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Abstract 17 

Deep-sea drilling is a key tool in assessing the economic viability of seafloor massive sulfide (SMS) 18 

deposits. Drilling can be used to understand links between fluid flow, faulting and mineralization. Of 19 

particular interest on the seafloor due to their relative enrichment in Ni and Co, is an underexplored sub-20 
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class of SMS deposits that are associated with or hosted within ultramafic lithologies. We present initial 21 

results from sub-surface drilling near the Semenov-1 SMS deposit located on the 13°30’ N oceanic core 22 

complex on the Mid-Atlantic Ridge. Drilling recovered samples from up to 20.7 meters below seafloor 23 

(mbsf). In the recovered core samples, a transition from chlorite and clay-rich breccias in the upper 7.5 24 

mbsf to serpentinite, magnesite, dolomite and talc bearing rocks with locally mylonitic fabrics was 25 

observed. The contact between mafic and ultramafic lithologies marks the transition from brittle to ductile 26 

deformation regimes. Pyrite and marcasite occur throughout the drilled interval, commonly as 27 

disseminations. Pyrrhotite and isocubanite only occurred near the seafloor (~2 mbsf) and are associated 28 

with native Au grains. Pyrite at 7.5 mbsf was notably enriched in Ni, whereas deeper pyrite contained higher 29 

Se. The average δ34S value for all sulfide minerals is 0.0±5‰ (1σ, n=114 spots) indicating sulfur was 30 

largely contributed from the leaching of igneous host rocks, and that magmatic volatile degassing is not an 31 

important process contributing to metal enrichment at Semenov-1. The source of sulfur or processes 32 

affecting isotopic fractionation also varied over time leading to large variations of ~15‰ across individual 33 

pyrite grains. We interpret the drilled section as representing a cross-section through a basaltic veneer to 34 

the underlying upper detachment fault surface providing evidence for the complex nature of hydrothermal 35 

systems associated with core complexes.  36 

Introduction  37 

Our understanding of mineralizing processes in hydrothermal systems and associated seafloor massive 38 

sulfide (SMS) deposits is largely based on samples collected at the seafloor. By comparison, very little is 39 

known about the processes occurring beneath the seafloor. The extent of mineralization below the seafloor 40 

is significant in sedimented environments (Nozaki et al., 2021) and some volcanogenic massive sulfide 41 

(VMS) deposits on-land (Doyle and Allen, 2003; Piercey, 2011). Understanding the sub-seafloor 42 

distribution of sulfide mineralization is a critical question to address at a time when seafloor massive sulfide 43 

deposits are being considered as future mineral resources (Boschen et al., 2013; Miller et al., 2018). It 44 

remains unknown if comparable sub-seafloor mineralization exists in detachment-fault hosted SMS 45 
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deposits, as does the geometry of hydrothermal fluid movement within the fault zone. Understanding the 46 

extent of sulfide mineralization (Nozaki et al., 2021), and distribution and content of metals below the 47 

seafloor (Humphris et al., 1995; Martin et al., 2022; Murton et al., 2019) will allow more accurate resource 48 

assessments to be conducted in the future (Hannington et al., 2011; Jamieson et al., 2014). Furthermore, 49 

investigating the extent of sub-seafloor mineralization will advance our understanding of interactions 50 

between vent-hosted ecosystems, fluid flow, faulting and mineralization, which is required to assess the 51 

possible impacts of deep-sea mining (Van Dover, 2011). 52 

To investigate the potential for subsurface mineralization and to understand the architecture of a seafloor 53 

detachment fault, deep-sea drilling is required, which is expensive and technologically challenging. In this 54 

study we present data from a poorly-understood sub-class of SMS deposits that are spatially associated with 55 

ultramafic lithologies (Fouquet et al., 2013; Patten et al., 2022). In 2021, project ULTRA (Ultramafic-56 

hosted mineral Resource Assessment) conducted deep-sea drilling near the ultramafic-hosted Semenov-1 57 

hydrothermal mound at 13°30’ N on the Mid-Atlantic Ridge. At 13°30’ N, ultramafic and lower-crustal 58 

lithologies are exhumed at the seafloor along a detachment fault forming an Oceanic Core Complex (OCC; 59 

Escartín et al., 2017; MacLeod et al., 2009). The Semenov-1 deposit forms a mound-structure with no 60 

visible hydrothermal venting and is, accordingly, regarded as inactive (Jamieson and Gartman, 2020). 61 

Drilling <10 m from the break of slope defining the base of the mound penetrated to a depth of 20.7 meters 62 

below the seafloor (mbsf). In this study we present initial observations from drill core analysis including 63 

visual observations, alteration mineralogy, sulfide mineralogy, geochemistry and sulfur isotopic 64 

composition (δ34S) of sulfide minerals, to investigate links between fluid flow and mineralization within a 65 

detachment fault. 66 

Geological Setting  67 

The 13°30’N OCC is located on the western flank of the axial rift valley on the Mid-Atlantic Ridge (Fig. 68 

1A). The OCC detachment surface is delineated by well-developed corrugations that are continuous in the 69 
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direction of spreading for ~10 km (Escartín et al., 2017; Pertsev et al., 2012). The core complex consists of 70 

a mixture of serpentinized peridotite, dolerite, gabbro, plagiogranite and occasional pillow basalts and flows 71 

that exhibit variable degrees of hydrothermal alteration (Escartín et al., 2017). Basalt flows on the 72 

detachment surface are interpreted as recent features post-dating the formation of the fault structure, and 73 

provide evidence of mafic magmatism occurring at depth below the seafloor (Escartín et al., 2017; MacLeod 74 

et al., 2009). Widely, basalt breccias cover the detachment fault surface and are interpreted as representing 75 

dismembered hanging wall lava flows and dike material that has been dragged up along the detachment 76 

fault surface (e.g., Escartín et al., 2017; Martin et al., 2024). The OCC is considered to be tectonically 77 

inactive owing to the propagation of volcanic ridges to the north, and consequent termination of the 78 

detachment fault as evidenced by the extensive rifting of the base of the core complex (Escartín et al., 2017; 79 

MacLeod et al., 2009). The OCC is estimated to have initiated 470,000 ka (Escartín et al., 2017), with U-80 

Th dating of the sulfide mineralization on the OCC indicating a minimum age of ~124,000 years for 81 

mineralizing events (Kuznetsov et al., 2011). 82 

Hydrothermal venting  83 

The13°30’N OCC hosts five sites of hydrothermal mineral accumulation, collectively termed the Semenov 84 

vent field cluster (Cherkashev et al., 2013; Melekestseva et al., 2014; Pertsev et al., 2012). Only Semenov-85 

2 is hydrothermally active, whilst Semenov-1, -3, -4 and -5 are inactive (Fig. 1B). The total sulfide 86 

endowment of the Semenov cluster is estimated at ~40 Mt (Cherkashev et al., 2013). The active Semenov-87 

2 deposit is basalt-hosted, venting clear-whitish fluid at a maximum recorded temperature of 317 °C 88 

(Escartín et al., 2017). Semenov-3 and 5 are located on the surface of the core complex and consist of 89 

sulfide crusts and rubble with oxidation occurring extensively at the seafloor producing Fe(oxy)hydroxides. 90 

Semenov-4 is located at the eastern termination of the OCC and straddles both the hanging wall (basalt 91 

hosted) and footwall (ultramafic hosted) and consists of both large conical mounds as well as extensive 92 

areas of sulfide rubble. 93 
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This study focuses on the inactive Semenov-1 deposit, the furthest west deposit in the vent field cluster 94 

(Fig. 1B and C). The mound measures approximately 175 m high and 200 m wide and is located at water 95 

depth of ~2600 m. The surface of the mound consists of sub-angular sulfide rubble and sediments that are 96 

deep orange to red in color, indicating that extensive oxidation of sulfide material has occurred. 97 

Methods 98 

The data reported in this study were collected as part of project ULTRA on expedition JC224 aboard the 99 

RRS James Cook in 2021. The surface geology of the Semenov-1 hydrothermal mound was studied using 100 

videography using the remote underwater vehicle HyBIS. Drilling was conducted using the British 101 

Geological Survey, Rock Drill II (RD2).  Drilling utilized core barrels that were 1.72 m in length and 61 102 

mm in diameter. Each completed core run was then latched, recovered and stored at the seafloor during 103 

operation. A steel sleeve remained in the hole during drill core recovery. The steel tube ensured hole 104 

stability and that debris from higher up in the hole did not contaminate deeper samples. Several holes were 105 

drilled at Semenov-1 with varying degrees of core recovery. Here we present data from hole 52_RD_A, 106 

located at the sedimented base of the Semenov-1 mound (Fig. 1), and penetrating to a maximum depth of 107 

20.7 mbsf. Note that depth below the seafloor is estimated based on core recovery, and when core recovery 108 

is low, samples may have an error of +/- 1.72 m, the length of a core barrel. A summary of the recovered 109 

core can be found in Table 1.  110 

Sample selection  111 

Pyrite, pyrrhotite, marcasite and chalcopyrite/isocubanite grains were picked from individual core sections 112 

(e.g., core A2, A3; Table 1) providing a composite record of the downhole mineralization. In order to 113 

understand depth variations in lithology, alteration, and sulfide petrology, 2-3 representative samples were 114 

selected from each core section for mineralogical characterization and X-ray diffraction analysis. We also 115 

present initial shipboard geochemical data analyzed via portable X-ray fluorescence (pXRF) for all drill 116 

core samples. 117 
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Sulfide petrography  118 

For petrographic analysis, sulfide minerals were mounted in epoxy resin in 1” aluminum rounds.  Mineral 119 

assemblages were identified using reflected light microscopy. Microtextural characterization was 120 

performed using etching with 1 M NaOCl for 90 s to tarnish the mineral surface and reveal mineral grain-121 

scale zonations (Martin et al., 2023a; Tanner et al., 2013). The tarnish was later easily removed with a 122 

diamond polishing solution. 123 

Alteration mineralogy 124 

All recovered core was described and photographed aboard the RRS James Cook. X-ray diffraction analysis 125 

was carried out to identify different minerals on representative bulk samples from each core section. 126 

Samples were first crushed using an agate pestle and mortar. X-ray diffraction analysis was carried out at 127 

Cardiff University (UK) using a Philips PW1710 Automated Powder Diffractometer with Cu Kα radiation 128 

at a voltage of 35 kV and current of 40 mA. The scans were conducted between 2° and 70° at a scan speed 129 

of 0.04° 2θ/s. Mineral phases were identified using Philips PC Identify software. From the diffractogram 130 

peak area, semi-quantitative analysis was performed by measuring the area of the main peak of each 131 

mineral, and then a percentage of each mineral present was estimated. 132 

Portable X-ray florescence analysis 133 

Portable X-ray Fluorescence (pXRF) analysis was carried out aboard the RRS James Cook. Three-hundred 134 

point analyses were determined across all core samples using an Olympus Delta Professional pXRF 135 

analyzed in Geochem mode. Analysis lasted for 60 s to determine Al, Si, S, K, Ca, Ti, V, Cr, Mn, Fe, Co, 136 

Ni, Cu, Zn, As, Sr, Se and Pb (Appendix A). Data quality was monitored through the repeat analysis of a 137 

silica blank, NIST1710a and two in house standards GY01 (seafloor mud) and HY02 (massive pyrite) 138 

analyzed every 20 samples (Appendix A). These data provide initial insights into geochemical trends 139 

downhole and provide the basis for future lab-based studies. 140 
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Sulfide mineral chemistry  141 

