
1.  Introduction
Hydrothermal sediments are characterized by high concentrations of metals, mainly Fe and Mn, but also Cu, 
Zn, and Au, originating from hydrothermal sources (Gurvich, 2006; Shearme et al., 1983). In the ocean, these 
metal-rich sediments form in the vicinity of seafloor hydrothermal systems, for example, in back-arc basins and at 
mid-oceanic ridges (Gurvich, 2006; Hannington et al., 2011). A number of different hydrothermal processes are 
known to generate these metalliferous sediments, including the settling of primary hydrothermal plume particles, 

Abstract  At the Trans-Atlantic Geotraverse hydrothermal field, metalliferous sediments cover extinct 
hydrothermal mounds and the surrounding seafloor. Here, we report the morphological, mineralogical and 
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hydrothermal activity has ceased. We distinguished three different environments: (a) proximal metalliferous 
sediments on top of extinct mounds are mainly derived from oxidative weathering of primary sulfide structures 
and are predominantly composed of Fe oxyhydroxides with low contents of Cu, Co, and Zn; metal enrichments 
in specific layers are likely related to upward flow of low-temperature hydrothermal fluids; (b) medial distant 
metalliferous sediments found at the base of the mounds, deposited by mass transport, contain cm-thick layers 
of unsorted sulfide sands with high base metal contents (e.g., up to 28% Cu); these buried sulfides continue 
to undergo dissolution, resulting in metal release into porewaters; (c) distal metalliferous sediments, found in 
depositional basins a few hundreds of meters from the extinct mounds, include fining-upwards sequences of 
thin sulfide sand layers with Fe oxyhydroxides and were deposited by recurrent turbiditic flows. Dissolved 
metals (e.g., Cu 2+ and Mn 2+) diffuse upwards under reducing conditions and precipitate within the sediment. 
Hence, when using hydrothermal sediments to construct reliable geochronological records of hydrothermal 
activity, distance from source, local seafloor morphology, mass-transport and depositional, and diagenetic 
modification should all be considered.

Plain Language Summary  The seafloor massive sulfide mounds at the TAG hydrothermal field 
(Mid-Atlantic Ridge) are surrounded by metalliferous sediments. These sediments can be used to understand 
the history of the hydrothermal activity; however, the evolution of these sediments can be complex. The aim 
of this study is to understand the processes that lead to the accumulation and alteration of these sediments. For 
this, we identified the mineralogical, geochemical and physical processes that affect the sediments. Our results 
show that sediments found on mound tops are mainly composed of iron and manganese oxides and hydroxides, 
and are low in other metal contents compared to other environments. Medial distant sediments at the base of 
the mounds have thick beds of sulfide-rich sediments that contain the highest concentrations of metals and are 
currently undergoing dissolution. In depositional channels, several hundreds of meters distal from the mounds, 
metalliferous sediment have accumulated in several meters thick layers that contain high concentrations of 
dissolved metals. This study reveals that the metal content of hydrothermal sediments is strongly controlled 
by their physicochemical environment and processes after deposition, and we suggest these processes should 
be considered when using metalliferous sediments as records of the evolution and activity of hydrothermal 
systems.
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in situ authigenic mineralization from low-temperature fluids, and the physical and chemical degradation of 
seafloor massive sulfide (SMS) structures. After formation, mass wasting can transport and redeposit hydro-
thermal materials either close to their origin or in more distal environments (German et  al.,  1993; Goulding 
et al., 1998; Hein et al., 2008; Webber et al., 2015).

Hydrothermal sediments are used as records of the spatial distribution, intensity, evolution and history of hydro-
thermal activity (Gurvich, 2006) and are suggested to be good indicators for the presence of hydrothermally 
active, extinct and buried sulfide bodies (Liao et al., 2018). It has been suggested that hydrothermal sediments 
themselves may present a resource potential, for example, the Atlantis II Deep in the Red Sea is estimated to 
contain ∼90 Mt of hydrothermal metalliferous sediments (Bertram et al., 2011). Where preserved, they constitute 
a significant but hitherto unaccounted for reservoir of base and ferrous metals that are ultimately supplied to 
subduction zones, where they are recycled either back into the mantle or to the surface via arc volcanism. Hence, 
hydrothermal sediments probably play an important role in global metal cycles and budgets.

After deposition, hydrothermal sediments can undergo further modifications through weathering, ingress of 
oxygenated seawater and diagenesis. These processes lead to dissolution and leaching of minerals, metal remobi-
lization, remineralization, reprecipitation, and/or loss to the water column. Hence, when using these sediments as 
indicators of hydrothermal activity, as vectors to locate hydrothermal deposits, for history reconstruction, and to 
assess their resource potential, we need to understand what controls their distribution across hydrothermal fields, 
the role of specific physicochemical environments of deposition, and the effects of weathering and diagenesis on 
their preservation and metal tenor.

The Trans-Atlantic Geotraverse Hydrothermal Field (TAGHF) is one of the best-known hydrothermal fields 
and is considered a classic example of a modern seafloor volcanogenic massive sulfide deposit, that is, having a 
typical surficial lens of massive sulfides and a deeper stockwork (Hannington et al., 1998). Metal-rich sediments 
are widely distributed in the TAGHF (e.g., M. R. Scott et al., 1978) and are often capped by biogenic calcareous 
ooze, which is also rich in Fe and Mn oxyhydroxides and sulfide particulates derived from hydrothermal plume 
fall-out (German et al., 1993; Mills et al., 1993; Shearme et al., 1983).

Here, we examine the controls on the deposition and preservation of hydrothermal sediments at the TAGHF, 
especially their base metal content and distribution. We explore how their formation and preservation varies in 
different physicochemical environments, that is, at the top of extinct hydrothermal SMS mounds, the slope and 
base of these mounds, and in more distal depositional channels and basins. Using a series of gravity cores, we 
compare sediments sampled from these different environments, focusing on their metal contents, mineralogy, 
modes of deposition, metal concentration, diagenesis, mobilization, and preservation.

2.  Geological Setting
The TAGHF is located on the hanging wall of a west-dipping active detachment fault on the eastern flank of the 
Mid-Atlantic Ridge (26°09.4′N, 44°49.0′W) at a water depth of 3,600 m (deMartin et al., 2007). It comprises 
(Figure 1): (a) the hydrothermally active high-temperature TAG mound, (b) a zone of low temperature diffuse 
flow, and (c) two major areas of hydrothermally extinct sulfide mounds (i.e., the Alvin zone and the Mir zone; 
Dilek et al., 2000; Humphris & Tivey, 2000). The active TAG mound is a black smoker complex with chimneys at 
the summit, covered in sulfide talus and manganese crusts. The extinct Alvin zone contains several sulfide mounds, 
that is, Shinkai mound, Southern mound, Double mound and Rona mound (Petersen & Scientific Party, 2016; 
Rona, Hannington, et al., 1993; White et al., 1998) with discontinuous sulfide outcrops, standing and toppled 
chimneys, and a thin (<0.5 m) layer of pelagic carbonate ooze (Rona, Bogdanov, et al., 1993; Rona, Hannington, 
et al., 1993). The second inactive area, the Mir zone, consists of a broad area of small hydrothermally inactive 
sulfide chimneys, both standing and fallen onto the seafloor, covered in highly weathered sulfide material, red 
iron oxide-rich sediments and low-temperature hydrothermal precipitates such as Fe-Mn oxide crusts (Rona, 
Bogdanov, et al., 1993; White et al., 1998).

