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Abstract We report on a 3 years monitoring experiment of low to medium temperature diffuse venting at
two vent sites (Tour Eiffel and White Castle) of the Lucky Strike, black smoker‐type hydrothermal field, Mid‐
Atlantic Ridge. Diffuse vents account for a large part of the energy flux of mid‐ocean ridges hydrothermal fields
and provide key habitats for the hydrothermal fauna. We document the time and space variability of diffuse
venting temperature and chemistry, describe the effect of tidal loading and currents and discuss the extent of
mixing, cooling of black smoker fluids, heating of entrained seawater and anhydrite precipitation/dissolution in
the substratum. We emphasize the role of a thin (<2 m) volcaniclastic formation capping the brecciated basalt
substratum. This formation is porous, but becomes impermeable when indurated by hydrothermal precipitates.
It forms an intermediate layer between the vents at the seabed and the fluids as they discharge out of the
brecciated basalts. Diffuse fluids inferred to discharge out of meter‐spaced cracks in the brecciated basalts
beneath this volcaniclastic layer are hot (>80°C) and contain >10% of the hot endmember fluid component,
over distances of up to 25 m from the black smokers. These results provide a geologically integrated framework
in which to study site‐scale, near seafloor hydrothermal circulation and associated vent habitats at Lucky Strike
and other black smoker‐type hydrothermal fields. They suggest diffuse heat fluxes in the upper range of
previously published estimates at the two studied Lucky Strike hydrothermal vent sites.

Plain Language Summary Mid‐ocean ridges (MOR) are a key feature of plate tectonics, extending
some 60,000 km in all the major oceans. MOR hydrothermal circulations transfer heat and chemical compounds
from the solid earth to the ocean and provide habitats for the hydrothermal fauna. The vents include black
smokers that expel the hottest fluids and diffuse vents that expel lower temperature fluids at lower rates but over
larger surfaces. The contribution of diffuse vents to the energy and chemical fluxes of MOR hydrothermal
systems is still largely an open question. In this paper, we address it by using data from a 3 years monitoring
experiment of diffuse vents at two sites (Tour Eiffel and White Castle) of the Lucky Strike, a black smoker‐type
hydrothermal field in the Mid‐Atlantic Ridge. We document the time and space variability of venting
temperature and derive chemical constraints on the extent of mixing of black smoker fluids with entrained
seawater and of mineral precipitation/dissolution in the substratum of the vents. Our results suggest diffuse heat
fluxes in the upper range of previously published Lucky Strike hydrothermal field estimates and provide a
geologically integrated framework in which to study diffuse vent habitats at Lucky Strike and other black
smoker‐type hydrothermal fields.

1. Introduction
Hydrothermal circulation at mid‐ocean ridges transfers most of the magmatic heat associated with the accretion of
newly formed oceanic crust (Cann & Strens, 1982; Lister, 1972; Lowell et al., 1995) and is one of the main vectors
for chemical exchanges between the lithosphere and the hydrosphere (Alt, 1995; Elderfield & Schultz, 1996).
Mid‐ocean ridge (MOR) black smoker hydrothermal systems result from km‐scale hydrothermal cells in which
seawater percolating down is progressively modified through reactions with the host rocks and mines magmatic
heat at depth (Alt, 1995; Lister, 1974; Wilcock & Delaney, 1996). These km‐scale cells result in localized fluid
discharges carrying reduced chemical compounds that are a source of energy for unique chemosynthetic eco-
systems. Venting occurs in the form of focused vents called smokers (Edmond et al., 1995; Gamo et al., 1996) and
of diffuse vents that expel lower temperature fluids but extend over larger surfaces (Baker et al., 1993; Barreyre
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et al., 2012; Bemis et al., 2012). Because of their larger surface extent, diffuse vents are estimated to contribute
50%–95% of total MOR hydrothermal heat fluxes (Baker et al., 1993; Mittelstaedt et al., 2012; Ramondenc
et al., 2006; Schultz et al., 1992). They expel fluids at temperatures that allow the growth of microbial faunal
communities and therefore also play a prevalent role in hosting the hydrothermal life (Corliss et al., 1979;
Cuvelier et al., 2009; Holden & Daniel, 2004; Jannasch & Mottl, 1985; Juniper et al., 1995).

Focused vent fluids form sulfide chimneys, mounds and flange structures (Tivey, 2007). Diffuse vents are
diverse, depending on the geology of the substratum and on their distance from the focused discharges (Bemis
et al., 2012). They occur in cracks (Barreyre et al., 2012; Butterfield et al., 2004; Embley et al., 1990; Glickson
et al., 2007; Mittelstaedt et al., 2016; Sohn, 2007; Tivey, 2007), flanges and diffusers (Tivey, 1995). Patches of
diffuse venting, revealed by the presence of microbial mats, occur in porous substrates, such as pelagic sediments
(Little et al., 1988) or, in the case of the Lucky Strike vent field, in volcaniclastic deposits (Barreyre et al., 2012).
Venting velocities range between 20 and 330 cm/s at focused vents (Converse et al., 1984; Ginster et al., 1994;
Mittelstaedt et al., 2012; Ramondenc et al., 2006; Rona & Trivett, 1992) and between 0.1 and 20 cm/s at diffuse
vents (Cooper et al., 2000; Mittelstaedt et al., 2012; Rona & Trivett, 1992; Sarrazin et al., 2009).

Diffuse venting fluids result from interactions in the shallow substratum between the uprising hot, end‐member,
black‐smoker‐type fluids and cool percolating seawater. These interactions may include mixing of end‐member
fluids with seawater (Butterfield et al., 2004; Edmond et al., 1979; Kelley et al., 2002), conductive cooling of
end‐member fluids and/or conductive heating of the seawater (Cooper et al., 2000), sulfide precipitation
(Butterfield et al., 2004), anhydrite and silica precipitation or dissolution (Cooper et al., 2000; Fouquet
et al., 1994; James & Elderfield, 1996; Tivey, 1995; Tivey & Delaney, 1986), biotic and abiotic oxidation of
H2S (Butterfield et al., 2004; Koschinsky et al., 2002) and microbial activity producing methane (Butterfield
et al., 2004; Von Damm & Lilley, 2004) and other organic species (Foustoukos et al., 2009). Analytical and
numerical models of black smoker type MOR hydrothermal systems, scaled to the dimensions of individual
hydrothermal sites (several tens to a few hundred meters), aim to identify the parameters that control these near
seafloor processes. Key parameters are the permeability of the substratum and the diameter of the vertical
conduit of high temperature and high flow rate end‐member fluids, embedded in a seawater‐saturated,
continuous porous medium. Some models isolate the two domains (Lowell & Yao, 2002; Lowell et al., 2003,
2012), while others allow for subseafloor mixing of end‐member fluids with entrained seawater (Guo
et al., 2020; Larson et al., 2015; Lowell et al., 2015). Venting of lower temperature diffuse fluids occurs when
the permeability of the surrounding porous medium is at least one order of magnitude higher than that of the hot
conduit (Lowell et al., 2007). However, increasing the permeability of the surrounding medium leads to the
entrainment of larger volumes of cold seawater, resulting in an excessive cooling of the upwelling fluids, in
conflict with the high temperatures measured at focused vents (Andersen et al., 2015; Coumou et al., 2008;
Lowell et al., 2007). Anhydrite precipitation upon heating of the entrained seawater to temperatures above 150°
C (Bischoff & Seyfried, 1978) is introduced as a way to locally clog the porosity, creating low permeability
barriers around the central conduit and allowing for the simultaneous discharge of black smokers and diffuse
venting fluids (Guo et al., 2020; Lowell et al., 2003).

Tidal signals observed in fluid temperature time‐series measured at black smoker and at some diffuse hydro-
thermal vent sites appear to result primarily from tidal pumping (tidally modulated current velocities also cause
temperature variations at some diffuse vents; Little et al., 1988; Scheirer et al., 2006; Tivey et al., 2002) and have
been used to probe the poroelastic behavior and the hydrological properties of the substratum (Barreyre &
Sohn, 2016; Barreyre et al., 2022; Crone & Wilcock, 2005; Jupp & Schultz, 2004; Sohn, 2007; Xu et al., 2017).
Crone and Wilcock (2005) show that tidal pumping may enhance the mixing of endmember fluids and entrained
seawater but cannot produce the semi‐diurnal venting temperature variations >0.5°C documented at several
diffuse vents (Barreyre et al., 2014a; Larson et al., 2007; Mittelstaedt et al., 2016; Scheirer et al., 2006; Tivey
et al., 2002). To account for such large amplitude variations, Crone and Wilcock (2005) proposed a conceptual
setup involving heterogeneous fracture‐controlled permeability, impacted by tidally modulated horizontal
pressure gradients.

In this paper, we present the results of a 3 years monitoring study at two representative vent sites of the basalt‐
hosted Lucky Strike hydrothermal field (LSHF): Tour Eiffel (TE) andWhite Castle (WC; Figure 1). Tour Eiffel is
a large site with a ∼15 m‐high sulfide tower, while White Castle is smaller with a 3 m‐high sulfide mound. Our
study integrates seafloor mapping and geological observations at both sites, with time‐series of diffuse fluid
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temperature and chemistry from selected vents. The monitoring experiment
we report was carried out as part of the EMSO‐Azores observatory (European
Multidisciplinary Seafloor and water‐column Observatory; Colaço
et al., 2011; Matabos et al., 2022). We expand on previous studies of diffuse
vents at mid‐ocean ridge black‐smoker hydrothermal sites (Barreyre
et al., 2014a; Butterfield et al., 2004; Cooper et al., 2000; Little et al., 1988;
Mittelstaedt et al., 2012; Pruis & Johnson, 2004; Rouxel et al., 2004b) by
acquiring long time series data from a large number of vents and integrating
fine scale geological mapping into our interpretations. We combine time
series measurements of fluid temperature in venting fractures, diffuse patches
and black smokers at the two selected vent sites and repeated fluid sampling
for chemical analysis. We also use time series of seafloor pressure and near
seafloor current direction and velocity, high resolution mapping (Ondréas
et al., 2009), photographic mosaics of the seafloor (Barreyre et al., 2012) and
dive‐observations using remotely operated and human operated vehicles
(ROV and HOV). We document the effect of tidal loading and current ve-
locity on venting temperatures and the chemical evidence for anhydrite pre-
cipitation and/or dissolution, subseafloor mixing, cooling, or heating of end‐
member hydrothermal fluids or seawater. We place these monitoring results
in their geological context and propose a conceptual model for the dynamics
of near seafloor site‐scale hydrothermal circulation at the LSHF. We discuss
the implications of these results for estimates of hydrothermal heat fluxes and
for the diversity and temporal variability of hydrothermal habitats at the
Lucky Strike vent field.