The trace metal content of pyrite (n=99 spots), pyrrhotite (n=10) and marcasite (n=12) was determined 142 

using laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) on six representative 143 

polished mounts containing numerous individual sulfide mineral grains. Laser ablation-ICP-MS analysis 144 

was performed at Memorial University of Newfoundland (Canada) using a GeoLas 193 nm laser coupled 145 

to a Thermo-Finnigan Element XR ICP-MS. Analysis employed a spot diameter of 50 μm at a frequency 146 

of 5 Hz and a fluence of 3 J/cm2. Each analysis lasted 50 s and a gas blank was measured for 30 s prior to 147 

each analysis. Analyte masses measured included: 51V, 53Cr, 55Mn, 59Co, 60Ni, 65Cu, 66Zn, 69Ga, 72Ge, 75As, 148 

77Se, 95Mo, 109Ag, 111Cd, 115In, 118Sn, 121Sb, 125Te, 197Au, 205Tl, 206Pb and 209Bi. Iron-57 was used as an internal 149 

standard for all analyses and a stoichiometric Fe content of 46.5% was assumed for pyrite and marcasite, 150 

and 62.3% for pyrrhotite. External calibration was performed using USGS MASS-1 and NIST 610. 151 

Precision was monitored through the repeat analysis of MASS-1 (n= 26) that yielded a relative standard 152 

deviation (RSD) for Mn, Ge, As, Sn, Au, Tl and Bi of <10%, and <13% for V, Cr, Ni, Ga, Se, Mo, Ag, Cd, 153 

In, Sn, Te and Au. Only Sb and Co showed a higher RSD, reaching 16% (see Appendix B). The subtraction 154 

of gas blanks and calculation of detection limits was performed using Iolite software. 155 

 156 

Qualitative geochemical mapping  157 

Wavelength dispersive spectroscopy on an electron probe microanalyzer (EPMA) was used to qualitatively 158 

map compositional zonations of Co and Mn in pyrite that showed zonations during etching (n=2 mounts). 159 

Data was collected using a JEOL JXA-8230 SuperProbe equipped with five wavelength dispersive 160 

spectrometers at Memorial University of Newfoundland. Cobalt and Mn were collected on separate 161 

spectrometers using an accelerating voltage of 20 kV, a beam current of 250 nA and a dwell time of 500 162 

ms. Map resolution was typically 1-3 µm per pixel. Element concentrations were not quantified during 163 

mapping, hence only relative changes in metal content can be assessed.  164 
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Sulfur isotope analysis  165 

The sulfur isotopic ratio of spot analyses within pyrite (n=86), chalcopyrite (n=15), pyrrhotite (n=8) and 166 

marcasite (n=5) was determined using secondary ion mass spectrometry (SIMS) microanalysis in six 167 

polished mounts. Samples were mounted in epoxy resin with aluminum retaining rings, polished, and then 168 

coated with 300Å of Au to mitigate charging of the sample during ion bombardment. Analyses were 169 

performed using a Cameca IMS 4f SIMS instrument at the Microanalysis Facility at Memorial University 170 

of Newfoundland following the procedure detailed in Brueckner et al. (2015). Each sample was bombarded 171 

with a primary ion beam of 500-750 pA of Cs+ accelerated through a potential voltage of 10 KeV and 172 

focused into a 10 μm rastered spot. Negatively charged secondary ions were accelerated into the mass 173 

spectrometer using a potential of +4.5 KeV. Each spot was pre-sputtered for 120-180 s prior to analysis 174 

with a 10-15 μm rastered beam to exclude sulfur contamination from the sample surface. Reproducibility 175 

of results was calculated based on the repeat analysis of standard reference materials UL9 (pyrite; δ34S= 176 

16.3‰), KH87 (pyrite; δ34S= 0.4‰), USGS Norilsk (chalcopyrite; δ34S= 8.3) and PoW1 (pyrrhotite; δ34S= 177 

3.6‰) (Appendix C). All analyses are reported in standard delta notation (δ34S = 1000×(RSample/RV-CDT-1); 178 

where R = 34S/32S), ‰) relative to Vienna Canyon Diablo Troilite (V-CDT). 179 

Results 180 

 181 

Visual core descriptions  182 

Core recovered from the seafloor to a depth of 0.33 mbsf consists of poorly consolidated beige-colored 183 

pelagic sediment containing shell fragments. Underlying the sediment horizon is a 20 cm thick section of 184 

massive pyrite with a vuggy texture and orange veins of Fe-oxyhydroxide (Fig. 2A). Rare basaltic clasts 185 

occur intercalated within this massive sulfide. At a depth of 1.8 mbsf is a black sandy layer, approximately 186 

15 cm thick, containing subangular to angular granular textured pyrite (~60%), chalcopyrite (~30%) and 187 

sphalerite (~10%) grains; hereafter referred to as sulfide sand (Fig. 2B). The sulfide sand is underlain by a 188 
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1.7 m thick section of bleached and silicified altered basalt. Within this section, below 3.8 mbsf, massive 189 

sulfide or sulfide rubble are absent and sulfide minerals occur only as fine (<2 mm; ~5% modal abundance) 190 

disseminations in the altered host rock. Vuggy calcite veins were common in some core samples (Fig. 2C). 191 

From 5 to 7 mbsf the core samples have a prominent brecciated texture with relict clay-rich clasts commonly 192 

showing a visible gradation in alteration mineralogy from the rim to core (Fig. 2D, E and F). Pyrite and 193 

marcasite occur as euhedral grains disseminated in the matrix. At 7.1 to 7.8 mbsf, core samples have a sub-194 

vertical ultramylonitic fabric (Fig. 2G) with disseminated marcasite being common within the matrix (Fig. 195 

2H, inset). 196 

At 7.7 mbsf a distinct change in the color and texture of the core is observed. Samples above 7.7 mbsf 197 

contain clear and numerous clasts and are light-gray in color, below, samples become green-grey in color, 198 

generally lack brecciation, and contain visibly altered pyroxene phenocrysts (Fig. 2I, K and N). Samples 199 

are commonly cross-cut by an anastomosing network of mm-scale white-beige veins of carbonaceous 200 

material (Fig. 2I and K) and samples contain some disseminated pyrite (<2% modal abundance). At 9.3 201 

mbsf a red, hematite-bearing dolomite horizon occurs (Fig. 2J). At 13.8 mbsf, a 20 cm wide zone of 202 

brecciation is intersected where clay gouge cements green-grey peridotite clasts (Fig. 2L). Below 14 mbsf 203 

the color of core becomes lighter and greener (Fig. 2M to O). Core samples at this depth generally have a 204 

massive texture containing pyroxene phenocrysts that are altered to a dark green mineral (Fig. 2N). Pyrite 205 

occurs disseminated throughout the samples in low concentrations (<1% modal abundance). At 15.5 to 16 206 

mbsf a second mylonite zone is intersected; the zone is characterized by shallowly dipping foliation with 207 

clasts of green-grey serpentinized peridotite. Below 16 mbsf to the end of the recovered core at 19.1 mbsf, 208 

the core is white-green in color and contains chrome spinel (Fig. 2O) with traces of low angle foliation 209 

dipping at ~30°. 210 

Alteration mineralogy 211 

Pyrite and marcasite are the dominant sulfide minerals throughout the core, occurring as either 212 

disseminations, sulfide sand and rubble or massive pieces. Chalcopyrite is the third most abundant sulfide 213 
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mineral and is notably enriched in the rubble horizon at 1.8 mbsf (>40 vol.%). In brecciated samples, 214 

montmorillonite and kaolinite with chlinochlore are the dominant alteration minerals. Ultramylonite 215 

samples at 7.1 mbsf contain dolomite with disseminated pyrite and kaolinite. From 7.1 to 14.5 mbsf, 216 

dolomite is a major phase comprising >70 vol.% of some samples. From a depth of 10.9 mbsf, magnesite 217 

occurs in variable amounts. At 12.1 mbsf, serpentinite minerals occur with detectable antigorite, chrysotile, 218 

clinochrysotile and lizardite. Talc first occurs at 15.6 mbsf and is present sporadically until the end of the 219 

hole. A summary of the key alteration minerals present in each core section is provided in Table 2 and a 220 

complete photographic section off all recovered core is available in Appendix D. 221 

Sulfide mineralogy 222 

In the sulfide sand and rubble at 1.8 mbsf, marcasite is overgrown by euhedral pyrite (Fig. 3A). In some 223 

samples, framboidal pyrite aggregates are overgrown by marcasite and then by later euhedral pyrite (Fig. 224 

3B). In other grains, marcasite was absent and pyrite with concentric growth zonations was present (Fig. 225 

3C). Rarely, complex intergrowths of pyrite and marcasite occurred forming atoll structures (Fig. 4D). 226 

Elongate laths of pyrrhotite are spatially associated with isocubanite (Fig. 3E). Chalcopyrite exsolution 227 

lamella are a common feature in all isocubanite grains (Fig. 3F). Native Au grains 1-5 µm in diameter occur 228 

in pyrrhotite and are spatially associated with the grain boundary between isocubanite and pyrrhotite (Fig. 229 

3G and H). Native Au was only found in pyrrhotite and was not observed in pyrite, marcasite or 230 

chalcopyrite. In core section A4, within altered basalt, marcasite is the dominant sulfide mineral forming 231 

euhedral elongate laths that overgrow framboidal pyrite (Fig. 3I and J). Laths commonly formed rosette 232 

shaped aggregates (Fig. 3K). Unlike in core samples located closer to the seafloor, pyrite here is overgrown 233 

by later euhedral marcasite (Fig. 3L). At the transition to ultramafic-dominated lithologies (core A5), only 234 

pyrite occurs, it is coarse-grained (> 2mm) and euhedral (Fig. 3M and N). In core A7, pyrite is coarse-235 

grained and subhedral (Fig. 3O and P). Some pyrite grains from core A9, within altered peridotite, contain 236 

mesh-textured breccias of chrome spinel (Fig. 3 Q). Chalcopyrite forms discrete porous regions that are 237 

pyrite-poor and massive areas containing euhedral pyrite grains (Fig. 3R). Core A10, which is talc-rich, 238 
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contains pyrite, chalcopyrite and sphalerite (Fig. 3S and T). Chalcopyrite is overgrown by pyrite (Fig. 3S) 239 

and sphalerite (Fig. 3T). 240 

Microtextural analysis of pyrite and marcasite 241 

Etching of pyrite in the massive sulfide piece (core section A2) reveals three distinct sulfide mineral 242 

generations (Fig. 4A). Fine-grained pyrite aggregates with concentrically zoned pyrites are overgrown by 243 

a rim of marcasite followed by coarse-grained euhedral pyrite (Fig. 4A). Coarse-grained pyrite exhibits 244 

preferred growth orientation growing outwards (arrow in Fig. 4B). Framboidal pyrite is surrounded by 245 

zones of colloform textured pyrite (dark purple; Fig. 4C), that is then overgrown by euhedral pyrite with 246 

pronounced oscillatory zonations indicating outward growth (Fig. 4C). Marcasite randomly overprints 247 

pyrite in several areas (Fig. 4C). In some samples, framboidal pyrite is absent and marcasite is overgrown 248 

by pyrite (Fig. 4D). 249 

Marcasite grains from the bleached and silicified basalt (core A4) exhibit variable internal morphologies 250 

when etched. Some grains appear homogenous, some have a striped appearance and others have concentric 251 

growth zonations (Fig. 4E, F and G). The complexity of internal zonation across individual grains is also 252 

variable, some have relatively simple concentric zonations with only a few sub-domains that are parallel to 253 

the present grain margins (Fig. 4F), whereas others contain complex oscillatory and sector zonations (Fig. 254 

4G and H). In core sample A5 and A7, euhedral pyrite grains show pronounced sectoral zonations with 255 

distinct patterns identified in several grains (Fig. 4I to L), some grains transition from sectoral zonation in 256 

the grain core to oscillatory zonation at the grain rim (Fig. 4J to L). 257 

In altered peridotite (core A8), pyrite contains random shapes with no clear zonation pattern (Fig. 4M). In 258 

the talc-rich core, sample A9, early euhedral pyrite generations have been overgrown by later pyrite (Fig. 259 

