven mixing can impact vertical fluxes of, e.g.,
nutrients, in the surface layers (Tuerena et al., 2019). In the deep ocean, the physical
processes that impact the transport and mixing of tracers are less clear, although there is
evidence for the existence of mesoscale and submesoscale eddies (Frenger et al., 2018; McCoy
et al., 2020) and locally enhanced tidally-driven mixing over rough seafloor topography
(Waterhouse et al., 2014). Specifically, there is scarce evidence for an impact of small-
scale ocean currents (submesoscales and tidal) on the deep-ocean biogeochemical fluxes in
hydrothermal environments (Fujioka et al., 1997; Furushima & Yamamoto, 2014; Cuvelier
et al., 2017; Sarrazin et al., 2020).

Some recent studies focused on the physical mechanisms at play in the dispersal of
hydrothermal material using hydrostatic primitive-equation models, which solve the largest
scales of the oceanic circulation. Using global models with grid scales of O(10) km, hy-
drothermal plumes and their constituents were represented as Eulerian tracers (e.g., Tagli-
abue et al., 2022), while they were represented as Lagrangian particles using regional models
with grid scales of O(1) km (e.g., Breusing et al., 2016; Vic et al., 2018; Tagliabue et al.,
2022). Lagrangian simulations are more cost-effective as they can be run offline, i.e., using
3-dimensional currents to transport particles. A potentially significant limit of Lagrangian
methods is that they intrinsically lack vertical mixing, unless a parameterization built on
stochastic processes is specifically included to represent it (van Sebille et al., 2018). Within
the surface ocean, Lagrangian models have proven to be useful to simulate tracer spreading
in mesoscale-resolving simulations. However, they tend to underestimate vertical spreading
as compared to Eulerian models (Wagner et al., 2019). Using submesoscale-resolving models
that include tides, one would expect vertical mixing to be largely enhanced as compared to
coarser models, both due to emerging submesoscale instabilities and tidal mixing (Gula et
al., 2016; Thakur et al., 2022; Mashayek et al., 2024; Ruan et al., 2025). This is especially
true near the ocean floor where frictional effects drive mixing processes, and in the adjacent
O(100)-m vertical layer where tidally-driven mixing is prominent (Winters, 2015; van Haren
et al., 2017; Naveira Garabato et al., 2025). Yet, we still lack a comparison of Lagrangian
and Eulerian models in the deep ocean.

Here, as part of the LifeDeeper project (Cambon & Pelleter, 2025), we aim to shed
light on the fate of the hydrothermal plume emitted at the Trans-Atlantic Geotraverse
(TAG) hydrothermal site. TAG is an active sulfide mound located on the Mid-Atlantic
Ridge (MAR) around 26°N at 3620 m depth, which has received extensive attention over
the past decades (Rona et al., 1986; Pelleter et al., 2024). Several observational plans were
designed to investigate the vent field and the geochemical characterization of the trace metal
hydrothermal plume (Fouquet et al., 2017; Gonzélez-Santana et al., 2020). In this study, we
use a numerical modeling approach at high horizontal and vertical resolutions to represent
the deep-ocean fine-scale dynamics and its impacts on tracer dispersal as accurately as
possible.

We focus on the dispersal of a passive tracer within the hydrothermal plume, considered
here only once it has reached its neutrally-buoyant altitude. The initial, ascending, stage
of the plume dynamics feature large vertical velocity, which cannot be simulated with a
hydrostatic model and at the resolution we consider (Lemaréchal et al., 2025). The passive
tracer could be identified as helium, a chemically inert gas considered as a conservative
tracer and which isotopic composition in 3He is often used as a marker of hydrothermal
plumes (Jean-Baptiste et al., 1991; Lupton et al., 1998; Lupton, 1998). The fate of such
tracer is hypothesized to be solely constrained by the physics. Our goal is twofold. First,
we aim to investigate the specific roles of tides and kilometer-scale seafloor topography
in the dispersal of a passive Eulerian tracer of hydrothermal origin. Second, we aim to
benchmark the widely used Lagrangian approach with an Eulerian simulation specifically
designed to study the deep ocean. To investigate the spreading of the TAG hydrothermal
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plume material, we examine the underlying physical processes. A reference experiment
includes realistic forcing, i.e., a high-resolution bathymetry and high-frequency atmospheric
and tidal forcing. We then test the sensitivity of the dynamics to tides by switching them
off in a twin experiment, and to small-scale seafloor topography by smoothing the original
bathymetry in a third experiment — the resulting bathymetry is representative of that used
in global climate models. The passive tracer is continuously released at TAG with an initial
distribution based on observations of helium. In addition, a Lagrangian experiment is carried
out using a distribution of particles that mimics the Eulerian tracer distribution.

The paper is organized as follows. Section 2 describes the methods, model and data used
in the analyses. Section 3 presents how small-scale seafloor topography and tides control
the dynamics. Section 4 demonstrates their impacts on the spreading of a passive Eulerian
tracer and of Lagrangian particles. Results are summarized and discussed in Section 5.