2. Geological Context
The Lucky Strike hydrothermal field (Langmuir et al., 1993) is located at the summit of a domal axial volcano,
∼8 km in diameter, at the center of the Lucky Strike segment of the mid‐Atlantic ridge (Escartín et al., 2014;
Humphris et al., 2002; Ondréas et al., 2009). Most active LSHF vents are distributed in and around a summit
depression that is floored by a fossil lava lake (Fouquet et al., 1994; Ondréas et al., 2009). This depression is
bound to the north and the south by two cone‐shaped volcanoes that formed on top of the larger domal axial
volcano prior to the activity of the lava lake (Humphris et al., 2002; Ondréas et al., 2009). The northern cone‐
shaped volcano is rifted in two; the southern one is more recent and, although faulted and fissured in its cen-
ter, is not yet rifted (Figure 1). The extensively faulted and fissured domain that extends NNE‐SSW in the center
of both cone‐shaped volcanoes is thought to have accommodated most of the recent plate divergence at this
latitude (Escartín et al., 2014; Humphris et al., 2002; Miranda et al., 2005). Sheet lavas that filled the lava lake are
mostly unfaulted (Ondréas et al., 2009) and overlay a discontinuous layered volcaniclastic formation, up to a few
meters‐thick, that rests on the pillows, lava tubes and brecciated basalts of the two cone‐shaped volcanos (Eissen
et al., 2003; Ondréas et al., 2009).

The LSHF comprises at least 18 vent sites (Barreyre et al., 2012; Charlou et al., 2000; Escartin et al., 2015; Von
Damm et al., 1998), each associated with a sulfide mound, bearing several focused vents (smokers) and sur-
rounded by a semi‐elliptical domain of diffuse venting. Radium‐226/Ba dating of hydrothermal barite indicates
that hydrothermal venting at Lucky Strike is at least 6,600 years old and the oldest sulfide deposits at Tour Eiffel
are at least 3,800 years old (Sánchez‐Mora et al., 2022). The heat source for hydrothermal circulation, with an
estimated energy flux of 200–1,000MW (Barreyre et al., 2012), is most likely an axial melt lens 3.5–4 km beneath
the seafloor (Combier et al., 2015; Crawford et al., 2010; Singh et al., 2006). Constraints derived from the
chemistry of the black smoker fluids are consistent with peak reaction conditions near the top of the axial magma
chamber (Chavagnac et al., 2018; Pester et al., 2012). Microseismicity, interpreted as due to thermal cracking in
the hydrothermal downflow domain, is mostly recorded within 2 km of the magma chamber roof top and in a 1‐
km‐wide ridge‐parallel corridor that corresponds to the extensively faulted and fissured domain (Crawford
et al., 2013). These results point to a mostly along‐axis main hydrothermal circulation mining heat from the axial
magma lens depth (Crawford et al., 2013; Fontaine et al., 2014). A two layers permeability structure, with higher
permeability in the upper few hundred meters of the hydrothermal domain, is supported by seismic velocity

Figure 1. Map of the Lucky Strike hydrothermal field (LSHF). High
resolution bathymetry from Ondréas et al. (2009) and Escartín et al. (2015).
Hydrothermal sites (white stars), including the 2 sites studied here (Tour
Eiffel and White Castle), are distributed around a fossil lava lake (white
dotted line). Also shown are the location of currentmeters (hexagons) and
pressure probes (squares) used in the monitoring experiment. NWC:
Northwest Volcanic Cone; NEC: Northeast Volcanic Cone; SC: South
Volcanic Cone.
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modeling (Arnulf et al., 2014) and accounts best for the field‐scale poroelastic effect of tidal loading on the
temperature of end‐member, black‐smoker‐type hydrothermal fluids (Barreyre & Sohn, 2016; Barreyre
et al., 2014b, 2018).

Lucky Strike diffuse venting cracks and patches have been mapped at field‐scale based on high resolution seafloor
photomosaics (Barreyre et al., 2012; Mittelstaedt et al., 2012). Cooper et al. (2000) sampled diffuse fluids at
several LSHF sites using the Medusa flow velocity and temperature device (Schultz & Elderfield, 1994) and
proposed an origin by mixing of less than 7% endmember fluid with conductively heated seawater in the shallow
substratum. Site‐scale shallow circulation involving entrained seawater at LSHF sites is also supported by the
large range of δ34S values measured on sulfide samples, with the higher values reflecting a contribution of
reduced seawater sulfate, probably in part due to bacterial metabolism (Rouxel et al., 2004a, 2004b). Published
estimates of field scale (187–1,036 MW; Barreyre et al., 2012) and vent site scale (18.75± 2.22 MW for the Tour
Eiffel vent site; Mittelstaedt et al., 2012) diffuse heat fluxes at Lucky Strike are based on mapping the horizontal
footprint of mounds, patches, flanges and cracks and using available in situ fluid temperature and venting velocity
measurements (Cooper et al., 2000; Mittelstaedt et al., 2012; Sarrazin et al., 2009).

3. Materials and Methods
3.1. Geology

We use video images from 27 ROV Victor 6000 dives and 5 HOV Nautile dives, carried out during the 2016–
2020 maintenance cruises (https://campagnes.flotteoceanographique.fr/series/130/). Based on these videos, we
document instrument deployment and recovery, fluid sampling operations and geological changes from 1 year to
the next. We also use high‐resolution bathymetry (Ondréas et al., 2009) and two sets of high resolution geore-
ferenced photomosaics acquired with the OTUS (Simeoni et al., 2007) camera of the ROV Victor 6000, in black
and white for a complete coverage of the field in 2008–2009 (Barreyre et al., 2012) and in color for a partial
coverage of the Tour Eiffel and White Castle sites in 2018 (this study).

3.2. Fluid Sampling and Fluid Chemistry

We used a 200 mL titanium gas‐tight syringe with a needle‐like snorkel or with a bell‐shaped and partly trans-
parent funnel that ensures minimum mixing of the diffuse fluids with ambient seawater (Figure S1 in Supporting
Information S1; Table 1). All fluids were filtered onboard the ship through 0.22 μm Millipore filters: we thus
report dissolved element concentrations. Salinity, conductivity, pH and oxydo‐reduction potential (Eh) were
measured immediately (Chavagnac et al., 2023a, 2023b, 2023c, 2023d). Aliquots were then transferred into acid‐
cleaned plastic containers and stored in the dark at 4°C for shore‐based analyses at the Geosciences Environment
Toulouse (GET) laboratory. Ca, Na, K, Mg, Si, Fe, Mn, and Li concentrations were determined using a Horiba
Ultima2 inductively coupled plasma atomic emission spectrometer (ICP‐AES), calibrated using mono elemental
solutions, multielemental solutions and IAPSO standard solution (Besson et al., 2014). Analytical precision is
better than 2%. Cl, Br, and SO4 concentrations were measured using anionic chromatography (Dionex ICS‐2000)
with a specific column for highly charged matrix (DIONEX IC AS19) calibrated at <2% analytical precision with
the IAPSO seawater standard diluted 10–50 folds with Milli‐Q water. Hydrothermal end‐member fluid com-
positions are recalculated by linear extrapolation to zero‐Mg using the least‐square regression method (Von
Damm, 1988).

3.3. Acquisition of Times Series Data

3.3.1. Fluid Temperature

We collected data from 28 successful 1‐year temperature probe deployments in venting orifices, cracks and
diffuse patches at the Tour Eiffel (TE) and White Castle (WC) vent sites (Figure 2 and Table S1 in Supporting
Information S1). We used high‐temperature WHOI‐MISO probes (HTW and HTWN), high‐temperature NKE
probes (HTNKE), low temperature WHOI‐MISO probes (LTW), with sampling intervals between 1 and 14 min.
We also used an in‐house low temperature probe (LTGrad) made of two iButton (DS1922L) temperature sensors
fromMaxim Integrated with a sampling interval of 1 hr. All probes were positioned as deep as possible (typically
10–15 cm) inside the vents, cracks and venting patches. The temperature range, accuracy and resolution of these
probes are summarized in Table S1 of the Supporting Information S1. Full data and metadata (sampling intervals,
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time of deployment and recovery, clock drift) are available on the EMSO‐Azores data portal (Cannat, Fontaine,
et al., 2018; Cannat, Wheeler, Fontaine, et al., 2020; Cannat et al., 2021a; Cannat et al., 2021b).