4N, O and P). The ultramafic mylonite (core A10) contained many different textures of pyrite with some 260 

grains containing evidence of multiple pyrite generations with no clear zonation pattern (Fig. 4Q). In other 261 

grains that are anhedral, sectoral zonations occur (Fig. 4R), whereas in other anhedral grains, radial 262 
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zonations perpendicular to the grain margin occurred (Fig. 4S). In coarse-grained pyrite, zones of bright 263 

oscillatory zonation delineate relict grain cores (Fig. 4T). 264 

Sulfur isotope analysis 265 

For all data, δ34S values ranged from -20.6‰ to 13.6‰ with an average of 0.0±5‰ (1σ, n=114) (Fig. 5). 266 

Pyrite averaged -1.0±5.0‰ (1σ, n=86), marcasite -0.6±0.4‰ (1σ, n=5), pyrrhotite 5.4±1.5‰ (1σ, n=8) 267 

and chalcopyrite 3.0±4.0‰ (1σ, n=15). Framboidal pyrite from sample A4 ranged from -3.2 to -3.5‰ and 268 

was not notably different from later marcasite in the same samples that averaged -0.6±0.4‰ (1σ, n=5). 269 

There are no clear trends in pyrite δ34S values with depth below the seafloor (Fig. 5). Pyrite in sample A10 270 

shows the greatest amount of variation with a range from -20.6 to 4.7‰ (Fig. 5). Chalcopyrite in core A2 271 

has a lower average δ34S value of -0.4±0.7‰ (1σ, n=5) compared with chalcopyrite in deeper samples that 272 

average 5.2±3.7‰ (1σ, n=8). 273 

To investigate intragrain variation in δ34S values, detailed analytical transects were performed across 274 

individual pyrite grains. At the mineral scale δ34S values are highly variable (Fig. 6A-L). In sample A7, an 275 

aggregate of pyrite grains, δ34S values range from -14.3 to 1.9‰ (Fig. 6I). In other grains from the same 276 

sample the sulfur isotopic composition is more homogenous ranging from -0.3 to 3.1‰ (Fig. 6G). In core 277 

sample A8 a transition from low (-8.2‰) to high (6.9‰) δ34S values is observed across an individual pyrite 278 

grain (Fig. 6I). The largest across-grain variation occurs in sample A10 where δ34S values range from -279 

20.6‰ to 4.6‰, with analytical points within 100 microns of one another ranging from -10.9‰ to 4.6‰ 280 

(Fig. 6L). 281 

Bulk-rock core geochemistry 282 

The initial geochemical data presented here provides qualitative evidence that the chemical composition of 283 

samples is highly variable with depth below the seafloor (Fig. 7). All analyzed elements are available in the 284 

supplementary information (Appendix A). We present downhole plots for Si, Ca, Al, Ni and Cr (Fig. 7). 285 

Silica and aluminum show the inverse relationship to Ca and are enriched in mafic lithologies (Fig. 7A, B 286 
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and C). The relative amount of Si increases toward the bottom of the drilled intersection corresponding to 287 

an increase in the abundance of talc (Fig. 7 and Table 2; core A10 and A11). Both Ni and Cr content increase 288 

at the mafic-ultramafic contact, as observed in pyrite geochemical data (7.5 mbsf; Fig 7 D, E, and 8). Nickel 289 

and Cr content are elevated in ultramafic lithologies relative to mafic lithologies (Fig. 7 D and E). 290 

Sulfide mineral chemistry 291 

Differences in trace metal content exist between pyrite, pyrrhotite and marcasite (Fig. 8A). The median 292 

content of Mn and Tl in marcasite is notably higher relative to pyrrhotite and pyrite (Fig. 8A). Marcasite is 293 

relatively depleted in all other measured elements, most notably Co, Ni, Cu, and As (Fig. 8A). The trace 294 

metal contents in pyrrhotite and pyrite are comparable, with pyrite containing slightly higher contents of 295 

Mo, Pb and Co relative to pyrrhotite (Fig. 8A).  296 

Discernible differences in the metal content of pyrite occur with depth below the seafloor. A strong 297 

enrichment in V, Mn, Cu, Zn, Au, and Tl occurs in pyrite near the seafloor in samples hosted within the 298 

sulfide sediment (core A2; Fig. 8B). For example, the median Mn concentration in pyrite is 446 ppm (n=12) 299 

near the seafloor, whereas all other pyrite from deeper samples contain <10 ppm. Copper and Zn show 300 

similar trends, with an order of magnitude higher contents in pyrite close to the seafloor compared with all 301 

other samples (Fig. 8B). By contrast, the Ni content of pyrite is extremely low near the seafloor with a 302 

median of 1.5 ppm (n=12), compared with deeper samples that have median contents ranging from 363 to 303 

1021 ppm (Fig. 8C). Selenium is highly enriched only in the deepest samples (Fig. 8C). Overall, the total 304 

measured trace metal content of pyrite is low, ranging from 1109 ppm in the mafic core section A4 to 428 305 

ppm in ultramafic core A10. There is not notable correlation between the elements measured. 306 
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Discussion  307 

Fluid conditions during alteration  308 

Fluids responsible for the formation of SMS deposits are typically high-temperature (>300 °C), reducing 309 

(log fO2 ~ -33 to -38; Kawasumi and Chiba, 2017) with a variable H2 and H2S content (e.g., Humphris and 310 

Klein, 2018). Fluids generated during serpentinization are geochemically distinct having variable but 311 

commonly elevated H2 contents (0.25-13 mM), a variable fluid pH (2.8-8.0), and temperature (~40 to ~400 312 

°C; Mével, 2003), relative to fluids typical for SMS formation. Thus, the alteration mineral assemblage 313 

generated by high-temperature SMS-related fluids and serpentinization will be distinct. In a typical high-314 

temperature (>300 °C) hydrothermal system, such as that hypothesized to have formed the Semenov-1 SMS 315 

deposit, chlorite and epidote-rich alteration forms proximal to the massive sulfide mound (Alt et al., 1986; 316 

Humphris and Thompson, 1978). Ultramafic-hosted vent sites are different still and are dominated by 317 

serpentine minerals (antigorite, lizardite, chrysotile) with talc, magnetite, calcium carbonate and 318 

magnesium hydroxide minerals that are produced during serpentinization of mantle peridotites (Alt and 319 

Shanks, 2003; Bjerga et al., 2015; Ding et al., 2023; Lowell and Rona, 2002). Both chlorite-rich and 320 

serpentinite-rich alteration occur in the drill hole adjacent to the Semenov-1 mound indicating variable fluid 321 

sources and protolith material within the sub-surface. 322 

The alteration mineral assemblage of core proximal to the Semenov-1 deposit can be divided into two 323 

distinct assemblages occurring at different depths below the seafloor indicating different protoliths, fluid 324 

conditions and ultimately fluid sources. At 7.5 mbsf the alteration mineralogy changes from chlinochlore, 325 

illite, and kaolinite-rich to an assemblage containing dolomite, talc and magnesite with chrysotile, antigorite 326 

and lizardite (Fig. 2 and Table 2). The occurrence of chlorite indicates fluid temperatures of ~300 °C with 327 

a near neutral pH (Alt and Jiang, 1991; Reyes, 1990). Chlorite is common in seafloor hydrothermal systems 328 

forming during the alteration of mafic host rocks by seawater derived hydrothermal fluids (Humphris and 329 

Thompson, 1978). The occurrence of illite indicates slightly lower fluid temperatures down to ~220 °C, 330 

that marks the minimum stability field for illite (Alt and Jiang, 1991). Thus, the alteration mineral 331 
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assemblage of chlinochlore with illite and kaolinite in the upper 7.5 mbsf indicate that fluids were of high-332 

temperature >220 °C and near neutral to slightly acidic. The similarity between this alteration assemblage 333 

and that commonly observed in mafic-hosted SMS deposits (Humphris et al., 1995) and lack of obvious 334 

ultramafic influence (e.g., serpentinite) suggests the alteration of a mafic protolith. Similar chloritic 335 

alteration has been sampled at the toe of the detachment fault in an exposed scarp surface several km to the 336 

E of Semenov-1. In the detachment toe, the alteration is interpreted to represent fluid flow that occurred at 337 

deeper crustal levels (~3-5 km) that was subsequently exhumed and exposed at the seafloor (Martin et al., 338 

2024). 339 

Below 7.5 mbsf, and down to the end of the hole (20.7 mbsf) the inclusion of serpentinite minerals indicates 340 

that protolith material were of ultramafic origin (i.e., mantle peridotite) and were subsequently 341 

serpentinized and carbonized at or near the seafloor during exhumation along the detachment surface, 342 

however the depth of serpentinization remains unknown (e.g., Evans et al., 2013; Francis, 1981; Früh-Green 343 

et al., 2004; Rona et al., 1987). Serpentinization widely occurs on the seafloor where mantle peridotites are 344 

exhumed at fracture zones, oceanic core complexes and associated detachment faults, along slow- to ultra-345 

slow spreading ridges (Cann et al., 1997; Cannat, 1993). The occurrence of serpentinites below the seafloor 346 

at Semenov-1 is in good agreement with previous studies that widely observed serpentinized ultramafic 347 

lithologies at the seafloor all over the core complex (Escartín et al., 2017). 348 

Discerning the exact conditions of serpentinization near Semenov-1, specifically the temperature range and 349 

mineral paragenesis will require further study as pervasive serpentinization can occur at ~400 °C down to 350 

ambient seawater temperatures (Früh-Green et al., 2004). However, the persistence of disseminated 351 

euhedral pyrite throughout the drilled section indicates that temperatures were above ambient seawater (i.e., 352 

a few °C), at least for some period of time. In addition to serpentinization, carbonation, through the addition 353 

of CO2 (and silica)-rich fluids forms talc-carbonate alteration containing magnesite, dolomite and talc; a 354 

common mineral assemblage in some ophiolite terrains (Barnes et al., 2009; Bjerga et al., 2015; Coltat et 355 

al., 2021a). Below 7.5 mbsf near Semenov-1, the alteration mineral assemblage contains evidence of both 356 
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serpentinization and extensive carbonation, owing to the large amount of dolomite and magnesite. Based 357 

on the presence of relict igneous phases (Fig. 2K) and occurrence of serpentinite (Table 2) in dolomite-rich 358 

samples, we exclude a sedimentary origin for the dolomite (Baker and Kastner, 1981). 359 

Bjerga et al. (2015) note that the alteration of peridotites during serpentinization varies both as a function 360 

of temperature and CO2 content. Two distinct mineral assemblages are noted to occur: an initial assemblage 361 

of olivine-clinopyroxene-serpentinite-magnetite-brucite that formed early and a later serpentinite-362 

magnesite-magnetite-dolomite assemblage that formed during more pervasive serpentinization. The large 363 

quantities of dolomite relative to serpentinite and absence of primary igneous phases such as olivine show 364 

that serpentinization was pervasive in our samples. The CO2 and silica content of the fluids can further 365 

influence the mineral assemblage formed, with lower CO2 and high silica contents leading to the 366 

stabilization of talc-bearing mineral assemblages (Wang et al., 2017), such as those observed below 15.6 367 

mbsf. Visually, talc-carbonate rocks near Semenov-1 are comparable to those described on land at the Leka 368 

Ophiolite (Bjerga et al., 2015), where the original peridotite texture has been completely obliterated in talc-369 

rich rocks.  370 

How serpentinization related temporally and spatially to the formation of Semenov-1 remains enigmatic. 371 