3.  Materials and Methods
3.1.  Sediment and Porewater Sampling

Sediment cores from three different geomorphological environments (Figure 1), identified from high-resolution 
bathymetry (Petersen & Scientific Party, 2016), were collected with a gravity corer (GC) during RRS James 
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Cook cruise JC138 in 2016 (Table 1). The environments were (a) the tops of distinct hydrothermally inactive 
SMS mounds (i.e., Southern mound and Rona mound; 16 and 27GC); (b) a sedimentary fan covering the lower 
slope of the Mir zone (39GC), and (c) a depositional channel located in the south of the Alvin zone and several 
hundreds of meters distant from any known SMS deposit (38GC; Figures 1b and 1c). An additional sediment core 
was recovered from above the massive sulfide ore body beneath the top of the Southern mound using the seafloor 
rock drill RD2 (22RD). Near-bottom water was sampled from above hydrothermal sediments collected with a 
mega corer (59MC) in the depositional channel (Figure 1c).

After retrieval, porewaters were extracted from sediment cores through holes drilled in the plastic core liners 
and Rhizon filters inserted and connected to air-tight syringes (Lichtschlag et  al.,  2015; Seeberg-Elverfeldt 
et al., 2005). Sampling intervals were 5 cm in the first 50 cm (or when changes in lithology were visible) and 
10 cm below 50 cm. Porewater sub-samples were acidified with 5 μL of concentrated HNO3 (68%) for analyses 
of cations, preserved in 2% zinc acetate for analyses of chloride, sulfate and dissolved hydrogen sulfide, stored 

Figure 1.  (a) Location of the Trans-Atlantic Geotraverse hydrothermal field (TAGHF) (red star) on the Mid-Atlantic Ridge 
(base map from GEBCO-ESRI); (b) Shaded bathymetry map with main hydrothermal sites of the TAGHF (Petersen, 2019; 
Petersen & Scientific Party, 2016). The active TAG mound, the four extinct mounds grouped into the Alvin zone, the Mir 
zone and the low-temperature active Shimmering mound are circled in black; (c) Zoom-in on the south of the Alvin zone 
with Southern and Rona mounds and the depositional channel with coring and drilling locations from this study and previous 
studies.
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headspace-free in 2 mL glass vials and fixed with saturated HgCl2 for total alkalinity (TA) analysis, and frozen 
at −20°C for NOx − (NO2 − + NO3 −) and NH4 + analysis. After porewater extraction, the sediment cores were split 
horizontally, described and logged for lithology and texture. Sediment subsamples were taken from the undis-
turbed sediments adjacent to the porewater samples and used for analyses of grain size, mineralogy and bulk 
rock geochemistry. All presented results are available in the Pangaea data base (https://doi.pangaea.de/10.1594/
PANGAEA.922078) or Supporting Information S1.

3.2.  Solid Phase Analyzes

Particle sizes of sediments were measured on selected samples with a Malvern Masterize particle size analyzer. 
X-ray diffraction qualitative analyses were carried out on powdered sediments with a Philips X'Pert pro with a 
Cu tube (Kα1 λ = 1.541 Å) and Siroquant XRD software and on a PANalytical X'PERT Pro, a MiniFlex II, and 
X'Pert High Score Plus software (Milinovic et al., 2020) and results are presented in Table S3 of Supporting 
Information S1. A few milligrams of powder from selected samples were analyzed by scanning electron micros-
copy (Leo 1450VP SEM), and characterized by semi-quantitative energy dispersive X-ray (EDS) analyses with 
a carbon coating. Minerals that did not dissolve during the acid digestion were analyzed with a tabletop SEM 
(Hitachi TM1000).

The chemostratigraphy of the sediments was analyzed in a 1 mm vertical resolution with the ITRAX core-scanning 
X-ray fluorescence system (Cox Analytical Systems; Croudace et al., 2006) at the British Ocean Sediment Core 
Research Facility (BOSCORF) in Southampton, UK. The instrument was operated at a voltage of 30 kV, a current 
of 30 mA, and a count time of 30 s with a 3 kW Mo X-ray tube. Element abundances were normalized to kilo-
counts per second (kcps) and a running average of 5 mm was applied to the results.

Whole-rock analyses were performed by inductively coupled plasma mass-spectrometry (ICP-MS; ThermoSci-
entific X-Series 2) for minor and trace elements, including rare earth elements (REE) and inductively coupled 
plasma optical emission spectrometry (ICP-OES; Thermo Scientific ICAP 6500 Duo) for major elements on 
approximately 100 mg of acid-digested, dried material. After oxidation of sulfides and carbonates in aqua regia, 
the mixture was digested using a mixture of HF and HClO4 to dissolve any remaining silicates. The samples were 
diluted with 3 mol/L HCl and 3% HNO3, containing an internal spike of Be, Re and In. Precision and accuracy 
were determined for each analytical run by repeated analysis (n = 3) of two certified reference materials (CRMs): 
(a) marine sediments MESS-1 (NRC Canada), and (b) sulfide ore mill tailings RTS-1 (NRC Canada). Averages 
for each run were found to be less than 4% (precision) and 3% (accuracy), except for Co and Zn which had accu-
racy of 7% and Ba which had an accuracy of 15% (Tables S1.1 and S1.2 in Supporting Information S1). Limits 
of detection (LOD) for ICP-MS and ICP-OES analyses can be found in Table S1.3 of Supporting Information S1. 
The REE precision and accuracy were both within 5% of the CRM MESS-1. REE data were normalized to C1 
chondrites (Evensen et al., 1978).