3.3.2. Seafloor Pressure

For 2016–2017 and 2018–2020, we used data from a SBE 53 Bottom Pressure Recorder (Seabird Scientific;
accuracy 0.6 psia, resolution 0.0004 psia, sampling interval 2 min) deployed on a benchmark (Figure 2i) near the
northwest shore of the fossil lava lake (Figure 1 and Table S1 in Supporting Information S1). For 2017–2018, we
used data from a SBE 54 Tsunami Pressure Sensor (Seabird Scientific; accuracy 0.6 psia, resolution 0.0011 psia,
sampling interval 15 min), a component of the EGIM (EMSO Generic Instrument Module) deployed near the TE
site (Figure 1). Full data and metadata (sampling frequency, time of deployment and recovery, clock drift, etc…)
are available for 2017–2018 and 2019–2020 on the EMSO‐Azores data portal (Ballu et al., 2021; Sarradin
et al., 2018).

3.3.3. Current Direction and Velocity

We used data from two TCM‐3 bottom currentmeters (Lowell Instruments LLC) deployed within 200 m of the TE
andWC sites, respectively (Figure 1 and Table S1 in Supporting Information S1). TCM‐3 instruments are made of
buoyant housing hosting the logger, a magnetometer and an accelerometer, tied to ballast (Figure 2j). Orientation
and tilt are used to calculate current direction and velocity, based on factory calibration. Measurements were made
in bursts of 15s spaced by 1 mn, with a sampling rate of 8 Hz during the burst. Full data and metadata (instru-
mental accuracies and resolutions, sampling frequency, time of deployment and recovery, clock drift, etc.) are
available on the EMSO‐Azores data portal (Cannat, Wheeler, et al., 2018; Cannat, Wheeler, Chen, et al., 2020;
Cannat et al., 2017). For current velocities <5 cm.s− 1, uncertainties for the direction of the current are larger than
the nominal accuracy of the magnetometer.

3.4. Processing of Times Series Data

After the recovery of the instruments, all time‐series were plotted and visually checked for data gaps and outliers.
A linear clock drift correction was applied. Spectral analysis was then performed using the multi‐taper method
(Thomson, 1982) with adaptive weighting (Percival & Walden, 1993) used in previous studies of tidal forcing
effects on venting temperatures at Lucky Strike (Barreyre & Sohn, 2016; Barreyre et al., 2014a). We derived the
time variability of the power spectral density (PSD) and the coherence and phase lag between fluid temperature,
seawater pressure head and bottom current velocity at the semi‐diurnal M2 frequency. We used a sliding time
window of 30 days, with a 1 day sliding time (bandwidth product of NW = 4; Thomson, 1982). Tests with both
longer and shorter sliding windows are shown in Figure S2 of the Supporting Information S1. Phase lag estimates
are reported only for time periods with coherence >0.75.

4. Local Geology and Monitoring Locations at the Tour Eiffel and White Castle
Hydrothermal Sites
Both Tour Eiffel (TE) and White Castle (WC) comprise a sulfide mound with several focused vents (Figures 2a
and 2f), a wider domain of sulfide deposits and of volcaniclastic deposits that have been indurated by hydro-
thermal precipitates (Figures 3a, 3b, and 3e) and an outer domain of non‐indurated to slightly indurated volca-
niclastic deposits (Figures 3b–3d). These deposits are up to 1.5 m‐thick at the TE and WC sites, rest
unconformably on brecciated basalts (Figures 3c and 3e) and are commonly degraded into a sandy material
(Figure 3b). The indurated volcaniclastic deposits have been referred to as the “slab formation” (Fouquet
et al., 1994). They are made of clasts of basalt, basalt glass, plagioclase phenocrysts, barite and sulfur grains,
cemented by amorphous silica and barite (Costa, 2014; Fouquet et al., 1994; Langmuir et al., 1997). The slab acts
as a cap through which fluids can only discharge via cracks (Figures 3a and 3e; Cooper et al., 2000), some of
which form flanges (Figure 3a). Cracks in the slab and in the non‐indurated volcaniclastic are commonly asso-
ciated with local tilting and swelling or collapse of the seafloor, which we infer are due to anhydrite precipitation
and/or dissolution in the shallow substratum, as proposed for the TAG hydrothermal field (Humphris et al., 1995).

Tour Eiffel (Figure 4a) is one of the largest LSHF sites. It is located on top of a N to NNW‐trending 2–24 m‐
high east‐facing fault scarp and has a ∼15 m‐high sulfide mound (Figure 4c) with several black smokers (one of
which was monitored at location TE‐1; Figure 2a). The outer limits of the TE site, defined so as to enclose all
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nearby active diffuse venting areas, extend up to 90 m along the fault scarp
(Figure 4a). The TE sulfide tower is set in a 35 m long by 25 m‐wide
elliptical domain of indurated slab with small sulfide chimneys, venting
cracks (such as the crack monitored at location TE‐2; Figures 2b, 3a, and
5a) and flanges (such as near the TEMPO ecological module; Sarrazin
et al., 2007; Figure 5a), feeding mussels, arthropods, echinoderms, crusta-
ceans (Cuvelier et al., 2009; Dover et al., 1996; Girard et al., 2020) and
microbial mats (Crépeau et al., 2011; Sarradin et al., 1999).

White Castle (Figure 4b) is a smaller site set in a ∼30 m long elliptical
volcanic depression in the extensively fissured northern slopes of the
southern cone‐shaped volcano, only 50 m to the south of the fossil lava lake
(Figures 1 and 4d). The ∼3 m‐high WC sulfide mound (Figures 2f and 5b)
with several black smokers (monitoring location WC‐1; Figure 2f) is on the
southern rim of the elliptical depression (Figure 4b). As at TE, diffuse fluids
at WC discharge in mussel‐lined cracks and flanges in the sulfide mound
and in centimeter to decimeter‐wide cracks in the indurated slab (monitoring
location WC‐2; Figure 2g). Several such cracks connect to the sulfide
mound (Figure 5b) and locally develop decimeter‐high sulfide chimneys
(Figure 2g) that vent clear shimmering fluid. We observed northward
growth of the WC sulfide mound by ∼2 m in 2016–2017, progressing over
the fissured slab (Figure 5b). We had to move monitoring location WC‐2
northward in 2017 because its 2016 location had become part of the sul-
fide mound.

The indurated slab domain at WC extends downslope to the north to the
bottom of the depression (Figures 3e and 4b). This slab is fractured and forms
isolated panels, 1–3 mwide, particularly in the lower slopes. These panels rest
on a gray sandy substrate made of disaggregated volcaniclastic deposits with
variable proportions of sulfide and sulfate‐bearing minerals. At TE, similar
yet less extensive domains of gray sandy substrate are found along the outer
limits of the slab (Figures 3a, 3b, and 5a) and line cracks in the non‐indurated
layered volcaniclastites (monitoring location TE‐3; Figure 2c). These gray
sandy substrate domains had not been described prior to this study, probably
because they are not visible in the black and white photomosaics of the vent
field analyzed by Barreyre et al. (2012). They vent slowly oozing fluids and
host polychetes, gastropods and isolated small mussels (monitoring location
WC‐3; Figure 2h). They are locally capped by mm‐thick white sulfate pre-
cipitates (such as at monitoring location WC‐3; Figure 2h) or by microbial
mats (Sarrazin et al., 2009), forming the white diffuse venting patches
mapped by Barreyre et al. (2012). They pass laterally, at both WC and TE, to
brownish sandy domains that display no visual evidence of fluid venting
(monitoring location TE‐4; Figures 2d and 5a). In these brownish domains,
there are also networks of sinuous patches with yellowish iron oxidizing
bulbous microbial mats (Astorch‐Cardona et al., 2023). These yellowish
patches are well developed at TE (Figures 2d, 2e, and 5a). They are also found
in a set of radial cracks in the north of WC (Figures 3d and 4b). Monitoring
location TE‐5, in the non‐indurated volcaniclastic deposits north of the TE
sulfide mound (Figures 2e and 4a), stands out with shimmering waters
indicative of relatively fast venting velocities. The other observed yellowish

patches do not show visual evidence for fluid venting, yet the microbial mats suggest that hydrothermal fluids do
indeed ooze out, at least episodically.

Figure 2. ROV video snapshots showing examples of the temperature
probes, seafloor pressure probes and currentmeters deployed as part of the
monitoring experiment (locations in Figures 1 and 4). (a) High‐temperature
WHOI (HTW) probe deployed in 2017 at a Tour Eiffel focused vent
(monitoring location TE‐1). (b) Low‐temperature WHOI (LTW) probe
deployed in 2017 in a Tour Eiffel venting crack (monitoring location TE‐2);
note bacterial mats and mussel assemblage. (c) High‐temperature NKE
(HTNKE) probe deployed in 2018 in a mussel‐lined Tour Eiffel venting
crack in non‐indurated volcaniclastic formation (monitoring location TE‐3).
(d) LTW probe deployed in 2017 at Tour Eiffel in brownish sandy area next
to yellow iron‐oxidizing bacterial mats (monitoring location TE‐4). (e) LTW
probe deployed in 2018 at Tour Eiffel in vent nested in yellow iron‐oxidizing
bacterial mats (monitoring location TE‐5). (f) HTW probe deployed in 2017
at a White Castle focused vent (monitoring location WC‐1). (g) HTNKE
probe deployed in 2016 at White Castle in crack in slab formation
(monitoring location WC‐2). (h) New high‐temperature WHOI (HTWN)
probe deployed in 2017 at White Castle in sandy area next to mussel‐bearing
slab panel (monitoring location WC‐3); note white sulfate precipitates and
bacterial mats in diffuse venting area. (i) SBE53 pressure probe deployed in
2018 at the JPPW benchmark. (j) TCM3 currentmeter deployed in 2016 on
non‐indurated layered volcaniclastics to the south of Tour Eiffel. Details on
these probes in Table S1 of the Supporting Information S1.
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5. Time Series of Focused and Diffuse Fluid Chemistry at the Tour Eiffel and White
Castle Vent Sites
The chemistry and sampling temperature of focused and diffuse fluids sampled between 2016 and 2019 at the TE
andWCmonitoring sites are presented in Table 1. Hydrothermal endmember fluids (temperatures > 306°C) have
low pH (≤4.5) and are depleted in Na and Cl and enriched in H2S, Si, Ca, Ba, Fe, Cu, and Zn compared to
seawater. Chlorinity is consistently lower at TE (Cl < 433 mmol/L; Na <369 mmol/L) than at WC (Cl up to
501 mmol/L in 2019), consistent with previous observations of lower Cl concentration at the southeastern Lucky

