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ABSTRACT 
Submarine volcanic arcs represent a previously unheeded but potentially extensive 

source of shallow (<2 km water depth) vent fields expelling fluids of potential environmental 

and economic significance into the oceans. The observed metal enrichments in Sb and Tl 

(Hg, As, Au, Ag, Zn) of hydrothermal solids on the floor of the acidic (pH~ 5) crater of the 

Kolumbo shallow-submarine (<505 m water depth) arc-volcano, near Santorini, have 

implications for toxic metal (i.e. Tl, Sb, As, Hg) transport and biogeochemical cycling in 

seafloor hydrothermal systems, and underscores the importance of submarine volcanic and 

hydrothermal activity as sources of toxic metals in the oceans.  

Despite its notoriety as an environmental toxin, antimony (Sb) is one of the few 

elements, which has been rarely investigated in the marine hydrothermal vent environment. 

Motivated by the virtual lack of investigations, we explored the fixation of Sb in seafloor 

hydrothermal solid phases of the Kolumbo (Santorini) shallow-marine active hydrothermal 

field. Here we report on the results of optical and Scanning Electron Microscopy-

Backscattered Electron (SEM-BSE) studies, combined with Synchrotron Radiation (SR) based 

μ-XRF elemental mapping, and μ-XAFS spectra at LΙΙΙ-edge for Sb studies of these mineral 

phases,  and bulk trace and RE elements geochemical studies, in an attempt to decipher the 

inorganic and possibly biogenic mode(s) of deposition of Sb and the consequent  

environmental implications. 

Bulk Rare Earth Element(REE)  characteristics of Sb-rich samples, such as positive Eu 

anomalies, and lack of seawater REE signature and strong negative Ce anomaly, and light-

REE enrichment, combined show that Kolumbo solid precipitates are derived from seafloor 

venting of reducing evolved hydrothermal fluids.  

Antimony mineralization is ubiquitous throughout the life of particular hydrothermal 

edifices. Four (4) distinct modes (A-D) of Sb sequestration and enrichment have been 

revealed in ore-grade samples (≤2 wt% Sb)  from different mineralogical zones of diffuser 

chimneys ( i.e. ISCC, OAsL, SFeC, IPCN):  (A) High concentrations (up to 11 wt% Sb) occur in 

micron-scale concentric zones of laminated chemically-zoned pyrite/marcasite (ISSC), where 

Sb may occur in the reduced relatively more toxic Sb3+ form, in accordance with high  organic 

carbon content (Corg≤5.3 % TOC), and reducing hydrothermal fluids. Antimony and Pb either 

occupy the Fe and S sites, and/or at least part of the Sb occurs in sulphosalt nanoparticles of 

Sb and Pb, in the pyrite/marcasite structure; the concentration of Pb is considered important 
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in controlling the uptake of Sb into the pyrite/marcasite structure. Therefore, the control 

that pyrite e/marcasite apply to the concentration of Sb, and possibly other trace metals of 

economic and environmental importance, in shallow-seafloor hydrothermal vents,  is more 

significant than previously thought.  Antimony is additionally partitioned in individual 

antimoniferous crystalline phases that are clearly visible in optical microscopy and SEM-EDS 

and constitute unidentified non-stoichimetric PbnSbmSp sulphosalts. (B) The highest 

concentrations of Sb (up to 16 wt %) are found in growth zones of  colloform banded 

orpiment (As2S3)-type As-sulphide phases (OAsL).  (C) Antimony is linked with poorly ordered 

ferrihydrite-type (characterized by XAFS), Fe-(hydrated)-oxyhydroxides (SFeC). This is the 

first time that Sb is reported linked with short-ordered Fe3+-oxyhydroxides/ferrihydrite in 

shallow-marine hydrothermal systems associated with submarine arc-volcanos. (D) 

Unidentified antimoniferous (ZnmSbnSp) sulphosalt phases occur as dark violet metallic 

aggregates, as well as filaments, in the interior porous conduits (IPCN).   

The selective partitioning of Sb is most likely the result of changes in hydrothermal 

fluid composition, as well as pH and temperature, which are likely linked to the episodic 

nature of the Kolumbo hydrothermal vent system, i.e. periodic influx of magmatic 

hydrothermal fluids and associated cycles of Sb-(Pb) rich hydrothermal activity. 

Alternatively, these variations can evolve from ultra-local fluid composition variations due to 

short-lived fluid flow events linked to a seismic cycle, or they may suggest different chemical 

microenvironments within chimneys that may arise from geomicrobiological processes.    

The most important implication of the discovery of possibly biogenic filamentous 

fungal and/or microbial ZnmSbnSp is that this is a mechanism of bio-sequestration of 

hydrothermal Sb in solid phases at seafloor hydrothermal sites, not recognized before. 

Moreover, Sb   linked with the biogenic ferrihydrite-type Fe3+–(hydrated)-oxyhydroxides on 

the surface of the Kolumbo chimneys (SFeC)  may prove very helpful  for making predictions 

on the long-term fate of Sb associated with ferrihydrite in such shallow seafloor 

hydrothermal systems environments. Moreover, It is also possible that extremophile biota ( 

bacteria or Archea) may thrive on and in the antimoniferous Fe-rich layers, and those 

microorganisms may possess enzymes that allow them to survive in such toxic 

environments. 

The solid phases that fix Sb on the seafloor are proved crucial for reducing the high 

hydrothermal flux of this notorious environmental toxin  to seawater, near the fishing area 

of Santorini that is also one of the most popular tourist places in the world. Moreover, these 
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results offer novel insights to the geoenvironmental and biogeochemical Sb-cycle in the 

marine environment.  

All our results emphasize the weight of shallow-submarine geothermal activity as a 

potential source of toxic metals (Sb3+) during seafloor weathering, and/or natural disasters 

(i.e. explosive volcanic/hydrothermal, and seismic  activity). 
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1. Introduction 
Antimony (Sb), atomic number 51 (atomic mass: 122), is a trace element and the 63rd 

most abundant of the 92 naturally occurring elements in the Earth’s crust, with 

concentrations of 300 μg/ kg (0.3 mg/kg or ppm) in the continental crust (Wedepohl, 1995), 

in unpolluted natural fresh waters typically below 1 μg/L (0.001 ppm) (Fouquet et al., 2010), 

and in ocean seawater between 1.7 and 3.8 nmol/L (Filella et al., 2002a). Antimony is a 

metalloid that belongs to Group 15 of the periodic table along with nitrogen (N), phosphorus 

(P), arsenic (As), and bismuth (Bi); it has been exploited since the beginning of modern 

civilization and belongs to the critical raw materials on the European Union level (Maher, 

2009; Majzlan and Fillela, 2012; Critical Raw Materials for the EU (2010)). Antimony is 

broadly used in a variety of products such as batteries, flame retardants, textiles, plastics, 

ammunition, ceramic opacifiers, glass decolorizers and certain therapeutic agents (Fillela et 

al., 2002a); the worth of Sb to such diverse industries as nanotechnology and health is 

highlighted by the fact that it is currently the 9th-most mined metal worldwide.   

Recent reports show that Sb in the environment is an emerging toxic contaminant, a 

potential human carcinogen and a new puzzle of global concern (Filella and Williams, 2012; 

Wilson et al., 2010; Roper et al., 2012; Maher, 2009; Amarasiriwardena and Wu, 2011; 

Beyersmann and Hartwig, 2008). Antimony and its compounds have been regarded as 

pollutants of priority interest by the United States Environmental Protection Agency (USEPA) 

and the European Union (EU) (Filella et al., 2002a). It’s on the list of hazardous substances 

under the Basel convention concerning the restriction of transfer of hazardous waste across 

borders (United Nations Environmental Program, 1999). It is of significant environmental 

concern because of its high toxicity and the growing contamination of waters and soils in 

certain regions from mining, industry, and fire arms (e.g. Scheinost et al., 2006).Although its 

toxicity mirrors that of its Group 15 neighbor arsenic, its environmental chemistry is very 

different, and, unlike arsenic, relatively little is known about the fate and transport of Sb, 

especially with regard to biologically mediated redox reactions (Filella et al., 2007). One of 

the most urgent questions yet to be answered concerning the chemistry of antimony (Maher 

et al., 2009) concerns the forms that antimony takes, and how does it cycle through 

different environmental compartments.  

Natural antimony abundances are disturbed by anthropogenic and natural factors 

which largely exceed physical fluxes and concentrations (Filella et al., 2002a). Antimony is 
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among those trace elements that are exported by from the lithosphere, hydrosphere and 

atmosphere to the ocean; high amounts of antimony can be discharged into the oceans by 

continental riverine runoff affected by mining or industrial effluents (Filella et al., 2002a), 

natural sources such as geothermal fluids (Douville et al., 1999), atmospheric precipitation 

(Shotyk et al., 2005; Krachler et al., 2005), and possibly biological activity (Filella et al., 

2007;  Abin and Hollibaugh, 2013). Up to date underestimated and virtually unstudied input 

is contributed by submarine hydrothermal fluids discharging at the seafloor at 

concentrations up to several hundred times those of seawater (Douville et al., 1999; 

Fouquet et al., 2010). Studies of antimony speciation in seafloor hydrothermal vent 

environments are very scarce, and the effects of different ligands, mineral and organic 

surfaces or particles and live organisms on Sb mobility in seawater are insufficiently known. 

A recent study of the Kolumbo submarine arc-volcano, Santorini, has highlighted the 

importance of submarine volcanic-geothermal activity as a source of seawater acidity and 

potentially toxic trace metals, including antimony, to microbial metabolism and marine food 

webs, and in areas exploited by fishing (Kilias et al., 2013). It is critical for such hazard 

assessment having measurements of trace metals on seabed and sea column materials as 

well as study the fixation and speciation in solid phases. Antimony fixation in solid phases at 

the submarine hydrothermal vents is essential for reducing the high hydrothermal flux of 

this toxic element to seawater and is an important part of the biogeochemical antimony-

cycle (Dekov et al., 2013). Therefore, this thesis will focus on the accumulation and 

transformation of potentially toxic element antimony in seafloor hydrothermal vent solid 

phases and its possible environmental fate, using the Kolumbo shallow-submarine 

hydrothermal field as a natural laboratory.    
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2. Antimony in the environment: what we know and what we 

don’t know.  
Unless otherwise noted, the following synthesis is based on Fillela et al. (2002a,b, 

2007, 2009, 2012), Reimann et al. (2010), Maher et al. (2009), Gunn, (2013)and Borch et al. 

(2009).  

Life and element cycling on Earth are directly related to biochemical redox processes, 

which control the chemical speciation, bioavailability, toxicity, mobility and therefore the 

environmental fate of many major and trace elements (Fe, Mn, C, P, N, S, Cr, Cu, Co, As, Sb, 

Se, Hg, Tc, and U) and play key roles in the formation and dissolution of mineral phases. 

Redox cycling of naturally occurring trace elements and their host minerals controls the 

release or sequestration of inorganic contaminants. Solution speciation of many elements 

control the chemical behavior and influences solubility, bioavailability, adsorptive 

phenomena and oceanic residence times, volatility and oxidation/reduction behavior (Byrne, 

2002). The total concentration of an element in a system doesn’t necessarily represent its 

biological availability or potential toxicity (Newman and Jagoe, 1994). ‘Bioavailability’ is a 

function of the abundance and chemical form of the toxin in solution (i.e. oxidation state), 

the nature of its binding to sediment grain (Newman and Jagoe, 1994) and also the degree 

to which an element or molecule is able to move into or onto an organism (sensu Benson, 

1994). 

 Antimony occurs in four oxidation states [Sb(V), Sb(III), Sb(0), and Sb(−III)]. The two 

oxidation states +3 and +5 predominate in environmental samples and mineral deposits (see 

also Boyle et al., 1983; Gunn, G., 2013). Antimony has two naturally occurring stable 

isotopes (121Sb and 123Sb) with abundances of 57.21% and 42.79%, respectively. Zerovalent 

antimony occurs in nature as native antimony and in certain metallic alloys (immobile 

forms). The mobile trivalent antimony forms (SbO3
3- , Sb3+) occur in nature as oxides and 

sulphides in soils and colloidal gels, soluble species, complex ions in solution, absorbed ions 

in organic chelates and colloids, as volatile hydrides and in hydrocarbons. Thermodynamic 

calculations showed that the hydroxide complex Sb(OH)3(aq) (antimonite) is primarily 

responsible for hydrothermal transport of antimony, especially at temperatures above 250°C 

(Zotov et al.,2003). The mobile pentavalent antimony forms (e.g SbO4
3- and 

thionantimonates) occur in nature as oxides in soils, in iron- hydrous manganese colloids, as 

organic chelates or in gels, antimonate or thioantimonate ions in solution, as complex ions 

or polymeric ions in solution and in hydrocarbons. On the other hand the immobile 
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trivalent/pentavalent forms occur in oxide, sulphide, and various complex antimonites 

/antimonates, in hydrous manganese oxide rich gels, in iron-manganese rich organic matter, 

in plants and in animals. 

A generalized cycle of antimony interconversions in nature is shown in Figure 2.1. 

Zerovalent antimony oxidizes to trivalent antimony by O2, metal ions etc. The direct 

oxidation of zerovalent antimony to pentavalent is rare. For trivalent antimony the 

mechanism appears to be reduction to zerovalent antimony under chemical, biological and 

photochemical  conditions and  oxidation to pentavalent  antimony in solution or by action 

of bacteria.For pentavalent antimony the mechanism appears to be reduction to trivalent 

antimony under chemical or bacterian conditions .Direct reduction to zerovalent antimony is 

rare.  

 

Fig.2.1 Redox cycle of antimony in nature (modified after Boyle  et al., 1983) 
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The biogeochemical cycle of antimony through the atmosphere, biosphere, 

pedosphere, lithosphere, and hydrosphere is shown in Figure 2.2; the speciation, toxicity 

and bioavailability of antimony in the various compartments of the cycle are considered in 

some detail below. Very recent findings make predictions on the fate of antimony in aquatic 

environments, and evoke the prospect of a microbial biogeochemical antimony cycle in 

natural environments (Mitsunobu et al., 2010, 2013; Kulp et al., 2013; Abin and Hollibaugh, 

2013). 