3.3.  Porewater Analysis

Concentrations of dissolved major cations (B +, K +, Mg 2+, Na 2+, Rb 2+, and Sr 2+) were measured with ICP-OES 
and concentrations of dissolved minor cations (Ba 2+, Co 2+, Cu 2+, Fe 2+, Mn 2+, and Zn 2+) were measured with 
ICP-MS on aliquots that were 50-fold diluted with 3% thermally distilled HNO3 containing an internal spike 
of Be, Re and In. Precision and accuracy of the measurements were determined with CRMs: (a) CRM-SW 
(Seawater Greyhound) and (b) SLEW-2 (NRC Canada) spiked with Fe 2+, Mn 2+, Cu 2+, Zn 2+, and Co 2+. Precision 
was better than 3% for all elements, and accuracy varied between 1.6% and 14.3% (Table S2.1 in Supporting 
Information S1). Limits of detection can be found in Table S2.2 of Supporting Information S1. Chloride and 
sulfate concentrations were analyzed by ion exchange chromatography using a Dionex ICS2500 with 9 mmol/L 
Na2CO3 as eluent on 100-fold diluted samples. The reproducibility of the results was determined using the Inter-
national Association for the Physical Sciences of the Oceans (IAPSO) seawater standard. Precision was better 
than 1% and accuracy was better than 3.5%. Total dissolved hydrogen sulfide was determined using the method 
of Cline (1969). TA was determined using titration against 0.01 mol/L HCl using a mixture of methyl red and 
methylene blue as indicators. Analyses were calibrated against the IAPSO seawater standard. Precision and accu-
racy were better than 8% and 2%, respectively. NO3 − and NH4 + were measured using an AA3 Seal Analytics 
Autoanalyzer after Grasshoff et al. (1983); accuracy and precision of NO3 − calculated from the seawater nutrients 
CRM Lot.CA (www.kanso.co.jp/) was 8%.
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4.  Results
4.1.  Sediment Distribution, Stratigraphy, and Mineralogy

We find a systematic variation in the mineralogy, lithology, stratigraphy and thickness of the hydrothermal sedi-
ments, depending on the different seafloor environments. These can be generalized into three types of environ-
ments depending on the proximity to the sources at the tops of the hydrothermal mounds.

1.	 �Proximal sediments, found on top of extinct mounds, contain 4 units overlying a thick layer of jasper (amor-
phous iron-rich silica) that separates the sediments from massive sulfides below (Murton et al., 2019). Red to 
orange-colored, poorly sorted sedimentary units lying immediately above the jasper (forming Units 3 and 4, 
Figure 2) are mainly composed of goethite, hematite, nontronite, montmorillonite, quartz and amorphous Fe 
oxyhydroxides. Unit 3 contains some grains (up to 2 mm) and mm- to cm-size agglomerates and some larger 
individual clasts of Fe oxyhydroxides. On the Southern mound, Unit 3 also has some intervals containing 
coarse-grained detrital barite crystals with slightly eroded but delicate rosette-shaped crystal habits (Figure 3a) 
of 0.3–1 mm in size (e.g., in 22RD at ∼220 cm and 16GC at ∼50 cm). These crystal morphologies are typi-
cal for primary barite found in hydrothermal chimneys that has precipitated from Ba-enriched hydrothermal 
fluids reacting with sulfate from seawater (Griffith & Paytan, 2012). Their presence as detrital grains in the 
sediments indicates an origin from hydrothermal chimneys, with the primary sulfides having completely 
dissolved and replaced by oxides. Unit 3 transitions into a heterogeneous, coarse and unsorted dark unit (Unit 
2), composed of heterogeneous brecciated material containing Fe and Mn oxides (todorokite, birnessite). 
The layer closest to the sediment surface (Unit 1) is composed of beige pelagic ooze (Figure 2a, Figure S1 
in Supporting Information S1), consisting of calcareous foraminifera and other nanoplankton and iron oxide 
particles including goethite and amorphous ferrihydrite. Sediments from the tops of the extinct hydrothermal 
mounds (Southern and Rona mounds) are devoid of sulfide grains, but visual observations of the seafloor 
identified dark patches of ferromanganese crusts and some relict sulfide chimneys and boulders on top of the 
mounds confirming their hydrothermal origin. The rocks on top of the mounds are generally encrusted with 
secondary minerals, that is, red iron oxyhydroxides, yellow jarosite, or green atacamite/paratacamite.

2.	 �Medial distant sediments, found at the base of the extinct mounds (e.g., the Mir zone fan, 39GC) consist of 
fine-grained Fe oxyhydroxides (Unit 5, goethite and ferrihydrite) and sandy layers of sulfides (Unit 6; mainly 
pyrite and chalcopyrite), but without calcite or detrital aluminosilicates. While grains of pyrite show euhedral 
crystal facets, chalcopyrite has a vuggy texture associated with partial dissolution (Figures 3b and 3c). The 
surface pelagic sediment layer is thinner (<0.5 m) than that at the top of the mounds, and observations of the 
seafloor show frequent boulders of massive and chimney sulfide material. Similar to those from the top of 
extinct mounds, these rocks are encrusted with secondary minerals, for example, oxyhydroxides, jarosite, and 
atacamite/paratacamite. The surface sediments at the base of the Mir zone are composed of up to 39 cm of 
sandy metalliferous sediments that are devoid of any carbonates (Figure 2d).

3.	 �Distal sediments, found in basins and depositional channels some distance from the hydrothermal mounds, 
are often exposed in fault scarps where they are at least 10 m thick and consist of an alteration of pelagic 
sediments with plume fall out and turbidites (Unit 7, 8). The stratigraphy shows differences in graded bedding 
(Figures 2a and 2b), typical of turbidite Bouma sequences (Bouma, 1962). These turbidities have an eroded 
base composed of sulfide grains mixed with sand-size oxide fragments (Ta), indicating a high energy flow, 
with grain-size fining upward followed by the sequences Tb, Tc, and Td with fine dark brown sand and silt 
grains (Figure 2f). The uppermost sequence (Te) is composed of clay. The fining-upward sequences are mainly 
composed of Fe oxyhydroxides (hematite, nontronite, goethite, ferrihydrite) with sub-hedral cubic pyrite, 
sphalerite (with chalcopyrite disease), and chalcopyrite at the base of the turbidite sequence Ta (Figure 3d). 
Chalcopyrite disease (Bortnikov et al., 1991) is present as fine chalcopyrite intergrowths or disseminations in 
sphalerite that may result from replacement or co-precipitation in the presence of high-temperature Cu-rich 
fluids and is typical for seafloor and volcanogenic massive sulfide deposits. The upper Bouma sequences (Td, 
Te; Bouma, 1962) are often eroded and show a return to pelagic sedimentation conditions that may not have 
always been preserved between subsequent turbidity flows.