2 Data and Methods
2.1 Numerical Setup

We use the hydrostatic version of the Coastal and Regional Ocean Community Model
(CROCO, Auclair et al., 2025), based on the Regional Ocean Modelling System (ROMS,
Shchepetkin & McWilliams, 2005). CROCO solves the primitive equations on an orthogonal
curvilinear grid with terrain-following coordinates (c-levels). Parameters and numerical
options common to the set of simulations are given in Section 2.1.1, and details specific
to the simulations are given in Section 2.1.2. The Lagrangian experiment is described in
Section 2.1.3.

2.1.1 Background

The 600 km x 500 km model domain is centered on the TAG hydrothermal vent site
(Figure 1a). The horizontal grid spacing is 1 km and the grid has 150 vertical levels, with
stretching parameters 6 = 3, 6, = 3 and h, = 300 m. This corresponds to a vertical
grid spacing of ~15-20 m near the bottom, ~40 m in the middle of the water column, and
~2 m near the surface. The large number of vertical levels at such horizontal resolution is
necessary to avoid numerical instabilities in boundary layers — the grid satisfies the criterion
proposed in Ménesguen et al. (2025) to avoid baroclinic instability of the computational kind
(not shown) — and to accurately represent the vertical structure of the hydrothermal plume.
The model bathymetry is based on the Shuttle Radar Topography Mission dataset at 30-sec
resolution (SRTM30_PLUS, Becker et al., 2009). Additional smoothing is performed on
the original topography to minimize pressure gradient errors and limit spurious numerical
mixing; this is detailed below. Atmospheric forcing is provided at hourly resolution by
the Climate Forecast System Reanalysis (CFSR, Saha et al., 2010). Initial and lateral
boundary conditions are provided by a simulation covering the North Atlantic Ocean with
a horizontal grid spacing of 3 km (GIGATL3, Gula et al., 2021). The grid refinement
coefficient of 3 ensures smooth dynamical transitions at boundaries (Debreu & Blayo, 2008).
The simulations are run for year 2009, from which the first three months were considered
a spin-up stage allowing the model to stabilize the physics from the parent simulation (see
kinetic energy time series in Figure S1 in Supporting Information), hence were discarded
from the analyses.

In all simulations, mixing is parameterised using the K-profile parameterization scheme
(KPP, Large et al., 1994). For active tracers, we use the horizontal advection scheme RSUP5
(split and rotated 5Sth-order upstream biased advection scheme, Lemarié, Debreu, et al.,
2012) and the vertical advection scheme SPLINES. For passive tracers, we use WENO5
(5th-order weighted essentially non-oscillatory scheme, Jiang & Shu, 1996) both for hori-
zontal and vertical advection schemes, to avoid negative concentrations. To simulate the
FEulerian tracers, and in anticipation of a future study of iron dispersal, we use the PISCES



167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

5000

4500
4000 E
3500

3000

SRTM30
—2500- = CROCO TAG-REF/NT
= CROCO TAG-SB

. —30001
E
N 3500

—4000+

—4500 T T T y y y

—-47 -46 —-45 —-44 —-43 —-42
Longitude

Figure 1. Model domain and bathymetry, centered at the TAG site for the (a) TAG-REF
and TAG-NT simulations, and the (b) TAG-SB simulation. Black contours are isobaths 3000 and
4000 m. TAG is shown by the red star. (c) Zonal section of bathymetry at 26.14°N through TAG,
along the dashed red line in (a) and (b). The original SRTM30_PLUS bathymetry is shown in gold,
the bathymetry used in TAG-REF and TAG-NT simulations is shown in black, and the bathymetry
used in TAG-SB is shown in red.

biogeochemical model framework (Aumont et al., 2015), coupled to the CROCO simulation.
Initial and boundary conditions for PISCES variables were derived from the World Ocean
Atlas 2023 monthly climatology dataset (Garcia et al., 2024). To simulate the dispersal of
a passive (inert, non-reactive) tracer, we incorporated a new tracer — helium-3 (3He) — into
PISCES. The tracer initialization is based on measurements collected at the TAG site and
presented in Section 2.3.

2.1.2 Set of Simulations

The reference simulation, TAG-REF, includes small-scale topography and tidal forc-
ing, resolving the widest range of processes. Original bathymetry from SRTM30_PLUS is
smoothed with a Gaussian filter with a half-width of 6 grid points to avoid pressure gradi-
ent errors. The maximum steepness ratio of the grid is ry = 0.049, well below the typically
recommended threshold of 0.2 (Lemarié, Kurian, et al., 2012). TAG-REF bathymetry is
shown in Figures la and lc. Although the smoothing removes some kilometer-scale crests
and troughs, the structure of the ridge with its inner valley is well preserved. Tidal forcing is
embedded within the lateral boundary forcing. The parent simulation is forced by barotropic
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tides (8 principal constituents) and spontaneously generates internal tides. Boundary forcing
is provided at an hourly frequency to ensure that tidal dynamics are accurately represented.

The no-tide simulation, TAG-NT, is essentially the same as TAG-REF, with the excep-
tion that lateral boundaries are forced by a parent simulation that does not include tides.
Boundary forcing is provided with a frequency of 12 h.

The smooth-bathymetry simulation, TAG-SB, has a bathymetry that is smoothed with
a Gaussian filter with a half-width of 48 grid points, preserving only the largest ridge
shape and providing a very crude representation of the inner valley (Figures 1b and lc).
This bathymetry resembles those used in global climate models (not shown). The lateral
boundary forcing is the same as for TAG-NT — tidal processes are not included.