 

 

 
Fig.2.2 Generalized biogeochemical cycle of antimony (modified after Boyle et al. 1983) 

 

2.1 Antimony in the terrestrial environment 
Antimony concentration in normal sediments and soils in various localities of the 

world is about 0.18-2.5 ppm, except for areas near ore deposits containing the element 

(Boyle et al., 1983). Elevated concentrations of antimony in soils and sediments are either 

related to anthropogenic sources or associated with high arsenic concentrations in sulphide 

ores (Filella et al., 2009). Antimony fate in soils may be a key element in antimony cycling in 

the environment (Filella et al., 2002a). Available data showed antimony accumulation near 

the soil surface, followed by a concentration decrease with depth, suggesting that the 

source is most probably atmospheric and that antimony is rather non-reactive in these 

media (Filella et al., 2002a and references therein). It’s generally accepted that antimony is 
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essentially immobile in soils (Filella et al., 2009).The form antimony arrives in contaminated 

soils near mines and smelters is Sb2O3 and is mostly immobile, because much antimony 

remains as non-reactive oxides (Filella et al., 2009 and references therein). However it’s 

generally accepted that antimony in present as Sb5+ in soils (Oorts et al., 2008). Soil 

mineralogy plays an important role in the bioavailability of antimony in defunct mine sites 

and the incorporation of antimony in plants depends on the mobility and fate of the host 

mineral phase of antimony (Perez-Sirvent et al., 2011). 

  Antimony belongs to a group of metals and metalloids, usually referred to as the ‘’ 

epithermal’’ suite of elements, which includes gold, silver, tellurium, selenium, mercury, 

arsenic, antimony and thallium (e.g. Taylor, 2007). Antimony is widely present in many types 

of mineral deposits in trace, minor and major amounts. An estimate of 165,000 tons of Sb 

were produced worldwide in 2008 (U.S Geological Survey Mineral Resources Program, 2009), 

with China being the most important producer (Fan et al., 2004). High antimony 

concentrations are generally associated with high arsenic concentrations in sulphide ores. 

The use of antimony concentration in soils has been proposed as pathfinder for gold, 

confirming the chalcophilic nature of this element. It is concentrated in sulphide-enriched 

deposits as a separate mineral or as a trace constituent of sulphides, arsenides, and 

sulphosalts (Filella et al., 2002a, Filella et al., 2009). The most common primary antimony 

minerals in hypogene mineral deposits are native antimony (Sb), stibnite(Sb2S3) and a great 

variety of sulphosalts the most   of which  are tetrahedrite ((Cu,Fe)12Sb4S13), 

jamesonite(Pb4FeSb6S14), boulangerite (Pb5Sb4S11), bournonite (PbCuSbS3), polybasite 

((Ag,Cu)16Sb2S6),and pyrargyrite(Ag3SbS3). The most common secondary minerals in deposits 

are kermesite, seramontite, stibiconite, nadorite, and bindheimite (Boyle, 1983). 

Most antimony deposits are of hydrothermal origin (Gunn, 2013, and refrences 

therein). Three main antimony deposit types can be distinguished, based on fluid generation 

and metal source: (i) low-temperature hydrothermal (epithermal) origin in shallow crustal 

environments associated with magmatic fluids; (ii) metamorphogenic hydrothermal 

associated with magmatic heat and expelled fluids; and, (iii) reduced intrusion-related gold 

systems. The highest antimony concentrations commonly occur in low-temperature 

magmatic hydrothermal systems in the epithermal environment. 

Major styles of antimony ores are:  

 Gold-antimony epithermal deposits. 
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Epithermal type antimony deposits include strata bound mantos (e.g. Wadley, Sierra de 

Catorce antimony district, Mexico), vein deposits controlled by fault zones (e.g. Bolivian 

antimony belt), fault-controlled veins and limestone replacements (e.g. Bau district, 

Sarawak, Malaysia) and Carlin-type gold (arsenic, mercury, antimony) deposits (e.g. 

Getchell, Turquoise Ridge, Twin Creeks, Nevada; Zarshuran, Iran; Alsar, FYROM). 

According to Muntean et al., (2011) the most important economic manifestation of this 

activity is the formation of Carlin-type gold deposits (CTGDs) in northern Nevada, which 

contain over 6,000 tons of gold (Au), constituting the second largest concentration of Au 

in the world. The deposits account for 6% of annual worldwide production, making the 

United States the fourth largest producer of Au.  

 

 

 Greenstone-hosted quartz-carbonate vein and carbonate replacement deposits. 

Examples of syn-orogenic hydrothermal antimony-gold deposits occur in Archean 

greenstone terrains in Southern Africa (e.g. the Antimony Line, Murchison, South Africa; 

and the Kadoma and Kwekwe goldfields, Zimbabwe (Buchholz et al., 2007). 

 Reduced magmatic gold systems. 

Type examples of reduced intrusion-related gold systems are known in the Fairbanks 

area of central Alaska (e.g. Ford Knox deposit) and central Yukon (e.g. Tombstone gold 

belt;), southern New Brunswick, the Bollivian polymetallic belt and the Yanshanian 

orogen of the North China craton (Thompson et al., 1999) 

 

2.2 Antimony in the aquatic environment (freshwater and seawater) 
The maximum contaminant level (MCL) of antimony in drinking water is regulated to 

be 6 μg/L by United States Environmental Protection Agency (USEPA), and set to be 5 μg/L in 

EU and China. Although the concentration of antimony or Sb? in natural waters is normally 

below 1 μg/L (Filella et al., 2002a), yet in contaminated locations especially around shooting 

ranges, mining and smelter industrial sites, large quantities of antimony have been released 

into the environment with concentrations up to 100 times the natural levels (Filella et al., 

2002a). Antimony is present in the freshwater environment because of rock weathering, soil 

runoff and anthropogenic activities; for example airborne Sb in sediments from Qinghai lake 

in the northwest region of the Qinghai Plateau in China (e.g. Xu et al., 2011), and 

considerable concentrations in hot spring precipitates, boreholes and geothermal waters 
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(Filella et al., 2002a). According to Filella et al. (2002a) concentrations of antimony ranging 

from 500 mg/l up to 10 wt. % can be readily determined using analytical techniques such as 

ICP-MS and ICP-OES. Antimony concentration in seawater is about 200 ng/l (Filella  et al., 

2002a). Some authors report that antimony behavior in open oceans is not considered to be 

highly reactive and others believe that antimony shows a pattern corresponding to a mildly 

scavenged element with surface (atmospheric) input. Antimony behavior in estuaries seems 

to be rather variable depending on the estuary characteristics. 

Knowledge of trace element speciation in waters is important to understanding the 

aquatic toxicity and bioaccumulation in natural water, as well as partitioning between water 

and colloidal and particulate phases (Florence et al., 1992). Antimony as well as several 

other elements, such as As and Cr, are more difficult to characterize because they occur in 

several oxidation states in sediments and water, hence they have a different degree of 

bioavailability (Gebel et al., 1997). Trivalent species are reported to be more toxic than 

pentavalent forms (Bencze et al., 1994). Pentavalent antimony form is the predominant 

oxidation state in surface waters, whereas, trivalent antimony form is usually found in anoxic 

environments such as groundwater and sediments (Leuz et al., 2005). 

Under oxic conditions pentavalent antimony is the predominant species in different 

marine water, freshwater, groundwater and rain water, however thermodynamically 

unstable trivalent antimony has also been detected (Filella et al., 2002a and references 

within). Some authors invoke biological activity as the cause of trivalent antimony presence 

in aquatic environments (Kantin et al., 1983; Andreae et al., 1984)  and some others pointed 

out the convenience of considering photochemical reduction of pentavalent antimony as a 

potential source of the trivalent form (Cutter et al., 2001). Under anoxic conditions the 

speciation of antimony remains unclear. According to thermodynamic calculations, antimony 

should be completely present in trivalent form, but also oxidised antimony species [Sb5+] has 

also been detected in different systems (e.g Black sea) (Cutter et al., 1991). This can be 

explained with the following mechanisms: (i) delivery of pentavalent antimony forms on 

sinking detritus from oxic waters  (Andreae et al., 1984, Cutter et al., 1991) (ii) formation of 

thiocomplexes with the pentavalent element (Andreae et al., 1984) and (iii) advection of 

surface waters containing high concentrations of antimonate (Cutter et al., 1991).  

Depending on chemical conditions such as pH, temperature, and redox potential, 

elements will exist in different forms. Pentavalent antimony in seawater is present 

dominantly as (antimonate)  Sb(OH)6
- and the speciation of the trivalent form is similar to 
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that of Bi in that Sb(OH)3
0 (antimonite) is dominant over a wide range of pH (Byrne, 2002). 

The redox behavior of antimony can be illustrated by Eh-pH diagrams (Fig. 2.3). According to 

this diagram, antimony is present as soluble Sb (OH)6
- in oxic systems and as  soluble Sb(OH)3 

in anoxic ones at natural pH values. Under reducing conditions, and in the presence of sulfur, 

insoluble stibnite, Sb2S3   is formed at low to intermediate pH values. At higher pH values, the 

SbS2
- species replaces stibnite (Filella et al., 2002b). 

 

 

Fig.2.3 Eh-pH diagram of antimony in the Sb-S-H2O system at a dissolved antimony concentration of 

10
-8

mol/l and a dissolved sulfur concentration of 10
-3 

mol/l. Modified afte Filella et al., 2002b) 
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2.3 Antimony speciation in hydrothermal fluids 
Trivalent antimony form is by far the dominant oxidation state in volcanic and 

magmatic-hydrothermal fluids (Spycher and Reed, 1989). Results from XAFS spectroscopy 

showed Sb aqueous speciation in ore-forming fluids: Antimony forms the neutral hydroxide 

species, Sb(OH)3 , in pure water;  chloride complexes in concentrated HCl solutions; and 

mixed Sb-OH-Cl species in NaCl-HCl solutions typical of acidic high-temperature 

hydrothermal fluids (Pokrovski et al., 2006). The role of mixed hydroxyl-chloride complexes 

in antimony transport by saline high-temperature hydrothermal fluids at acidic conditions 

has been reported for the first time by Pokrovski et al. (2006). Antimony chloride and 

hydroxyl-chloride species are more volatile than Sb(OH)3 (e.g. Pokrovski et al., 2005b ) and 

they are expected to preferentially partition into the vapor phase during vapor-brine 

separation processes occurring in magmatic-hydrothermal systems.  

More specifically, thermodynamic calculations by Prokovski et al. (2006) , indicated 

that: 

 At moderate temperatures below 300oC and acid (pH<3), Sb(III) speciation in 

hydrothermal fluids is represented by hydroxyl-chloride species Sb(OH)3-nCln  with 1<n<3, 

and at higher pH by Sb(OH)3 and Sb(OH)3Cl- existing in comparable amounts. Antimony 

hydroxyl-chloride complexes are however minor in the neutral low- to moderate-

temperature solutions (≤250–300oC) typical of Sb deposits formation; the antimony 

speciation in these systems is dominated by Sb(OH)3 and potentially Sb-sulfide species.  

 At higher temperatures, the single Sb(OH)2Cl complex likely becomes the predominant 

species in acidic fluids (pH<4); it is replaced by  Sb(OH)3 and Sb(OH)3Cl- in slightly acid to 

neutral fluids.  

 At temperatures above 350oC, the Sb transport is not controlled by solid-phase 

precipitation in high–temperature saline solutions and this may explain the scarcity of 

antimony-bearing minerals in high-temperature deposits (Williams-Jones and Normand, 

1997)  

 

2.4 Antimony in seafloor hydrothermal systems  
Overview of seafloor hydrothermal systems 

Seafloor hydrothermal systems are one of the most spectacular manifestations of the 

connection between crustal processes and the deep oceanic system. Scientists discovered 

hydrothermal vents in 1977, while exploring an oceanic spreading ridge near Galapagos 
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Islands (Corliss et al., 1979). More than 200 vent fields have been documented since the late 

1970’s (Kelley et al., 2005). Most vent fields – 65 per cent – have been found along mid-

ocean ridges (Hannington et al., 2011), with another 22 per cent occurring in back-arc basins 

and 12 per cent along submarine volcanic arcs. Very few sites – only 1 per cent – have been 

observed at intra plate volcanoes. According to Tivey et al. (2007) ,by comparing the fluids 

and deposits formed in distinct geologic and tectonic settings, it is possible to examine the 

role that specific factors play in determining fluid composition (e.g., substrate composition, 

input of magmatic volatiles, permeability structure of the substrate, geometry and nature of 

heat source, temperatures and pressures at which reactions occur) and mineral deposit size, 

shape, and composition (e.g., vent fluid composition, styles of mixing between fluids, 

longevity of venting). Future progress in understanding the impact that hydrothermal 

systems have on Earth processes will be made through taking advantage of the observed 

variability in tectonic and geologic settings of venting. Many of the world’s spreading centers 

have yet to be explored (Fig. 2.4), particularly ultraslow-spreading ridges in the polar 

regions.   

A hydrothermal vent is a fissure in the ocean floor, from which hydrothermal fluid is 

exhaled. Common land-type hydrothermal vents include hot springs, fumaroles and geysers. 

Under the sea, the hydrothermal fluids exit through narrow chimneys known as black or 

white smokers (e.g. Tivey, 2007) and diffusers (Fouquet et al., 1993; Koski et al., 1994), and 

are actively forming polymetallic massive sulphide deposits. Sea-floor massive sulphides 

(SMS) deposits form on and below the seabed as a consequence of the interaction of 

seawater with a heat source (magma) in the sub-sea-floor region (Hannington et al., 2005). 