4.2.  Geochemistry

Representative geochemical results for each depositional environment are shown in Figures 4 and 6 (i.e., 16, 
39, and 38GC; additional data from 27GC in Table S4 and Figure S2 in Supporting Information S1). When the 
uppermost sediment layer, for example, Unit 1 on the top of the mound, is present, it is dominated by carbonate 
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Figure 2.  Schematic stratigraphy logs (upper panel a) and exemplary photographs (lower panel b) of selected hydrothermal 
sediments cores from the Trans-Atlantic Geotraverse hydrothermal field. (A) Carbonate ooze cap (Unit1) followed by dark 
Mn oxide crusts at Rona mound (Unit 2, 27GC). (B) Transition between Unit 3 and Unit 4 on the top of Southern mound 
(22RD). (C) Silicified Fe-rich “jasper” directly below the sediment cover and above the sulfide ore body. (D) Mir zone fan 
sediments, showing numerous sulfide grains and pebbles mixed with Fe oxyhydroxides (39GC); Unit 5: oxyhydroxides 
formed from transported material; Unit 6: sulfide sands. (E) Layering due to the settling of plume fall-out particles within 
the pelagic carbonate ooze and (F) turbidity flow layers showing a Bouma sequence (38GC); Unit 7: pelagic sediments with 
different levels of plume fallout and turbidities; Unit 8: turbidity flows.
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Figure 3.  SEM microphotography. (a) Detrital barite grain from Unit M3 of Southern mound (22RD, 150 cm depth); (b) 
Zoom-in onto the chalcopyrite dissolution pitting; (c) few hundred μm long chalcopyrite grains with indications of partial 
dissolution pitting from the Mir Zone fan (d) few tens of μm long aggregate of fine grained cubic pyrite (Py), partially 
dissolved chalcopyrite (Cp) and Cu-rich sphalerite (Sph) presenting octahedron faces and likely chalcopyrite disease (Barton 
& Bethke, 1987) from a thin sulfide layer in the depositional channel.

Table 1 
Locations and Station Positions of Gravity Cores (GC), the Mega Core and the Rock Drill Core (RD) at the Trans-Atlantic Geotraverse Hydrothermal Field, 
Including the Analyses From Each Core That is Presented in This Study

Core reference Location Core length (cm) Water depth (m) Coordinates Analyses

Top of extinct hydrothermal mounds

  16GC Southern mound 133 3,510 26°09′20″N Porewater and solid phase 
composition, XRD44°48′68″W

  22RD Southern mound 190–320 a 3,535 26°09′20″N SEM, XRD, REE solid phase 
composition44°48′57″W

  27GC Rona mound 41 3,524 26°09′23″N Solid phase composition (Figure S2 in 
Supporting Information S1), XRD44°48′49″W

Slope base of extinct hydrothermal mounds

  39GC Mir zone fan 39 3,490 26°08′37″N Porewater and solid phase 
composition, SEM44°48′33″W

Depositional channel

  38GC 500 m SE of Southern mound 98 3,608 26°09′7″N Porewater and solid phase 
composition, SEM44°48′49″W

  59MC 500 m SE of Southern mound 15 3,528 26°09′7″N Seawater composition (Table S5 in 
Supporting Information S1)44°48′49″W

 aDepth below the seafloor for the drill core is inferred from RD2 drilling telemetry data.
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ooze that contains an average of 25 wt% Ca and up to 8.5 wt% Fe (27GC) in a bimodal mixture (R = −0.98). Other 
metals present in this ooze include Mn (0.19–0.31 wt%; mean 0.25 wt%), Cu (0.09–0.14 wt%; mean 0.12 wt%), 
Zn (0.03–0.08 wt%; mean 0.06 wt%), and Co (18–21 ppm; mean 20 ppm).

1.	 �On top of the mounds, the deepest sediment units (Unit 3, Unit 4) have low to negligible mean contents 
of trace metals (Cu 0.05 wt%, Zn 0.16 wt%, Co < 1.27 ppm and Mn 0.14 wt%). In contrast, horizons with 

Figure 4.  Down-core profiles of chemostratigraphy (solid lines) and solid phase metal contents in selected cores from 
the three different environments: (a) proximal: on the top of an extinct mound (Southern mound, 16GC); Unit 1 was not 
recovered for 16GC and its chemostratigraphy and solid phase content is displayed in Figure S2 of Supporting Information S1 
(27GC); (b) medial distant: at the base of a slope (Mir Zone fan, 39GC); (c) distal: in the depositional channel (38GC). 
Note the different scales of Cu and of Co in the different panels. Shaded depths correspond to the lithology units in text and 
Figure 3. Dashed lines in (c) correspond to Mn-rich layers and the dotted lines correspond to sulfide layers. Photographs of 
the cores are displayed in Figure S1 of Supporting Information S1.
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maximum Mn enrichment are found in Unit 2 (Figure 4a), for example, with 16 wt% Mn at Southern mound 
(16GC), and 20 wt% Mn at Rona mound (27GC, Figure S2 in Supporting Information S1). Unit 2 also shows 
increased and variable content in trace metals, for example, at Rona mound Unit 2 sediments are enriched in 
Cu (1.42 wt%), Zn (0.7 wt%), and Co (190 ppm). In Unit 2, Co correlates with Mn (R = 0.67, Table S6.2 in 
Supporting Information S1)

2.	 �In the medial distant sediments at the base of the slope of the mounds (i.e., Mir zone fan, Figure 4b), contents 
of Cu, Co, Zn and S increase with the presence of sulfide minerals (e.g., pyrite and chalcopyrite at a depth 
interval of 30 cm, Unit 6). Statistical analyses show that Cu, Co and Zn are preferentially found in sulfide 
minerals (R  =  0.75, 0.80, and 0.52, respectively, Table S6.4 in Supporting Information  S1), rather than 
Fe-oxide phases (a strong negative correlation with R = −0.88, −0.79, and −0.62, respectively) or Mn-oxide 
phases (a strong negative correlation with R = −0.91, −0.79, and −0.48, respectively).

3.	 �In the turbidite layers of the distal depositional channel (Unit 8 in Figure 4c), numerous sulfide mineral-rich 
horizons (i.e., at depths 58 64 and 68 cm, Figure 3d) are identified by peaks in S content and enrichments in 
Cu and Zn (up to 7.23 wt% and 0.88 wt%, R = 0.56 and 0.73, respectively, Tables S4 and S6.6 in Supporting 
Information S1). Mn is also enriched, but limited to three distinct horizons, that is, at 40 cm (1.66 wt%), 45 cm 
(0.85 wt%), and 57 cm (0.83 wt%) in which Cu and Co contents also increase up to 7,23 wt% and 214 ppm, 
respectively. In the shallower pelagic unit (Unit 7) above the turbidite layers (Unit 8), the Fe content is vari-
able (up to 23 wt%) and is directly related to the presence of various iron-oxyhydroxide phases and inversely 
proportional to the Ca (i.e., carbonate) content (R = −0.99). Cu and Zn contents are also directly proportional 
to the Fe content (R = 0.9 and 0.6, respectively).