Figure 3. ROV video snapshots at and near the Tour Eiffel (TE) and White Castle (WC) sites. These snapshots are located in
Figures 4a and 4c. Hexagons with numbers refer to monitoring locations. Scales are indicative. (a) View to NNE over
monitoring location TE‐2 (mussel‐lined venting crack in slab), note small sulfide mound in background with white sulfate
deposits and bacterial mats; red dashed line is limit to non‐indurated volcaniclastic formation, as in Figure 4b; gray is gray
sandy material as in (b) and (e). (b) View to the north showing the ecological module TEMPO (and connecting cables) at the
southern edge of the slab (red dashed line) at TE, with non‐indurated volcaniclastic deposits in the foreground. (c) View to
the west over a minor fault scarp exposing the brecciated basalt basement of the TE site, with layered volcaniclastic deposits
on top. (d) View to the south over the edge of the WC depression, fissures lined with brown‐yellow bacterial mats in sandy
volcaniclastic formation. (e) View to the south over monitoring locations WC‐2 and WC‐3, photomosaic of ROV video
snapshots covering depths of 1,713–1,727 mbsl. Red line is the limit of WC sulfide mound and red dashed line is the limit of
indurated volcanoclastic slab with small extinct sulfide chimneys, as in Figure 4d. Note brecciated basalt basement to the left,
non‐indurated layered volcaniclastic deposits on the right, a network of venting fissures lined by mussels and white bacterial
mats in slab and gray to brown sandy material with patches of white sulfate precipitates in the lower slopes.
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Strike sites (Chavagnac et al., 2018; Langmuir et al., 1997; Von Damm et al., 1998). Other major cations like Ca
and K have similar concentrations at the two sites, while in any given year, Mn is more abundant in WC end-
member fluids and Fe more abundant at TE. Strontium is consistently more abundant at WC (up to 151 μmol/L).
Overall, the endmember fluid compositions in Table 1 are similar to the concentrations measured in fluids
sampled at the two sites since 2010 (Chavagnac et al., 2018). We use these hydrothermal endmember fluids as a
reference to study the temporal chemical evolution of diffuse fluids.

Diffuse fluid temperatures, measured just before sampling, range between 35 and 131°C (Table 1) and the fluids
pH range between 5.42 and 7.22 (near seawater value). The most acidic values correspond to fluids sampled in

Figure 4. Geological setting of the Tour Eiffel and White Castle hydrothermal sites. (a) and (b) Map views with temperature
monitoring locations shown by numbers in hexagons: red for focused vents, green for diffuse venting cracks and blue for
diffuse venting sandy patches (for TE site, venting areas modified from Barreyre et al. (2012)). TEMPO in (b) is an
ecological monitoring module. In these maps, TE andWC are shown on the same scale. White dashed line is outer contour of
each site; (c) and (d) 3D views of photomosaic draped over HR bathymetry; (c) 3D view of photomosaic at the Tour Eiffel
site; (a–c) letters refer to location of ROV video snapshots in Figure 3; dashed white line is outer contour of the active TE site
and of an extinct site to the west, with two elliptical depressions (dashed pink lines in 4c) interpreted as collapsed areas after
anhydrite dissolution; (d) 3D view of photomosaic at the WC site; (d and e) letters refers to location of ROV video snapshot
in Figure 3; dashed white line is outer contour of activeWC venting; double dashed white line in the north is the outer limit of
the fossil lava lake.
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2016 at monitoring location WC‐3 (diffuse patch in gray sandy material; Figure 2h) and in 2018 at monitoring
location WC‐2 (crack in the slab within 1 m of the edge of the sulfide mound; Figure 2g). Mg concentrations vary
between 36.2 mmol/L (WC‐2 crack in 2018; Table 1) and 55.2 mmol/L (diffuse venting patch nearWC‐3 in 2016;
Table 1), close to the seawater concentration. Chlorinity increases with Mg concentrations in most samples,
consistent with predicted conservative mixing trends between seawater and endmember fluids (Figure 6a and
Figure S3 in Supporting Information S1). Samples collected in 2016 at WC‐3 plot well below these trends at very
low chlorinity (Figure 6a). Na concentrations are also lower in these samples (Table 1). Higher Mg concentrations
were measured at all sampling sites in 2019 compared to previous years and particularly to 2018: while it might be
a real signal, there is a possibility that sampling performed in 2019 with the manned submersible Nautile
incorporated a greater proportion of entrained seawater because it was more difficult to visually control near
seafloor sampling operations from the higher standpoint of the Nautile.

Si concentrations range between 0.07 and 3.08 mmol/L (Table 1). The highest values were measured for the WC‐
2 crack in 2018. Si concentrations tend to decrease with increasing Mg, as expected for an increasing dilution of
the endmember fluid with seawater (Seyfried & Bischoff, 1977), but three groups of samples can be identified.
Group 1 (gray field in Figure 6b) has low Mg concentrations and Si concentrations that are consistent or higher
than those predicted for conservative mixing of seawater and endmember fluids. It includes the TE‐3 and TE‐5
2019 samples and three of the low chlorinity WC‐3 2016 samples. Group 2 (light red field in Figure 6b) has lower
Mg concentrations (48–49.5 mmol/L) and Si concentrations lower than predicted for conservative mixing of
seawater and endmember fluids. Group 3 (light blue field in Figure 6b) has even lower Mg concentrations (36–
46 mmol/L) and Si concentrations lower by about 1.5 mmol/L than predicted by conservative mixing trends at
these Mg concentrations. The lowest Mg and highest Si concentrations for group 3 (36.25 and 3.09 mmol/L
respectively; Table 1) were measured in the WC‐2 2018 samples.

Figure 5. High‐resolution OTUS photomosaics (acquired in 2018) of the Tour Eiffel and White Castle sites, with ROV video snapshots of monitoring locations TE‐2,
TE‐3, TE‐4, WC‐1, andWC‐2. Red lines (dashed and plain) as in legend for Figures 4a and 4b. (a) South TE, note white precipitates and bacterial mats on volcaniclastic
deposits north of TE‐2 mussel‐lined crack, square frame of the TEMPO ecological module, an array of fine mussel‐lined cracks at TE‐3, yellow bacterial mats just west
of TE‐4 and corresponding orange patches in the OTUS photomosaic. (b) SouthWC, note black smoker at WC‐1, location of WC‐2 in crack near the base of WC sulfide
mound, with northward growth of this mound between the 2016 and 2017 probe deployments (WC‐2 snapshots look south over the same area).

Geochemistry, Geophysics, Geosystems 10.1029/2023GC011099

WHEELER ET AL. 10 of 26

 15252027, 2024, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

C
011099 by Ifrem

er C
entre B

retagne B
lp, W

iley O
nline L

ibrary on [29/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Mn concentrations in diffuse WC fluids (Table 1 and Figure S4 in Supporting Information S1) range between 0.8
and 91.9 μmol/L and Mn concentrations tend to decrease at increasing Mg, as expected for an increasing dilution
of the endmember fluid with seawater, but the 3 groups identified in Figure 6b are also distinct. Magnesium, silica
and manganese have all been used as chemical tracers to evaluate the proportion of hydrothermal end‐member
fluids in MOR diffuse effluents (Butterfield et al., 2004; Field & Sherrell, 2000; Hawkes et al., 2013; Von
Damm et al., 1985; Waeles et al., 2017). Silica and Mn cannot, however, be considered as conservative tracers in
the samples studied here based on the Si and Mn versus Mg trends (Figure 6b and Figure S4 in Supporting In-
formation S1). We therefore use Mg as the least unreliable dilution tracer to estimate the contribution (%E) of
hydrothermal endmember fluids to diffuse venting at the TE and WC monitoring locations (Table 1). %E values
range between 0% for TE‐3 in 2019 and WC‐3 in 2016 and 33% for WC‐2 in 2018. Note that even for low %E
values, H2S contents can be significant and are variable at a given sampling location (Table 1).

K (9.0–12.0 mmol/L) and Ca (11.1–16.4 mmol/L) concentrations in diffuse fluids (Table 1) are similar or higher
than seawater values and the three groups of samples defined in the Si or Mn versus Mg graphs (Figure 6b and
Figure S4 in Supporting Information S1) are also visible in K versus Mg (Figure 6c) and Ca versus Mg graphs
(Figure 6d). Group 3 samples define a rough trend that is offset to lower K and Ca concentrations by 1–2 mmol/L
relative to predicted seawater‐endmember fluid conservative mixing lines. Fluids sampled at TE‐5 in 2018,
however, that belong to Group 3 based on Si and K concentrations, plot on the seawater‐end‐member fluid
conservative mixing line with respect to Ca (Figure 6d). Group 2 samples also tend to plot near these conservative
mixing lines for both K and Ca. Group 1 samples have scattered K concentrations and Ca concentrations above the
conservative mixing lines (Figure 6d).