Two scenarios are possible: i) serpentinization occurred during seafloor exhumation at near ambient 372 

seawater temperatures or, ii) serpentinization occurred during high-temperature fluid circulation above 373 

ambient seawater temperature related to the formation of Semenov-1. Delineating between these two 374 

processes is challenging and ultimately the alteration observed in core samples most likely reflects both 375 

ambient seawater and high-temperature serpentinization related to Semenov-1 formation. Evidence of the 376 

“bi-modal” formation temperatures, such as those hypothesized here, where the temperature of 377 

serpentinization varies spatially (i.e., across mylonite zones) and temporally, have been observed at the 378 

Venma Fracture Zone (Atlantic) and the Izu-Bonin Forearc (Früh-Green et al., 2004). The inclusion of 379 

chalcopyrite which is typically considered a high-temperature mineral phase in SMS deposits (>250 °C; 380 

e.g., Humphris et al., 1995) in core A9 indicates a high-temperature origin. However, alteration in the same 381 
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core consists of clinochrysotile (Table 2) that forms at temperatures of ~30-80 °C (Bonatti et al., 1984), 382 

hence the occurrence of these two minerals in the same core samples suggests temperature variation over 383 

time. To further investigate the relationship between serpentinization and Semenov-1 deposit formation, 384 

oxygen and boron isotopes on serpentinite minerals (e.g., Bonatti et al., 1984) could be utilized. These data 385 

would constrain formation temperature variation; however, this remains outside the scope of our initial 386 

investigation.  387 

At the seafloor, similar alteration minerals derived from ultramafic protoliths have also been documented 388 

at the Tianzuo (Southwest Indian Ridge; Ding et al., 2023), Lost City (Mid-Atlantic Ridge; Allen and 389 

Seyfried, 2004; Kelley et al., 2005) and Rainbow (Mid-Atlantic Ridge; Marques et al., 2007) vent fields. 390 

Moreover, similar mineral assemblages have also been sampled on land in ophiolite terrains and associated 391 

ultramafic-hosted VMS deposits (Bjerga et al., 2015; Coltat et al., 2021b; Fouquet et al., 2010; Martin et 392 

al., 2023b; Patten et al., 2022).  393 

Serpentinization is known to have occurred within the 13°30’N OCC and Semenov vent field cluster 394 

(Escartín et al., 2017; Firstova et al., 2022). In the wider OCC, Escartín et al. (2017) note that peridotites 395 

are largely serpentinized, with most rocks showing evidence of static hydration (i.e., in situ, low-strain 396 

environments), containing prominent mesh textures. Talc-bearing lithologies were also observed at igneous 397 

contacts along with localized talc and serpentinite schists (Escartín et al., 2017). Finally, serpentine-rich 398 

clasts are also reported in fault breccias where they occur intercalated with basaltic clasts. Serpentinites 399 

have also been described at the inactive Semenov-5 SMS deposit, veins of sphalerite and pyrite occur in 400 

serpentinite occurring as a stockwork in “highly permeable” serpentinites (Firstova et al., 2022). In addition 401 

to serpentinite, Cr-spinel occurs as an accessory phase (Firstova et al., 2022), and is also observed in drill 402 

core samples from this study (Fig. 3Q). Thus, serpentinization is shown to be widespread at 13°30’N and 403 

does not appear to be spatially associated with only areas of high-temperature fluid discharge and sulfide 404 

accumulation.  405 
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Variation in sulfide mineralogy with depth below the seafloor  406 

The sulfide minerals present in the subsurface adjacent to Semenov-1 vary with depth below the seafloor 407 

indicating variable fluid redox, sulfur fugacity, temperature and fluid pH. Sections taken near the seafloor 408 

(section A2) are characterized by blocks of massive sulfide ranging from ~10 cm down to the micron-scale 409 

and occur in a poorly-cemented sulfide layers as angular to sub-rounded clasts, hosted within brecciated 410 

mafic lithologies. The sulfide boulder and rubble horizons are unique, as all other sulfide minerals occur as 411 

disseminations and in a much lower abundance (<2 modal %). Within the sulfide sediment, in close 412 

proximity to the seafloor, Mn, Zn, Cu, Co and Tl are strongly enriched in pyrite (Fig. 8B) and isocubanite 413 

occurred readily (Fig. 3E). 414 

Within the sulfide sediment, the occurrence of pyrrhotite and isocubanite suggests that the mineralizing 415 

fluids were highly reducing with a low sulfur fugacity compared to fluids responsible for pyrite formation 416 

and were high-temperature (>350 °C). Similar fluids and mineral assemblages are common in mafic-hosted 417 

seafloor hydrothermal systems (Monecke et al., 2016), but have also been observed in ultramafic-influenced 418 

sites such as Rainbow and Kairei (Marques et al., 2007; Wang et al., 2014). Pyrrhotite, chalcopyrite and 419 

isocubanite have also been documented in samples collected from the Semenov-1 mound and were 420 

interpreted to represent a pulse of late, high-temperature, reduced fluid to the mound (Melekestseva et al., 421 

2014). Based on the mineralogy and morphology of the sulfide samples, we interpret the sulfide sediment 422 

as representing an apron of sulfide talus that was derived from the upper mound and likely formed from 423 

chimney collapse events. Chimney collapse is further supported by the presence of pipe-like structures that 424 

were once fluid conduits (Fig. 3D). Chimney collapse explains the abundance chalcopyrite and isocubanite, 425 

common in active chimneys (Hannington and Scott, 1989), and the rubbly and sandy morphology of the 426 

layer that indicates that gravity-driven remobilization and transport has occurred.  427 

Pyrite occurs in all samples throughout the drilled section, whereas marcasite occurs only from the seafloor 428 

to ~7.5 mbsf (core A4). In core A4, marcasite is the dominant sulfide mineral, and occurs as rosettes of 429 

euhedral bladed crystals (Fig. 3I-L). Pyrite in this sample is rare and formed early in the paragenesis as 430 
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either framboids (Fig. 3I) or anhedral grains (Fig. 3L), both of which are overgrown by later euhedral 431 

marcasite. The transition from pyrite (FeS2, cubic) to marcasite (FeS2, orthorhombic) indicates changes in 432 

fluid temperature and pH over time. Pyrite is stable up to ~400 °C, whereas marcasite forms at temperatures 433 

of <240 °C. Moreover, marcasite is only stable at a pH <5 (Murowchick and Barnes, 1986). Therefore, the 434 

area around 7.5 mbsf has experienced multiple fluid flow events, one with low-pH, low-temperature fluids 435 

that occurred after an initial period of higher temperature fluid flow that precipitated pyrite. We relate this 436 

variability to the location of core A5 directly above the mafic-ultramafic transition that is marked by a 437 

downhole transition from basaltic breccias to serpentinite-bearing rocks, an area which is also enriched in 438 

Ni and Cr in bulk-core samples (Fig. 7D and E). The area, which most likely represents the detachment 439 

fault surface, is a site of increased permeability which would have experienced a periodic influx of 440 

geochemically diverse fluids (i.e., seawater, serpentinizing and hydrothermal fluid) during fault movement 441 

leading to fluctuations in fluid temperature and pH (Liao et al., 2022; Martin et al., 2024). The occurrence 442 

of pulsed fluid flow events is further supported by complex radial zonations in many marcasite grains (Fig. 443 

3F-H) (Martin et al., 2023a) with similar complex zonations observed in pyrite from the toe of the 444 

detachment indicating temporal variation in fluid temperature and pH (Martin et al., 2024). 445 

Evidence for variations in fluid conditions preserved in pyrite 446 

The trace metal content and enrichment profile of pyrite can be used to assess variations in the temperature 447 

and chemical composition (e.g., pH) of hydrothermal fluids (Butler and Nesbitt, 1999; Grant et al., 2018; 448 

Keith et al., 2016; Wang et al., 2022). Additionally, internal zonation patterns can be used to determine 449 

how frequently these conditions changed (Martin et al., 2024, 2023a). Distinct changes in pyrite trace metal 450 

content are discernable with depth below the seafloor near Semenov-1 (Fig. 8B and C). Manganese, Zn, 451 

Cu, Co, Tl, V and, to a lesser extent, Au are enriched in pyrite near the seafloor versus deeper pyrite. The 452 

enrichment of these different metals, some of which are interpreted to represent high-temperature (e.g., Co 453 

and Cu) or low-temperature (e.g., Zn) hydrothermal fluid flow, or elements such as Mn and V that are 454 

adsorbed from seawater (Butler and Nesbitt, 1999; Grant et al., 2018; Keith et al., 2016; Melekestseva et 455 
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al., 2014) provides a mixed geochemical signature. We attribute this diverse geochemical signature to the 456 

origin of pyrite in core A2. During chimney collapse, both the high-temperature inner chimney lining and 457 

outer wall will become disaggregated and homogenized during collapse and transport down the mound, 458 

hence explaining the chaotic geochemical signature in pyrite from the upper sulfide layer. 459 

The pyrite located directly above the transition from mafic to ultramafic lithologies (at ~7.5 mbsf; section 460 

A5) is enriched in Ni (Fig. 8C), relative to the pyrite closer to the seafloor. The enrichment in Ni (and Cr) 461 

is further supported by peaks in these metals in bulk-rock pXRF data (Fig. 8D and E). In combination with 462 

the alteration mineralogy that shows a transition to ultramafic rocks, we attribute the enrichment of Ni to 463 

an increased ultramafic source component, where fluids migrated along the detachment fault surface rising 464 

to the seafloor in areas of increased permeability. The boundary from mylonitic deformation within the 465 

detachment surface to brecciation above 7.5 mbsf probably promoted fluid mixing between hydrothermal 466 

or serpentinization-related fluids and seawater enhancing the precipitation of Ni, hence providing a 467 

mechanism of enrichment at this boundary. Cobalt/Ni ratios support that pyrite is influenced by an 468 

ultramafic fluid component, with Co/Ni ratios of pyrite hosted in ultramafic-derived lithologies (below 7.5 469 

mbsf) averaging 0.1 ± 0.3 (1σ, n=87), comparable to the Co/Ni ratios of serpentinized peridotites at 0.06 470 

(Marques et al., 2006). By contrast, pyrite from near the seafloor is relatively enriched in Co with a Co/Ni 471 

ratio of 46 ± 29 (1σ, n=12) indicating a more mixed mafic-ultramafic fluid signature for the sulfide 472 

minerals, likely derived from Semenov-1 and/or that near seafloor fluid mixing significantly biases these 473 

ratios.  474 

Etching reveals subtle differences in internal zonation patterns in pyrite with depth below the seafloor (Fig. 475 

4). In addition to being chemically distinct, pyrite from the mass-wasted sulfide layer in core A2 exhibits 476 

complex radial growth zonations (Fig. 4A and B), with zonations correlating to increased Mn content (Fig. 477 

4B*). The complex zonations coupled with Mn enrichment indicates pulses of hydrothermal fluid flow 478 

punctuated by periods with relatively higher seawater influx precipitating Mn-rich zones (e.g., Grant et al., 479 
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2018). Such a dynamic environment with large amounts of seawater influx is expected in chimney 480 

structures due to the thin chimney walls and frequent collapse and regrowth events. 481 

Zoning is more complex in euhedral pyrite grains from deeper core samples (A5 and A7), consisting of 482 

both sectoral and radial zonation patterns (Fig. 4I-L). Sectoral zonation, which is comparatively rare 483 

compared with radial zonations, has been reported in pyrite from the Pascua high sulfidation epithermal Au 484 

deposit (Chouinard et al., 2005). At Pascua, similar zonations occur in response to the preferential 485 

incorporation of elements on different crystal faces. For sectoral zonation, the growth morphology of the 486 

pyrite is dominated by {111} octahedron, with metals preferentially incorporated in the sectors of {110} 487 

dodecahedron (Chouinard et al., 2005), hence explaining the visible difference in colors in etched images 488 

which correspond to different trace metal enrichment signatures (Fig. 4I-L). In some pyrite crystals, sectoral 489 

zonation is overprinted by radial zonations indicating a change in pyrite growth conditions and structure 490 

over time. In fluorite, which also has an isometric crystal system, temperature is suggested to strongly 491 

influence changes in growth from octahedral at lower temperature, to cubic at higher temperatures (Nadoll 492 

et al., 2018). We suggest that sectoral zonation formed under relatively stable fluid conditions whereas 493 

concentric zonations indicate transient fluctuations in fluid chemistry (e.g., pH and redox) and temperature. 494 