During this process, cold seawater penetrates through cracks in the sea floor, reaching 

depths of several kilometers below the sea-floor surface, and is heated to temperatures 

above 400°C. The heated seawater leaches out metals from the surrounding rock. The 

chemical reactions that take place in this process result in a fluid that is hot, slightly acidic, 

reduced, and enriched in dissolved metals and sulphur. Due to the lower density of this 

evolved seawater, it rises rapidly to the sea floor, where most of it is expelled into the 

overlying water column as focused flow at chimney vent sites. The dissolved metals 

precipitate when the fluid mixes with cold seawater. The minerals forming the chimneys and 

sulphide mounds include iron sulphides, such as pyrite, as well as chalcopyrite and sphalerite  

(Hannington et al., 2005).  

http://en.wikipedia.org/wiki/Hot_spring
http://en.wikipedia.org/wiki/Fumarole
http://en.wikipedia.org/wiki/Geyser
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Another form of hydrothermal venting is known as “diffuse venting” (Fouquet et al., 

1993; Koski et al., 1994), where lower temperature (100oC to < 300oC) fluids come out as 

"shimmering water" which generally do not contain enough dissolved metal and sulfide to 

form "smoke". According to Tivey et al., (2007), diffusely venting structures generally emit 

clear, nearly particle-free fluids. The key difference between diffuse and focused vents is 

how much mixing with seawater occurs before they are released. The plumbing of diffuse 

vents is leaky and allows seawater to mix with the vent fluid and this mixture exits the 

seafloor over a larger area. However, they still contain high levels of hydrogen sulfide and 

other compounds that specialized microbes can use for energy. These diffusely venting 

spires likely host unique microbial ecosystems similar to those found to inhabit 

hydrothermal systems on and beneath the seafloor. Examples of diffusely venting chimneys 

are the Mothra Hydrothermal Field (MHF) on the Segment of the Juan de Fuca Ridge (Fig. 

2.5b) (Kristall et al., 2006) and Kolumbo Volcanic field (KVF) in the Hellenic Volcanic Arc 

(Kilias et al., 2013). Diffusely venting structures are formed under evolving conditions in the 

absence of central throughgoing conduits. The growth of  such chimney is facilitated by flow 

through complex, discontinuous and anastomosing network of tortuous channels and broad 

regions of diffuse flow through high permeable walls (Fig.2.5 b) (Kristall et al., 2006). 
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Fig. 2.4 Known sites of hydrothermal venting along mid-ocean ridges, in back-arc basins, rifted arcs, 
and at submerged island-arc volcanoes (red), and areas of activity as indicated by mid-water 
chemical anomalies (yellow). EPR= east pacific rise. TAG= transatlantic Geotraverse, MEF = Main 
endeavour Field, and Gr-14 = Sea cliff hydrothermal field on the northern Gorda ridge. (Figure after 
Tivey et al., 2007) 

 

The most spectacular kind of hydrothermal vent is called "black smoker", where a 

steady stream of "smoke" gushes from a chimney-like structures (e.g. Tivey, 2007, and 

references therein). The "smoke" consists of tiny metallic sulphide particles that precipitate 

out of the hot vent fluid as it mixes with the cold seawater. When the hot fluids exit the 

seafloor and mix with cold seawater, the dissolved chemicals precipitate instantly into tiny 

sulfide mineral particles, forming the plumes that we see at black smokers. They spew out 

mineral rich water filled with iron and sulfide, which combines and forms mainly iron sulfide. 

Typical smoker vents on volcanic ridge crests have temperatures of 300 to 400°C, with pH 

values ranging from 2 to 5. Black smokers are examples of focused vents, in which almost all 

the vent fluid comes out of one small pipe (Fig. 2.5a). Examples of black smokers is the 

chimney called Finn, recovered the Mothra Hydrothermal Field (MHF) on the Segment of the 

Juan de Fuca, and chimneys in Brothers Hydrothermal field, Tonga-Kermadec arc ( 

Berkenbosch et al., 2012). 
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Another form of hydrothermal venting is ‘’white smokers’’ which are hydrothermal 

vents that spew out barium, calcium and silicon, which give it its white color. These white 

smokers are cooler than their higher temperature counterparts, the black smokers. In white 

smokers, the hydrothermal fluids mix with seawater under the seafloor. When the fluid exits 

the chimney, the silica precipitates out. Another chemical reaction creates a white mineral 

called anhydrite. Both of these minerals turn the fluids that exit the chimney white. A white 

smoker is a hydrothermal vent emitting alkaline high-pH hydrothermal fluid on the ocean 

floor. These fluids are cooler (~91°C) (Kelley et al., 2005) than those emitted by black 

smokers (~360 o C) and are located away, or ‘’off-axis’’, from the mid-ocean ridges. 

 

Antimony in seafloor hydrothermal fluids 

Antimony is among the trace elements that are exported from the lithosphere to the 

ocean through seafloor hydrothermal systems; underestimated and virtually unstudied input 

is contributed by submarine hydrothermal fluids discharging at the seafloor at 

concentrations  several hundred times those of seawater (Douville et al., 1999; Fouquet et 

al., 2010) (see below). 

Up to date, very few works report antimony analytical data in seafloor hydrothermal 

fluids, mostly from deep-water Mid Ocean Ridge (MOR) environments (Douville et al., 1999; 

Pichler et al., 1999; Fouquet et al., 2010; Mottl et al., 2011); Sb concentrations of shallow 

(5–10 m) submarine hydrothermal fluids have only been reported once (Pichler and Veizer, 

1999). Reported measurements of antimony reveal concentrations of <3---11(nM) in Mid-

Atlantic Ridge (MAR) (Fouquet et al., 2010), <3—17(nM) in East Pacific Rise, <3—188(nM) in 

back-arc basins (Douville et al., 1999), 100—1,300 (nM) in Oceanic island arc-Tutum Bay 

(Pichler et al., 1999) and 28 nM in Eastern Lau Basin (Mottl et al., 2011). Reported 

measurements of antimony with maximum concentrations of 28 nmol/kg were mistakenly 

measured on unacidified samples, and probably do not represent the real concentrations in 

the vents because of precipitation subsequent to collection (Mottl et al., 2011). 
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Fig.2.5 (a) Photograph of a black smoker chimney from the southern East Pacific Rise, taken from 
the submersible Alvin on Dive 3296 (courtesy of Woods Hole Oceanographic Institution (WHOI); M. 
Lilley and K. Von Damm chief scientists) and a schematic drawing showing across section of a black 
smoker chimney with one small pipe with slower advection and diffusion occurring across the walls. 
(b) Photograph of a 284°C diffusely venting spire from the Vienna Woods vent field in the Manus 
Basin taken on Jason Dive 207 (courtesy of WHOI; M. Tivey chief scientist),and a schematic drawing 
of the cross section across an East Pacific Rise diffusely venting spire that is composed of an inner, 
very porous zone of pyrrhotite (Fe1-xS), wurtzite (Zn,Fe)S, and cubanite (CuFe2S3); a less-porous 
mid layer of wurtzite, pyrite (FeS2) and chalcopyrite(CuFeS2); and an outer layer of marcasite 
(FeS2)(after Tivey et al., 2007) 

 

 

 

 
Antimony in hydrothermal solid phases 

The modes of antimony occurrence in seafloor hydrothermal solids of different 

seafloor hydrothermal fields have reported in mid-ocean ridge environment, back arc basins 

and island arcs. 
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Mid-ocean ridge environment:  

(1) Koski et al. (1988) have identified traces of Pb-Sb sulfosalts with ~ 2 wt.% Zn (+As, Ag) 

corresponding to the mineral formulas (Pb,Zn)5Sb4S (boulangerite) and (Pb,Zn)10Sb6S19 (Zn-

boulangerite) in massive sulfides from the Escanaba Trough, the sediment-covered southern 

end of Gorda Ridge spreading axis. Two polymetallic sulfide samples have very high bulk Sb 

(2,700; 1,000; 960; 8,700; 16,000 ppm)(+Pb, As, Se, Ag) contents. Pb, As, and Sb 

concentrations of this magnitude have not been reported for bulk samples from any mid-

ocean ridge. In addition arsenopyrite containing 0.11-0.18 wt% Sb and lollingite with 0.20-

0.33 wt% Sb were also reported. 

(2) Hannington et al. (1986) identified Pb-As-Sb-Ag sulfosalts in low-temperature zones of 

sulfide mounds and spires from Axial Seamount (Juan de Fuca Ridge) and the southern 

Explorer Ridge.  

(3) Fouquet et al. (2010) have identified traces of Tetrahedrite [(Cu,Fe)12 Sb4 S13] in 

ultramafic-hosted sulfide mineralization along the Mid-Atlantic Ridge (MAR), {Tetrahedrite-

Tennantite (Cu,Fe)12(Sb,As)4S13)}. 

 

Back-arc basins:  

(1) Traces of stibnite (Sb2S3), and enargite (Sb: 0.24 wt%), and tennantite (Sb: 3.38 wt%) 

were reported from Yonaguni IV hydrothermal field, Okinawa Trough Back-Arc Basin (Suzuki 

et al. 2008).  

(2) Orpiment with 0.05 wt% Sb was reported from Kaia Natai Seamount, PNG: (Dekov et al., 

2013); (3) Traces of tetrahedrite (Cu,Fe)12(Sb)4S13 were detected in JADE site of Izena 

Cauldron in the central Okinawa  Trough (Nakashima et al., 1995).  

Island arcs:  

(1) Traces of possible Sb-bearing jordanite (Pb14(As, Sb)6S2 have been reported from Brothers 

submarine volcano, Kermadec arc, New Zealand (Berkenbosch et al., 2012);  

(2) Polymetallic veins with minor Cu-Pb-As-Sb sulfosalts (tetrahedrite, tennantite, jordanite), 

minor stibnite (Sb2S3), colloform sulfosalts with a highly variable mineral chemistry i.e., Fe, 

Pb, As, Sb, Hg, Ag; [Sb:0.91-9.22 wt %]) and an unknown Fe-As-Sb sulfide((As0.80Sb0.15Fe 1.08S3) 

intergrown with sphalerite, chalcopyrite, and amorphous silica, have been reported from 

Conical Seamount, New Ireland fore-arc, PNG (Petersen et al., 2002); as well as orpiment 

(As2S3) with 0.14 wt % antimonyand realgar (As4S4) with 0.63 wt % Sb (Dekov et al., 2013),  
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(3) Thallian arsenian pyrite with antimony (up to 15 wt%) occurs in crusts of ore minerals 

from shallow (< 100 m--some tens of meters) submarine hydrothermal vent field  of 

Dominica Island, Lesser Antilles (de Roche et al., 2012). 

 

2.5 Speciation and incorporation of antimony into natural Fe-

(oxy)hydroxides  
The structural incorporation of cations into various Fe-( oxy)hydroxides has been 

reported for a number of cations: Me(II) (NiII, ZnII, CuII, CoII, MnII, and CdII), Me(III) (AlIII, 

CrIII, MnIII, RhIII, GaIII, InIII, NdIII, ScIII, CoIII, and VIII), Me(IV) (PbIV, GeIV, SnIV, SiIV, TiIV, 

and CeIV), and Me(V) (PV and AsV)(Cornell et al., 2003; Voegelin, et al., 2010;  Galvez et al., 

1999). Mitsunobu et al. (2010) studied first the structural incorporation of Sb(V) into the 

Fe(III) site of iron oxides. It was found that Sb(V) can be incorporated into the structure of 

the ferrihydrite and goethite by substitution during formation of the solids. Sb(V) 

incorporated into the structure is not greatly influenced by factors such as the pH, ionic 

strength, and concentration of competitive ions, because antimony species coprecipitated in 

the solid structure are mostly unavailable to the aqueous phase. Therefore, this is an 

important finding to predict Sb(V) behavior in aquatic environments under oxic conditions. 

Mitsunobu et al. (2013) studied the the behavior of Sb(V) during transformation of 

poorly crystalline Fe(III) oxyhydroxides, i.e. two-line Ferrihydrite; it was proved that goethite 

and hematite are the primary transformation products of the ferrihydrite in the presence of 

Sb(V) that does not influence the transformation. Moreover, Sb(V) is structurally 

incorporated into crystalline goethite and/or hematite generated by the ferrihydrite 

transformation. As a result, the transformation products may serve as a reliable sink for 

long-term immobilization of Sb(V) and  this finding is valuable for making predictions on the 

fate of Sb associated with ferrihydrite in natural environments. 

 

2.6 Speciation and incorporation of antimony in pyrite 
Pyrite commonly contains a range of trace elements, including Ag, As, Au, Bi, Cd, Co, 

Cu, Hg, Mo, Ni, Pb, Pd, Ru, Sb, Se, Sb, Sn, Te, Tl, and Zn (Abraitis et al., 2004). Among these 

elements, As, Co, Ni, Sb and, possibly, Cu, Ag, Au, and Sn can be efficiently incorporated in 

the pyrite structure (Reich et al., 2013; Deditius et al., 2011). Pyrite may play a significant 

role as a scavenger of precious metals and metalloids (i.e. Au, Ag, Ni, Pb, Bi, As, Sb, Cu, Te) in 

hydrothermal systems; this may reflect true substitution into the pyrite structure or 
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coexistence of metals in closely adjacent micro- and/or nano-sized mineral particles (Reich 

et al., 2011, 2006; Deditius et al., 2011). 

Studies of trace element zoning in pyrite have been conducted in various geologic 

settings, i.e. (i) Carlin-type precious metal deposits (Lone Tree, Screamer, Deep Star (Nevada, 

USA) (Deditious et al., 2011), (ii) high-sulfidation epithermal Au-Ag-Cu systems (Pueblo Viejo 

(Dominican Republic), Yannacocha (Peru), and Porgera (Papua New-Guinea) (Deditious et 

al., 2009; 2011), (iii) Au-(U)−bearing conglomerates (Witwatersrand, South Africa; Pardo and 

Clement Townships, Ontario, Canada)(Ulrich et al., 2011; Agangi et al., 2012), (iv)  porphyry 

Cu systems (Dexing porphyry,  China)(Reich et al., 2013) and, (v) Seafloor hydrothermal vent 

fields (Dominica Island, Lesser Antilles) (de Roche et al., 2012); Semenov-1 hydrothermal 

field (Mid-Atlantic Ridge, 13°30.87′ N) (Meleketseva et al., 2014). It has been reported that 

marcasite-pyrite from Semenov-1 is enriched in Sb (0.71-15 ppm) as well as V, Mn, As, Mo, 

Au, Hg, and Tl. Except for two recently published cases (de Roche et al., 2012., Meleketseva 

et al., 2014) there is a lack of published data on the concentration and speciation of Sb in 

amorphous and/or crystalline Fe-sulfides from active seafloor hydrothermal fields, unless 

stibnite is formed (Deditious et al., 2011), It should be emphasized that, trace metal zoning 

studies of concentrically laminated pyrite have been very rare, and to our knowledge limited 

to a single case of Au-(U)-rich conglomerates (Witwatersrand, S. Africa) (Agangi et al., 2013). 