SO4 concentrations in diffuse fluid range between 13.66 mmol/L in one of the WC‐3 2016 chlorine‐depleted
samples and 30.8 mmol/L at TE‐5 in 2019 (Table 1). Figure 6e shows total SO4 relative to Ca concentration
and the linear trends that would correspond to conservative mixing of seawater with hydrothermal endmember
fluids (Figure S3 in Supporting Information S1). With the exception of the chlorine‐poor 2016 WC‐3 samples,
diffuse fluid plot either on or above these conservative mixing lines, in a domain that would correspond to
anhydrite dissolution. All TE‐5 sample plot in this dissolution domain, which could explain their relatively high
Ca concentrations (Figure 6d). Fluids sampled at the TE‐3 crack plot near the conservative mixing lines in 2017
and 2018 and in the anhydrite dissolution domain in 2019 (Figures 6e and 6f). Fluids sampled at the WC‐2 crack
plot near the mixing line in 2018 and then into anhydrite dissolution in 2019. The low chlorinity fluids collected at
WC‐3 in 2016 plot in the anhydrite precipitation domain. Fluids from the same location (Figure 2h and Figure S1c
in Supporting Information S1) plot on the mixing line in 2018 and into the anhydrite dissolution domain in 2019
(Figures 6e and 6f). Ba concentrations (0.2–2.5 μmol/L; Table 1) are higher than seawater values (Millero
et al., 2008), with the highest concentrations measured in 2018 at WC‐2 and WC‐3 (Table 1). All samples, except
for the low chlorinity fluids collected at WC‐3 in 2016, plot near the conservative mixing trends in the SO4 versus
Ba concentrations diagram (Figure S4b in Supporting Information S1). Ba concentrations are 3 orders of
magnitude lower than Ca concentrations in all samples, suggesting that while some of the variability observed in
SO4 concentrations may result from barite (BaSO4) precipitation, it likely plays a minor role, compared to
anhydrite precipitation.

In Figure 6g, we plot the Mg concentration of diffuse fluids against fluid temperatures measured during sampling
at monitoring locations TE‐2, TE‐3 and TE‐5 and WC‐2 and WC‐3. If Mg is indeed an indicator of the degree of
hydrothermal endmember fluid dilution by seawater (Table 1), lines drawn from the Mg concentration and
temperature of seawater, to those of black smoker fluids (Figure S3f in Supporting Information S1) would
correspond to mixing with no conductive heat gain or loss. While the 2018 TE‐3 and TE‐5 samples do plot on
these lines (Figure 6g), the other samples plot either below (WC‐2 2018) suggesting conductive cooling of the
endmember fluid or of the mixed fluid prior to venting or above these lines (WC‐3 2016, WC‐2 2019, TE‐3 and
TE‐5 in 2017 and TE‐5 2019), suggesting conductive heating of the seawater or of the mixed fluid prior to
venting. Figure 6g also shows the range of temperatures measured by in situ autonomous probes at each fluid
venting location during 1 week before and 1 week after fluid sampling. With the exception of WC‐2 2019, these
recorded temperatures are consistent with those measured during sampling operations, indicating that the
collected samples adequately represent fluids that discharge at each monitored location. Temperatures recorded
by the in situ autonomous temperature probes in 2019 at WC‐2 were >180°C, significantly higher than the
sampling temperatures at this site for the same year (Figure 6g). This discrepancy is most likely due to the large
variations of venting fluxes documented in dive videos at scales of a few centimeters along the WC‐2 crack.
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Figure 6. Chemical diversity of diffuse fluids sampled at Tour Eiffel (TE) andWhite Castle (WC) monitoring locations TE‐3,
TE‐5, WC‐2, and WC‐3 in 2016, 2017, 2018, and 2019 (Table 1 and Figure S1 in Supporting Information S1). Solid and
dotted lines labeled WC or TE joins the end‐member black smoker fluid compositions sampled at monitoring locations TE‐1
and WC‐1 (Table 1 and Figure S3 in Supporting Information S1), to seawater composition (SW) from Millero et al. (2008).
(a) Magnesium and chloride contents. Except for fluids sampled near WC‐3 in 2016, data plot near the end‐member fluid to
SW lines. (b) Magnesium and silicon contents. Three groups of samples are identifiable based on their Mg content and
position with respect to the end‐member fluid to SW lines (group 1 in gray, group 2 in pink, group 3 in blue). Group 3, with
the highest Mg concentrations defines a trend parallel to the end‐member fluid to SW lines but offset to lower Si contents
(c) Magnesium and potassium contents and (d) Magnesium and calcium contents. The three groups identified in (b) are also
shown. (e) Calcium and sulfate ion contents. Gray dashed lines show the trends expected for anhydrite dissolution or
precipitation. Fluids sampled near WC‐3 in 2016 are again outliers. Other samples plot near or above (suggesting anhydrite
dissolution in the substratum) the end‐member fluid to SW lines. (f) Magnesium content and temperature of the diffuse
fluids. Only samples collected within 1 m from autonomous temperature probe locations (Table 1) are shown. Solid and
dotted lines labeled WC or TE joins the Mg content of black smoker end‐member fluids and their temperature measured by
the ROV or Nautile prior to fluid sampling, to seawater Mg content (Millero et al., 2008) and temperature (SW). Gray bars
show the min and max temperature measured by autonomous temperature probes over a week before and after fluid
sampling.
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6. Temporal Variability of Vent Fluids Temperature at the Tour Eiffel and White
Castle Sites
The fluid temperatures measured between September 2016 and July 2019 at the TE and WCmonitoring locations
are presented in Figure 7 (and Figure S7 in Supporting Information S1). The two monitored black smoker vents
(TE‐1 and WC‐1; Figures 2a and 2f) are our reference for the end‐member fluid upflow at both sites. Their
temperature mostly ranges between 295 and 329°C, with occasional drops (Figure 7a), interpreted as due to local
hydraulic perturbations in the sulfide edifices (Barreyre et al., 2014a). A steady and slow temperature decrease,
from 306°C down to 260°C, in June–August 2019 at TE‐1 is also probably due to local clogging of the vent
conduit. Aside from these occasional events, hydrothermal endmember fluid temperatures display periodic or
semi‐periodic variations of a few tens of °C to a few °C (Figures 7b and 7c), similar to those reported for earlier
years of monitoring at LSHF vents (Barreyre & Sohn, 2016; Barreyre et al., 2014b). The Power Spectrum Density
(PSD) energy at semi‐diurnal tidal frequencies (N2, M2, S2, K2) is low overall at the TE‐1 vent and higher at the
WC‐1 vent, particularly in 2016–2017 (Figures 8a and 8b). The coherence at the semi‐diurnal M2 frequency
between hydrothermal endmember fluid temperatures at TE‐1 and WC‐1 and seafloor pressure (CM2) varies
between 0 and 0.75 at TE‐1 and between 0 and 0.95 at WC‐1 (Figure 7d). CM2 values vary over timescales of a
fortnight to a few months and phase lags for periods of higher CM2 range between 177° and 231° (Figure 7e),
with smooth variations over 1.5–2.5 months at WC‐1 in 2018–2019. All of these characteristics are comparable to
those reported for pre‐2015 Lucky Strike black smoker temperatures by Barreyre et al. (2014b) and Barreyre and
Sohn (2016).

6.1. Diffuse Fluid Temperatures at Monitored Venting Cracks and Patches

Temperatures recorded at the monitored venting cracks span a broader range (from 7°C at TE‐2 to 307°C at WC‐
2; Figure 7f) than those recorded at patches (from 35°C at TE‐4 to 160°C at WC‐3; Figure 7i). Temperatures at
venting patch WC‐3 (125°–160°C; Figure 7i) increased throughout the year in 2016–2017 and 2017–2018, then
decreased in 2018–2019; temperatures measured in 2017–2019 in brownish sandy material at TE‐4 (Figure 2d),
with no visible evidence for fluid venting, varied between 35 and 39°C over periods of∼140 days (Figure 7i); and
temperatures at TE‐5 (Figure 2e) have been stable (55°–58°C) over the 3 years of recording (Figure 7i). The probe
fell out of TE‐5 in late February 2018 and out of TE‐4 in mid‐February 2019, subsequently recording seabed
temperatures (4.5–5.5°C; Figure 7i). Temperatures at venting cracks ranged between 7° and 18°C at location TE‐
2 (Figure 2b), 25° and 80°C at TE‐3 (Figure 2c) and 18 and 307°C at WC‐2 (Figure 2g). TE‐3 probe fell off the
crack and recorded seabed temperatures from early April 2019 onward (Figure 7f). Temperatures at TE‐2
remained low (7–18°C) over the 3 years of the experiment, while temperatures at TE‐3 varied between 25 and
80°C, over periods of a few days to several months (Figure 7f). Temperatures recorded at WC‐2 in 2016–2017 are
only 10–40°C lower than those recorded at the WC‐1 focused vent ∼4 m away (Figure 7a and Figure S7d in
Supporting Information S1). From August 2017 onward, after the probe was moved 2 m to the north along the
same crack following the growth of the sulfide mound (Figure 5b), temperatures at WC‐2 were lower (around
200°C), then decreased from around 170°C in January 2018, to <50°C in March and ∼20°C in August 2018.
Temperatures at WC‐2 increased again to ≥200°C following the August 2018 redeployment (Figure 7f).

The most visible difference between the temperature recorded at venting cracks and patches is that, at venting
patches, semi‐diurnal variations are small (a few tens of °C; Figure 9c), to absent (Figure 9d) and PSD signatures
at the semi‐diurnal tidal frequencies (N2, M2, S2, K2; Figures 8a and 8b) are weak, particularly at TE‐5
(Figure 8a). Temperature variations >1°C at venting patches occur progressively over periods of several
weeks to months (Figure 7i). By contrast, at venting cracks, episodic variations of several °C are frequent
(Figure 7g). Semi‐diurnal variations are also common and typically span a few °C (Figures 9a and 9b) and the
corresponding PSD values are significant, particularly at WC‐2 (Figures 8a and 8b). The lowest semi‐diurnal PSD
values for a venting crack were recorded at TE‐3 in 2018–2019 (Figure 8a).