In the three simulations, the tracer is continuously injected by forcing a vertical profile
of its concentration at a single grid point (26.137°N, 44.826°W). The simulations are hydro-
static and do not resolve the ascending phase of the plume (Lemaréchal et al., 2025). Hence,
we inject the tracer as if it were already within the neutrally-buoyant plume. The vertical
distribution is analytical and based on observations (Section 2.3). It follows a Gaussian
distribution with a maximum concentration of 2.62 x 107! mol kg=! at 3250 m depth,
which corresponds to 412 m above the seafloor, and has a standard deviation of 50 m.

2.1.3 Lagrangian particle-tracking experimental setup

To compare the trajectories of the passive tracer between the Eulerian and Lagrangian
approaches, we performed a Lagrangian experiment, TAG-LAG, using the particle-tracking
model Pyticles (Gula et al., 2014). The hourly 3-dimensional velocity field from the TAG-
REF simulation was used to advect particles. Every hour, 100 synthetic particles were
released at the same grid points and with the same vertical Gaussian distribution used
for the tracer in TAG-REF. The particles are passively transported by the 3-dimensional
flow. Their trajectories were computed using a fourth-order Runge-Kutta scheme, with the
velocity field linearly interpolated in space and time.

2.2 In Situ Estimate of Diapycnal Mixing

In order to assess the realism of our modeled diffusivity profiles, we compare them to
in situ estimates of diffusivity. Microstructure measurements of velocity shear provide the
best data to estimate the rate of kinetic energy dissipation ¢ (e.g., Waterhouse et al., 2014).
¢ is then used to estimate diffusivity xops = I'e/N? (Osborn, 1980), with N2 the buoyancy
frequency and I' = 0.2 (Gregg et al., 2018).

We used microstructure-derived ¢ and N? profiles from the BBTRE (Polzin et al.,
1997) and the DoMORE (Clément et al., 2017) datasets localized on the MAR in the
south Atlantic subtropical gyre. Although this region does not overlap with our simulated
domain, these are the closest datasets available, and we expect mixing to be dominated by
tidal processes at both sites, with similar intensity, due to the comparable barotropic tidal
currents and seafloor topography characteristics (see Figures 2 and 5 in Vic et al., 2019). We
selected only profiles which were above the MAR (11-15°W, 20-22°S) in waters shallower
than 4500 m to avoid deep fracture zones, which are associated with specific dynamics and
energy dissipation (Clément et al., 2017), and are absent from our simulated domain. In
total, this selection represents 15 profiles. The original dataset is binned in the vertical in
0.5-dbar bins, and we computed statistics in 50-m bins to smooth out the spatio-temporal
variability.

Finally, in order to get an estimate of energy dissipation that is quantitatively represen-
tative of the area around TAG, we rescaled the observed diffusivity using an independent
estimate of tidally-driven energy dissipation (de Lavergne et al., 2019). In practice, we
computed the mean energy dissipation predicted by de Lavergne et al. (2019) in our model
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domain (e74¢g) and where the observed diffusivity profiles are taken (¢pprrE—DOMORE);
then we multiplied the observed diffusivity by erac/epBTRE-DomORE. This ratio is small
(0.51) regarding the natural variability of energy dissipation in the ocean, but allows to
rescale the observed diffusivity so that it would be more representative of the local tidal
dynamics and associated energy dissipation and mixing.

2.3 In Situ Velocity and Helium Data

In order to assess the realism of the modeled currents, we compared them to in-situ
measurements of currents during a one-year-long mooring deployment at TAG. Three 300-
kHz Acoustic Doppler Current Profilers (ADCPs, manufactured by Teledyne RDI) were
deployed from April 2017 to April 2018 (Fouquet et al., 2017). These ADCPs were set
up on a single mooring line as follows: an upward-looking ADCP and a downward-looking
ADCP at 3240 m depth, and a downward-looking ADCP at 3510 m. They provide velocity
measurements in 4-m bins and formed ensembles every 20 min. In the following, we only
consider data from the topmost ADCP, averaged over the overall height covered by the
measurements. Indeed, we consider that this dataset sits at a height above the seafloor that
might not be too impacted by surrounding small-scale bathymetric scales not represented
in the model (Figure 1c), so that the hydrodynamical conditions would be comparable to
the modeled conditions.

Seawater samples for helium analyses were collected in the water column samples dur-
ing the Hermine cruise onboard R/V Pourquoi Pas ? from 16 March to 27 April 2017
(Fouquet et al., 2017). Five vertical profiles were performed using a CTD (Conductiv-
ity Temperature Depth) system Seabird SBE 911+ mounted on a Rosette carousel sam-
pler, along a 10 km-long transect (0 m, 1 km, 2 km, 5 km, 10 km from the TAG active
vent) in the SSW direction from the vent. The Rosette was equipped with 16 Niskin 10-
L bottles. Seawater samples for helium analyses were collected at three depths at each
station and directly transferred from the Niskin bottles into crimped copper tubes fol-
lowing the procedure given by the Isotope Geochemistry Facility (Woods Hole Oceano-
graphic Institution, https://www2.whoi.edu/site/igffacility /seawater-helium-isotopes-and-
noble-gases/). Isotopic *He and *He analyses by mass spectrometer were performed in
the same facility.