Radial zonations are uncommon in pyrite from core samples taken at greater depth and within the ultramafic 495 

protolith (sections A9 and A10). Instead, the zonations are chaotic, irregular, and do not occur parallel to 496 

the current grain margin (Fig. 4M to T). Clear euhedral faces are visible within some of the etched grains 497 

(e.g., Fig. 4N and O). Similar euhedral faces were noted deep below the seafloor at the NW Caldera 498 

hydrothermal site at Brothers volcano (Kermadec Arc). Here, these textures were interpreted to indicate 499 

recrystallization and amalgamation of early pyrite generations, leading to random zonations (Martin et al., 500 

2022). Co-rich pyrite cores (Fig. 4T*) similar to those described here were also found at Brothers volcano, 501 

and were attributed to brine dilution below the seafloor. The occurrence of such grains in the subseafloor 502 

near Semenov-1 may indicate similar complex processes (Fig. 4T). 503 
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Magmatic volatile influx as a source of sulfur and metals  504 

Sulfur in SMS deposits hosted in unsedimented environments is derived from three main isotopically 505 

distinct reservoirs: i) seawater sulfate, with a composition of δ34S = ~21‰ (Rees et al., 1978); ii) oceanic 506 

crust and contained magmatic sulfide minerals (δ34S = ~0‰ in mid-ocean ridge basalts; Sakai et al., 1984); 507 

and iii) the addition of an SO2-rich volatile phase which undergoes disproportionation, although this source 508 

is thought to be less important at mid-ocean ridges, and more common in volatile-rich arc environments 509 

(Kusakabe et al., 2000). Given that alteration mineralogy (i.e., chlorite and chalcopyrite) indicate 510 

temperatures in excess of ~250 °C, we discount bacterial sulfate reduction (BSR) as a potential major source 511 

of sulfur at Semenov-1, as BSR only occurs at low temperatures <<100 °C (e.g., Nozaki et al., 2020). 512 

Typically, varying proportions of seawater sulfate, which is thermochemically reduced at temperatures 513 

>160 °C in the presence of Fe-bearing minerals (Machel et al., 1995), and reduced sulfur leached from the 514 

oceanic crust produces sulfide minerals with δ34S values of between 0-5‰ (e.g., Hannington et al., 2005; 515 

Fig. 9). During disproportionation, sulfur isotopes undergo fractionation, the amount of which is largely 516 

dependent on temperature (Kusakabe et al., 2000). At temperatures of ~300 °C, sulfide minerals formed 517 

during disproportionation will exhibit low δ34S values that are less than the magmatic host rocks (~0‰), 518 

typically around -5‰ (Fig. 9; e.g., de Ronde and Stucker, 2015; Hannington et al., 2005).  519 

Previous studies at Semenov-1 documented δ34S values in sulfide minerals as low as -3.3‰, that in addition 520 

to CO2 and SO2 in barite-hosted fluid inclusions, indicate a possible magmatic volatile source of sulfur, and 521 

by association, metals (Fig. 6) (Melekestseva et al., 2014). The contribution of a magmatic volatile phase 522 

at the active Semenov-2 deposit is also suggested, due to the high overall Au and Cu contents and abundance 523 

of telluride minerals (Melekestseva et al., 2017a,b). The subseafloor sulfide minerals near Semenov-1 524 

analyzed in this study range from -20.6 to 13.6‰ with an average of 0±5‰ (1σ, n=114) (Fig. 5 and 6). 525 

There is no correlation between depth below the seafloor and δ34S values (Fig. 5). The lack of variation in 526 

δ34S values with depth below the seafloor or lithology at Semenov-1 supports a well-mixed fluid source. 527 
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The average δ34S value of 0.0±5‰ (1σ, n=114) indicates that sulfur at Semenov-1 was largely derived from 528 

the leaching of oceanic lithosphere (~0‰; Sakai, 1968), producing an average δ34S value indistinguishable 529 

from that of MORB. What is clearly evident at the mineral scale is that the source of sulfur fluctuated during 530 

the growth of different sulfide minerals, producing highly heterogenous δ34S values across individual 531 

mineral grains (Fig. 6). Mineral-scale heterogeneity is shown in Figure 6L, where analytical spots that are 532 

located within ~100 µm of one another range from -10.9 to 4.6‰, indicating temporal variation in the 533 

source of sulfur or processes that affect sulfur isotope fractionation, in and below the Semenov-1 mound. 534 

Such sources could include shifts in the relative amount of sulfur sourced from thermochemical sulfate 535 

reduction of seawater during fault slip events along the detachment (Martin et al., 2024) or variations in 536 

magmatic volatile degassing (e.g., de Ronde et al., 2005) or fluid phase separation (Gemmell et al., 2004). 537 

Similarly, such variation at the scale of individual mineral grains has been observed widely in arc-related 538 

SMS deposits (e.g., Martin et al., 2023a) and in sedimented environments (Nozaki et al., 2020), and now 539 

in pyrite from a detachment hosted setting. 540 

Implications from exploring the third-dimension  541 

Deep-sea drilling near the Semenov-1 deposit provides insights into the relationship between detachment 542 

faulting, fluid flow and sulfide mineralization (Fig. 10). We interpret the drilled intersection near the base 543 

of the Semenov-1 mound as representing the transition from a thin veneer, approximately 7.5 m in 544 

thickness, of brecciated altered basalt into the ultramafic-dominated detachment fault surface (Fig. 10). Our 545 

observations confirm earlier interpretations that depict a thin rubble layer overlying and burying the 546 

corrugated detachment surface with increasing distance from the toe of the detachment (Escartín et al., 547 

2017). Moreover, the occurrence of multiple discrete mylonite zones within the ultramafic portion of the 548 

drill core confirms the presence of anastomosing fault networks delineating a broad zone of ductile 549 

deformation, as described by Escartín et al. (2017). 550 

With the available data, the economic viability of subsurface mineralization at Semenov-1 cannot be 551 

determined as the drill core did not penetrate beneath the mound where stockwork mineralization is thought 552 
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to occur (Fig. 10). The absence of sulfide veins shows that the fluid up flow zone and stockwork 553 

mineralization are highly localized features and our observations confirm that the stockwork does not 554 

extend to the margin of the mound. Similar observations were made at the Brothers volcano NW Caldera 555 

site where any potentially economic mineralization (e.g., sphalerite veins) occurred within 1-2 m of the 556 

seafloor, below this disseminated pyrite with a low trace metal content dominated, similar to that observed 557 

in the drill core here (Martin et al., 2022). Thus, seafloor drilling remains an integral part in understanding 558 

the 3D architecture of sub-seafloor fluid flow and allows the spatial relationship between faulting, alteration 559 

and mineralization to be assessed. 560 

Summary and Conclusion 561 

We present a glimpse into the sub-seafloor architecture of a detachment fault system. The drilled interval 562 

that penetrated to 20.7 mbsf is highly heterogenous. Above ~7.5 mbsf, alteration is dominated by clay 563 

minerals and chlorite and rocks have a brecciated texture. Below 7.5 mbsf, alteration consists of serpentinite 564 

minerals, talc, magnesite and dolomite and rocks commonly contain sub-vertical to sub-horizontal mylonite 565 

zones with associated fault gouge. The boundary between these texturally and mineralogically distinct 566 

zones represents the transition from a mafic rubble zone through the upper surface of the detachment fault.  567 

Sulfide sediment contains isocubanite, pyrrhotite and native Au, and in combination with the gravely 568 

texture, indicates it originated from chimney collapse followed by local reworking next to the mound. By 569 

contrast, disseminated mineralization is dominated by pyrite with lesser amounts of marcasite, chalcopyrite 570 

and sphalerite (<1 vol %). Pyrite located directly above the detachment fault surface is enriched in Ni 571 

reflecting the contribution of metals from the leaching of underlying ultramafic host rocks. However, most 572 

economically significant metals (e.g., Au and Cu) are enriched in the talus layer near the seafloor, reflecting 573 

the strong physicochemical gradients that are present in chimney structures favoring and enhancing metal 574 

precipitation. Sulfur isotope ratios of sulfide minerals within the fault zone indicate that leaching of 575 

magmatic sulfur from host rocks is the main source of sulfur, however notable variations exist at the mineral 576 
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scale indicating the source of sulfur or processes that affect fractionation fluctuated over time. Our data 577 

indicates that minimal economic potential exists immediately outside the stockwork zone due to the lack of 578 

base metal-rich sulfide mineralization and the low trace metal content of pyrite and marcasite. 579 

This initial investigation into drill core from near Semenov-1 highlights the heterogenous nature of 580 

alteration mineral assemblages below the seafloor. Further investigation into the relationship between 581 

serpentinization, carbonation and sulfide mineralization and its temporal relationship to the formation of 582 

the Semenov-1 massive sulfide mound is needed to further understand fluid evolution and mineral deposit 583 

formation on and within an oceanic core complex detachment fault. 584 

Acknowledgments  585 

We thank the captain and crew of the RRS James Cook and the drilling team of Rock Drill II. We thank 586 

Paul Lusty for his assistance during data collection aboard the James Cook. Glenn Piercy is thanked for his 587 

assistance during SIMS data collection, Marcus Wälle for LA-ICP-MS analysis and Wanda Aylward for 588 

EPMA map collection. We thank Anthony Oldroyd for his assistance during XRD analysis. We also 589 

acknowledge the support of the Natural Environmental Research Council (grant: NE/S004068/1 – PI 590 

Murton) in obtaining ship time and use of drilling equipment. Jamieson acknowledges the support of the 591 

Canada Research Chair program. We thank two anonymous reviewers for their constructive feedback and 592 

the editor for the efficient handing of this manuscript. 593 

Data Statement 594 

All data and standard reference material analyses pertaining to this study are available in the four 595 

supplementary data files (Appendix A-D). 596 

References 597 

Allen, D.E., Seyfried, W.E., 2004. Serpentinization and heat generation: constraints from Lost City and 598 

Rainbow hydrothermal systems. Geochimica et Cosmochimica Acta 68, 1347–1354.  599 



 

26 
 

Alt, J.C., Honnorez, J., Laverne, C., Emmermann, R., 1986. Hydrothermal alteration of a 1 km section 600 

through the upper oceanic crust, Deep Sea Drilling Project Hole 504B: Mineralogy, chemistry 601 

and evolution of seawater-basalt interactions. Journal of Geophysical Research: Solid Earth 91, 602 

10309–10335.  603 

Alt, J.C., Jiang, W.-T., 1991. Hydrothermally precipitated mixed-layer illite-smectite in recent massive 604 

sulfide deposits from the sea floor. Geology 19, 570–573.  605 

Alt, J.C., Shanks, W.C., 2003. Serpentinization of abyssal peridotites from the MARK area, Mid-Atlantic 606 

Ridge: sulfur geochemistry and reaction modeling. Geochimica et Cosmochimica Acta. 67, 641–607 

653.  608 

Baker, P.A., Kastner, M., 1981. Constraints on the Formation of Sedimentary Dolomite. Science. 213, 609 

214–216.  610 

Barnes, S.J., Wells, M.A., Verrall, M.R., 2009. Effects of Magmatic Processes, Serpentinization, and 611 

Talc-Carbonate Alteration on Sulfide Mineralogy and Ore Textures in the Black Swan 612 