4.3.  Rare Earth Elements (REE)

REE patterns of marine sediments can be used to show hydrothermal input and sediment-seawater interactions, 
with positive Eu anomalies usually inherited from hydrothermal fluids and negative Ce anomalies usually inher-
ited from seawater interactions (e.g., Elderfield, 1988). TAGHF sediment REE are plotted against fluid REE 
patterns and previous studies from the TAGHF in Figure 5. Pelagic sediments containing elevated iron content, 
such as in the graded bedding of the depositional channel, have a positive Eu anomaly (Figure 5a). The REE 
pattern for the Mn-oxide rich unit, Unit 2, shows both a positive Eu and a negative Ce anomaly (Figure 5b). Units 
exclusively composed of Fe oxyhydroxides (Unit 3 and Unit 4) have similar REE patterns, with concentrations 
that range over an order of magnitude, but are in general lower than those in the Fe-rich pelagic sediment, and 
exhibit a weak negative Ce anomaly and strong positive Eu anomaly (Figure 5c). The lowest REE concentrations 
are found in sulfide clasts in sediments from the slope base of the mound (Mir zone fan) and have a positive Eu 
anomaly but do not show a Ce anomaly (Figure 5c). REE abundance increases from TAG mound “fresh” sulfides, 
followed by “fresh” sulfides recovered in 39GC in the Mir zone fan (positive Eu anomaly, no Ce anomaly) 
towards oxides collected with the sulfides (positive Eu anomaly, negative Ce anomaly) and finally oxyhydroxide 
layers collected from Unit 4 (positive Eu anomaly, negative Ce anomaly). The highest Eu anomaly was found in 
the deepest Unit 4 next to the Fe-rich silicified layer at the Southern mound.

4.4.  Porewater Geochemistry

To test for active hydrothermal fluid flow in the sediments, dissolved Mg 2 +, Cl − and SO4 2 − concentrations were 
measured in porewaters. Porewaters from all three depositional environments exhibit constant concentrations of 
these components with depth and have values similar to the composition of seawater (collected from the overlying 
water of a multicorer core, i.e., 57 mmol/L Mg 2+, 594 mmol/L Cl −, and 29 mmol/L SO4 2 −; Table S5 in Support-
ing Information S1).

To test for microbial carbon degradation or diagenetic changes (e.g., carbonate dissolution), the TA of the sedi-
ments was measured. Proximal sediments from the top of the mounds have TA similar to seawater (2.4 mmol/L, 
Figure 6a). In contrast, in the medial sediments at the slope base (e.g., Mir zone fan), TA decreases from 2 mmol/L 
toward 0 at 30 cm (Figure 6b). In the depositional channel, TA almost doubled in concentration with depth from 
bottom seawater values (2.4 mmol/L) at the surface to 4 mmol/L at a depth of 70 cm (Figure 6c).

Dissolved trace metals (Fe 2+, Mn 2+, Zn 2+, Co 2+, and Cu 2+) were analyzed to test for dissolution and mobilization 
of metals from the deposited sediments. Throughout the cores on the top of the mounds, trace metals have low 
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Figure 5.

 15252027, 2023, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

C
010879 by U

niversity O
f Southam

pton, W
iley O

nline L
ibrary on [27/06/2023]. 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



Geochemistry, Geophysics, Geosystems

DUTRIEUX ET AL.

10.1029/2023GC010879

11 of 19

concentrations with no distinctive trends (Figure 6a). In contrast, dissolved trace metal concentrations in sedi-
ments from the slope base of the mound (Mir zone fan) are between one and three orders of magnitude higher 
than in sediments from the top of the mounds or in the depositional channels. In general, Mn and Co 2+ increase 
toward the sediment surface, while Zn 2+ and Cu 2+ decrease, and Fe 2+ remains constant (Figure 6b). Maximal 
concentrations found are Fe 2+ (3,050 μmol/L), Mn 2+ (20 μmol/L), Zn 2+ (40 μmol/L), Cu 2+ (50 μmol/L), and Co 2+ 
(270 nmol/L). In the depositional channel (Figure 6c), Fe 2+ is low (mean of 2 μmol/L), and Zn 2+ variable with a 
maximum of 4 μmol/L. Below 60 cm depth, Mn 2+ and Cu 2+ concentrations increase with depth from <1 μmol/L 
up to 38 and 27 μmol/L, respectively, and Co 2+ increases from <0.1 nmol/L up to 32 nmol/L.

Concentrations of NO3 − decreasing with increasing sediment depth are an indicator of microbial activity (i.e., 
denitrification or nitrate reduction) and increasing NH4 + concentrations with depth also indicate the decomposi-
tion of organic matter. In the depositional channel (38GC), NO3 − has concentrations typical of the North Atlantic 
Deep Waters (Hansell & Follows, 2008) at the sediment surface, but is nearly absent (3 μmol/L) at 120 cm below 
the sea floor (Figure 6c). In the same core (38GC), NH4 + concentrations peak at 38 μmol/L at a depth of 25 cm. 
At the southern mound (16GC), the NO3 − concentrations also decrease from 43 μmol/L to 6 μmol/L (at a depth 
of 130 cm) (Figure 6a). In all cores, the dissolved sulfide concentration is below 2 μmol/L, which is close to the 
LOD (1 μmol/L).

5.  Discussion
At the TAGHF, hydrothermal sediments are present in three distinct depositional environments: at the tops of 
hydrothermal mounds, their slopes and bases, and accumulated in distal channels and basins. Despite a common 
origin, that is, hydrothermal activity, we find distinct differences in the content and distribution of metals in these 
sediments. We suggest that these differences indicate different mechanisms for metal deposition, preservation 
and remobilization related to transport, depositional environment, weathering, and post-depositional diagenetic 
processes after burial.

5.1.  Physical Transport as Controls of Metal Distribution

At the TAGHF, concentrations of many non-ferrous metals, including Cu, Zn and Co, are higher in the hydrother-
mal sediments at the base of the extinct mounds and in distal channels than in those on top of the hydrothermal 
mounds. For example, at the base of the mounds the average Cu content is almost 7 times higher (14.2 wt%) than 
in the depositional channel (2.2 wt%) and two orders of magnitude higher than on the mound tops (0.2 wt%). In 
the sediments at the base (e.g., Mir zone fan), sulfide grains are present and the metal content is similar to the 
massive sulfides exposed on top of the Mir zone mound (0–26.8 wt% Cu, 0–22 wt% Zn and 2.5–1,100 ppm Co 
(Hannington et al., 2004; Krasnov et al., 1995; Petersen, 2000; Rona, Hannington, et al., 1993), compared to 
2–28 wt% Cu, 0.1–0.4 wt% Zn and 4–104 ppm Co in the sediments), providing a geochemical indicator for the 
provenance of those sediments from the disintegration of chimneys and massive sulfides. The cm-thick layers 
of unsorted sulfide sands at the base of the mounds, intermixed with fine-grained Fe oxyhydroxides, confirm a 
proximal type of sedimentary facies, typical of rapid deposition and short transport distances. The only partial 
alteration of the sulfide minerals shows that the material was transported downslope and rapidly buried, prevent-
ing full weathering. In addition, the absence of biogenic or detrital (i.e., non-hydrothermal) components further 
confirms rapid deposition compared to the background pelagic sedimentation (sedimentation rate of ∼8 cm/ka 
for sediments enriched in vent-derived particles, Metz et al., 1988). Rapid burial and short transport distances 
for proximal sediments are in agreement with previous studies that have shown that the degree of physical disin-
tegration of sulfide minerals, the thickness of depositional beds, and the degree of grain-size sorting are directly 
proportional to the distance the material has been transported (Webber et al., 2015). Preservation of metals at the 
base of hydrothermal mounds has also been reported from active hydrothermal mounds, for example, unsorted 
sulfide-rich horizons are largely present in sediments recovered from around the active TAG mound (push-core 
AT129; Figure 1; Mills et al., 1996; Petersen, 2000). Similarly, at the Beebe Vent Field, Mid-Cayman Spreading 