3 Topographic and Tidal Controls on the Dynamics
3.1 Overview

We first examine the power spectral densities (PSDs) of horizontal currents at TAG
for the different simulations and the observations (Figure 2). PSDs reveal that TAG-REF
produces realistic semi-diurnal internal tides compared to in situ observations. The semi-
diurnal peak actually dominates across all frequencies up to monthly timescales. The near-
inertial peak is also well represented, but there is an overall lack of energy across the whole
internal wave band. This points towards the lack of representation of processes that likely
occur at scales smaller than the ones represented in the simulation, and which would allow
a more efficient direct energy cascade (e.g., Barkan et al., 2021).

At subinertial scales, TAG-REF slightly lacks energy in the 1-4-day range, where sub-
mesoscale processes occur. On the contrary, it produces energy levels that are above those
observed for time scales of 5-30 days, i.e., the mesoscales. Again, this could be due to the
processes involved in the direct energy cascade being only partially represented (Barkan
et al., 2021). Within this time range, TAG-REF and TAG-NT have similar energy lev-
els, an order of magnitude larger than the energy level in TAG-SB. This suggests that the
topographic small scales strongly energize submesoscale dynamics.
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Figure 2. Power Spectral Density of horizontal currents (units of Horizontal Kinetic Energy
(HKE) density) for ADCP currents (gold) and modeled currents in the simulations TAG-REF
(black), TAG-NT (blue) and TAG-SB (red). The point in the simulations is located has the same
height above the seafloor as for the ADCP data.

In the internal wave band (frequencies larger than f), TAG-NT and TAG-SB show very
similar levels of energy, an order of magnitude smaller than in TAG-REF (Figure 2). This
emphasizes the role of tidal forcing to energize the whole internal wave band.

In conclusion, both the tidal forcing and the topographic small scales are essential
ingredients to feed both the internal wave field and the range of submesoscale variability.
Next, we will examine specifically the imprint of these forcings on the dynamics.

3.2 Vorticity Production on Topographic Slopes

An animation of the potential vorticity field shows submesoscale structures in the cur-
rents generated on the ridge slopes in TAG-REF and TAG-NT (Supporting Information
Movies S1 and S2). Here, potential vorticity (PV) is defined as q = w,, - Vb, the dot product
of absolute vorticity w, = fz + V x u and the buoyancy gradient, with b = -9, £ where
f is the Coriolis parameter, z the unit vertical vector, p the in situ density, p, the mean
reference density, and g the gravitational acceleration (Gula et al., 2016). PV is a useful
quantity to monitor as it is conserved in the absence of friction or diabatic fluxes, hence it
has sources on the ocean’s boundaries and can track open ocean coherent structures and
water masses. It can also be used to diagnose submesoscale instabilities (Gula et al., 2016).

Submesoscale coherent vortices (SCVs) are routinely generated on the ridge and spread
in the basin — an example is shown in Figures 3a-e through a sequence of PV formation
on a topographic slope, detachment, and rolling up into an SCV. Sustained friction of low-
frequency (not tidal) currents on slopes generates horizontal velocity shear and relative
vorticity. This translates into extrema in PV, either negative or positive, depending on the
direction of the low-frequency current compared to the topographic slope.

In Figures 3a-c, friction generates negative relative vorticity with a larger amplitude
than the local Coriolis frequency, which means that the absolute vorticity is negative, and
PV is negative too. This triggers an ageostrophic centrifugal instability and the subsequent
formation of an anticyclonic eddy (Gula et al., 2016). The formation of cyclonic eddies
through shear instability is also at play in the model. The SCVs generated on the topo-
graphic slopes of the ridge can be tracked for several months wandering around above the
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Figure 3. (a) to (d) show snapshots of PV in TAG-REF from day 315 to 327 (starting 1%

Jan. 2009, start of the simulation) at a depth of 3250 m. Gray shading shows bathymetry above
3250 m. The green circle shows TAG. In (a), the green rectangle shows the boundaries of maps
shown in (b)-(d), which highlight a location of negative PV stripe formation that gives birth to an
SCV in the following snapshots. (e) presents the probability density function of PV for TAG-REF,
TAG-NT and TAG-SB, computed over the entire domain and over the 9-month integration period.

adjacent abyssal plain. As they carry material from the seafloor, we anticipate that they
might be actively participating in the spreading of hydrothermal material. Although this
phenomenology was uncovered at a much shallower hydrothermal vent site (Lucky Strike,
~1700 m, Vic et al., 2018), to our knowledge, such regime of topographic turbulence deeper
than 3000 m has not been reported.

There are much less SCVs in TAG-SB as compared to TAG-REF and TAG-NT (Sup-
porting Information Movie S3). This is consistent with the energy drop within the subme-
soscale time range (time scales between a day and a week) in TAG-SB (Figure 2). Sub-
mesoscale topographic slopes have been shown to be essential to generate mesoscale and
submesoscale variability (Rosso et al., 2015; Radko, 2020). Hence, removing those slopes in
TAG-SB actually reduces submesoscale activity and in particular the generation of SCVs.