6.2. Coherence Between Diffuse Venting Fluid Temperatures and Seawater Pressure at the Semi‐Diurnal
M2 Frequency

At venting patches, the coherence between venting fluid temperatures and seawater pressure at the semi‐diurnal
M2 frequency (CM2) is mostly small (<0.75), particularly at TE‐5 (Figure 7j). During intervals of significant
CM2, the amplitude of semi‐diurnal temperature variations is small (up to 0.8°C at WC‐3; Figure 9d) and time
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periods with very low CM2 values at TE‐4 and TE‐5, for example, in December 2018 (Figure 7j), correspond to
very stable temperatures (within the probes resolution; Figure 9c). Fortnightly CM2maxima that coincide at WC‐
3 and TE‐4 (e.g., in early October 2016, late September–early November 2017 and in late June 2018) correspond
to spring tides (Figure S6 in Supporting Information S1). CM2 variations over longer timescales (up to several
months) are distinct between venting patches and also between these patches and nearby venting cracks (Figures

Figure 7. Venting temperatures recorded at Tour Eiffel and White Castle monitoring locations from August 2016 to July
2019. (a–e) Temperatures recorded at focused vents TE‐1 (dark red) and WC‐1 (light red). (f–h) Temperatures recorded at
venting cracks TE‐2 (light green), TE‐3 (green) andWC‐2 (dark green). (i–k) Temperatures recorded at venting patches TE‐4
(pale blue), TE‐5 (electric blue) and WC‐3 (dark blue). Temperature records for periods when a probe had fell off the vent
and recorded near seafloor seawater temperatures are shown in gray. Panels (b and c) show details of tidally modulated
temperature variations at focused vents. The second full panel for each group of vents (d, g, and j) shows the time variation of
the coherence between venting temperature and seafloor pressure at the M2 tidal frequency (30 days sliding window, 1 day
sliding time). The third panel for each group of vents (e, h, and k) shows the time variation of the corresponding phase lag for
M2 coherence values >0.75 (phase lags for M2 coherence >0.5 are also shown as thin lines). Light gray bands correspond to
the duration of maintenance cruises and colored arrows show the sampling time for the fluids reported in Table 1.
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S7b and S7f in Supporting Information S1). In mid to late April 2018, the CM2 maximum at TE‐4 coincided with
a CM2 maximum for the near bottom seawater temperature recorded by the fallen probe at TE‐5 (Figure 7j).

At venting cracks, CM2 values are variable: consistently high (>0.75) at WC‐2, except in March 2017 and in
September–late October 2018 (Figure 7g), and most commonly low (<0.75) at TE‐2 and TE‐3 (Figure 7g). The
TE‐2 and TE‐3 cracks are distant by only about 8 m (Figure 5a), yet there is only a weak coincidence between
periods of higher CM2 at the two cracks. For example, CM2 are higher at both TE‐2 and TE‐3 in October 2016,
January 2017, May–June 2017, August–September 2017 and late June 2018 (Figure 7g and Figure S7b in
Supporting Information S1), but not in early to mid‐March 2018 (higher CM2 at TE‐3, lower at TE‐2) and late
March–early April 2018 (lower CM2 at TE‐3, higher at TE‐2; Figure 7g). During intervals of significant CM2, the
amplitude of semi‐diurnal temperature variations at venting cracks is variable, both between cracks (semi‐diurnal

Figure 8. (a–c) Power spectrum density (PSD) plots around the diurnal (O1, K1) and semi‐diurnal (N2, M2, S2, K2) harmonic
peaks for venting temperatures at the TE and WC monitoring locations, for seafloor pressure and for current velocity. PSD
values for each time‐series are normalized to the PSD value at the M2 semi‐diurnal frequency. (a) PSD plots for venting
temperatures at TE monitoring locations (red for focused vents, green for diffuse vents in cracks and blue for diffuse vents in
sandy areas; PSD values for near seafloor seawater temperatures recorded after the probes fell off the vents are shown in
gray). (b) PSD plots for venting temperatures at WC monitoring locations. (c) PSD plots for seafloor pressure and current
velocity.
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amplitudes at TE‐2 are consistently of several degrees) and at a given crack (a few tens to several degrees at TE‐3
and WC‐2; Figures 9a and 9b). The largest amplitudes, ∼10°C, were recorded at WC‐2 in February–March 2018
(Figures 7f and 9b).

PSD values for vent fluid temperatures at the M2 frequency (PSDM2; Figure S5 in Supporting Information S1)
carry information on both the coherence and the amplitude of the corresponding semi‐diurnal temperature var-
iations. Fortnightly spring tides (Figure S6 in Supporting Information S1) do correspond to some of the PSDM2
maxima: at WC‐2, TE‐2 and TE‐3 in early October 2016; at WC‐2, TE‐2 and WC3 in mid‐March 2017; and in
early March 2018 at WC‐2 and TE‐3 (Figure S5 in Supporting Information S1). However, other PSDM2 maxima
correspond to lower amplitude neap tides and PSDM2 values also vary over shorter timescales at the monitored
venting cracks and patches, with no correlation, even between nearby vents (Figure S5 in Supporting
Information S1).

Phase lags between temperature and pressure at the M2 frequency for periods with CM2 > 0.75 (Figures 7h and
7k and Figures S7c and S7f in Supporting Information S1) are 187–215° at the WC‐2 crack in 2016–2017 and
2017–2018, then only 141–164° in 2018–2019, nearly 2 hr less than in the previous 2 years and than at the nearby
WC‐1 vent over the same time period (Figure 7e and Figure S7h in Supporting Information S1). Phase lags for
WC‐2 in 2018–2019 also do not show the 1–3 months variations recorded at WC‐1 (Figure 7e). Phase lags
calculated for venting temperatures during the rare periods of CM2 > 0.75 at the other two monitored cracks (TE‐
2: 175°–201° in October 2018; and TE‐3: 152°–238°; Figure 7h) and at the monitored patches (WC‐3: 200°–204°
in 2016–2017 and 34°–36° in end‐December 2018; and TE‐4: 303°–317° in August–early September 2017, then
192°–220° in later periods; Figure 7k), are variable, distinct from one another and distinct from those calculated
for the focused fluid at TE‐1 (Figure 7e and Figure S7c in Supporting Information S1).

6.3. Bottom Current Velocity and Diffuse Venting Temperatures

Current velocities recorded near the TE andWC sites vary between 0.11 and 30 cm.s− 1 (Figure S8a in Supporting
Information S1). Diurnal (O1, K1) and semi‐diurnal (N2, M2, S2, K2) tidal related signals carry relatively high
energy (Figure 8c). Both the coherence and the PSD at M2 between current velocity and seafloor pressure
(Figures S8b and S8d in Supporting Information S1) are variable over timescales of weeks to months and these
variations are broadly similar for currentmeters near TE and WC (Figures S8b and S8d in Supporting Infor-
mation S1). There are, however, significant inter‐site differences and also inter‐deployments differences in the
spectral content of the current velocity records and these probably result in the most part from the location of the
currentmeters relative to local relief: contrary to the temperature probes, the TE and WC currentmeters were not
set at the same exact same locations from 1 year to the next (Figure 1) and local topography deflects and modifies
near bottom currents (Tivey et al., 2002).

Given these local variations, it is likely that if we could deploy currentmeters at individual temperature moni-
toring locations, their data would also differ, even over distances of meters, because of the rugged topography of
the TE and WC sites. Nonetheless, current data available at this point allow us to identify 3 patterns in terms of
whether venting temperatures are better correlated with the M2 frequency with seafloor pressure (CM2;
Figures 7d, 7g, and 7j) or with local currents (CM2c; Figure S9 in Supporting Information S1). In the first pattern,
CM2 is consistently greater than CM2c, suggesting a weaker impact of currents on fluid exit temperature. This is
the case at WC‐1 in 2018–2019 (Figure 10a) and also at the WC‐2 crack for the whole 3 years of monitoring
(Figure S10 in Supporting Information S1). In the second pattern, CM2c is significantly greater than CM2,
suggesting that tidally modulated variations in current velocity do affect fluid venting temperatures; this is the
case at the TE‐2 crack for most of the 2018–2019 deployment (Figure 10b). In the third pattern, that is shared by
all the other temperature records (Figure S10 in Supporting Information S1), CM2 and CM2c are both low, values
>0.75 are uncommon and correspond to either CM2> CM2c (e.g., at WC‐1 in December 2017 and January 2018;
Figure 10c) or CM2c > CM2 (e.g., at WC‐1 in March 2018 or at TE‐2 in October 2017 and February 2018;
Figures 10c and 10d).

7. Discussion and Conclusions
Our study leads to the following key results and discussion points:
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1. The chemistry of diffuse fluids collected at the Tour Eiffel andWhite Castle vent sites points to a complex near
seafloor hydrology in which up flowing end‐member fluids and entrained seawater are not separated by
impermeable barriers. Diffuse fluids contain variable proportions of the black smoker endmember (Figure 6
and Table 1). These fluids are therefore not conductively heated seawater as proposed by Cooper et al. (2000).
Also, plotting fluid temperatures against Mg concentrations (used as an indicator of mixing proportions;
Figure 6g), suggests in some cases (TE‐3 and TE‐5 in 2018) simple mixing of seawater with the hot end‐
member and in other cases some degree of conductive cooling (WC‐2 in 2018) or heating (WC‐3 in 2016,
WC‐2 in 2019, TE‐3 and TE‐5 in 2017 and TE‐5 in 2019) of one of the mixed components or of the mixed
fluid, prior to venting.