Figure 5.  Chondrite-normalized rare earth element fractionation distribution; (a) Trans-Atlantic Geotraverse hydrothermal field (TAGHF) pelagic sediments from the 
surface, at depth and containing hydrothermal plume fall-out; (b) TAGHF Mn-rich layers and background sedimentation; (c) TAGHF sediment oxides and sulfides. 
Reference data for seawater (North-Atlantic Deep waters) scaled by 10 7 from German et al. (1990) and Mitra et al. (1994); black smokers from Douville et al. (1999); 
white smokers from Mitra et al. (1994) and active TAG mound from Mills and Elderfield (1995) (note that Gd-Er and Lu for one of the sulfide samples (brown line) is 
not presented in the original publication).
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Figure 6.
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Center, sediments rich in coarse-grained sulfides and fine-grained iron oxides have been recovered from seafloor 
depressions located within 100 m of the active mounds (Webber et al., 2015). The triggering mechanism of such 
mass wasting, rapid transport, and deposition events is most likely slope instability, induced by steep topogra-
phy (e.g., rapid growth of hydrothermal chimneys), active tectonism (mid-ocean ridge seismicity), and/or high 
accumulation rates at the source (Shanmugam, 2018). Hence, the base of extinct SMS mounds is an environment 
where sulfide mineral-rich sediments with high metal contents can accumulate. It is probable that the physical 
transport and rapid burial of the material is the primary mechanism for metal distribution and preservation in 
these sediments.

Beyond the base of the extinct mounds, the transport mechanisms change, and hydrothermal material are transported 
by turbidity currents that eventually deposit sediments in distal ponds and channels hundreds of meters away from the 
mounds. This mode of transport and deposition is evident from the fining-upward sequences, with the basal layers 
formed from heavy sulfide sands that originated from hydrothermal structures (e.g., chimneys), and upper layers 
composed of finer clays and oxyhydroxide particles. The presence of some eroded basal layers and the absence of 
interbedded background pelagic carbonates indicate that metalliferous sediments are also here rapidly deposited. 
Transport of hydrothermal material by turbidity current is a common phenomenon as similar stratigraphic sequences 
have been described for example, from the volcanogenic massive sulfide deposits at Tharsis, Iberian Pyrite Belt 
(Barriga & Carvalho, 1983). At greater distances (i.e., 500 m from the SMS mounds (38GC)) the proportion of 
pelagic sediment increases and more often distinct calcareous layers are found in between thin metalliferous ones.

While at the base of the mounds the high metal tenor in the sediment was indicative of their origin, the determi-
nation of provenance is more complex further away from the mounds. To test if we can identify the source of the 
hydrothermal sediments from their metal content, we compared the geochemical compositions of the sediments 
to that of massive sulfides and Fe oxyhydroxides collected from the tops of adjacent SMS mounds. For prove-
nance discrimination, Cu and Zn were chosen as Cu usually originates from chalcopyrite, which is comprised in 
high-temperature “black smoker” chimneys and Zn usually originates from sphalerite, which is often contained 
in lower-temperature “white smoker” chimneys (e.g., Webber et al., 2015) both present at the TAGHF. In the 
TAGHF depositional channel sediments, Cu and Zn contents (0.1–7.2 wt% Cu and 0.1–0.88 wt% Zn, 38GC) 
are higher than in sulfides recovered from the nearby Southern mound (Murton et al., 2019; Petersen, 2000). 
Hence either the sulfides recovered from Southern mound already have a composition altered by weathering 
(i.e., the primary metal tenor has been altered), or the channel sediments are composite and derived from several 
sources, for example, incorporating material from neighboring SMS deposits such as the Rona mound, which is 
richer in Zn and Cu (i.e., 0–10.9 wt% Cu and 0–8.4 wt% Zn, Table S7 in Supporting Information S1), probably 
reflecting the greater influence of lower-temperature Zn-rich “white-smokers” during the stage feeding the sedi-
ments (see Blue Mining geochemical analyses provided in Table S7 of Supporting Information S1). Alternatively, 
post-depositional metal redistribution could have changed the metal tenor of the sediments.

In addition to downslope transport, fine-grained particulate hydrothermal plume fallout adds to the metal content in 
TAGHF sediments. Plume-derived input is differentiated from weathered and oxidized hydrothermal sediments by 
comprising well-sorted clay size particles. In the more distal areas at the TAGHF, plume fallout is particularly visible 
in pelagic sediments (Figure 2), with up to 10 times increase in Fe concentration (Table S4 and Figure S2 in Support-
ing Information S1) compared to background pelagic carbonate, and is accompanied by a slightly positive Eu anom-
aly and negative Ce anomaly (Figure 5a) typical for hydrothermal particulate plume fall out (German et al., 1993; 
Mills & Elderfield,  1995). While the distribution of plume-derived metals in pelagic sediments depends on the 
distance from their source and on direction and velocity of currents, their contribution to the mass-wasted sediment 
layers is difficult to assess due to the overall high metal content through physical transport and metal redistribution. 
In summary, for more distal hydrothermal sediments, the presence of turbidite layers with an order of magnitude 
higher metal content than the metalliferous deposits on top of extinct mounds interlayered with pelagic horizons with 
some plume fallout seems to be typical; however, due to several sources feeding into the channels with different metal 
contents or weathering and metal remobilization, the provenance of these sediments might be difficult to determine.

Figure 6.  Down-core porewater geochemistry profiles for Mg 2+, Fe 2+, Mn 2+, Cu 2+, Co 2+, Zn 2+, NO3
− (dots), Cl − (crosses), total alkalinity (crosses) in the three 

different environments: (a) On the top of an extinct mound (Southern mound, 16GC); (b) At the base of a slope (Mir Zone Fan, 39GC); (c) In the depositional channel 
(38GC). Note the different scales for Cu 2+, Co 2+, an NO3 −. Sediment chemostratigraphy (results identical to Figure 4) is plotted to highlight the relationship between 
porewater and solid phase geochemistry. Shaded depths correspond to the lithology units in the text and Figure 2. Dashed lines in (c) correspond to Mn-rich layers and 
the dotted lines correspond to sulfide layers. Photographs of the cores are displayed in Figure S1 of Supporting Information S1 and explanations of unit can be found in 
Figure 2.
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5.2.  Post-Depositional Metal Redistribution