Figure 3f shows the distribution of PV for the three simulations at the same height
above TAG for the final snapshot of the simulation. TAG-REF and TAG-NT exhibit similar
distributions, although TAG-REF has a slightly larger proportion of negative PV. This
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highlights that tidal currents can bolster submesoscale instabilities on slopes. This effect
has been uncovered at the ocean surface in the wake of an island (see schematic in Figure 6
in MacKinnon et al., 2019). In contrast, TAG-SB is dominated by positive PV, whose
distribution features much reduced tails compared to TAG-REF and TAG-NT, consistent
with reduced extrema in relative vorticity produced by friction.

3.3 Vertical Diffusivity

Several physical processes lead to enhanced energy dissipation and mixing across isopy-
cnals, termed diapycnal mixing, above the seafloor and in the adjacent hundreds of meters.
Above a ridge such as the MAR, we expect internal tides to drive most of mixing (Vic et
al., 2019), although submesoscale instabilities at the seafloor can also lead to mixing (Gula
et al., 2022). The model simulations used here are able to partially resolve the direct energy
cascade leading to tidal energy dissipation, and the submesoscale instabilities associated
to mixing (PV<0, Section 3.2). The eventual mixing is parameterized through the KPP
scheme, mostly relying on a critical Richardson number in the interior (not in boundary
layers). If energy cascades down to sufficiently small scales to generate enough vertical ve-
locity shear, Richardson-based mixing is activated in KPP, which results in increasing the
vertical diffusivity coefficient.
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Figure 4. Vertical zonal section of effective mixing diffusivity K.y in (a) TAG-REF, (b) TAG-
NT and (c) TAG-SB averaged between days 5 and 10 days after the spinup stage. In (a), the slope
criticality parameter V H/s is shown at the seafloor. (d) shows some statistics of K.ss as a function
of height above bottom. For each 25-m bin, the 10", 50" and 90" percentiles of K. are shown
for TAG-REF (black), TAG-NT (blue) and TAG-SB (red). The same quantities are shown in gold

for the observationally-derived diffusivity (see Section 2.2).

In addition to the parameterized mixing, there is some numerical mixing linked to
advection schemes (e.g., Marchesiello et al., 2009). A method to diagnose the total diapycnal
mixing, i.e., parameterized plus numerical, was recently implemented in CROCO (Schifano
et al., 2025). The method diagnoses an “effective diffusivity” K.y, which is in general close
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to the parameterized diffusivity in the bottom boundary layer, but can be larger in the open
ocean, especially above steep slopes where numerical errors can be large. Figure 4 shows
vertical sections of K.r¢ in TAG-REF, TAG-NT, and TAG-5B, and the distribution of K¢
as a function of height above bottom. Note that K.s; shown here was diagnosed online using
the WENOS5 advection schemes to reflect the numerical mixing experienced by the passive
tracers. The actual diapycnal mixing (for density) in the simulation is smaller due to the use
of the RSUP5 advection scheme for active tracers (see Section 2.1.1), in which the diffusive
component is rotated along isopycnal surfaces. No such rotation is applied in WENOb5, so
the effective mixing is larger. However, WENO?5 is still preferred for passive tracers because
it reduces spurious oscillations and prevents negative tracer concentrations (Schifano et al.,
2025). Figure 4 can be compared to Figure S2 in Supporting Information, which shows
the parameterized diffusivity Kxpp for the three simulations along the same section and
its vertical profiles too. Although K.f; and Kgpp show similar patterns and amplitudes
within the bottom boundary layer, effective mixing largely exceeds parameterized mixing
outside of the bottom boundary layer, for the three simulations. Nonetheless, although
numerical mixing exceeds parameterized (physical) mixing in the interior, we argue that
(i) it is influenced by physical processes and (ii) it bolsters the insufficient parameterized
mixing to bring the effective mixing close to observations.

To support (i), we compare K.r¢ for TAG-REF and TAG-NT (Figures 4a,b,d). In
TAG-REF, K.¢s is enhanced over the ridge as compared to the adjacent abyssal plains,
with local maxima near the seafloor reaching 1072 m? s~! and a vertical decay scale of 100-
1000 m, before reaching 10~ m? s~!. Profiles show similar patterns in TAG-NT, although
with a reduced amplitude. We interpret this difference as the contribution of internal tides.
Above the MAR, the steep topographic slopes are expected to play a major role in the
internal tide lifecycle: they generate energetic internal tides in the form of narrow beams
(Vic & Ferron, 2023), and scatter internal tide energy to smaller scales (Lahaye et al., 2020),
which promotes their local dissipation. Furthermore, internal wave breaking is enhanced in
the vicinity of critical topographic slopes. The criticality parameter VH/s, where VH is
the topographic slope and s is the internal wave beam slope, s = [(w? — f?)/(N? — w?)] 1/2,
where w is the wave frequency (semidiurnal tidal frequency here) and N is the near-bottom
buoyancy frequency. If VH/s approaches unity — in practice, the range 0.8-1.5 is often
considered (e.g., Legg, 2014) —, the topographic slope is termed critical, and promotes wave
breaking and mixing (Musgrave et al., 2022). The criticality parameter is shown in Figure 4a.
V H/s hardly ever gets larger than unity but is often greater than 0.8, hence reaches near-
critical values. Above near-critical slopes, K.z is enhanced as compared to less steep slopes
— this is also the case for Kxpp (Figure S2). This confirms that physical processes tied
to internal tide energy dissipation lead to mixing in TAG-REF. In comparison, TAG-NT,
in which internal tides are absent by construction, does not feature such enhanced mixing
(Figure 4b and Figure 4d for a comparison of vertical profiles with TAG-REF). Furthermore,
the propagation of internal tides is associated with displacements of isopycnal surfaces and
amplifications of density gradients. The angle between isopycnals — along which advection
should be performed, ideally — and o-levels — along which advection is actually performed
using WENQOb5 —, increases. As a consequence, spurious mixing through density surfaces
increases. This joint physical-numerical process is absent from TAG-NT, which qualitatively
explains the difference in Kcyy.