2. The chemistry of diffuse fluids also points to space‐ and time‐variable anhydrite precipitation and dissolution
in the substratum of the TE and WC vent sites (Figures 11a and 11b): ongoing anhydrite dissolution in the
northern TE substratum is supported by excess dissolved Ca and SO4 at TE‐5. WC‐3 fluids appear to have
undergone anhydrite precipitation in 2016, while the other diffuse fluids analyzed at TE and WC are neither
significantly enriched nor depleted in Ca and SO4 (Figures 6e and 6f). Also, many diffuse fluid samples are to
some degree depleted in silica, potassium and calcium (Figures 6b–6d). Alteration of basalts to chlorite and

Figure 9. Examples of venting temperature variations recorded over a few days at (a and b) venting cracks TE‐2, TE‐3, and WC‐2 and (c and d) venting patches TE‐4,
TE‐5, and WC‐3. (a) 2–10 January 2017; (b) 20 February–1 March 2018; (c) 19–26 August 2017; (d) 23–30 December 2018. See the whole temperature records and
corresponding values of the coherence between venting temperature and seafloor pressure at the M2 tidal frequency in Figure 7.
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smectite in the upflow domain, as documented at the TAG site (Trans‐
Atlantic Geotraverse; Sturz et al., 1998), could explain the variable K and
Ca depletion, while silica precipitation is documented in the Lucky Strike
slab formation (Costa, 2014; Fouquet et al., 1994; Langmuir et al., 1997).

3. A key outcome of our work is to show that the active upflow of end‐
member rich fluid at both TE and WC corresponds approximately to the
domain mapped as slab (Figures 4a and 4b). This represents a significant
new constraint on the geometry of site‐scale seawater entrainment and
mixing (Figures 11a and 11b). Cracks and flanges monitored by the
TEMPO ecological module (Sarrazin et al., 2007) on the southern edge of
the slab at TE (Figure 5a), vent hot (up to 148°C) and endmember‐rich
fluids (Laes‐Huon et al., 2019). Fluids that vent out of gray patches
along the edges of the slab are also rather high temperature and
endmember‐rich (up to 160°C and E 28% at WC3; Table 1) at both WC
(Figure 3e) and TE (Figure 3b). These gray patches had not been identified
as venting domains in previous studies of Lucky Strike vent sites. The slab
domain is more elongated and smaller (∼141 m2) at WC than at TE
(∼540 m2), but its maximum horizontal extension is not that different
between the two sites (25 m at WC against 39 m at TE) and in both cases
significantly larger than the sulfide mounds. The narrower elliptical shape
of the slab domain at WC (Figure 4b) may result from an intrinsic dif-
ference between the two sites, with a more circular upflow domain beneath
TE (Figure 4a). Alternatively, the upflow at TE might have a similar NE‐
trending fault‐controlled elliptical shape at depth, with the less‐elongated
shape of the slab domain there resulting from across strike growth of the
shallow stockwork over time. WC sulfide deposits have not been dated,
but a contrast in maturity between WC and TE also offers a way to explain
the large difference in the size of the sulfide mounds (8 and 168 m2,

respectively; Table S2 in Supporting Information S1), the smaller, actively growingWCmound being younger
than the larger, 15 m‐high TE mound.

4. Our results indicate that diffuse discharge at TE and WC is modified by the <2 m‐thick volcaniclastic for-
mation. When cemented by hydrothermal precipitates, this formation acts as an impermeable cap (the slab)
over the hydrothermal fluids that come out of the fractured basalt. Venting cracks in the slab probably result
from local fracturation and their map distribution is therefore not a good indicator of the upflow patterns in the
basalt underneath. In contrast, when not cemented by hydrothermal precipitates, the volcaniclastic formation is
porous and the hydrothermal fluids that come out of the fractured basalt ooze through this porous superficial
layer, resulting in gray, white and yellowish diffuse venting patches at the seafloor (Figures 11c–11e). The
map distribution of these patches (e.g., in Figures 3e and 5a) plausibly results from that of venting cracks in the
basalt basement, in which, based on dive observations (e.g., Figure 3e), we propose a decimeter to meter‐scale
fracture‐controlled permeability (Figures 11c and 11e). We further propose that porous advection of the
diffuse fluids that come out of the fractured basalts into the smaller scale and more homogeneous permeability
of the volcaniclastic layer leads to a widening of the upflow, translating into decreasing diffuse venting ve-
locities and temperatures at the seabed (Figures 11c and 11e). Venting locations TE‐3 (gray sandy material in
narrow crack; Figure 2c), WC‐3 (gray patch; Figure 2h) and TE‐5 (yellowish patch; Figure 2e) have shim-
mering waters indicating significant venting velocities (Mittelstaedt et al., 2012). We propose that they form
directly above venting cracks in the underlying basalts (Figures 11c and 11e). Their discharge velocity at the
seafloor, their temperature (up to 58°C at TE‐5, 80°C at TE‐3 and 160°C at WC‐3) and their % endmember
contribution (up to 17% at TE‐3 and TE‐5, 28% at WC‐3; Table 1) represent lower bounds for the velocity,
temperature and composition of the fluids coming out of the basalts underneath.

5. Following on this porous advection interpretation, we propose that the significant spatial and temporal vari-
ations in fluid outflow observed in the gray, white and yellowish diffuse venting patches express the porous
flow response of the volcaniclastic layer to variations in the temperature and velocity of fluids escaping from
meter‐spaced cracks in the underlying fractured basalt (Figures 11c and 11d). The distal regions of the porous
upflow zones sketched in Figures 11c and 11e correspond to the brownish sandy seabed. Monitoring location

Figure 10. Plots showing coherence values at the M2 frequency between
venting temperatures and current velocity at monitoring locations WC‐1 and
TE‐2, as a function of their coherence with seafloor pressure also at the M2
frequency. Coherence values are calculated for 30 days sliding window, with
a 1 day sliding time. Each dot represents 1 day (dates indicated by color
scales). (a) Temperature at focused vent WC‐1 in 2018–2019;
(b) temperature at diffuse vent in crack TE‐2 in 2018–2019; (c) temperature
at focused vent WC‐1 in 2017–2018; (d) temperature at diffuse vent in crack
TE‐2 in 2017–2018. Plots for other temperature probes are available in
Figure S10 of the Supporting Information S1.
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TE‐4, in such a brown seabed (Figure 2d), is ∼3 m from TE‐3 and ∼30 cm from a zone of yellowish microbial
mats (Figure 5a). There is no visible evidence of fluid venting at TE‐4; however, temperatures up to 39° were
recorded ∼20 cm into the seabed (Figure 7i). If conductive, this temperature gradient would be similar to the
highest conductive values measured on the TAGmound (157°C.m− 1; Becker et al., 1996). However, we favor
an interpretation of this strong gradient as due to warm fluids oozing out very slowly through these brownish
areas (pale yellow domains in Figures 11c and 11e).

In order to further investigate this, in 2019–2020, we deployed two probes within ∼75 cm from each other at the
TE‐4 location (Figure 12). LTgrad4 in the brown seabed has two iButton temperature sensors (T1 and T2). T2
(∼15 cm into the seabed) recorded temperatures of 31.6–36.6°C, with periodic variations over∼140 days, similar
to those observed at TE‐4 in 2017–2019 (Figure 7i). The other probe (HTNKE38003), ∼20 cm into yellow
microbial mats (Figure 12a), recorded slightly lower temperatures, also with ∼140 days periodic variations, but
with a different shape and an offset of ∼40–45 days relative to the highs and lows recorded by T2. T1 (∼8 cm into
the seabed) recorded temperatures of 6–11°C, with a strong semi‐diurnal periodicity that was not recovered by the
deeper T2 probe (Figure 12d). We interpret this semi‐diurnal periodicity as due to tidally modulated entrainment
of seawater in the upper decimeter of the seabed and propose that this is a characteristic of brown seabed domains
(Figures 11c and 11e), oxydation by entrained seawater possibly explaining their color.

We also propose that temperatures up to 11°C at T1 and 36.6°C at T2 are maintained by the combination of a high
conductive heat flux and a very slow upflow of warm fluids, as documented for vents in sediments of the

Figure 11. Conceptual sketches of near seafloor fluid circulation and diffuse venting at the Tour Eiffel and White Castle sites. (a and b) Are site‐scale sketches of
hydrothermal circulation patterns at the two vent sites, same scale, no vertical exaggeration, arrows showing possible vent site‐scale fluid upflow geometry in the
brecciated basalt substratum, with color indicating the relative amount of end‐member fluid component, from red (100%), to dark purple, to light purple, to pink and
yellow. Fluid upflow zones in red (black‐smoker‐type fluids) and dark purple (moderately mixed focused flow) have higher temperatures. Fluid upflow zones in light
purple to yellow correspond to colder and/or more slowly venting diffuse effluents. Entrained seawater is shown in blue. (c–e) Are detailed geological sketches at
monitoring locations TE‐2, TE‐3, and TE‐4 (c), WC‐2 (d) and WC‐3 (e), located in panels (a) and (b). The maximum recorded temperature and range of estimated % of
end‐member fluid (% E; Table 1) are shown where available. Colors are indicative of the relative amount of end‐member fluid component, as in panels (a) and (b).
Layered volcaniclastics and slab cap the brecciated basalt substratum. Permeability pathways in basalts are inferred to be meter‐spaced fractures, the slab is
impermeable but locally cracked and the non‐indurated volcaniclastic formation behaves as a porous medium.
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Yellowstone lake (Sohn & Harris, 2021). We do not have an interpretation at this point for the∼140 days periodic
temperature variations. However, they are probably due to changes in the temperature and/or flux of the fluids that
come slowly out of the fractured basalts underneath (Figure 11c). The ∼40–45 days offset between two probes
that are only ∼75 cm apart (Figure 12) could then be explained by the lateral propagation of these changes,
suggesting lateral fluid velocities of the order of 1 cm/day. A dedicated multiprobe temperature monitoring
experiment is underway between locations TE‐3 and TE‐4 to test these hypotheses.