 

2.7 Antimony in organisms -Bioaccumulation 
Organisms are exposed to antimony through air, water, and food sources. The 

exposure to antimony and its daily intake to organisms is usually not a health concern, 

because the concentrations in surrounding air and air particle matter, drinking water, and 

food are usually very low (Belzile et al., 2011). Not all of antimony that enters the human 

body is bioavailable, since the assimilation strongly depends on speciation (Newman et al., 

1994) and the size of particles (Belzile et al.,2011), for which there not enough data so more 

systematic studies are needed. The bioaccumulation behavior of antimony reflects its 

bioavailability to organisms and its believed that it maybe be similar to that of As and may be 

comparatively predicted (Filella et al., 2007).The bioavailability of antimony is generally 

lower than of As (e.g Telford et al., 2009).  

Some studies were conducted on the bioaccumulation behavior of Sb in a large Sb 

mining/smelting area in Hunan, China (Xikuangshan(XKS) Sb mine), which had been severly 

polluted by antimony (Liu et al., 2010; Fu et al., 2010; Feng et al., 2010.  Liu et al. (2010) 
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found that elevated levels of Sb as well as As were present in hair from children and adults 

who live in the vicinity of the XKS antimony mine. Fu et al. (2010) showed evidence of 

bioaccumulation of Sb in fish, amphibians and invertebrate organisms in the vicinity of the 

XKS mine. Antimony concentrations in terrestrial invertebrates were higher than those in 

aquatic and amphibious species. Feng et al. (2010) found that Sb is accumulated in rice 

grown in contaminated fields .Seedlings of paddy rice were exposed to 5 mg L -1  Sb ( KSbC4H4 

O7. ½ H2O)and highest Sb contents measured among all treatments in this experiment in the 

leaves, stems and roots were 65.5, 298.5 and 195.7 mg kg-1, respectively. Duester et al., 

(2011) reported high phytotoxicity of trimethylantimony (V) [TMSb(V)] on aquatic floating 

water plants. Qi et al. (2011) described several species of wild plants that accumulate 

elevated Sb concentrations, especially in their above-ground parts such as shoot, leaf, and 

flower. 

Some studies were conducted on the mechanisms of Sb uptake by bacteria. It has 

recently been proved that an integral membrane protein (aquaglyceroporins) is involved in 

Sb3+uptake by Escerichia coli, Saccharomyces cerevisiae, Leishmania major and Leishmania 

tarentolae (Filella et al., 2007). It is reasonable to assume that similar mechanism may be 

active in other organisms too. Since aquaglyceroporins mediate the transport of neutral 

molecules, it is not surprising that they facilitate the uptake of the neutral Sb(OH)3 molecule. 

The penetration mechanism of Sb 5+ in the organisms mentioned is still unknown.  

  



Master Thesis   Maria Gousgouni 

 

20 
 

3. Antimony in the unique shallow-submarine volcano, Kolumbo 

(Santorini), Hellenic Volcanic Arc (HVA). 
 

3.1 Geodynamic and geological setting of the HVA 

The Hellenic Subduction System (HSS) represents a unique situation in convergent 

settings, different from Pacific geodynamic settings (see Kilias et al., 2013 and references 

therein). The difference is that the 5 Ma-to-present  Hellenic Volcanic Arc (HVA) (Methana, 

Milos , Santorini, Nisyros, Fig. 3.1) (Papanikolaou, 1993; Royden et al., 2011) where 

volcanism and hydrothermal activity occur through thinned continental crust due to 

extensional regime, is separated from the Hellenic Sedimentary Arc (HSA) (Peloponnesus, 

Crete, Rhodes) by the Cretan basin, a  “back arc’’ mollasic basin (Middle-Late Miocene-

Quaternary age), which lies behind HSA but in front of the HVA ( Fig. 3.2). The Cretan Basin is 

the result of extension north of Crete, whereas the Hellenic trench and fore arc basin of the 

HSS south of Crete is dominated by compression. The draping of the slab over the 660-km 

discontinuity resulted in accelerated slab retreat and it provides a cause for ∼300 km of 

extension and the ensuing opening of the Aegean Sea basin (Ring et al., 2010). 

Volcanic activity along the Hellenic Volcanic Arc has started in the Pleistocene and has 

continued during the Holocene in the main volcanic centers:  Methana-Poros, Milos, 

Santorini, Kos, Nisyros (Fytikas et al., 1984). Submarine volcanic centers have been 

discovered in the Epidavros Basin, in the Anyhdros basin northeast of Santorini, which 

includes the Kolumbo submarine volcano (Alexandri et al., 2003) and around Nisyros 

(Papanikolaou et al., 2001; Nomikou et al., 2004). 
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Fig. 3.1 Location of Kolumbo submarine volcano within the Hellenic volcanic (Nomikou et al., 2013). 

  

  

3.2 The Kolumbo submarine volcano and hydrothermal system 

Kolumbo is a submarine volcano of the HVA, located about 7 km off the north-

eastern coast of Thera (Santorini) in the Aegean Sea along a northeast-southwest-trending 

linear volcano-tectonic field that extends for 20 km ( Fig. 1.7, 1.8) (Nomikou,  et al., 2012). 

Kolumbo was believed to have formed during a single eruptive phase in 1650 AD (Fytikas et 

al., 1990) when an explosive eruption produced about 2 km3 of magma across the sea 

surface that caused 70 deaths on Thera from toxic gases  (Dominey-Howes et al., 

2000).Seismic reflection profiles revealed two cone-like volcaniclastic deposits, which 

indicate that the Kolumbo volcano evolved from at least two eruptions (Huebscher et al., 

2006).Other areas of volcanism surrounding Santorini include the Christianna islands, around 

20km to the southwest, and the 19 submarine volcanic cones of varying sizes which extend 
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20 km to the northeast of the main island of Thera, within the Anyhdros sedimentary basin 

(Alexandri et al., 2003; Nomikou, et al., 2012)(Fig. 3.3). According to Nomikou et al. (2013) 

Kolumbo volcanism, tectonism and hydrothermal activity, and the Santorini 2011-2012 both 

seismic and geodetic unrest, occurred along a NE-SW tectonic zone named as Christianna-

Santorini-Kolumbo (CSK) line (Fig. 3.4). 

The Kolumbo submarine volcano is built on pre-Alpine continental basement of 

Cyclades (10-15 km thick) (Fig. 3.2 f). As magma rises through the Aegean lithosphere, which 

is very thin due to the extensional regime, it crosses the pre-Alpine continental crust 

component, approximately 10-15km thick. This includes a core of carboniferous granites 

(ortho-gneisses) and a mantle of garnet-mica schists (Van der Amar et al., 1983) 

corresponding to the Palaeozoic Metamorphic Basement cropping out on Ios island (Fortster 

et al., 1999). Then it crosscuts various Alpine units including: (i) Mesozoic metamorphic 

rocks with HP/LT Tertiary metamorphism (Athinios/ Ios blueshists) (1) ,(ii) non metamorphic 

Mesozoic carbonates and Tertiary flysch (Proph. Ilias/Anafi autochthon) (2) and (iii) Late 

Cretaceous allochtonon metamorphic units (Anafi greenschists and granites) (3, 4, 5)(Fig. 

1.7f)(Kilias et al., 2013a).The Mesozoic Carbonates and Tertiary flysch (2) revealed at the SE 

part of Santorini continue towards the south and southeast and re-appear at the basal unit 

of Anafi Island (Kilias et a., 2003a). 

The Kolumbo submarine volcano is built on pre-Alpine continental basement of 

Cyclades (10-15 km thick) (Fig. 3.2) (Kilias et al.,2013a).The Kolumbo crater walls reveal 

stratified pumiceous deposits at a depth of 270-250 m which continue to 150 m, above 

which the deposits are covered by loose talus and bacterial overgrowths (Cantner et al., 

2013; Nomikou et al., 2003). Analyzed pumice from Kolumbo crater walls, is largely high-K 

rhyolite (73.7 to 74.2 wt% SiO2, and 3.85 to 3.94 K2O; 4 analyses) with a high pre-eruption 

volatile content of 6-7 % (Sigurdsson et al., 2006). The eastern crater walls reveal some 

massive lava flows with impressive columnar jointing and isolated NE-SW trending dikes 

parallel to the CSK (Nomikou et al., 2012; Cantner et al., 2010).This linear contribution of 

the volcanic cones is controlled by the NE-SW Christiana-Santorini-Kolumbo (CSK) volcano-

tectonic zone which provides pathways for subduction-generated magmas to reach the 

surface (Fig. 3.4) (Nomikou et al., 2012, 2014). 

Kolumbo is the largest volcano of the Christiana-Santorini-Kolumbo (CSK) volcano-

tectonic zone, and its elongated cone has a basal diameter of 7 km, a crater width of 1.7 km 

and rises up from at least 504 m to 18 m (Carey  et al. 2011). Data of Kolumbo volcano was 
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collected during 4 marine geological surveys using the E/V Nautilus, R/V Aegaeo and R/V 

Endeavor conducted northeast of Santorini island. First, swath bathymetry of the study area 

was conducted in 2001 using the 20 kHz SEABEAM 2120 swath system on R/V Aegaeo. 

Detailed swath bathymetry carried out in 2001 and 2006 revealed the existence of at least 

nineteen small submarine volcanic cones NE of Santorini within Anyhdros sedimentary basin 

(Nomikou et al., 2004). The second survey took place in the northern part of Kolumbo’s 

crater floor in 2006 onboard R/V Aegaeo and R/V Endeavor and included complementary 

swath bathymetry data that refined the existing map, airgun 10ci single channel seismic 

profiling, gravity and box coring, and ROV dives. During the second marine survey of 2006 an 

extensive ‘’diffuse-flow’’-style hydrothermal vent field, Kolumbo Hydrothermal Field (KHF), 

was discovered inside the crater (Sigurdsson et al., 2006). In 2010 and 2011, onboard E/V 

Nautilus gas and geological samples were collected (Carey et al., 2011), bathymetric map of 

KHF was created (Fig.3.3) with the ROV Hercules and the 1,375 kHz Blue View multibeam 

sonar, and  structured light and stereo imagery was also carried out (Roman  et al., 2012). 

The entire crater floor of Kolumbo  ( area of approximately 600 x 1200 m) is covered 

by a few-cm-thick orange to brown smooth sediment (Carey et al., 2011), that consists of Fe-

encrusted flocculent microbial mats and amorphous Fe-oxyhydroxide deposits with 

temperature varies between 16.2C and 17 oC (Kilias et al., 2013). The hydrothermal fluids 

and CO2 gas bubbles, which discharge from the Fe-microbial mats through small pockmark-

like craters,(Fig 3.5a) have low-temperature ( <70 oC). This ‘’ diffuse flow’’ may be supporting 

microbiological productivity in Kolumbo’s crater floor and therefore the Fe-mat formation 

(Kilias et al., 2013). The margins of the crater wall in the northeast have streams of white 

microbial mats (Kilias et al., 2013).  
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Fig.3.2 Geodynamic setting of the Santorini-Kolumbo volcanic field (a-d): Schematic cartoons of 

different geodynamic environments where seafloor hydrothermal vents occur. (a) Mid-Ocean ridges 

along divergent plates,  (b) Intra-Oceanic Arcs within convergent boundaries  (e.g. Philippines).(C) 

Marginal back-arc  basins and island arcs along active continental margins with oceanic subduction 

(e.g. Japan), (d) ‘’Hellenic  Subduction System’’, within active continental margin, developed behind 

the molassic  back arc basin, hosted over thinned continental crust. (e) Swath bathymetry map of 

Santorini Volcano volcanic field. (f) Schematic cartoon of the geological cross section through the 

Hellenic Volcanic Arc, from the molassic back-arc Cretan Basin to the Cycladic island of Ios in the 

basic-arc area (Kilias et al., 2013). 
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Fig.3.3 Swath bathymetric map of the submarine Kolumbo volcanic chain using 10m isobaths. Right 

inset: Bathymetric map reciting the 19 volcanic domes in two NE-SW trending lines. Left inset: 

Geographical index map (Nomikou et al., 2012) 

 

Fig.3.4 Swath bathymetry map of Christianna-Santorini-Kolumbo volcanic field (CSK)  ans tectonic 

zone (red line) (Nomikou et al., 2012). 
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The following description of the Kolumbo hydrothermal vents is synthesized from 

Sigurdsson et al. (2006), Carey et al. (2013) and Kilias et al. (2013). 

In the widespread hydrothermal vent field was observed active and inactive 

sulphide-sulphate structures in the form of vertical spires and pinnacles, mounds and flanges 

along a NE-SW trend, sub-parallel to the CSK volcano-tectonic zone (Fig.3.4). These vents are 

surrounded by sites of low temperature (<70C) diffuse venting from the Fe-mats. There are 

many short (<3 m tall), slender, intermediate-temperature diffusely-venting, isolated and/or 

merged, sulphide-sulphate spires or ‘‘diffusers’’.  These spires usually taper to their top, and 

rise up from a hydrothermal mound that grows directly on the sediment and Fe mat-covered 

seafloor. A typical spire-type vent, named Politeia Vent Complex, covers an area of 5x5 m 

(Fig 3.5b) in the western part of KHF (Fig.3.5). Diffusely venting structures generally emit 

clear, nearly particle free-fluids. Similar vents have been observed at shallow-water boiling 

vents on the Tonga arc, SW Pacific, the Juan de Fuca Ridge, and the Mid-Atlantic Ridge near 

Iceland. The exterior of the Politeia spires is covered by grayish suspended filamentous 

microbial biofilms (streamers) that could not be recovered (Fig.3.5b). 

In the central part of the vent field are smooth-sided sulphide sulphate mounds with 

no spire structures such as the Champagne Vent Complex (‘‘Champagne’’) and the Diffuser II 

Vent Complex (‘‘Diffuser II’’) (Fig.3.5 c, d) that are covered by orange to brown Fe-rich 

microbial mats (Kilias et al., 2013). They commonly discharge streams of bubbles, mainly 

CO2, from small holes and cracks on their sides and bases. The dissolution of the gas causes 

accumulation of stably-stratified CO2-rich water within the enclosed basin of the Kolumbo 

crater, and the accumulation of acidic seawater above the vents (pH 5.0) (Carey et al., 2013). 