To support (ii), we compared the effective diffusivity to in situ estimates of diffusivity
from microstructure observations (Section 2.2 and Figure 4d). The numerical mixing seem-
ingly brings the modeled effective mixing close to observations upward of ~100 m above
the bottom (Figure 4d); so, it might be considered as a placeholder to fill in for missing
parameterized mixing at the current model resolution. In the bottommost 100 m, the model
seems to generate too much mixing compared to observations. However, the observations
used here are sparse in the lowest 100 m and only partially capture boundary processes
(Polzin et al., 1997). Also, K.y might be overestimated where stratification is very weak
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due to methodological limitations (Schifano et al., 2025). These two biases could explain
the divergence between the simulations and observations while approaching the seafloor.

TAG-SB displays much reduced levels of mixing, both within the boundary layer and
in the ocean interior (Figure 4c). By construction, the difference with TAG-NT is solely
explained by the smoother topographic slopes. Near the seafloor and in the adjacent hun-
dreds of meters, there is a physical interpretation for this difference, linked to the lack of
submesoscale instabilities associated with large slopes. Also, lee waves, generated by the
interaction of balanced flows with the seafloor, can also dissipate their energy in the vicinity
of the bottom. They are particularly bolstered by small-scale seafloor (Nikurashin et al.,
2013). Their absence in TAG-SB could add up to the reduced submesoscale instabilities to
explain the difference with TAG-NT (Figure 4d).

4 Spreading of Eulerian Tracers and Lagrangian Particles

In this section, we examine how tides and topography impact the dispersal of a hy-
drothermal tracer, and how the newly proposed Eulerian approach (considering the model
resolution and application of the method to the deep ocean) differs from the more widely-
used Lagrangian approach. We start with a brief description of the reference dispersal
scenario based on TAG-REF (Section 4.1). Then, we study how tides and topography im-
pact the dispersal (Section 4.2) and how the Eulerian and Lagrangian approaches differ
(Section 4.3).

4.1 Reference scenario

The dispersal of TAG hydrothermal material was previously studied numerically through
a Lagrangian approach that used the 3-dimensional velocity field of an Atlantic simulation
with a grid spacing of 3 km, 100 vertical levels, and which shares similarities in the forcing
with TAG-REF (Tagliabue et al., 2022). We thus expected the main dispersal pathways to
be roughly similar, which happened to be the case. This section hence briefly describes the
dispersal stages and pathways.

Figure 5 shows the dispersal patterns after different time scales from 10 days to 180 days.
The early stages of the dispersal (10-30 days) are dominated by the northward and westward
pathways (Figures 5a and 5b). The northward pathway is in the up-valley direction, which
is consistent with the buoyancy-driven mean current over the northern MAR (Lahaye et al.,
2019). The flow is constrained by the valley walls and the pathways to escape the valley
are thus through transverse fracture zones such as the one extending west of the ridge at
around 26°N.

At longer scales (60-90 days), the original pathways are still clearly visible and the tracer
is also additionally stirred southward within the valley, opening another dispersal pathway,
although containing less tracer than the northward and westward pathways (Figures 5c¢ and
5d). Note that within the valley and fracture zones, the tracer is strongly mixed vertically
(not shown). After 60-90 days, mixing has operated for long enough to spread the tracer
vertically to shallower depths, allowing it to pass over some topographic structures — for
example, over the hill 50 km west of TAG (Figure 5d).

After 90 days, the tracer has massively escaped from the valley westward (Figures 5d-
f). The imprint of eddies on tracer concentration is visible. Some high concentration is
found within eddies that are formed over the MAR and travel westward. The asymmetry
between the preferred westward pathway and the almost inexistent eastward pathway can
be explained by the westward drift of freely-evolving oceanic eddies (Killworth, 1983).
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Figure 5. Tracer distribution after (a) 10, (b) 30, (c ) 60, (d) 90, (e) 120 and (f) 180 days in
TAG-REF. The white circle shows TAG. The black contours represent isobaths 3000, 3200, 3400
and 3600 m. Bathymetry is shaded in dark gray below 3600 m and in light gray between 3000 and
3600 m.

4.2 How tides and small-scale topography impact the dispersal

Figures 6a-c compare the horizontal distribution of tracer at the end of the simula-
tion, 260 days after their initial release. TAG-REF and TAG-NT display similar dispersal
patterns, with most of the tracer in the valley and west of the ridge, consistently with
the reference dispersal scenario (Section 4.1). The fine scale patterns of the distributions,
shaped for example by eddies or filaments, are not strictly the same because of the intrinsic
nonlinearities in the model that lead to divergence in the location and timing of turbulent
events at all scales.