Disseminated Nickel Sulfide Deposit, Yilgarn Craton. Economic Geology. 104, 539–562.  613 

Bjerga, A., Konopásek, J., Pedersen, R.B., 2015. Talc–carbonate alteration of ultramafic rocks within the 614 

Leka Ophiolite Complex, Central Norway. Lithos. 227, 21–36.  615 

Bonatti, E., Lawrence, J.R., Morandi, N., 1984. Serpentinization of oceanic peridotites: temperature 616 

dependence of mineralogy and boron content. Earth and Planetary Science Letters. 70, 88–94.  617 

Boschen, R.E., Rowden, A.A., Clark, M.R., Gardner, J.P.A., 2013. Mining of deep-sea seafloor massive 618 

sulfides: A review of the deposits, their benthic communities, impacts from mining, regulatory 619 

frameworks and management strategies. Ocean & Coastal Management. 84, 54–67.  620 

Brueckner, S.M., Piercey, S.J., Layne, G.D., Piercey, G., Sylvester, P.J., 2015. Variations of sulphur 621 

isotope signatures in sulphides from the metamorphosed Ming Cu(−Au) volcanogenic massive 622 

sulphide deposit, Newfoundland Appalachians, Canada. Mineralium Deposita. 50, 619–640.  623 



 

27 
 

Butler, I.B., Nesbitt, R.W., 1999. Trace element distributions in the chalcopyrite wall of a black smoker 624 

chimney: insights from laser ablation inductively coupled plasma mass spectrometry (LA–ICP–625 

MS). Earth and Planetary Science Letters. 167, 335–345.  626 

Cann, J.R., Blackman, D.K., Smith, D.K., McAllister, E., Janssen, B., Mello, S., Avgerinos, E., Pascoe, 627 

A.R., Escartin, J., 1997. Corrugated slip surfaces formed at ridge–transform intersections on the 628 

Mid-Atlantic Ridge. Nature 385, 329–332.  629 

Cannat, M., 1993. Emplacement of mantle rocks in the seafloor at mid-ocean ridges. Journal of 630 

Geophysical Research Solid Earth. 98, 4163–4172.  631 

Cherkashev, G.A., Ivanov, V.N., Bel’tenev, V.I., Lazareva, L.I., Rozhdestvenskaya, I.I., Samovarov, 632 

M.L., Poroshina, I.M., Sergeev, M.B., Stepanova, T.V., Dobretsova, I.G., Kuznetsov, V.Yu., 633 

2013. Massive sulfide ores of the northern equatorial Mid-Atlantic Ridge. Oceanology. 53, 607–634 

619.  635 

Choi, S.K., Pak, S.J., Kim, J., Shin, J.Y., Yang, S., Jang, H., Son, S.-K., 2023. Mineralogy and trace 636 

element geochemistry of hydrothermal sulfides from the Ari vent field, Central Indian Ridge. 637 

Mineralium Deposita. 58, 1537–1558.  638 

Chouinard, A., Paquette, J., Williams-Jones, A.E., 2005. Crystallographic controls on trace-element 639 

incorporation in auriferous pyrite from the Pascua epithermal high-sulfidation deposit, Chile–640 

Argentina. Canadian Mineralogist. 43, 951–963. 641 

Coltat, R., Boulvais, P., Branquet, Y., Richard, A., Tarantola, A., Manatschal, G., 2021b. Moho 642 

carbonation at an ocean-continent transition. Geology 50, 278–283.  643 

Coltat, R., Boulvais, P., Riegler, T., Pelleter, E., Branquet, Y., 2021a. Element distribution in the root 644 

zone of ultramafic-hosted black smoker-like systems: Constraints from an Alpine analog. 645 

Chemical Geology. 559, 119916.  646 

de Ronde, C.E.J., Stucker, V.K., 2015. Chapter 47 - Seafloor Hydrothermal Venting at Volcanic Arcs and 647 

Backarcs, in: Sigurdsson, H. (Eds.), The Encyclopedia of Volcanoes (Second Edition). Academic 648 

Press, Amsterdam, pp. 823–849.  649 



 

28 
 

Ding, T., Dias, Á.A., Wang, J., Tan, T., Liang, J., Wu, B., Tao, C., 2023. Serpentinization and its 650 

implications for ultramafic-hosted sulfide mineralization: A case study at the Tianzuo 651 

hydrothermal field, 63.5°E, Southwest Indian Ridge. Marine Geology. 455, 106969.  652 

Ding, T., Tao, C., Dias, Á.A., Liang, J., Chen, J., Wu, B., Ma, D., Zhang, R., Wang, J., Liao, S., Wang, 653 

Y., Yang, W., Liu, J., Li, W., Zhang, G., Huang, H., 2021. Sulfur isotopic compositions of 654 

sulfides along the Southwest Indian Ridge: implications for mineralization in ultramafic rocks. 655 

Mineralium Deposita. 56, 991–1006.  656 

Doyle, M.G., Allen, R.L., 2003. Subsea-floor replacement in volcanic-hosted massive sulfide deposits. 657 

Ore Geology Reviews. 23, 183–222.  658 

Dubinina, E.O., Bortnikov, N.S., Stavrova, O.O., Kossova, S.A., 2020. Sulfur Isotope Fractionation 659 

During Sulfide Generation in the Hydrothermal Submarine Systems: The Case of Logatchev, 660 

Krasnov, and Rainbow Hydrothermal Fields, Mid-Atlantic Ridge. Geology of Ore Deposits. 62, 661 

351–371.  662 

Escartín J., Petersen S., (2017). ODEMAR AUV Abyss (GEOMAR) + shipboard Pourquoi Pas? 663 

multibeam bathymetry - 13deg20'N and 13deg30'N Oceanic Core Complexes, Mid Atlantic 664 

Ridge. SEANOE. https://doi.org/10.17882/48335 665 

Escartín, J., Mével, C., Petersen, S., Bonnemains, D., Cannat, M., Andreani, M., Augustin, N., Bezos, A., 666 

Chavagnac, V., Choi, Y., Godard, M., Haaga, K., Hamelin, C., Ildefonse, B., Jamieson, J., John, 667 

B., Leleu, T., MacLeod, C.J., Massot-Campos, M., Nomikou, P., Olive, J.A., Paquet, M., 668 

Rommevaux, C., Rothenbeck, M., Steinfuhrer, A., Tominaga, M., Triebe, L., Campos, R., 669 

Gracias, N., Garcia, R., 2017. Tectonic structure, evolution, and the nature of oceanic core 670 

complexes and their detachment fault zones (13°20′N and 13°30′N, Mid Atlantic Ridge). 671 

Geochemistry, Geophysics, Geosystems. 18, 1451–1482.  672 

Evans, B.W., Hattori, K., Baronnet, A., 2013. Serpentinite: What, Why, Where? Elements. 9, 99–106.  673 

https://doi.org/10.17882/48335


 

29 
 

Firstova, A., Cherkashov, G., Stepanova, T., Sukhanova, A., Poroshina, I., Bel’tenev, V., 2022. New Data 674 

for the Internal Structure of Ultramafic Hosted Seafloor Massive Sulfides (SMS) Deposits: Case 675 

Study of the Semenov-5 Hydrothermal Field (13°31′ N, MAR). Minerals. 12, 1593.  676 

Fouquet, Y., Cambon, P., Etoubleau, J., Charlou, J.L., OndréAs, H., Barriga, F.J.A.S., Cherkashov, G., 677 

Semkova, T., Poroshina, I., Bohn, M., Donval, J.P., Henry, K., Murphy, P., Rouxel, O., 2013. 678 

Geodiversity of Hydrothermal Processes Along the Mid-Atlantic Ridge and Ultramafic-Hosted 679 

Mineralization: a New Type Of Oceanic Cu-Zn-Co-Au Volcanogenic Massive Sulfide Deposit, 680 

in: Diversity Of Hydrothermal Systems On Slow Spreading Ocean Ridges. American 681 

Geophysical Union (AGU), pp. 321–367. https://doi.org/10.1029/2008GM000746 682 

Fouquet, Y., Cambon, P., Etoubleau, J., Charlou, J.L., Ondréas, H., Barriga, F.J.A.S., Cherkashov, G., 683 

Semkova, T., Poroshina, I., Bohn, M., Donval, J.P., Henry, K., Murphy, P., Rouxel, O., 2010. 684 

Geodiversity of hydrothermal processes along the Mid-Atlantic Ridge and ultramafic-hosted 685 

mineralization: A new type of oceanic Cu-Zn-Co-Au volcanogenic massive sulfide deposit, in: 686 

Rona, P.A., Devey, C.W., Dyment, J., Murton, B.J. (Eds.), Geophysical Monograph Series. 687 

American Geophysical Union, Washington, D. C., pp. 321–367. 688 

https://doi.org/10.1029/2008GM000746 689 

Francis, T.J.G., 1981. Serpentinization faults and their role in the tectonics of slow spreading ridges. 690 

Journal of Geophysical Research: Solid Earth. 86, 11616–11622.  691 

Früh-Green, G.L., Connolly, J.A.D., Plas, A., Kelley, D.S., Grobéty, B., 2004. Serpentinization of 692 

Oceanic Peridotites: Implications for Geochemical Cycles and Biological Activity, in: The 693 

Subseafloor Biosphere at Mid-Ocean Ridges. American Geophysical Union (AGU), pp. 119–136. 694 

https://doi.org/10.1029/144GM08 695 

Grant, H.L.J., Hannington, M.D., Petersen, S., Frische, M., Fuchs, S.H., 2018. Constraints on the 696 

behavior of trace elements in the actively-forming TAG deposit, Mid-Atlantic Ridge, based on 697 

LA-ICP-MS analyses of pyrite. Chemical Geology. 498, 45–71.  698 



 

30 
 

Hannington, M.D., de Ronde, C.D.J., Petersen, S., 2005. Sea-floor tectonics and submarine hydrothermal 699 

systems, in: Hedenquist, J.W., Thompson, J.F.H., Goldfarb, R.J., Richards, J.P. (Eds.), Economic 700 

Geology 100th Anniversary Volume. Society of Economic Geologists, Littelton, Colorado, USA, 701 

pp. 111–141. 702 

Hannington, M.D., Jamieson, J., Monecke, T., Petersen, S., Beaulieu, S., 2011. The abundance of seafloor 703 

 massive sulfide deposits. Geology. 39, 1155–1158 704 

Hannington, M.D., Scott, S.D., 1989. Sulfidation equilibria as guides to gold mineralization in 705 

volcanogenic massive sulfides; evidence from sulfide mineralogy and the composition of 706 

sphalerite. Economic Geology. 84, 1978–1995.  707 

Humphris, S.E., Herzig, P.M., Miller, D.J., Alt, J.C., Becker, K., Brown, D., Brügmann, G., Chiba, H., 708 

Fouquet, Y., Gemmell, J.B., Guerin, G., Hannington, M.D., Holm, N.G., Honnorez, J.J., Iturrino, 709 

G.J., Knott, R., Ludwig, R., Nakamura, K., Petersen, S., Reysenbach, A.-L., Rona, P.A., Smith, 710 

S., A. A, S., Tivey, M.K., Zhao, X., 1995. The internal structure of an active sea-floor massive 711 

sulphide deposit. Nature. 377, 713–716.  712 

Humphris, S.E., Klein, F., 2018. Progress in Deciphering the Controls on the Geochemistry of Fluids in 713 

Seafloor Hydrothermal Systems. Annual Review of Marine Science. 10, 315–343. 714 

https://doi.org/10.1146/annurev-marine-121916-063233 715 

Humphris, S.E., Thompson, G., 1978. Hydrothermal alteration of oceanic basalts by seawater. 716 