At the northern crater slope is located the largest observed hydrothermal vent Poet’s Candle 

(height , 4 m) with Fe microbial mat covering. It’s an inactive vent with no clear evidence of 

shimmering fluids (Fig. 3.5e).The highest vent temperature that was measured in 2010 was 

210C.  
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Fig. 3.5 Detailed bathymetric map of Kolumbo hydrothermal vent field using 0,5m grid interval 
created with the ROV Hercules and the 1,375 kHz Blue View multibeam sonar in the northern part 
of the crater floor. The more active vents are located in the southern part and the larger, less-active 
vents in the northern part of the crater floor ( red square in a).The location of hydrothermal vents, 
Politeia, Champagne, Diffuser II and Poet’s Candle are and small pockmark-like crater indicated by 
red dots.  
A: Small pockmark–like crater discharging low-temperature fluids through the Fe-bacterial mats 
that covered the entire crater floor of Kolumbo. B: “Politeia Vent Complex”: Field of multiple 
inactive and active sulphide/sulphate spires ~ 2 m high on top of a hydrothermal mound, draped by 
Fe bacterial mats. Clear fluids vent from active spires (not visible) C: “Champagne Vent Complex”: 
Active high-temperature (220°C) vent discharging both gases (>99 % CO2) and fluids. D: “Diffuser II 
Vent Complex” with Fe bacterial covering and gas bubbling. E: “Poet’s Candle”: The largest 
observed (height ~ 4 m) inactive vent with bacterial covering (Kilias et al., 2013). 
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3.3 Antimony enrichment in Kolumbo, central HVA 

The active hydrothermal submarine and subaerial systems of Santorini and Milos 

represent the most important hydrothermal centers of the Hellenic Volcanic Arc (Varnavas 

and Cronan., 2005). A regional study of the geochemistry of sediments from the central 

Hellenic Volcanic Arc showed that they are mainly composed of biogenic and detrital 

volcaniclastic and terrigenous phases (Hodkinson et al., 1994).The influence of volcanically 

derived hydrothermal components in the sediments of the region is limited compared to 

local hydrothermal enrichments of some elements near the vents in the vicinity of Santorini 

and Milos (Varnavas et al., 2005).  

According to Varnavas et al. (2005), hydrothermal waters and associated sediments 

of the Santorini hydrothermal field are enriched chiefly in Fe, Mn and As (Fig. 3.6). Sediment 

cores recovered from Palaea Kameni consist mainly of pyrite, diatoms and amorphous iron 

hydroxides. The Nea Kameni sediments consist mainly of amorphous Fe oxyhydroxides with 

substantial amounts of Si, S and Na and minor amounts of Zn, P, As and organic C. The 

geochemical spidergram illustrated in Figure 3.7 depicts enrichment in As and Zn in Kos-Yali 

sediments, Methana sediments, and Milos and Santorini (Palaia and Nea Kameni) 

metalliferous sediments (Kilias et al., 2014; Gamaletsos et al., 2013).  For reasons yet 

unclear Kolumbo polymetallic chimneys (see below) located in the central HVA are uniquely 

enriched in Sb (avg.: 8,330 ppm; max: 2.2 wt%) as well as Tl (avg.:510 ppm; max: 1,000 

ppm)(Fig. 3.8, 3.9); these values are among the highest reported from modern seafloor 

hydrothermal systems (Kilias et al., 2013). Moreover, the same samples show epithermal   

geochemical association and enrichment (Au, As, Sb, Hg, Ag, Tl, Ag) (Fig. 3.9). 
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Fig.3.6  Geochemical spidergram of selected trace metals from Kolumbo (see below) crater pumice, 

Santorini metamorphic basement and Santorini caldera bottom sediments (push core) (Kilias et al., 

2014; Godelitsas et al., 2013)
*
. Concentrations are normalized to Upper Continental Crust (UCC) 

Rudnick et al., 2003).  

 

Fig.3.7 Geochemical spidergram of selected trace metals from Kos-Yali sediments, Methana 

sediments, and Milos and Santorini (Palaia and Nea Kameni) metalliferous sediments (Kilias et al., 

2014; Godelitsas et al., 2013. Concentrations are normalized to Upper Continental Crust (UCC) 

(Rudnick et al., 2003). 
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Fig.3.8 Geochemical spidergram comparing the investigations of Kolumbo polymetallic chimneys, 

with marine sediments of Hellenic Volcanic arc (Santorini, Milos, Methana). Concentrations are 

normalized to Upper Continental Crust (UCC) (Rudnick et al., 2003).Unique enrichment of 

polymetallic chimneys of Kolumbo:  Tl (avg.:510 ppm; max: 1,000 ppm) and Sb (avg.: 8,330 ppm; 

max: 2.2 wt%) are among the highest reported from modern seafloor hydrothermal systems.  Data 

from: Gamaletsos et al. (2013); Kilias et al. (2013). 

 

Fig.3.9 Geochemical spidergram of selected trace metals from Kolumbo polymetallic chimneys, 

Santorini metamorphic basement and Santorini caldera push core. Concentrations are normalized 

to Upper Continental Crust (UCC) (Rudnick et al., 2003).  Au: 32 ppm, Ag: 1,913 ppm, Pb: 6.7 wt %, 

Sb: 2.2 wt %). “Epithermal suite of elements” enrichment Au, As, Sb, Hg, Ag, Tl on the seafloor 

(Kilias et al., 2013).   
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4. Scope of thesis 

This study aims to contribute to a better understanding of the mechanisms of 

concentration and cycling of Sb in seafloor hydrothermal systems, and thus fill the 

knowledge gap of the biogeochemical cycling and fate of Sb that is released into the ocean 

water through submarine hydrothermal venting.   

Towards this scope, the main objectives dealt with here are:  

 to study pyrite zoning as a record of antimony mineralization and environmental cycling. 

 to study atomic scale antimony speciation in pyrite from samples of submarine 

polymetallic chimneys.  

 to make a genetic model of antimony mineralization and cycling in shallow-submarine 

hydrothermal vent systems associated with arc-volcanoes. What is the source of 

antimony and the host phases in hydrothermal   chimney samples? 

 to improve our knowledge about the fate of antimony during environmental processes 

(e.g. seafloor hydrothermal diagenesis,  weathering etc ). Can seafloor hydrothermal 

biogenic and abiotic solids act as environmentally reliable sink for long-term 

immobilization of Sb5+? Is it possible to make predictions on the fate of antimony 

associated with Fe-sulfides and oxyhydroxides in natural seafloor environments? 
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5. Material and methods 

The studied Kolumbo samples were recovered in September 2011 during the 

oceanographic expedition with cruise number NA014 (“Hellenic Volcanic Arc and Cretan 

Basin”) of the “New Frontiers in Ocean Exploration 2011” project (Principal Investigator 

Robert Ballard, Institute for Exploration & Ocean Exploration Trust, University of Rhode 

Island URI, USA)( State File No. F2011-049, 2012) 

The  expedition  with the use of  Exploration Vessel (E/V) Nautilus and was 

sponsored by: (1) Institute for Exploration (IFE), a division of Mystic Aquarium & Institute for 

Exploration (MAIFE); (2) National Geographic Society (NGS); (3) NOAA Office of Ocean 

Exploration and Research (OER); (3) Ocean Exploration Trust (OET); (4) Office of Naval 

Research (ONR). Chief scientists for NA014 were Katherine Croff Bell (Ocean Exploration 

Trust, University of Rhode Island (URI) USA, and Paraskevi Nomikou (National and 

Kapodistrian University of Athens, Dept. of Geology and Geoenvironment, Greece.  

The E/V Nautilus is a 64-meter research vessel, owned and operated by the Institute 

for Exploration, Ocean Exploration Trust & University of Rhode Island (URI) Center for Ocean 

Exploration and is equipped with the remotely operated vehicles (ROVs) Hercules and  

Argus. The Hercules and Argus system is a state-of-the-art deep sea robotic laboratory 

capable of exploring depths up to 4,000 meters and is equipped with a dedicated suite of 

cameras and sensors that receive electrical power from the surface through a fiber-optic 

cable, which also transmits data and video. The ROV Hercules is equipped with a number of 

tools, including a suction sampler, sampling boxes, and sediment coring equipment, a suite 

of mapping instruments that enable detailed visual and acoustic seafloor surveys.  

 

5.1 Sampling 

Sampling campaign and methods are detailed in Institute for Exploration, Ocean 

Exploration Trust & URI Center for Ocean Exploration-State File No. F2011-049 (2012) and 

Kilias et al.(2013). Solid hydrothermal vent samples studied in this M.Sc. thesis are shown in 

Figs. 5.1, 5.2, 5.3, 5.4, and Table 5.1. Sample NA014-016 (Fig. 5.4) was recovered from an 

anonymous active vent site at Latitude (36o31.2020N) and Longitude (25o   29.5877 E) at  

depth 499.7 m.   
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Fig.5.1 Ex-situ photographs of solid hydrothermal vent samples. Politeia Vent Complex. (a) 
Sulphide-sulphate spire sample NA014-003 and NA014-039, (b) The base of sample NA014-003 
revealing four textural zones: a. ’’Inner sulphide-sulphate core’’ (ISSC), b. thin orange-yellow outer 
As-sulphide-dominated layer (OAsL), c. orange to brown Fe-(hydrated)-oxyhydroxide-dominated 
microbial surface Fe crust (SFeC), d. Unidentified dark-violet phases similar to Sb-Zn-S phases in 
interior porous conduit network (IPCN)(see page 7, Kilias et al., 2013), (c) Spire sample NA014-039 
and basal cross section (d).  
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Fig.5.2 Ex-situ photographs of solid hydrothermal vents samples, Champagne vent complex. (a) 
NA014-007, (b) NA014-027, (c) NA014-028, (d) sample NA014-028. Gray: massive sulphide, 
white:barite crystals. orange-yellow: As-rich sulphides. 
 

 

Fig.5.3 Ex-situ photographs of solid hydrothermal vent samples. Hydrothermal mound samples 
recovered from Diffuser II vent complex: (a), (b), (c) Sample NA014-005. (d) Barite crystals (white) 
on sulphide substrate (grey) of NA014-005.  
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Fig.5.4 Ex-situ photographs of solid hydrothermal vent samples. Sample NA014-016 was recovered 
from an anonymous active vent site at Latitude (36

o 
31.2020N) and Longitude (25

o
   29.5877 E) at  

depth 499.7 m.   
 

5.2 Preparation of samples 

Polished blocks were prepared from samples NA014-003, NA014-005, NA014-007, 

NA014-016, NA014-019, NA014-027, NA014-028, NA014-039 for mineralogical 

characterization in reflected light. In addition three samples (NA014-003crust, NA014-

039crust, NA014-016crust) which were obtained with a toothbrush and/or dental tools, were 

powdered for geochemical analysis (Table 5.1).Twenty four polished thin sections were 

made from sample NA013-003 in older to study spire mineralogy from the bottom to the top 

and from the core to the crust (Fig. 5.7, 5.8 ). Two polished thin sections from the sample 

NA014-005 and two from the sample NA014-016. In addition three polished blocks were 

made from each sample NA014-007, NA014-027 and NA014-028, and two polished blocks 

from the orange-yellow outer layer (OAsL) of NA014-003 (Fig 5.7). Finally small species were 

extracted with dental tools recovered by the interior porous conduits network (IPCN) (Fig. 

5.8) , the Fe-(hydrated)-oxyhydroxide-dominated microbial surface Fe-crust (SFeC) and the 

orange-yellow outer As-sulphide-dominated layer (OAsL) (Fig. 5.9) for SEM-EDS analysis. 

Table 2.1 illustrates the list of samples (red) studied in this M.Sc. thesis.  
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Samples NA014-003 and NA014-039 which measured , 22 cm long and 14 cm in 

diameter, and 38 cm long and 10 cm in diameter, respectively, were cut in two mirror halves 

along their vertical long axis. (Figs.  5.5, 5.6). Their inner structures could then be observed 

consisting of anastomozing, discontinuous array of narrow (~2 cm diameter) channels 

delineating original fluid-flow paths, occurring within a porous sponge-like spire interior 

(diffusers)(Figs. 5.5, 5.6).  One halve of NA014-003 was stored for future reference and 

educational activities , whereas the second halve was cut in slabs based on a grid, as shown 

in Figure 5.5; the grid was designed on the basis of thin section dimensions (27mm x 46 mm) 

(Fig. 5.5). Blocks FG2’, FG4’, EFG5’ and FG6’ were cut carefully at the end. Polished thin 

sections for detailed petrographic and geochemical analyses were made of these slabs, and  

have been assigned sample numbers as shown in Figure 5.5 (i.e  

D1,D2,D3,D4,D5,D6,D7,D8,CDE9’,E8 ---FG2’, FG4’, EFG5’, FG6, FG4’*, FG6’*(The thin sections 

FG4’*, FG6’* correspond to the vertical surfaces of sections FG4, FG6 respectively). Similar 

sampling strategy was applied to sample NA014-039 (Fig. 5.6), (i.e. C2, C3, C4, C5, C6, C7 and 

AB2’, AB4’ from the periphery). 

 

FIG.5.5 (a) Interior cut face of one halve of NA014-003. Polished thin sections   

D1,D2,D3,D4,D5,D6,D7,D8,CDE9’,E8,FG2’,FG4’,EFG5’,FG6’,FG4’*,FG6’* were made based on a grid 

sampling strategy explained in the text.   (b) View of exterior surface.   

 

 



Master Thesis   Maria Gousgouni 

 

37 
 

 

Fig.5.6 (a) Interior cut face of one halve of NA014-039. Polished thin sections   C2, C3, C4, C5, C6, C7, 

AB2’, AB4’) were made based on a grid sampling strategy explained in the text.   (b) View of exterior 

surface.   