The most striking difference in the horizontal distributions of tracer is between TAG-
REF/TAG-NT and TAG-SB (Figures 6a and 6b vs 6¢). In the latter, the tracer seems
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Figure 6. Probability density function of tracer after 260 days for (a) TAG-REF, (b) TAG-
NT, (c) TAG-SB and (d) TAG-LAG. For the latter, We used 5 x 5-km? bins to count particles.

Bathymetry contours are as in Figure 5.

to be mostly confined above the ridge and hardly gets west of 46°W as compared to TAG-
REF/TAG-NT. This is at first sight surprising since there is no topographic barrier in TAG-
SB that would impede an off-ridge transport. We argue that the absence of topographic
submesoscale instabilities, hence SCVs, in TAG-SB at the tracer depth explains the very
limited westward transport. Instead, the tracer is stirred by the low-frequence, mesoscale,
currents. The comparison of these experiments highlights the important role played by
SCVs in the off-ridge transport of hydrothermal material.

Figures Ta-c present vertical sections of tracer in TAG-REF, TAG-NT and TAG-SB at
the end of the simulation. Again, TAG-REF and TAG-NT show similar patterns with most
of the tracer sitting on o3 &~ 41.48 — 41.56. The vertical distribution of the tracer over the
whole domain confirms the similarity between TAG-REF and TAG-NT (Figure 8a). On
long time scales, the net mixing effect of tides, which mostly occurs over the ridge, does not
seem to play a role in the vertical spreading of the tracer (see also Figure 8b).

In TAG-SB, the tracer is confined to a much narrower density layer (o3 = 41.48 —41.52,
Figure 7c). Note that the tracer is released following a distribution in height above the bot-
tom at TAG (Section 2.1.2), which leads to different depth distributions in TAG-REF /TAG-
NT vs TAG-SB as the seafloor depth at TAG is not the same for the two bathymetries
(Figures 7a vs 7¢). In consequence, the exact comparison of the depth or density layers that
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Figure 7. Zonal and vertical section of the tracer on day 260 in (a) TAG-REF, (b) TAG-NT, (c)
TAG-SB, and (d) TAG-LAG. TAG is shown by the blue marker. The green lines represent density
referenced at 3000 m (o3) with a spacing of 0.04 kg m™3.

host the tracer is not meaningful. However, the change of the tracer distribution in depth
or density is meaningful. Because of reduced mixing in TAG-SB, the tracer does not cross
as many density layers as in TAG-REF and TAG-NT (Figure 8a). Its vertical distribution
has smaller tails in TAG-SB as compared to TAG-REG and TAG-NT (Figure 8b). These
distributions emphasize the important role that mixing has on the vertical distribution of
the tracer. In the model, mixing is influenced primarily by topographic slopes and to a
lesser extent by tides (Figure 4). Consequently, smoothing drastically the bathymetry has a
larger effect on the vertical spreading of the tracer than switching off the tides (Figure 8b).

Note that after 260 days, the tracer has undergone diapycnal upwelling and downwelling
in nearly equal proportions for all simulations (see mean in Figure 8a). So, there does
not seem to be a net effect of advection and mixing in driving a significant upwelling or
downwelling for a tracer released far above the bottom boundary layer.
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Figure 8. Distribution of the tracer after 260 days as a function of (a) potential density ref-
erenced at 3000 m and (b) height above the bottom referenced at TAG, in (black) TAG-REF,
(blue) TAG-NT and (red) TAG-SB. The distribution for TAG-LAG is shown with green dots.
The dashed lines represent the mean of each distribution (TAG-REF: o3 = 41.523, hab=540 m,
TAG-NT: o3 = 41.523, hab=518 m, TAG-SB: o3 = 41.527, hab=455 m, TAG-LAG: o3 = 41.525,
hab=516 m). The analytical distribution of tracer at the source is shown in purple (o3 = 41.527,
hab=412 m).

4.3 Eulerian vs Lagrangian dispersal

The horizontal distributions of the Eulerian tracer in TAG-REF and of the Lagrangian
particles in TAG-LAG look very similar (Figures 6a and 6d). Both the large-scale spreading
patterns and the smaller-scale eddying structures trapping material are very comparable.
There seems to be small differences on the valley walls where more tracer has accumulated
in TAG-REF compared to particles in TAG-LAG. This is consistent with the distribution
of tracer vs particles through the vertical section, where the envelope of the tracer reaches
shallower depths above steep and small-scale topographic structures (Figures 7a vs 7d). This
means that mixing in TAG-REF has helped the tracer to spread to shallower depths — recall
that mixing is not explicitly included in TAG-LAG. This is confirmed by the distributions
in density space and in the vertical (Figure 8). The shapes of the distributions are roughly
comparable apart from their tails, which are much thicker in TAG-REF as compared to
TAG-LAG. The difference could be seen as the net effect of including mixing (parametrized
and numerical) in the Eulerian framework as compared to the Lagrangian framework.