6. As previously shown by Barreyre et al. (2014a), venting temperatures at Lucky Strike diffuse vents record
semi‐diurnal variations that are distinct from those at black smokers and are not correlated between vents, even
just a few meters apart. These variations mostly display low coherence values with seafloor pressure at the M2
frequency (CM2; Figures 7g and 7j) and variable time lags during high CM2 intervals (Figures 7h and 7k).
Their amplitude reaches several degrees at TE‐2, TE‐3 and WC‐2 in 2017–2018 (Figures 9a and 9b) and they
are in some cases at least partially controlled by tidally modulated currents (Figure 10b and Barreyre
et al., 2014a). Compared to focused vents, diffuse vents therefore display more complex and highly variable
tidal forcing effects. We do not attempt to model these effects in terms of possible changes in the porosity
structure of the substratum, leaving this more detailed approach for future studies. The added value of our
study is to link first‐order differences in these tidal responses to the geological setting of the vents and
particularly to whether these vents correspond to diffuse patches or cracks.

A common characteristic of the diffuse venting patches monitored in this study (TE‐5 and WC‐3) and of the
brownish surrounding seafloor (TE‐4) is that semi‐diurnal temperature variations there are weak in both
amplitude and coherence at the M2 frequency (Figures 7j and 9c) or absent (within the resolution of the probes;
TE‐4 and TE‐5 yellowish venting patch; Figure 9c). At TE‐4, semi‐diurnal temperature variations probably result
from imperfect damping of tidally modulated seawater entrainment in the upper decimeter of the seabed (as
documented by probe T1 in Figure 12). At WC‐3 and TE‐5, shimmering waters suggest instead that temperature
variations are due to changes in the velocity and/or temperature of the upflowing fluids. These variations being
weak to absent could mean that the velocity/temperature of fluids coming out of the basalts underneath are not
strongly modulated by tides or, and this is our preferred interpretation, that propagation through the porous
volcaniclastic layer dampens any tidally modulated temperature signals in the underlying basalt.

Venting cracks (TE‐2, TE‐3, and WC‐2) show more pronounced semi‐diurnal temperature variations, with
amplitudes up to several degrees (Figures 9a and 9b). Semi‐diurnal temperature variations at TE‐2 are sometimes
better correlated with current velocity than with seafloor pressure (Figure 10b), suggesting that they are caused
by currents flushing the crack and the voids that exist between successive layers of slab at this location
(Figure 3a) with colder seawater. Venting of high‐ and lower temperature fluids successively at the same
location of the same crack, as seen at WC‐2 in 2017–2018 (recorded temperatures between 20 and 217°C;
Figure 7f), is also consistent with episodic seawater entrainment in cavities of the slab (Figure 11b). Fluid
temperatures are high at WC‐2 and tidal variations are strong, even stronger than at the nearby WC‐1 black
smoker (Figures 7d and 7g), with higher amplitudes (particularly during lower temperature intervals; Figure 9b)
and different phase lags (Figures 7e and 7h; Figure S7f in Supporting Information S1). These observations point
to a local and shallow process, strongly modulated by seafloor pressure that affects venting temperature and/or
velocity in the WC‐2 crack. Changes in phase lag such as observed at WC‐2 between the 2017–2018 and the
2018–2019 deployments (Figure 7h) may then result from changes in the shallow crack‐controlled permeability
network in the slab (Figure 11d).

7. Estimates of field‐ or site scale diffuse heat fluxes at mid‐ocean ridge hydrothermal fields carry large un-
certainties because diffuse venting areas are complex, with large variations in venting temperature and velocity
along a given crack (Mittelstaedt et al., 2012) or patch (this study) and between diffuse vents of the same
category (Table S2 in Supporting Information S1). Most of the energy flux in previously published estimates
of diffuse heat flux at the Lucky Strike field (195–1,086 MW; Barreyre et al., 2012) or at the Tour Eiffel site
(18.75 ± 2.2 MW at TE; Mittelstaedt et al., 2012) comes from the large surface footprint of mounds, patches
and flanges, that are grouped in these publications in spite of obvious differences in venting modes (e.g., fluids
venting at mounds and flanges are commonly hot enough to cause sulfate‐bearing mineral precipitation, but
clearly do not vent out of the entire flange surface, while fluids at patches do). However, overestimates of
venting surfaces at mounds and flanges in these previous studies are probably somewhat balanced because the
authors did not take into account the gray patches documented in this study and used low values of the heat flux
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per m2 based on temperatures measured at and not in the seabed (Sarrazin et al., 2009; Table S2 in Supporting
Information S1).

We propose a different, yet also rough, approach to estimating these diffuse fluxes. Our study points to relatively
hot fluids coming out of the basalt basement at both Tour Eiffel andWhite Castle, over an area that is about that of
the slab domain. Based on the distribution of venting patches in the areas that surround the slab, and on the
distribution of fractures in basalt outcrops observed in cliffs near the WC and TE vent sites, we propose that
venting fissures and cracks in the basaltic basement are meter‐spaced (Figures 11c–11e). We estimate the total
surface of such venting cracks as ∼1/100 the total slab surface at both TE and WC (Table S3 in Supporting
Information S1). Using an average venting temperature of 140°C (the average temperature at WC‐3; Table S2 in
Supporting Information S1) and venting velocities of 5–10 mm/s (in the low range of published estimates for
Lucky Strike venting cracks; Cooper et al., 2000; Mittelstaedt et al., 2012), we calculate minimum and maximum
heat flux values of 14.44 and 28.88 MW and 3.77 and 7.54 MW, respectively, for the diffuse heat flux out of the
basaltic basement beneath the slab at TE and WC (Table S4 in Supporting Information S1). To this we add
estimated values for off‐slab diffuse venting (6.92 and 25.19 MW and 4.48 and 22.41 MW, respectively, for TE
and WC), based on the footprint of diffuse patches and on heat flux per m2 values summarized in Table S4 of the
Supporting Information S1. All these heat flux values are calculated for temperature dependent fluid density and
thermal capacity using the Bischoff and Rosenbauer (1985) seawater equation of state at 200 bar. Total diffuse
heat fluxes estimated for Tour Eiffel with this approach (21.36–54.07 MW; 8.25–29.95 MW for White Castle)
range between similar to and twice the Mittelstaedt et al. (2012) estimate. Therefore, despite all their respective
approximations, the two independent approaches point to diffuse heat fluxes in the same range (several MW, to a
few 10s of MW) at the Lucky Strike vent sites, at least 20 times higher than fluxes estimated for focused vents
(Barreyre et al., 2012; Mittelstaedt et al., 2012).

8. Concluding Remarks
Our results emphasize the complexity of diffuse venting at both Tour Eiffel and White Castle: at least three types
of vents, not counting the flanges, with characteristics that are largely controlled by local geology (cracks in the
slab, cracks and patches in non‐indurated volcaniclastics); variations between nearby vents and in some cases at a
given vent, in fluid temperature, degree of mixing and chemical indicators of the precipitation or dissolution of
sulfate‐bearing minerals; vent temperature variations that are uncorrelated between vents only a few decimeters
apart and reveal tidal forcing effects that vary in energy and phase lag, again between nearby vents and also at a
given vent through time. Several aspects of the data, including the details of the diffuse fluid chemistry and
poroelastic modeling of phase lags at tidal frequencies, are beyond the scope of this paper. While we leave the
cause of many of these complexities unresolved, we propose a geologically consistent conceptual framework in

Figure 12. Temperature variations recorded with 2 probes experimental setup at and near monitoring location TE‐4 in 2019–
2020. (a and b) ROV snapshot and sketch showing the experimental setup (HTNKE38003 and LTgrad4 temperature probes).
(c) Temperature variations recorded by HTNKE38003 and by the 2 iButton sensors of LTGrad4 (T1 and T2). The shallowest
iButton sensor (T1) is about 8 cm into the ground; the deeper one (T2) is about 5 cm shallower than the tip of the
HTnke38003 probe. (d) Power spectral density of temperature at diurnal and semi‐diurnal frequencies for T1 and T2.
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which to interpret this diffuse venting diversity. The thin layer of volcaniclastics that covers the basalts in the
Lucky Strike field area plays a key role in this framework, as an intermediate layer, either porous or impermeable
depending on whether it has been indurated by hydrothermal precipitates, between the fluids that come out of the
basalt basement and the vents at the seafloor. While such a layered volcanic formation is not a standard char-
acteristic of basalt‐hosted black smoker hydrothermal systems, our reconstructed picture of the fluids that come
out of the fractured basalt basement might be applicable beyond the specific case of Lucky Strike to black smoker
sites with similar sizes and fluid fluxes. This reconstructed picture points to venting temperatures >140°C and
hydrothermal endmember fluid contribution >20% at distances of at least 15–20 m from the main sulfide mound.
We also find that fluids hotter than 80°C and with more than 10% of the hydrothermal endmember component
come out of the basalts up to 25 m from the black smokers at both Tour Eiffel and White Castle. This is a sig-
nificant new constraint on the geometry of site‐scale seawater entrainment and mixing in a black smoker system.
Based on this better constrained framework, we estimate diffuse heat fluxes that fall in the median to upper range
of previously published values for Lucky Strike vent sites.

Our study reports on temperatures measured 8–20 cm into the seabed and the fluids we sampled are not the
fluids that surround the seabed fauna: these are further mixed with bottom seawater, that may also carry small
amounts of hydrothermal compounds from other vents (Girard et al., 2020; Scheirer et al., 2006; Tivey
et al., 2002). Our study thus does not characterize these seabed hydrothermal habitats but brings new con-
straints on the in‐situ hydrothermal effluent component of these complex systems and helps understand their
spatial and temporal variations. The next step would be an experimental design that would characterize both
this hydrothermal effluent component and the fluids that surround the seabed fauna, at a selection of repre-
sentative diffuse vents.
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