To determine the fate of the metals in metalliferous sediments and their role in the local and global metal cycles, 
it is important to understand the processes they undergo after deposition. The lowest base-metal contents of all 
studied environments are found at the mound-tops at greater than 20 cm below the seafloor (Units 3 and 4), while 
the contents especially of Mn, Co, and Co are higher in the sediment layer above these units (Unit 2, Figure 4). 
Despite the low metal content, the geochemical and textural evidence suggests that the metalliferous sediments 
buried on top of the mounds originate from weathering of sulfides, that in turn are derived from the collapse of 
high-temperature hydrothermal sulfide chimneys. A hydrothermal origin is suggested from the positive Eu anom-
aly of the Fe-oxyhydroxide layers (Figure 5c), that is usually inherited from high-temperature hydrothermal fluids 
(Klinkhammer et al., 1994; Mills & Elderfield, 1995). Detrital barite crystals are also present in the sediments 
that are typically formed in high-temperature hydrothermal chimneys (Griffith & Paytan, 2012) (Figure 3a). The 
sediment textures include agglomerations of oxidized material that were originally fragments of sulfide debris, 
and the sediment is poorly sorted. In addition, visual surveys of the mound-tops showed that outcrops and relict 
chimneys of sulfides are present and it has been concluded that they are likely to contribute to the metalliferous 
sediments as they decay (Rona, Hannington, et al., 1993). Hence, despite a lower abundance of non-ferrous metals 
in the mound top sediments compared to other TAGHF environments, and the absence of sulfide minerals, the 
evidence suggests that the metalliferous sediments on top of the mounds represent completely weathered sulfides 
derived from the collapse of the high-temperature hydrothermal materials. With time, Cu and Zn were mobilized 
and leached and iron sulfides were replaced by insoluble iron oxyhydroxides, leading to an overall depletion of 
non-ferrous metals closest to their source, compared to the metalliferous sediments preserved by rapid burial in 
the other environments across the TAGHF (Figure 7a). Similar to the mound top sediments, initially, gossans 
have a high porosity and permeability due to the agglomeration of coarse particles (Goulding et al., 1998), so that 
seawater can circulate through the sediments, resulting in pervasive oxidative weathering.

In the top 20 cm of the mound top sediments (i.e., Southern mound) or just below the pelagic sediment cover 
(i.e., Rona mound), the metal content is slightly higher and Mn enrichment coincides with increased Co and Cu 
contents. This enrichment can either originate from re-precipitation of metals remobilized from deeper layers or 
from low-temperature hydrothermal fluids that percolated through the sediments after the high-temperature flow 
had ceased. Using a discrimination schema for oceanic Fe-Mn deposits (Josso et al., 2017), the metal content 
together with the REE distribution points toward low-temperature hydrothermal circulation as a source for the 
metal tenor. Across the TAGHF, the presence of ferromanganese crusts has been reported from the surface of the 
seafloor (R. B. Scott et al., 1974) and close to the active TAG mounds, and it is suggested that they have formed by 
ascending, chemically reduced, low-temperature hydrothermal fluids (Mills et al., 1996; Thompson et al., 1985). 
One interpretation of our results could be that also in the now extinct mound tops, low-temperature hydrothermal 
fluids might have percolated through the sediments. Dissolved metals might have been transported upwards under 
reduced conditions followed by redox-related precipitation, forming a metal-richer layer above a metal depleted 
layer. However, as present-day porewaters have seawater composition and dissolved Mn 2+ and other dissolved 
metals are absent, any metal remobilization and low-temperature fluid flow will have since ceased.

In contrast, more distal depositional environments, that is, at the base of the mounds, contain thick accumulations of 
sulfide-rich sediments with high concentrations and distinct gradients of dissolved metals (Fe 2+, Mn 2+, Cu 2+, Co 2+, 
and Zn 2+) in their porewaters. As these dissolved metal profiles in porewaters vary independently of the solid phase 
contents (Figure 6b) except for Mn 2+ that has very low solid phase concentrations, this indicates that these metals 
are currently dissolved and being mobilized in a way that is not correlated with or limited by solid phase availability. 
For example, different behaviors of dissolved metals are observed in porewaters, that is, Zn 2+ and Cu 2+ increase 
toward the sulfide-rich layer at 30 cm depth, Co 2+ and Mn 2+ decrease with increasing depth, and Fe 2+ concentrations 
remain constantly very high. High dissolved iron and manganese concentrations in sediments could be the result of 
microbial degradation of organic matter with iron and manganese oxides. However, although evidence for microbial 
degradation has been found in sediments elsewhere in the TAGHF (Figure 1; Glynn et al., 2006; Müller et al., 2010; 
Severmann et al., 2006), organic carbon content in TAGHF sediments has been shown to be relatively low (0.14–0.45 
wt.%; Severmann et al., 2006) and only little pelagic sediment, supplying organic carbon through sedimentation, is 
present. Instead, there are indications of dissolution of sulfides in the sulfide-rich layer present at >30 cm depth. 
Weathering of sulfides is an acid-producing process that is accompanied by the release of metals. Although pH as an 
indicator for sulfide oxidation was not measured, low pH is consistent with the decreased TA values (close to 0) found 
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at 30 cm depth. At pH < 4.5 the speciation of dissolved inorganic carbon is dominated by its non-dissociated acid 
form H2CO3 and consequently alkalinity is zero or negative. Acid attack of sulfide grains is evidenced from pitting 
and tarnishing of the chalcopyrite crystals in the sulfide sands (Figure 3b). Hence, the increasing concentrations of 
dissolved Zn 2+ and Cu 2+ at depth might be a non-equilibrium process affecting the sulfide minerals. Hence, at the 

Figure 7.
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base of the mounds, the acidic conditions in these distal sediments are likely maintained by the continuous release of 
acidity from sulfide dissolution within the sediments, leading to the redistribution of some metals. Ingression of oxic 
seawater, required for the sulfide weathering, might be facilitated by the coarse nature of the sediment (Figure 2).

In the distal channel, the uppermost 60 cm of metalliferous sediments do not show the dissolution of metals 
into their porewaters, despite having high concentrations of solid phase sulfide. For example, porewater Co 2+, 
Cu 2+, Mn 2+, and Zn 2+ concentrations are low despite their high concentrations in the solid phases, especially for 
Zn 2+ (e.g., in sphalerite) (38GC in Figure 6c). The absence of these dissolved metals in the porewaters, together 
with the constant decrease in nitrate with depth, indicates suboxic conditions. Again using TA as indicator of a 
pH < 4.5 and assuming low organic carbon degradation, these sediments might be less acidic than those at the 
base of the mounds. In fact, the slight increase in TA could come from the dissolution of carbonates that are 
present in some of the sediment layers, able to buffer some of the acidity that could be produced during sulfide 
weathering. Also, the fact that dissolved Zn 2+ remains low in pore-waters indicates that Zn-containing sulfides 
are not being oxidized or dissolved in amounts that would lead to a change in pH. This implies that the ingression 
of oxic seawater into these sediments might be limited, which could be caused by the much finer grained sedi-
ment compared to the other environments which have visually coarser sediment textures (Figure 2). In addition, 
the buried sphalerites may be reworked and protected from further dissolution by an initial oxidative coating 
(Knight et al., 2017) or they are predominately low-Fe sphalerites, which are more resistant to oxidation (Knight 
et al., 2017; Weisener et al., 2004). Below a depth of 60 cm, a Mn-rich horizon marks the boundary below which 
linear increases in concentrations of dissolved Mn 2+, Cu 2+, and Co 2+ with depth in porewaters is indicative of 
upwards diffusion of these metal ions from deeper horizons (Figure 6c), for example, deeper buried sulfide-rich 
sands, Mn-oxides, or other sources of metals that can be mobilized. Mn-oxide-rich layers in the sediment suggest 
the presence of past redox fronts that have stalled before retreating deeper into the sediment column. In summary, 
in the distal depositional channel, the metal tenor in the sediment is high, deposited through turbidity currents 
from the nearby hydrothermal mounds before the mound-top material was weathered. Fluids diffusing upwards 
from a deeper source might have added to the metal tenor. Potentially, the carbonate layers in the sediments 
can  form a pH barrier and might act to preserve the metals and restrict their loss to the water column.