Geochimica et Cosmochimica Acta. 42, 107–125.  717 

Jamieson, J.W., Clague, D.A., Hannington, M.D., 2014. Hydrothermal sulfide accumulation along the 718 

Endeavour Segment, Juan de Fuca Ridge. Earth and Planetary Science Letters. 395, 136–148.  719 

Jamieson, J.W., Gartman, A., 2020. Defining active, inactive, and extinct seafloor massive sulfide 720 

deposits. Marine Policy. 117, 103926.  721 

Kawasumi, S., Chiba, H., 2017. Redox state of seafloor hydrothermal fluids and its effect on sulfide 722 

mineralization. Chemical Geology. 451, 25–37.  723 



 

31 
 

Keith, M., Häckel, F., Haase, K.M., Schwarz-Schampera, U., Klemd, R., 2016. Trace element systematics 724 

of pyrite from submarine hydrothermal vents. Ore Geology Reviews. 72, 728–745.  725 

Kelley, D.S., Karson, J.A., Früh-Green, G.L., Yoerger, D.R., Shank, T.M., Butterfield, D.A., Hayes, J.M., 726 

Schrenk, M.O., Olson, E.J., Proskurowski, G., Jakuba, M., Bradley, A., Larson, B., Ludwig, K., 727 

Glickson, D., Buckman, K., Bradley, A.S., Brazelton, W.J., Roe, K., Elend, M.J., Delacour, A., 728 

Bernasconi, S.M., Lilley, M.D., Baross, J.A., Summons, R.E., Sylva, S.P., 2005. A Serpentinite-729 

Hosted Ecosystem: The Lost City Hydrothermal Field. Science 307, 1428–1434.  730 

Kusakabe, M., Komoda, Y., Takano, B., Abiko, T., 2000. Sulfur isotopic effects in the disproportionation 731 

reaction of sulfur dioxide in hydrothermal fluids: implications for the δ34S variations of dissolved 732 

bisulfate and elemental sulfur from active crater lakes. Journal of Volcanology and Geothermal 733 

Research. 97, 287–307.  734 

Kuznetsov, V., Maksimov, F., Zheleznov, A., Cherkashov, G., Bel’Tenev, V., Lazareva, L., 2011. 735 

230Th/U chronology of ore formation within the semyenov hydrothermal district (13°31′ N) at 736 

the Mid-Atlantic ridge. Geochronometria. 38, 72–76.  737 

Liao, S., Tao, C., Jamieson, J.W., Liu, J., Zhu, C., Barriga, F.J.A.S., Li, W., Liang, J., Yang, W., Zhou, J., 738 

Deng, X., Yu, J., 2022. Oxidizing fluids associated with detachment hosted hydrothermal 739 

systems: Example from the Suye hydrothermal field on the ultraslow-spreading Southwest Indian 740 

Ridge. Geochimica et Cosmochimica Acta. 328, 19–36.  741 

Lowell, R.P., Rona, P.A., 2002. Seafloor hydrothermal systems driven by the serpentinization of 742 

peridotite. Geophysical Research Letters. 29, 26-1-26–4.  743 

Machel, H.G., Krouse, H.R., Sassen, R., 1995. Products and distinguishing criteria of bacterial and 744 

thermochemical sulfate reduction. Applied Geochemistry. 10, 373–389.  745 

MacLeod, C.J., Searle, R.C., Murton, B.J., Casey, J.F., Mallows, C., Unsworth, S.C., Achenbach, K.L., 746 

Harris, M., 2009. Life cycle of oceanic core complexes. Earth and Planetary Science Letters. 287, 747 

333–344.  748 



 

32 
 

Marques, A.F.A., Barriga, F., Chavagnac, V., Fouquet, Y., 2006. Mineralogy, geochemistry, and Nd 749 

isotope composition of the Rainbow hydrothermal field, Mid-Atlantic Ridge. Mineralium 750 

Deposita. 41, 52–67.  751 

Marques, A.F.A., Barriga, F.J.A.S., Scott, S.D., 2007. Sulfide mineralization in an ultramafic-rock hosted 752 

seafloor hydrothermal system: From serpentinization to the formation of Cu–Zn–(Co)-rich 753 

massive sulfides. Marine Geology. 245, 20–39.  754 

Martin, A.J., Jamieson, J.W., de Ronde, C.E.J., Humphris, S.E., McDonald, I., Layne, G.D., Piercey, G., 755 

MacLeod, C.J., 2022. Trace metal and sulfur cycling in a hydrothermally active arc volcano: 756 

deep-sea drilling of the Brothers volcano, Kermadec arc, New Zealand. Mineralium Deposita. 58, 757 

403-425. 758 

Martin, A.J., Jamieson, J.W., de Ronde, C.E.J., Layne, G.D., Piercey, G., Brandl, P.A., 2023a. 759 

Constraining temporal variations in metal and sulfur sources using high-resolution mineral-scale 760 

analysis of pyrite: evidence from the Brothers volcano, Kermadec arc, New Zealand. Mineralium 761 

Deposita. 58, 1237–1262. 762 

Martin, A.J., Jamieson, J.W., Petersen, S., Fayek, M., Escartin, J., 2024. Fluid Flow, Mineralization and 763 

Deformation in an Oceanic Detachment Fault: Microtextural, Geochemical and Isotopic Evidence 764 

From Pyrite at 13°30′N on the Mid-Atlantic Ridge. Geochemistry, Geophysics, Geosystems. 25, 765 

e2023GC011033.  766 

Martin, A.J., MacLeod, C.J., McFall, K.A., McDonald, I., Jamieson, J.W., Cox, S., 2023b. Ultramafic-767 

Hosted Ni-Cu-Co-(As) Mineralization from an Ancient Oceanic Transform Fault Zone in the 768 

Troodos Ophiolite, Cyprus: An Analogue for Ultramafic Sea Floor Massive Sulfide 769 

Mineralization? Economic Geology. 118 (5): 1125–1147. 770 

Melekestseva, I. Yu., Maslennikov, V.V., Maslennikova, S.P., Danyushevsky, L.V., Large, R., 2017a. 771 

Covellite of the Semenov-2 hydrothermal field (13°31.13′ N, Mid-Atlantic Ridge): Enrichment in 772 

trace elements according to LA ICP MS analysis. Dokl. Earth Sci. 473, 291–295.  773 



 

33 
 

Melekestseva, Irina Yu., Maslennikov, V.V., Tret’yakov, G.A., Nimis, P., Beltenev, V.E., 774 

Rozhdestvenskaya, I.I., Maslennikova, S.P., Belogub, E.V., Danyushevsky, L., Large, R., 775 

Yuminov, A.M., Sadykov, S.A., 2017b. Gold- and Silver-Rich Massive Sulfides from the 776 

Semenov-2 Hydrothermal Field, 13°31.13’N, Mid-Atlantic Ridge: A Case of Magmatic 777 

Contribution? Economic Geology. 112, 741–773.  778 

Melekestseva, I.Yu., Tret’yakov, G.A., Nimis, P., Yuminov, A.M., Maslennikov, V.V., Maslennikova, 779 

S.P., Kotlyarov, V.A., Beltenev, V.E., Danyushevsky, L.V., Large, R., 2014. Barite-rich massive 780 

sulfides from the Semenov-1 hydrothermal field (Mid-Atlantic Ridge, 13°30.87′ N): Evidence for 781 

phase separation and magmatic input. Marine Geology. 349, 37–54.  782 

Meng, X., Li, X., Chu, F., Zhu, J., Lei, J., Li, Z., Wang, H., Chen, L., Zhu, Z., 2020. Trace element and 783 

sulfur isotope compositions for pyrite across the mineralization zones of a sulfide chimney from 784 

the East Pacific Rise (1-2°S). Ore Geology Reviews. 116, 103209.  785 

Mével, C., 2003. Serpentinization of abyssal peridotites at mid-ocean ridges. Comptes Rendus 786 

Geoscience. 335, 825–852.  787 

Miller, K.A., Thompson, K.F., Johnston, P., Santillo, D., 2018. An Overview of Seabed Mining Including 788 

the Current State of Development, Environmental Impacts, and Knowledge Gaps. Frontiers in 789 

Marine Science. 4. 790 

Murton, B.J., Lehrmann, B., Dutrieux, A.M., Martins, S., de la Iglesia, A.G., Stobbs, I.J., Barriga, 791 

F.J.A.S., Bialas, J., Dannowski, A., Vardy, M.E., North, L.J., Yeo, I.A.L.M., Lusty, P.A.J., 792 

Petersen, S., 2019. Geological fate of seafloor massive sulphides at the TAG hydrothermal field 793 

(Mid-Atlantic Ridge). Ore Geology Reviews. 107, 903–925.  794 

Nadoll, P., Rehm, M., Duschl, F., Klemd, R., Kraemer, D., Sośnicka, M., 2018. REY and Trace Element 795 

Chemistry of Fluorite from Post-Variscan Hydrothermal Veins in Paleozoic Units of the North 796 

German Basin. Geosciences. 8, 283. 797 



 

34 
 

Nozaki, T., Nagase, T., Takaya, Y., Yamasaki, T., Otake, T., Yonezu, K., Ikehata, K., Totsuka, S., Kitada, 798 

K., Sanada, Y., Yamada, Y., Ishibashi, J., Kumagai, H., Maeda, L., 2021. Subseafloor sulphide 799 

deposit formed by pumice replacement mineralisation. Scientific Reports. 11, 8809.  800 

Nozaki, T., Nagase, T., Ushikubo, T., Shimizu, K., Ishibashi, J., Scientists, D.C.E. 909, 2020. Microbial 801 

sulfate reduction plays an important role at the initial stage of subseafloor sulfide mineralization. 802 

Geology. 49 (2), 222–227. 803 

Patten, C.G.C., Coltat, R., Junge, M., Peillod, A., Ulrich, M., Manatschal, G., Kolb, J., 2022. Ultramafic-804 

hosted volcanogenic massive sulfide deposits: an overlooked sub-class of VMS deposit forming 805 

in complex tectonic environments. Earth Science Reviews. 224, 103891.  806 

Pertsev, A.N., Bortnikov, N.S., Vlasov, E.A., Beltenev, V.E., Dobretsova, I.G., Ageeva, O.A., 2012. 807 

Recent massive sulfide deposits of the Semenov ore district, Mid-Atlantic Ridge, 13°31′ N: 808 

Associated rocks of the oceanic core complex and their hydrothermal alteration. Geology of Ore 809 

Deposits. 54, 334–346.  810 

Piercey, S.J., 2011. The setting, style, and role of magmatism in the formation of volcanogenic massive 811 

sulfide deposits. Mineralium Deposita. 46, 449–471.  812 

Rees, C.E., Jenkins, W.J., Monster, J., 1978. The sulphur isotopic composition of ocean water sulphate. 813 

Geochimica et Cosmochimica Acta. 42, 377–381. 814 

Reyes, A.G., 1990. Petrology of Philippine geothermal systems and the application of alteration 815 

mineralogy to their assessment. Journal of Volcanology and Geothermal Research. 43, 279–309.  816 

Rona, P.A., Widenfalk, L., Boström, K., 1987. Serpentinized ultramafics and hydrothermal activity at the 817 

Mid-Atlantic Ridge crest near 15°N. Journal of Geophysical Research: Solid Earth. 92, 1417–818 

1427. https://doi.org/10.1029/JB092iB02p01417 819 

Sakai, H., 1968. Isotopic properties of sulfur compounds in hydrothermal processes. Geochem. J. 2, 29–820 

49. 821 

Sakai, H., Marais, D.J.D., Ueda, A., Moore, J.G., 1984. Concentrations and isotope ratios of carbon, 822 

nitrogen and sulfur in ocean-floor basalts. Geochimica et Cosmochimica Acta. 48, 2433–2441.  823 



 