 

 

 
 

Fig.5.7 The red arrow shows the cross section of orange-yellow slab. Two polished blocks were 
made (NA014-003-OAsL a, b) 
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Fig.5.8 Unidentified dark-violet phases similar to Sb-Zn-S are lining interior porous conduit network 

of (a) Sample NA014-003 (IPCN) –in polished thin section FG3( Fig.2.5) (b) Sample NA014-003 (IPCN) 

–polished thin section EFG5’(Fig.2.5). 

 

 

Fig.5.9 (a) Orange-yellow outer As-sulphide-dominated layer (OAsL) of Politeia spire 1, (b)  small 
pieces recovered by OAsL (c) detail of b in reflected microscope. 
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Table 5.1. List of samples which be made for mineralogical and geochemical studies. In this Msc 

thesis were studied the samples in red color. 

Samples 

     Mineralogical analysis 
Geochemical 

analysis 

Polished thin sections 
Polished 

blocks 
Piece

s Powders 

Politeia Vent 
Complex 

NA014-
003 ISSC 

D1,D2,D3,D4,D5,D6,D7,D
8,CDE9’,E8,FG2’, FG4’, 

EFG5’, FG6, FG4’*, FG6’* 
003 

  

003, 005, 
007, 016, 
027, 028, 

039 

NA014-
003 OAsL 

 

 
003a,003
b 

003-
OAsL 

003CRUST 
 

NA014-
003 SFeC 

 
  

003-
SFeC 

 
NA014-
003 IPC 

 
  

003-
IPN   

NA014-
039 ISSC 

C2, C3, C4, C5, C6, C7 , 
AB2’, AB4’ 039   

 
 
 
 

039CRUST 

 
NA014-

039 SFeC       

Champagne 
Vent Complex 

NA014-
007   

007, 
007b     

 
NA014-

027 
 

027, 
027b 

 
  

 
NA014-

028   
028, 
028b     

Anonymous 
vent 

NA014-
016  

016 a, 016 b 
016 

 
  

 
NA014-

016 CRUST       016CRUST 

Diffuser II 
NA014-

005 
005a, 005b 005 
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5.3 Analytical methods 

5.3.1 Chemical analysis 

5.3.1.1 Total elemental analysis of vent samples 

 Six samples (NA014-003CRUST, NA014-039CRUST, NA014-016CRUST, NA014-016, 

NA014-007, NA014-005) were air-dried and pulverized using an agate mortal and sent to 

ACME Analytical Laboratories Ltd in Vancouver for elemental analysis. Bulk analyses for 

major and minor and rare earth elements were performed using a Perkin Elmer ICP-OES and 

a Perkin Elmer Sciex Elan 9000 ICP-MS following a LiBO2/LiB4O7 fusion an HNO3 digestion of a 

0.2 g sample. In addition, a separate 0.5 g split was digested in a HNO3 : HCl mixture (1:3)-

aqua regia- and analysed by ICP-MS for precious and base metals. The bulk (total) sulfur 

content was determined using a Leco elemental analyzer. Analytical quality control 

procedures included analysis of 1 duplicate, 2 blank solutions as well as analysis of a series of 

appropriate reference materials (OREAS45CA, DS8, DOLOMITE-2, SO-18, GS311-1, GS910-4). 

5.3.1.2 Sequential extraction (Modified BCR method (Rauret et al., 1999)) 

Two samples air-dried and pulverized taken from the previous study (NA014-003-

ISSC, NA014-039-ISSC) (Kilias et al., 2013) and three samples from this study (NA014-

003CRUST, NA014-039CRUST, NA014-016CRUST) were selected for sequential extraction, 

conducted in the laboratories of Department of Chemistry, N.K.U.A . This methodology was 

employed based on clustering of elements observed in the initial bulk total analysis of the 

samples (Kilias et al., 2013). It was expected that further recognition of elemental speciation 

could be achieved by applying the sequential method to core and crust sub-samples. A four-

step sequential extraction  (Rauret et al., 1999) was carried out to evaluate As, Ag, Tl, Sb 

concentrations in the carbonate, Fe-oxides, sulfides and residual extraction steps (Table 5.2). 

These phases differ in respect with potential availability of elements into the environment 

and include in the order of decreasing availability: (a) the exchangeable fraction, i.e. metals 

adsorbed in exchange sites on surfaces of clays and colloids; the metal fraction associated 

with carbonate minerals and metals specifically adsorbed on surfaces of amorphous 

precipitates of Fe, Al, Mn oxides/hydroxides and phosphates; (b) the reducible phase 

comprising metals associated with Mn and Fe oxides through co-precipitation and binding 

within the oxide structure; (c) the oxidisable phase, i.e. the fraction of metals bound to soil 

organic matter and metals incorporated in the structure of sulphide minerals. As an internal 
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check on the procedure, the residue from step (c) was digested in aqua regia. The total 

amount of metal extracted (i.e. sum of steps (a)+(b) +(c) + residual) was compared with that 

obtained by aqua regia digestion of a separate 1 g sample of the sediment. 

 

Table 5.2 The sequential chemical extraction scheme used in this study. Modified after 

(Rauret et al., 1999). 

Step Fraction Extractant Conditions 

1 

Easily extracted- specifically 

adsorbed and Carbonate 

phases 

 CH3COOH 

(0.11M) 

pH=2.85, 22+5C,16 h shaking 

periodically rinsed with DI 

2 

 

Reducible- bound to Fe-Mn 

oxides 

 HONH2HCl 

(0.5M) 

pH=2, 22+5C,16 h shaking 

periodically rinsed with DI 

3 
Oxidisable- bound to organic 

matter and Sulfides 

 H2O2 (8.8M) 

followed by  

NH4CH3CO2 

(1M) 

pH=2, 22+5C,16 h shaking 

periodically rinsed with DI 

4 Residual 
Aqua regia 3:1 

HNO3 to  HCl 
85+2C, 2 h rinsed with DI 

 
The detailed procedure of the analytical method is described below: 

 

Step 1-Bound to Carbonates 

 We added 20 ml of 0.11 mol l-1 acetic acid (CH3COOH) to 0,4g of sediment in a 100ml 

centrifuge tube, then we extracted by mechanical shaking for 16 h at 22 ± 5°C ( overnight) . 

No delay should occur between the addition of the extractant solution and the beginning of 

the shaking. We separated the extract from the solid residue by centrifugation at 3000g for 

20 min and decant liquid into a polyethylene container. We stored the residue in a 

refrigerator at about 4 °C  prior to analysis.  

Step 2-Bound to Fe-Mn Oxides 

We added 10 ml of distilled water into the residue and we shaked for 15 min on the 

end-over-end shaker and centrifuging for 20min at 3000g.We decanted the supernatant and 

discarded, taking care not to discard any of the solid residue. 
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We added 20 ml of 0.5 mol l-1 hydroxylammonim chloride (HONH2 HCl)  freshly prepared,  

 to the residue from step 1 in the centrifuge tube. Then we shaked, stoppered and extracted 

by mechanical shaking for 16 h at 22±5°C (overnight). No delay should occur between the 

addition of the extractant solution and the beginning of the shaking. We  separared the 

extract from the solid residue by centrifugation and decantation as in step 1. Finally we 

stored the residue in a refrigerator for analysis. 

Step 3-Bound to Organic Matter and sulfides 

We added 10 ml of distilled water into the residue and we shaked for 15 min on the 

end-over-end shaker and centrifuging for 20 min at 3000g.We decanted the supernatant and 

discarded, taking care not to discard any of the solid residue. Then we carefully added 10 ml 

of 8.8 mol l-1 hydrogen peroxide (H2O2) to the residue in the centrifuge tube in small aliquots, 

(1 ml/10 minutes with occasional manual shaking) without cover the vessel and we digested 

at room temperature for 1 hour more. We continued the digestion for 4 h at 85±2°C in a 

water bath, by uncovered tube, until reducing of the volume to less than 3 ml. We added 25 

ml of 1.0 mol l-1 ammonium acetate, (NH4CH3CO2
-) to the cool moist residue and shaked for 

16 h at 22± 5°C (overnight). No delay should occur between the addition of the extractant 

solution and the beginning of the shaking.  We separated the extract from the solid residue 

by centrifugation and decantation as in step 1. Finally we stored the residue in a refrigerator 

for analysis. 

Step 4-Residual 

The residue from the step 3 was digested in aqua regia, (a mixture of acids in a 

volume ratio of 1:3 (2,25 ml HNO3 & 6,75 ml HCl), but we added also 1,5 ml H20) for 2 h at 

85±2°C in a waterbath, by uncovered tube. Then we separated the extract from the solid 

residue by centrifugation and decantation as in step 1. Finally we stored the residue in a 

refrigerator for analysis. 

 The residue from step 3 with aqua regia is compared with that obtained by aqua regia 

digestion of a separate 0,4g sample of the sediment. The solutions have very high density 

and it needs to be diluted with deionized water in a volume ratio 1:100 (we also added HNO3 

in a volume ratio 2:100). The solutions were analysed by inductively coupled plasma-mass 

spectrometry (ICP-MS) at Quality control laboratory for solid fuels, department of analytical 

laboratories (I.G.M.E-Attiki). 

D’ Amore et al., (2005) recorded two reviews that report on the basic pitfalls and 

limitations of sequential extractionin soils (Salamons et al., 1984; Nirel and Morel, 1990; 

http://en.wikipedia.org/wiki/Acid
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Scheckel et al., 2003). In their critique, Nirel et al., (1990) claim validation of extraction 

schemes and the classes of ‘’species’’ extracted have not been done. The comparisons of 

sequential extractions with thermodynamic models and direct instrumental analyses are 

lacking. Salamons et al., (1984) assert that extraction efficiencies vary according to the solid 

to reagent ratio and the length of contact time between the two. The results are influenced 

of the drying of the particle size and whether a sample has been ground or left intact. Also 

re-adsorption of the trace element into other compartments can take place before solid-

extract separation, while precipitation can occur during extraction or storage of the extract 

before elemental analysis. Despite the difficulties, sequential extraction method is relatively 

easy to apply, but they are plagued with a number of problems detailed in the literature. 

 

5.3.2 Mineralogical analysis 

5.3.2.1 Optical microscopy & Scanning electron microscopy 

 Seven samples (NA014-003, NA014-005, NA014-007, NA014-016, NA014-027, 

NA014-028, NA014-039) were selected for mineralogical analysis. Polished thin sections and 

polished blocks were made in the labs of I.G.M.E, Attiki.  

 Optical microscopy and Scanning Electron Microscopy-Energy Dispersive 

Spectrometry (SEM-EDS) techniques were used for mineral identification and textural 

interpretation. The polished thin sections were also investigated with the optical microscope 

in transmited and reflected light housed in the Department of Geology and Geoenvironment 

at the N.K.U.A. SEM was used mainly to assist with mineral identification when such 

identification was uncertain by petrographic techniques. Scanning Electron Microscopy-

Energy Dispersive Spectrometry (SEM-EDS) investigation of carbon-coated free surfaces and 

polished (in epoxy resin) solid samples was performed using a Jeol JSM-5600 SEM equipped 

with an Oxford EDS. The conditions of analysis were: Accelerating Voltage: 20 kV, Beam 

Current: 0,5 nA, Livetime: 50 sec ,Beam Diameter: < 2 μm. A combination of Powder XRD 

(PXRD) and SEM/EDS analyses was applied to clarify the mineralogical history and 

composition of the ISSC. 
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5.3.3 Synchrotron Radiation analysis: Phase Contrast Imaging and Micro-

spectroscopy 

The Synchrotron Radiation (SR) study was conducted at the ANKA facility, Karlsruhe 

Institute of Technology, Germany) by members of the Kolumbo Study Group (see Kilias et 

al., 2013) Athanasios Godelitsas, Platon Gamaletsos, Theo J. Mertzimekis,  Joerg Goettlicher, 

and Ralph Steininger, and the analytical methodology is copied here. 

The advent of very bright third generation synchrotron facilities has lead to 

incredible advances in microscopy techniques. This includes the analysis of trace elements in 

minerals with high accuracy and spatial resolution (SXRF). Spectroscopic methods are used 

to study chemical bonding in minerals and crystals, but also for solving structural problems 

or to determine cation distributions ((XAS, XAFS /EXAFS, XANES). Recently, the 

combination of μ-XRF with spatially resolved XAS became an important tool for speciation in 

environmental and geological materials and for the study of processes in chemical species 

transformation. 

 

5.3.3.1 Synchotron radiation X-Ray fluorescence analysis (SR-μ-XRF) 

X-Ray fluorescence (XRF) spectrometry had an important impact as one of the first 

commercially available instrumental techniques for elemental analysis (Van Grieken  et al., 

2002). The Fe-sulfide PXRD amorphous phases of ISSC were characterized by X-ray 

absorption fine structure (XAFS) spectroscopy at the SUL-X beam line of ANKA Synchotron 

facility (KIT, Germany). 

 

5.3.3.2 Micro-X-ray Absorption Fine Structure (XAFS) spectroscopy 

To confirm the chemical and to determine the structural character of the Sb- 

precipitates, a Synchotron-based spectroscopic investigation was performed on the ISSC 

material of politeia  spire-2 (NA014-039).The Fe-sulfide PXRD amorphous phases of ISSC 

were characterized by X-ray absorption fine structure (XAFS) spectroscopy at the SUL-X 

beam line of ANKA Synchotron facility (KIT, Germany). XAFS spectra of sample ISSC were 

obtained from fine-grained material pressed with cellulose to pellets. Elemental Sb, Stibnite 

(Sb3+
2O3) and Tripuhyite (Fe3+Sb5+O4), were used as reference materials of various Sb species. 

The spectra were processed using Athena software (Ravel et al., 2005).  
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6. Results 

6.1 Mineralogy and mineral chemistry 

Seven samples (NA014-003, NA014-005, NA014-007, NA014-016, NA014-027, NA01-

028, NA014-039) were used for mineralogical and textural characterization; the samples 

originated from four different hydrothermal fields (Politeia vent complex, Champagne vent 

complex, Diffuser II vent complex, active vent site at  Latitude(36o 31.2020N) and Longitude 

(25o  29.5877E) named here “Anonymous Vent” (AV)).  Optical microscopy using transmitted 

and reflected light, and Scanning Electron Microscopy-Energy Dispersive Spectrometry (SEM-

EDS) techniques were used for mineral identification and textural interpretation. Five probe-

grade standard-sized (27 x 46 mm) polished thin sections and five polished blocks have been 

studied (Table 5.1-in red). Observations have been made regarding sulphide mineral 

occurence, mineralogy and textural relationships between the sulphide minerals relative to 

the surrounding sulphate, silicate and oxide minerals. This information helps deciphering the 

paragenesis of the sulfide minerals.  