6.  Conclusions
Our results show how different environments of deposition and processes during and after burial affect the metal 
content and distribution in TAGHF metalliferous sediments, and how these might be characteristic for near-ridge 
axis metalliferous sediments in general (Figure 7). These processes are summarized as follows:

1.	 �Weathering: primary hydrothermal sulfides exposed to oxygen-rich seawater will fragment during seafloor 
weathering and, with increased surface area, the metals are remobilized into porewaters where they are even-
tually lost to the water column. This extensive weathering of hydrothermal sulfides leads to a depleted metal 
tenor for the residual sediments found at the mound tops, for example, closest to their origin, resulting in a 
metal-depleted deposit similar to the gossans described from land.

2.	 �Mass-wasting and turbidity flows: Gravity-driven processes transport some sulfides downslope before they 
have been weathered, leading to re-distribution and deposition of hydrothermal material away from their 
sources, for example, in slope sediments and channels. Sediments proximal to their source, such as in the 
talus and fans at the bases of hydrothermal mounds, are more resistant to alteration and preserve the highest 
metal concentration in thick beds. This can lead to the retention of thick layers of unsorted sulfides, preserving 
metals in a higher degree than found elsewhere in the sediments or those more distal to their source. Further 
away from the source, the rapid burial and the finer-grained nature of the unsorted material reduces the ingress 
of oxygen-rich seawater and further protects and preserves the original metal tenor of the sediments.

Figure 7.  Conceptual model and comparative summary for three distinct seafloor environments found at the TAGHF: (a) On top of extinct hydrothermal mounds, 
the sediment cover is composed of Fe oxyhydroxides originating from prolonged sulfide oxidation, weathering and degradation. Low-temperature fluid flow may be 
responsible for the formation of Mn-oxide crusts within and on top of the sediments, while seawater infiltration is responsible for acid-induced metal leaching; (b) 
At the base of extinct hydrothermal mounds, the sediment cover is thin and composed of unsorted Fe-oxyhydroxides mixed with sulfides and secondary weathering 
minerals (e.g., atacamite and jarosite) provided by collapse or slumps of the hydrothermal mound due to its steep topography. Sulfidic sediments are dominant, metals 
are mobilized and can be released into the water column (the boundaries between the sediments, silica cap, underlying massive sulfides and the basaltic crust in (a) 
and (b) are inferred); (c) At further distance, in distal depositional channels, repetitive mass transport and deposition via turbidity events has brought material into 
depressions where sulfide, oxides and pelagic sediments are accumulated in thin, highly sorted layers. After rapid burial, early diagenesis takes place, oxygen diffuses in 
the sediments forming an oxic/suboxic boundary where upward diffusing Mn 2+, Co 2+, and Cu 2+ rich porewaters can precipitate solid phases.
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3.	 �Diagenetic redistribution: After deposition, the metals in the sediments can be redistributed through diage-
netic remobilization, reprecipitating in the sediments or lost to the water column. The degree of diagenesis can 
depend on the pH, the buffer capacity of carbonate, the reduction of oxygen by organic carbon, and the grain 
size of the sediment, controlling permeability. Although metals are currently being re-mobilized in porewaters 
at the TAGHF, high metal contents are retained within thick layers of unsorted sulfides. In addition, upward 
advection of metal-enriched low-temperature hydrothermal fluids or diffusion of metal-enriched fluids from 
deeper layers could lead to additional accumulation of metals at redox boundaries after the high-temperature 
activity has ceased.

4.	 �Plume fallout: Close to inactive hydrothermal mounds, the plume fallout signal might be concealed due to 
high metal contents and rapid deposition of mound-top material with the remobilization of metals in the sedi-
ments. This can yield false results in terms of identifying potential hydrothermal events.

In conclusion, although physical transport and deposition is one of the main drivers for solid phase metal concen-
trations in hydrothermal sediments, diagenetic processes and fluids from different sources can overprint the 
inherited metal tenor. These processes may be important when sediments are used as vectors to hydrothermal 
deposits, since the highest metal content in sediments is not necessarily found primarily in closest proximity to 
the deposit source. Similarly, not only metal content and concentrations of sediments should be used for prov-
enance  discrimination, but grain size, sediment texture and even seafloor morphology (e.g., sediment ponds) 
should also be considered. Our findings might particularly be interesting for studies that use near-vent sedi-
ments to reconstruct the history of the hydrothermal activity (e.g., Li et al., 2023; Lund et al., 2016; Middleton 
et al., 2016; Qiu et al., 2021). These studies are based on the premise that metal-enriched layers (especially Mn 
and Fe) within the sediment column are the result of fall-out from hydrothermal plumes and hence their presence 
in the stratigraphic record indicates periods of hydrothermal activity. To obtain a reliable record from metallif-
erous layers requires identifying the difference between primary plume fall-out, reworking by mass-wasting and 
transport, and redox-driven precipitation following dissolution and remobilization from underlying metalliferous 
sediments. We recommend that these processes and their implications for the provenance of the metalliferous 
layers should be taken into account before a reliable age model of hydrothermal activity can be constructed. 
While areas where sediments have clearly been transported (e.g., at the base of the mounds), and proximal 
where the likelihood of mobilizing metals from underlying metalliferous sediments is high (e.g., on the tops of 
hydrothermal mounds), might be less suitable for geochronological reconstruction of hydrothermal activity, the 
most promising locations are more likely to be in small topographic lows or highs on the seafloor, far from any 
hydrothermal edifice, were plume fall-out and mass-wasting transport can easily be distinguished.

Data Availability Statement
All presented results are available in the Pangaea data base (Dutrieux,  2020, https://doi.pangaea.de/10.1594/
PANGAEA.922078). In addition, Co, Cu, and Zn content of sulfides previously collected from TAG nearby 
sulfides mounds are presented in Table S1 of Supporting Information S1.
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