35 
 

Tanner, D., Henley, R.W., Mavrogenes, J.A., Holden, P., 2013. Combining in situ isotopic, trace element 824 

and textural analyses of quartz from four magmatic-hydrothermal ore deposits. Contributions to 825 

Mineralogy and Petrology. 166, 1119–1142.  826 

Van Dover, C.L., 2011. Mining seafloor massive sulphides and biodiversity: what is at risk? ICES Journal 827 

of Marine Science. 68, 341–348.  828 

Wan, Y., Wang, Xiaolin, Chou, I.-M., Hu, W., Zhang, Y., Wang, Xiaoyu, 2017. An Experimental Study 829 

of the Formation of Talc through CaMg(CO3)2–SiO2–H2O Interaction at 100–200°C and Vapor-830 

Saturation Pressures. Geofluids. 2017, 3942826.  831 

Wang, S., Li, C., Li, B., Dang, Y., Ye, J., Zhu, Z., Zhang, L., Shi, X., 2022. Constraints on fluid evolution 832 

and growth processes of black smoker chimneys by pyrite geochemistry: A case study of the 833 

Tongguan hydrothermal field, South Mid-Atlantic Ridge. Ore Geology Reviews. 140, 104410.  834 

Wang, Y., Han, X., Petersen, S., Jin, X., Qiu, Z., Zhu, J., 2014. Mineralogy and geochemistry of 835 

hydrothermal precipitates from Kairei hydrothermal field, Central Indian Ridge. Marine Geology. 836 

354, 69–80.  837 

Figure Captions 838 

Figure 1: Location map of 13°30’N and Semenov-1. A) Location of 13°30’N on the Mid-Atlantic Ridge. 839 

B) Bathymetric map of the13°30’N oceanic core complex with location of Semenov (Sem.) hydrothermal 840 

fields. C) Location map of Semenov-1 mound showing location of drill hole 52_RD_A (mbsl = meters 841 

below sea level) (Data: Escartin and Petersen, 2017). 842 

Figure 2: Core samples recovered from deep-sea drilling operations. Core number and sample depth is 843 

indicated in the figure. A) Massive pyrite with a porous texture and vein of iron oxide (FeOx). B) Massive 844 

pyrite with chalcopyrite from the gravelly sulfide horizon. C) Calcite vein in brecciated amorphous and 845 

clay-rich wall rock with disseminated pyrite and chalcopyrite. D) Brecciated sub-angular clay-rich clasts 846 

and matrix containing disseminated pyrite. E) Brecciated sub-angular to sub-rounded clasts in a clay-847 
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chlinochlore matrix containing disseminated pyrite. F) Matrix supported breccia with distinct sub-rounded 848 

clasts and coarse-grained disseminated pyrite (inset image). G) Mylonitic zone (fabric direction indicated 849 

by arrow) containing coarse-grained pyrite in a dolomite matrix (inset image).  H) Brecciated fault gouge 850 

zone with angular to sub-rounded clasts containing dolomite and disseminated marcasite (Mrc). I) Altered 851 

peridotite containing a mesh of fine-scale (1-2 mm) dolomite veins and partially altered pyroxene crystals 852 

(Px). J) Dolomite with iron impurities, no pyrite was visible. K) Altered peridotite containing dolomite, 853 

magnesite and relict pyroxene crystals. L) Serpentinized peridotite containing dolomite and serpentine. M) 854 

Chrysotile and dolomite-rich rocks with sparse disseminated pyrite. N) Serpentinized talc and quartz-rich 855 

peridotite with relict pyroxene crystals visible. O) Talc-rich rock with a mottled appearance. The scale in 856 

all images is 1cm. 857 

Figure 3: Photomicrographs in plane-polarized reflected light of mineral grain separates. A) Marcasite 858 

overgrown by pyrite. B) Framboidal pyrite overgrown by marcasite. C) Aggregates of pyrite with 859 

concentric layers. D) An atoll structure with concentric layers of pyrite and marcasite. E) Isocubanite with 860 

pyrrhotite. Isocubanite overgrows pyrrhotite. F) Chalcopyrite exsolution lamella in isocubanite. G) Native 861 

Au grains associated with the contact between pyrrhotite and isocubanite. H) Native Au grain in pyrrhotite 862 

associated with isocubanite (and chalcopyrite). I) Framboidal pyrite overgrown by bladed marcasite. J) 863 

Euhedral marcasite. K) Rosettes of euhedral marcasite. L) Pyrite overgrown by euhedral marcasite. M) Two 864 

intergrown euhedral pyrite grains. N) Euhedral pyrite. O) Subhedral pyrite. P) Intergrowth of two subhedral 865 

pyrite grains. Q) Mesh textured pyrite with chrome spinel. R) Chalcopyrite with both a porous and massive 866 

texture with euhedral pyrite. S) Pyrite aggregate with chalcopyrite inclusions. T) Chalcopyrite overgrown 867 

by sphalerite and pyrite. Py = pyrite, F-Py = framboidal pyrite, Mrc = marcasite, Cp = chalcopyrite, Crs = 868 

chrome spinel, Sph = sphalerite, Au = native gold. Blue outline = sulfide sediment-hosted, orange outline 869 

= mafic-hosted, green outline = ultramafic-hosted. 870 

Figure 4: Photomicrographs in plane-polarized reflected light of etched mineral grains. A) Fine-grained 871 

pyrite is overgrown by later coarse-grained pyrite containing radial zonations. B) Close-up image (shown 872 
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in panel A) showing growth direction (arrow) and intergrowth between marcasite and pyrite. *Inset images 873 

shows Mn distribution, red is high content (arrow = growth direction). C) Framboidal pyrite that is 874 

overgrown by a generation of fine-grained pyrite that is intergrown with marcasite, then overgrown by 875 

colloform pyrite and euhedral pyrite that exhibits radial zonations. D) Marcasite overgrown by pyrite 876 

containing radial zonations. E) Euhedral marcasite with either radial or “licorice” zonations. F) Close up 877 

image of a euhedral marcasite crystal showing oscillatory zonations. G) Complex sectoral and radial 878 

zonation in a marcasite grain. Chaotic fine-scale radial zonations occur in addition to sectoral zonation. H) 879 

Closeup image (shown in panel G) of zonations. I) Etching delineates four discrete pyrite grains with 880 

sectoral zonations. J) Pyrite with sectoral zonations overgrown by a later pyrite generation with radial 881 

zonations. K) Pyrite with sectoral zonations. L) Sectorally zoned pyrite overgrown by radially zoned pyrite 882 

and later marcasite. M) Chaotic zonation in pyrite indicating recrystallization. N) Euhedral pyrite that has 883 

been overgrown by later pyrite generations and undergone recrystallization. O) Closeup image (shown in 884 

panel N) of euhedral pyrite. P) Recrystallized pyrite. Q) Recrystallized pyrite with random zonations. R) 885 

Anhedral pyrite with a radial pattern and apparent sectoral zonation. Chalcopyrite occurs as inclusions. S) 886 

Anhedral pyrite with weak radial zonation and evidence or recrystallization in the grain center. T) Pyrite 887 

with “relict cores” (RC) containing wispy and irregular concentric zonations. *Inset is a map of Co 888 

distribution, red = high content. Py = pyrite, F-Py = framboidal pyrite, Mrc = marcasite, Cp = chalcopyrite. 889 

Blue outline = sulfide sediment-hosted, orange outline = mafic-hosted, green outline = ultramafic-hosted. 890 

Figure 5: Down hole sulfur isotope analysis data for drill core samples. A) Data for pyrite separated by core 891 

number. B) Data for pyrrhotite, marcasite and chalcopyrite. The average δ34S value for oceanic crust is 892 

shown in the gray box (~0‰; Sakai, 1968). Av. = average, out. = outlier, med. = median. Sulf. Sed. = 893 

sulfide sediment layer. 894 

Figure 6: Spatial location of SIMS analytical points in sulfide minerals. A) Pyrrhotite with isocubanite. B) 895 

Pyrrhotite with isocubanite. C) Pyrite with zones of porous and massive textures. D) Euhedral marcasite 896 

with framboidal pyrite (circles). E) Euhedral pyrite with δ34S values ranging from -6.7 to 0.1‰ in a single 897 
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grain. F) Anhedral pyrite. G) Anhedral pyrite. H) Porous pyrite containing only δ34S values >0‰. I) 898 

Transect of points across an aggregate of pyrite – δ34S values are highly heterogenous. J) Anhedral pyrite. 899 

K) Porous chalcopyrite. L) Transect of analytical points showing a large range in inter-grain δ34S values 900 

ranging from -10.9 to 4.6‰ over ~100µm.  901 

Figure 7: Down hole bulk-rock geochemical data analyzed via pXRF (n=300). Blue = sulfide sediment, 902 

orange = mafic, green = ultramafic-dominated. Gray represents core recovery. A) Silica is enriched in mafic 903 

lithologies and in talc-rich cores A10 and A11. B) Calcium is enriched in ultramafic relative to mafic rocks 904 

and correlates with dolomite and magnesite abundance (Table 2). C) Aluminum is enriched only in mafic 905 

lithologies. D) Nickel content peaks at the mafic-ultramafic transition and is relatively enriched in 906 

ultramafic lithologies. E) Chromium shows the same trend as Ni (full data; Appendix A). 907 

Figure 8: Laser ablation ICP-MS data for sulfide minerals in drill core samples. A) Comparison of the 908 

measured trace metal content between pyrite, pyrrhotite and marcasite. Marcasite is strongly enriched in Tl 909 

and Mn relative to pyrite and pyrrhotite. Pyrite is enriched in Ni and Ag, Cd and Cr, whereas pyrrhotite is 910 

enriched in Mo, Sb and Co. B) Downhole geochemical plots for pyrite divided by core number for Mn, Zn, 911 

Cu, Co, Tl, V, Au and Ag. C) Downhole geochemical plots for pyrite divided by core number for Ni, As, 912 

Se, Pb, Sb and Mo. Column to the right indicates, sulfide sediment, mafic or ultra-mafic core classification. 913 

Figure 9: Sulfur isotope summary for SMS deposits categorized by broad tectonic setting (other), for 914 

ultramafic-hosted sites (ultramafic), the Semenov vent field cluster and data from this study. Gray fields 915 

indicate primary magmatic sulfur for MORB and arc settings (Sakai, 1968; Sakai et al., 1984). Data: Choi 916 

et al., 2023; de Ronde and Stucker, 2015; Ding et al., 2021; Dubinina et al., 2020; Hannington et al., 2005; 917 

Martin et al., 2024; Melekestseva et al., 2017, 2014; Meng et al., 2020. 918 

Figure 10: Schematic representation of the subseafloor architecture of area adjacent to Semenov-1 based 919 

on observation from drill core 52RD_A. A thin veneer of calcareous sediment overlies a gravel-sand sulfide 920 

horizon that is enriched in chalcopyrite. Beneath this horizon rocks have a brecciated texture with visible 921 
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clasts that are clay and clinochlore-rich. Pyrite and marcasite occur as disseminations in the rock matrix. 922 

Near seafloor pyrite is relatively enriched in Mn, Zn, Cu, Co, Tl and V, reflecting higher degrees of shallow 923 

seawater mixing. At 7.5 mbsf a mylonite zone is intersected and rocks change to an ultramafic composition, 924 

containing serpentinite minerals, magnesite and dolomite with relict pyroxenes. This represents the 925 

transition from a thin basaltic breccia/talus veneer through the detachment fault surface. At deeper levels 926 

still, alteration becomes more talc-rich. As with upper levels, pyrite occurs as disseminated grains in the 927 

rock matrix. At the bottom the hole pyrite is notably enriched in Se. 928 

Table 1: Summary of drill core from hole 52_RD_A. 929 

Table 2: Summary of alteration mineralogy of recovered core samples analyzed by XRD. 930 
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