6.1.1 Politeia Vent Complex 

According to Kilias et al. (2013), the Politeia spire-1 and spire-2 structures (NA014-

003, NA014-039) studied here, constitute carbonaceous sulphide-sulphate diffuser chimneys 

which consist for the most part (> 90%) of a lithified dark-gray “inner sulphide-sulphate 

core” (ISSC). The ISSC is mantled by a thin outer rind composed of a multicolored ‘‘outer As-

sulphide layer’’ (OAsL) (1-3 cm wide) which in turn is covered by a gelatinous orange to 

brown Fe microbial mat designated as ‘‘surface Fe-rich crust’’ (SFeC) (Figs. 5.1b). The interior 

conduits are lined by barite and gypsum overgrown by dark violet metallic aggregates (IPC) 

(Fig. 5.8). 

Studied sample numbers are shown in Table 5.1, and their relative location on the 

spires in Figure 5.5.   

 

6.1.1.1. Mineralogy of the “Inner Sulphide-Sulphate Core” (ISSC) 

Optical observations in reflected and transmitted light, and SEM-EDS analysis, 

assisted by XRD investigation (Kilias et al., 2013 and this study) revealed four sulphide 

phases within a barite matrix (BaSO4), namely pyrite (FeS2), sphalerite (ZnS) and galena (PbS) 

and unidentified Pb-Sb sulphosalt phases; in addition, the examination of the polished thin 
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sections revealed that the samples are highly porous (Fig. 6.1 a, b).The description of the 

phases is given below: 

Barite (BaSO4) occurs as blades, acicular clusters, fibrous crystals and rarely as 

dentritic crystals (Fig.6.1); also, barite laths and rosettes form the substrate for disseminated 

sulphides of disseminated sphalerite(grey) (Fig.6.1c) and mainly colloform banded pyrite (Fig 

6.1e,f). Moreover, barite occurs as rosettes and plumose aggregates intergrown with 

complex Sb-Pb-sulfosalts (Fig.6.1d).  

Pyrite in the ISCC displays complex textures, but can generally be grouped into three 

types:  

Pyrite 1 includes compact, peloid-like (Figs. 6.2c, e) and stromatolite-like laminated 

pyrite varieties. The latter occurs: (1) as oncoid-like (sensu Cavalazzi et al., 2007) concentric 

lamination, which may be internally zoned (Fig. 6.2d), (2) as composite intergrowth or 

overgrowth textures (Fig. 6.4f),  (3) as non-isopachous planar wavy to irregular lamination 

(Fig 6.2f) or (4) concentrically banded, radial, spheroidal masses of pyrite/marcasite (Fig. 6.2 

h) (see also Fig.123 in Ramdohr, 1980). Moreover, intricate closely-packed aggregates of 

rounded and bulbous, oncoid-like laminated pyrite/marcasite that resemble microscopic 

cauliflowers, were also observed (sensu Lazar et al., 2011) (Fig.6.2a). Some of the largest 

oncoid-like structures display (micro)stromatolite-like laterally linked domical 

microcolumnar structure (sensu Allwood et al., 2006) (Fig. 6.2 b).  

In this study, we use the term “peloid” based on the definition given by Chafetz 

(1986), who described marine peloids as, “…elliptical to spherical bodies …, generally 20–

60μm in diameter, composed of a fine-grained nucleus which composed of fossil bacterial 

clumps and are often surrounded by rims of calcite crystallites”. Similar microtexture was 

observed in sphalerite microglobules from Bleiberg (Austria) (Kucha et al., 2005).  

Pyrite 2 forms massive anhedral porous, spongy rims around pyrite 1; these rims are 

up to 25μm thick (Figs. 6.2 f 6.3 b, 6.3d), and they can locally be discontinuous (Fig. 6.2). 

 Pyrite 3 forms euhedral (idiomorphic) cubic crystals from about 100μm to 200μm 

across, occurring as isolated euhedra (Fig 6.3a) clusters of euhedral crystals, or bands of 

euhedral crystals. 

Sphalerite (ZnS) is mostly anhedral and intergrown with barite (Fig. 6.3 c, h) and 

pyrite (Fig 6.3 c); some sphalerite grains have inclusions of galena (PbS)(Fig.6.3e). Though 

difficult to observe occasional internal reflections have been seen in sphalerite (dark grey 
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phase), exhibiting a wide range of colors, from pale yellow-orange to dark red, and are 

variably translucent to opaque. These differences reflect variable Fe contents.  

Galena (PbS) is white subhedral to euhedral and typically less than a few tens of μm 

in size. Galena occuring as inclusions in sphalerite grains (Fig.6.3e), or as isolated galena at 

grain contacts of highly porous Fe-oxyhydroxide (Fig.6.2g ,6.3g). Also galena intergrown with 

Pb-Sb sulphosalts  (Figs 6.3f, 6.4d).  

Unidentified Pb-Sb sulphosalts reveal a distinct anisotropy (bluish) (Fig. 6.4 a) and a 

weak pleochroism (blue-green tint) (Fig.6.4.b), optically resembling boulangerite (Pb5Sb4S11). 

 

 

Fig.6.1 Photomicrographs of commonly seen textures in the inner sulphide-sulphate core (ISSC). (a) 

Sample NA014-003, polished thin section D2: transmitted light photomicrograph (TLP). Porous 

nature of the ISSC composed of disseminated Fe-sulphide microglobules (black) mantled by 

sphalerite (honey-brown) and patches of massive pyrite (black). Barite forms the groundmass. (b) 

D2: TLP. Fe sulfides (black) and barite (light white) set in a porous matrix (brown grey) (c) Sample 

NA014-039, polished thin section AB4: Reflected light photomicrograph (RLP). Typical texture of 
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disseminated sphalerite (grey) in a barite (dark grey) matrix. (d) AB4: RLP. Disseminated skeletal Pb-

Sb sulfosalts intergrown with pyrite (yellow) in a barite matrix   (dark grey). (e) AB4: RLP. RLP of 

white  to light grey  pyrite  spherical to ovoid structures (microglobules) of various  sizes,  occurring 

as single or dense massive clusters (e), and /or colloform banded planar layers (f) in a porous barite 

(Ba) matrix  (darker gray).  

 

Fig.6.2 Textures of pyrite/marcasite from the ISSC as observed in optical microscopy and 
backscattered electron images. (a) Sample NA014, polished thin section EFG5: RLP of intricate 
closely-packed aggregates of rounded and bulbous, oncoid-like (sensu Cavalazzi et al., 2007) 
laminated pyrite/marcasite that resemble microscopic cauliflowers (laminites). (b)EFG5: RLP of 
finely laminated pyrite-marcasite fabric; the shape of the lamination reveals growth structure: 
laterally linked low-relief planar to domical (micro)stromatolitic morphology (Lazar et al., 2012; 
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Alwood et al., 2006). (c) Sample NA014-039, polished thin section AB4: SEM-BSE image showing 
composite pyrite-Fe-oxyhydroxide-galena  microglobule interpreted as a peloid (sensu  Chafetz, 
1986; see also Fig. 4D in Kucha et al., 2005); the light gray core  is composed by pyrite (confirmed by 
EDS) granules  peripherally altered to  porous /amorphous Fe-oxyhydroxide and surrounded by 
anhedral  galena (PbS) rim. (d) Sample NA014-003, EFG5: RLP of pyrite/marcasite structure with 
oncoid-like concentric laminations (Cavalazzi et al., 2007) (e) Sample NA014-003, D5: SEM –BSE 
image of pyrite/marcasite structure consisting of compact spheres surrounded by granular dentate 
and porous rims. (f) EFG5: SEM-BSE image of pyrite/marcasite with fine concentrically laminated 
microstromatolite-like structure with “barren” As-rich porous rim, overgrowing, and/or set in, 
barite matrix, showing  oscillatory and chemical zoning; zones “bright” in BSE are enriched in Sb  
and/or Pb, As and Si (see  Fig.3.6); note that laminated structure. (g) Sample NA014-039, AB4: RLP 
image showing pyrite concentric sphere surrounded by an amorphous Fe-oxyhydroxide (confirmed 
by SEM) with inclusions of PbS (h) Sample NA014-003-D2 : RLP of clusters of Fe-sulphide 
concentrically laminated spheres mantled by amorphous Fe-oxyhydroxide-galena rims (confirmed 
by SEM)  (h) D2 : RLP showing concentrically banded, radial, spheroidal masses of iron sulphide (see 
Fig.123, Ramdohr, 1980). 
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Fig 6.3 Inner sulphide-sulphate core (ISSC) mineral phases. (a) Sample NA014-003, polished thin 
section D2: Reflected light photomicrograph(RLP) of an idiomorphic crystal of pyrite/marcasite(Py) 
mantled by Sb-Pb-sulfosalts (Sb-Pb-S), then  later  sphalerite (Sph). (b) Sample NA014-039, AB4: RLP 
of anhedral Sb-Pb-sulfosalt inclusions in concentrically laminated pyrite (Py) overgrown by thin 
porous As-pyrite, mantled by barite laths with scattered Sb-Pb-sulfosalts. (c) Sample NA014-003,  
EFG5: RLP of  clusters of pyrite/marcasite spheres/hemispheres/ and barite laths/rossettes  
mantled by sphalerite. (d) Sample NA014-003, EFG5: RLP of intricate colloform banding of pyrite 1 
(FeS) mantled by a layer of spongy. Porous pyrite overgrowths contain As (up to 1.84 wt %), and 
may be classified as another younger generation pyrite (generation 2). (e) Sample NA014-039, AB4: 
SEM backscatter image showing galena (PbS) inclusions in sphalerite (Sph) intergrown with 
concentrically laminated Sb-Pb-rich pyrite spheroid(corfimedby SEM(EDS)). (f) EFG5: RLP of finely 
concentrically laminated spheroids, and colloform masses, of pyrite/marcasite (Py)  mantled by 
anhedral to subhedral  intergrowths of  Sb-Pb-sulfosalts and galena. (g) AB4: SEM backscatter image 
of finely concentrically laminated pyrite/marcasite sphere surrounded by highly porous Fe-
oxyhydroxide, with inclusions of galena. (h) Sample NA014-003, D5: SEM backscatter image of 
dendritic Sb-Pb sulphosalts (Sb-Pb-S, white) and sphalerite (dark grey) intergrown with barite laths 
(light gray). 

 
Antimony in the ISSC   

Antimony forms either autonomous antimoniferous sulphosalt phases, or is 

selectively partitioned in pyrite/marcasite. 

The antimoniferous phases constitute unidentified Sb-Pb sulfosalts, and exhibit the 

following  modes of occurrence: (1) smooth thin μm-scale non-isopachous fine-grained 

laminae,  and/or more coarsely crystalline dentate masses, that rim oncoid-like 

concentrically laminated and chemically zoned pyrite/marcasite , or single euhedral pyrite 

crystals  (Figs. 6.3a; 6.4d,f,g, 6.5) , (2)  random fine- to coarse-crystalline inclusions in single 

or dense masses of concentrically laminated, and oncoid-like, pyrite 

spheroids/microglobules (Fig. 6.3.b); (3) dendritic masses intergrown with sphalerite and 

barite(Fig. 6.3h), or random fine-grained inclusions in anhedral sphalerite (Fig. 6.4c); (4) 

disseminated rhombohedral, anhedral and skeletal grains filling void space of 

pyrite/marcasite-barite substrate(Fig. 6.4e,h). 

Antimony occurs in concentrically laminated pyrite microglobules (pyrite 1) (Fig 6.6). 

SEM-EDS data show that these concentrically laminated pyrite 1 microglobules have μm-

scale compositional variations along the laminae, representing growth zones which are 

characterized by different Sb and Pb, trace element compositions. Zones “bright” in BSE are 

enriched in Sb (up to 9.08 wt %), Pb (up to 11.53 wt %) in sample NA-014-003 D5 (Fig. 6.6) 

(Kilias et al., 2013b), or Sb (up to 10 wt %) and Pb (up to 18.13 wt%), in sample NA-014-003-

EFG5 (Fig. 6.7). Zones ‘’dark grey’’ in BSE are trace element-poor (Sb up to 2.13 wt%, Pb and 

As are not detected). Porous pyrite overgrowths contain As (up to 1.84 wt%), and is 

classified as another younger pyrite generation (pyrite 2) (Fig.6.6). The abundances of Sb and 
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Pb vary inversely with Fe and to S (Fig. 6.6), suggesting that Sb and Pb occupy the Fe and S 

sites in the pyrite (Kilias et al., 2013b). 

 

Fig.6.4 Occurrence of Pb-Sb sulphosalt phases.(a)  Sample NA014-003, polished thin section D2: 
Cross-polarized reflected light photomicrograph (CPRLP) showing strong anisotropy of unidentified 
Pb-Sb sulphosalt phase. Laths towards the upper left side are barite. (b) D2: Reflected light 
photomicrograph (RLP) in plane polarized light showing strong pleochroism of Pb-Sb sulphosalt 
shown in (a). (c) Sample NA014-039-AB4: RLP of inclusions of Pb-Sb sulphosalts (Sb-Pb-S) in 
sphalerite (Sph) in a barite matrix. (d) Sample NA014-003, EFG5: RLP showing two generations of 



Master Thesis   Maria Gousgouni 

 

52 
 

Pb-Sb sulphosalts: (i) thin rim surrounding pyrite/marcasite peloid; (ii) anhedral to subhedral Pb-Sb 
sulphosalts intergrown with euhedral galena (Ga) overgrowing and postdating 
peloidal/microstromatolitic pyrite/marcasite. (e)AB4: SEM backscatter image of rhombohedral, 
anhedral and skeletal Pb-Sb sulphosalts (white) filling void space of a substrate of disseminated 
pyrite/marcasite microglobules intergrown with barite laths. (f) EFG5: SEM backscatter image of  
microstromatolite-like planar to domical pyrite/marcasite laminites (Allwood et al., 2006; Lazar et 
al., 2011) with intricate fine ultra-local lamination and linked domical pseudocolumnar shape, 
surrounded by a serrated Pb-Sb sulphosalt rim (EDS analysis: Sb: 30.10 wt% and Pb: 39.6wt%) in 
barite matrix, (g) Sample NA014-039-AB4: SEM backscatter image of a pyrite and Pb-Sb sulphosalts 
feature. Random concentrically laminated, zoned Sb-rich pyrite spheres (microglobles) rimmed by 
dentate Sb-Pb sulphosalts (white) in massive pyrite; the latter is intergrown with or overgrown by 
barite laths. (h) AB4: Detail of (e).  
 