To further investigate the role of mixing in the diapycnal spreading of material, we had
a closer look at the distributions of tracer and particles in o3 space at different spatial points
(not shown). It appears that the distributions in TAG-REF most often have larger tails
for lighter o3 classes (this is also the case in Figure 8a), which translates into a negative
skewness. This information is synthesized in Figure 9a, which shows the skewness of the
distribution of tracer in TAG-REF in o3 space for each 5x5-km? bin. On the contrary,
in TAG-LAG, the skewness of the same distribution (but for particles instead of tracer) is
mostly negative within the valley and positive outside (Figure 9b). Our interpretation is

—16—



500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

28°N 28°N

27°N|- 27°N|. 3
26°N 26°N

25°N 25°N

5

24°N| : ;
47°W 46°W 45°W 44°W 43°W 42°W

24°N

Skewness
[ | [ I
-2 -1 0 1 2

Figure 9. Maps showing in each 5 x 5-km? bin the skewness of the distribution in o3 space of
(a) tracer in TAG-REF and (b) particles in TAG-LAG. Bathymetry contours are as in Figure 5.

twofold. First, mixing drives an asymmetry in the diapycnal spreading, with a tendency to
upwell a small portion of the tracer to very light density classes. Second, in the absence
of explicit mixing (TAG-LAG), advection has a similar effect in the vicinity of small-scale
topographic structures with large slopes above the MAR: it tends to rise a small portion
of particles to very light density classes. Off the MAR, on the contrary, advection tends to
move particles to heavier density classes.

In conclusion, the comparison of Eulerian and Lagrangian experiments shows that the
horizontal dispersal patterns are very similar, both at the large-scale and within eddying
structures. The Lagrangian experiment shows reduced vertical spreading, due to the absence
of explicit vertical mixing, but this does not change qualitatively the spreading patterns after
several months. This is consistent with the numerical experiments carried out at the surface
in a coarser-resolution model (Wagner et al., 2019).

5 Summary and Discussion

We designed and ran high-resolution numerical experiments to disentangle the role
of tides and small-scale bathymetry in the deep-ocean dynamics above the MAR and their
effects on the dispersal of hydrothermal material from TAG. A tracer is continuously injected
in the simulations following an analytical distribution constrained by in situ observations
of helium, considered as a biochemically inert hydrothermal tracer, whose fate is solely
driven by physical processes. Our tracer experiments would be representative of the fate of
such a tracer, without considering biogeochemical processes that would alter its state and
concentration. We also performed Eulerian and Lagrangian experiments to test how those
two frameworks impact the dispersal. Results can be summarized as follows.

 Kilometer-scale seafloor topography is essential to catalyze submesoscale instabilities
and generate submesoscale eddies. The interaction of currents with small-scale to-
pography actually raises kinetic energy in the submesoscale time range by an order
of magnitude as compared to a simulation with a smooth topography.

e These submesoscale eddies are instrumental in the horizontal spreading of hydrother-
mal material off the ridge, above the adjacent abyssal plain. In the smooth-bathymetry

—17—



528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

simulation, the tracer is almost confined to the ridge, as if it were only advected by
low-frequency laminar currents. The net effect of topographic submesoscale eddies is
thus to augment the horizontal spreading. They actually offset the effect of adding
topographic barriers through the inclusion of small-scale bathymetry.

 Tides increase vertical diffusivity above the ridge, especially above near-critical slopes
where internal tides dissipate their energy. Including tides to the simulation increases
the model effective diffusivity up to observed diffusivity, hence it increases the realism
of the simulation. However, tides do not have a notable effect on the vertical spreading
of hydrothermal tracers. On long time scales, their impact on the horizontal spreading
pathways is negligible.

e FKulerian and Lagrangian experiments lead to very similar horizontal spreading pat-
terns, both on the large-scale and at the scale of eddying structures. Even if the
vertical spreading is increased for the Eulerian tracer due to diffusion effects ab-
sent in the Lagrangian experiment, this does not change qualitatively the horizontal
spreading patterns.

Perhaps the most spectacular result of this study is the impact of small-scale seafloor
topography in the generation of submesoscale eddies, and their subsequent effect on the
horizontal spreading, which is massive and was unanticipated at this depth. Global sim-
ulations do not resolve such small scales and spreading patterns of hydrothermal material
are not realistic (e.g., Figure 3a in Tagliabue et al., 2022). Biased spreading pathways
change the oceanic journey of deep-ocean material and likely impact the lifecycle of some
hydrothermal compounds of climate relevance, such as iron. One might wonder how to deal
with these biases in global budgets. It raises the question of how to improve the spreading
pathways in global models at an acceptable computational cost, without resolving explicitly
the topographic submesoscale turbulence.

Our study highlights the strength of Lagrangian models in capturing horizontal spread-
ing pathways at the submesoscales. Their inherent limitation in the representation of vertical
diffusion processes does not impact qualitatively the horizontal spreading, similarly to the
results of a previous study that focused on the surface dispersal (Wagner et al., 2019).
Given the relatively low computational cost of Lagrangian simulations, they prove to be a
powerful tool to simulate the dispersal of passive material in the deep ocean. Furthermore,
their misrepresentation of vertical spreading can be mitigated by incorporating stochastic
diffusion (e.g., Onink et al., 2022).

Finally, this study establishes a robust modeling framework to further investigate the
fate of hydrothermal iron, which is still not well constrained, despite having a strong signif-
icance in climate-scale biogeochemical budgets (Biihring et al., 2025). We now have a clear
view of the physical ingredients operating at scales greater than ~10 km that need to be
incorporated to the simulations to get a realistic plume representation.
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