 

 
Fig.6.5 Politeia vent 1, sample 003, polished thin section EFG5. (a) Backscattered electron (BSE)   
image of finely concentrically laminated spheroids mantled by anhedral to subhedral intergrowths 
of Sb-Pb-sulphosalts. (b) Point of analysis (in yellow) on μm-scale intermingle filament-like texture 
of sulphosalt phase. (c) SEM-EDS spectrum of the Sb-Pb-sulphosalt phase.  
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Fig. 6.6 Sample NA014-003, polished thin section D5: (a) Backscattered electron (BSE) image, and 
EDS spot analyses of concentrically laminated trace-metal (Sb, Pb) rich pyrite oncoid (generation 1) 
with embedded galena (white), overgrown by thin porous spongy pyrite(generation 2). (b) Element 
profile across the pyrite oncoid, by EDS spot analyses (Numbers on x-axis refer to analysis points). 
Pyrite shows chemical growth zoning defined by sharp Sb and Pb variations in the pyrite 
composition of fine light laminae; pyrite from some laminae may be enriched in Sb up to 9.08 wt% 
and Pb up to 11.53 wt%(Kilias et al., 2013b). Portions of the microglobules that appear as massive in 
BSE, i.e. compact cores are trace element-poor (Sb up to 2.13wt%, As and Pb are not detected) 
Porous pyrite overgrowths contain As (up to 1.84 wt% ) , and may be classified as another younger 
generation pyrite (generation 2).  
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Fig.6.7 Sample NA014-003, polished thin section EFG5: (a) Backscattered electron (BSE)   image of 
concentrically laminated pyrite oncoid (pyrite 1), overgrown by thin porous spongy pyrite (pyrite 2). 
(b) Element profile (EDS spot analyses) across the spheroid (Numbers on x-axis refer to analysis 
points). Pyrite shows chemical growth zoning defined by sharp Sb and Pb variations in the pyrite 
composition of fine light lamination; pyrite/marcasite from some laminae may be enriched in Sb up 
to 10 wt%, Pb up to 18.13 wt% and As up to 0.48 wt% (point 2). Porous pyrite overgrowths contain 
As (up to 0.68wt% ) (point 1), and is classified as younger generation (pyrite 2).  
 
 

Subsequent use of synchrotron radiation based μ-XRF elemental mapping, applied to 

describe the partitioning and distribution of Sb within the pyrite/marcasite phase (Kilias et 

al., 2013b). Figure  6.8 shows synchrotron radiation μ-XRF elemental distribution maps for 

Ba, Fe, Zn, As and Sb in an area dominated by concentrically laminated pyrite 1 (light yellow) 

set in a barite matrix. The first image in upper left is a reflected light microphotograph of 
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ISSC (NA014-039) showing colloform banding of pyrite/marcasite phase. Ba is 

inhomogeneously distributed within the field of view whereas Fe, Zn, As and Sb show linear 

distributions. Zn and Fe partly positively correlate, except for an isometric area (lower left) 

where Fe is present but Zn is not. As and Sb are positively correlated in a linear structure 

parallel to the Fe and Zn distribution with some spots of elevated concentrations. These 

correlations may suggest that Sb occurs either as possible replacement of Sb3+ for Fe in the 

pyrite 1 structure) and/or independent Sb(-As)- sulfosalt phases (Kilias et al 2013b). 

 

 

Fig.6.8 Synchrotron radiation μ-XRF elemental distribution maps for Ba, Fe, Zn, As and Sb in an area 
dominated by layer of finely banded Fe-sulfide (light yellow), set in a barite matrix. The first image 
is a reflected light microphotograph of the Politeia spire vent-2 (NA014-039). Ba is in 
homogeneously distributed within the field of view whereas Fe, Zn, As and Sb show linear 
distributions. Zn and Fe partly correlate, except an isometric area where Fe is present but Zn not. As 
and Sb are correlated in a linear structure parallel to the Fe and Zn distribution with some spots of 
elevated concentrations. These correlations may suggest that Sb occurs either as possible 
replacement of Sb

3+
 for Fe in the pyrite layered structure (and concurrent replacement of As for S

2–
 ) 

and/or independent Sb(-As)- sulfosalt phases (Kilias et al., 2013b) 

 

Speciation of Antimony in Fe-sulfide  

Figure 6.9a shows the normalized Sb L3 XANES spectrum recorded from the ISSC 

material compared to selected reference antimony spectra, and Figure 6.9b shows 

derivatives of the normalized Sb L3 XANES spectra of the sample (black) compared to the 

selected reference antimony spectra :the spectra of elemental Sb (blue), Sb3+ 2O3 (green) 

and tripuhyite (Fe3+Sb5+O4) (red). Note that Sb2O3 is not pure and seems to contain some 

Sb5+ (see the peak in its derivative at about 4143.6 eV) where the Sb5+ reference (tripuhyite) 
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peak has its maximum. Strange is the position of the second derivative peak of the sample 

spectrum which plots significantly before the Sb3+ peak (Kilias et al., 2013b). The μ-XAFS 

spectra at LΙΙΙ-edge for Sb, in amorphous Fe-sulfides from active shallow-submarine 

hydrothermal vents, applied to confirming the preferential partitioning of Sb within the 

pyrite/marcasite phase, and the possible dominance of the relatively more toxic trivalent (or 

lower valence) species (Sb3+) rather than pentavalent species (Sb5+) forms, respectively. 

 
Fig.6.9 (a)Normalized (edge jump of 1) Sb L3 XANES spectra of the sample (black) compared to the 
spectra of elemental Sb (blue), Sb

3+
2O3 (green) and Tripuhyite (Fe

3+
Sb

5+
O

4
) (red). Note that Sb2O3 is 

not pure and seems to contain some Sb
5+

 which may have shifted the position of the Sb2O3 flank to 
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a higher energy position than for pure Sb2O3. (b) Derivatives of the normalized Sb L3 XANES spectra 
of the sample (black) compared to the spectra of elemental Sb (blue), Sb

3+
 2O3 (green) and 

tripuhyite (Fe
3+

Sb
5+

O4) (red). Note that Sb2O3 is not pure and seems to contain some Sb
5+

 (see the 
peak in its derivative at about 4143.6 eV) where the Sb

5+ 
reference (tripuhyite) peak has its 

maximum. Strange is the position of the second derivative peak of the sample spectrum which plots 
significantly before the Sb

3+
 peak (Kilias et al., 2013b). 

 

6.1.1.2. Mineralogy of the ‘‘Outer As-sulphide Layer’’ (OAsL)  

Optical microscopy revealed typical colors of As-rich sulphide minerals (i.e. 

orpiment, realgar), in the outer As-sulphide layer OAsL (Fig. 6.10a) (Kilias  et al., 2013a). 

SEM-BSE micrographs of OAsL depict that amorphous orpiment (As2S3)-type (characterized 

by XAFS)(Kilias et al., 2013a) phase occurs as clustered microspheres and globular 

aggregates of various sizes (1-10 mm), and straight, curved and branching filaments with 

ringed grooves overlying layer of barite blades (Fig. 6.10 b, c, d). 

Fig.6.10 (a) Photomicrograph taken in reflected light, of the outer As-sulphide layer (OAsL) of 

NA014-003: filamentous As-rich sulphides with typical colors of red and yellow; filament 

compositions approximate orpiment (As2S3) (characterized by XAFS) (Kilias et al., 2013). (b)(c)(d) 

SEM-BSE micrographs of hydrothermal precipitates with fragile morphologies: Overview of 

amorphous orpiment (As2S3)-type phase morphologies, including clustered microspheres and 

globular aggregates of various sizes (1-10 mm), and straight, curved and branching filaments with 

ringed grooves overlying layer of barite blades.  
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Antimony in the OAsL 

Antimony in OAsL is selectively partitioned in orpiment (As2S3)-type As-sulphide 

phases. SEM-EDS study of OAsL (NA014-003 OAsL) revealed that colloform aggregates of  

orpiment (As2S3)-type As-sulphide phase contains significant amounts of Sb, along  growth 

zones which appear  “bright” in BSE; these zones are highly enriched in Sb up to 16 wt 

%)(Fig. 6.11). 

 

 
 
Fig.6.11 (a) BSE image of collofom laminated orpiment (As2S3)-type As-sulphide phase (NA014-003 
OAsL). (b) Element profile across the colloform orpiment showing significant enrichment of in light 
laminae in Sb (up to 16wt%) (point 2). 
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6.1.1.3. Mineralogy of the ‘‘Surface Fe-rich Crust’’ (SFeC) 

Antimony in the SFeC 

According to Kilias et al., (2013) the SFeC is dominated by amorphous ferrihydrite-

type (characterized by XAFS) Fe-(hydrated)-oxyhydroxides, occurring as laterally extensive 

slime-like material, forming an intimate extension of straight and/or curved filamentous, 

coccoidal, rod-shaped, and long straight stick structures (Fig. 6.12a).SEM-EDS study of 

surface Fe-rich crust (NA014-039 SFeC), revealed that amorphous ferrihydrite type 

(characterized by XAFS), Fe-(hydrated)-oxyhydroxides contain significant amounts of Sb (Fig. 

6.13). 

 

 

 

 

 

Fig.6.12 SEM images of Fe microbial mat designated as ’’surface Fe-rich crust ’’ (SFeC). (a) (b) 
Amorphous Ferrihydrite-type (Characterized by XAFS) Fe-(hydrated)-oxyhydroxides occurring as 
laterally extensive slime-like material, forming an intimate extension of straight and/or curved 
filamentous, coccoidal, rod-shaped, and long straight stick structures (Kilias et al., 2013). 
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Fig.6.13 (a)(b)(c) SEM-EDS elemental analysis collected from ferrihydrite-type Fe-(hydrated)-

oxyhydroxides (NA014-0039 SFeC) gluing and overlying layer of barite blades and roses, indicates Sb 

content (The asterisks indicate the analysis point). 

6.1.1.4. Mineralogy of the ‘‘Interior Porous Conduit Network’’ (IPCN) 

Antimony in the IPCN 

According to SEM-EDS the interior porous conduits are lined by barite and gypsum 

overgrown by dark violet metallic aggregates of unidentified PXRD-amorphous Sb-Zn-S 

phases (Kilias et al., 2013a). In figure 4.16a, EDS spectra show earthy mush of Sb-Zn-S 

phases in barite substrate. Possible biogenic morphologies include curved and twisted 
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hairlike filaments entwined with each other forming dense arrays and colonizing barite 

crystal faces (Fig. 6.14b). Based on Ivarsson et al. (2013) these structures may represent 

fungi hyphae based on some criteria.  

 

 

Fig.6.14 EDS spectra show the presence of Zn and Sb. (The asterisks indicate the analysis point). (a) 

earthy mush of Sb-Zn-S phases in barite substrate, (b) Overview of Sb-Zn-S phase, possible biogenic, 

morphologies including curved and twisted hair like filaments entwined with each other forming 

dense arrays and colonizing barite crystal face (ba). A large variation in additional accumulation of 

oblate or imperfect aggregated microspheres developed on the surface of filaments (Kilias et al., 

2013a).  

 

6.1.2 Champagne Vent Complex 

According to Kilias et al. (2013a) the external surface of the ‘’Champagne’’ vent 

contains botryoidal aggregates of pyrite associated with euhedral gypsum and barite, and 

local aggregates of twinned chalcopyrite (CuFeS2) crystals. The polished blocks NA014-027 

and NA014-028 are presented here as examples. Observations in reflected and transmitted 

light and in SEM-EDS revealed five sulphide phases within a barite matrix (BaSO4), namely 

pyrite (FeS2), marcasite(FeS2),chalcopyrite (CuFeS2), sphalerite (ZnS) and galena (PbS) and an 

Ba 
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unidentified Pb-Sb sulphosalt phase, assisted also by XRD (Kilias et al., 2013 and this 

study).The description of the phases is given below: 

Barite (BaSO4) occurs as blades, acicular clusters, fibrous crystals and rarely as 

dentritic crystals and forms the substrate for disseminated sulphides of colloform banded 

pyrite (Fig 6.15a, b).  

Pyrite occurs as colloform banded masses of amorphous trace-metal rich pyrite (Sb 

is concentrated in the core) mandled by barite blades (Fig.6.15a), colloform banded planar 

layers commonly intergrowth with sphalerite (dark grey) (Fig. 6.16e) and also in association 

with chalcopyrite (CuFeS2), and inclusions of Pb-Sb sulphosalts (Fig. 6.15f).  Also pyrite 

texture reveals a laterally linked low-relief planar to domical (micro) stromatolitic 

morphology (Fig.6.15b) (Lazar et al., 2012; Alwood et al., 2006). 

Marcasite is euhedral and reveals a strong anisotropy (bright bluish) (Fig. 6.15 c), 

and a weak pleochroism (yellowish-white) (Fig. 6.15d). 

Sphalerite is mostly anhedral and intergrowth with pyrite colloform banded planar 

layers. (Fig.6.15e) 

Chalcopyrite has a brassy to golden yellow color and occurs as inclusion in marcasite 

(6.15d) and intergrown with pyrite/marcasite and Pb–Sb sulphosalts (Fig.6.15 f). 

Galena was observed by optical microscopy, but we didn’t take any images.  

Unidentified Pb-Sb sulphosalts are characterized by a distinct anisotropy (bluish) and 

a weak pleochroism (blue-green tint) optically resembling boulangerite (Pb5Sb4S11) and 

intergrown with pyrite and chalcopyrite (Fig 6.15f).  

Antimony in the pyrite 

Antimony is mostly concentrated in the core relative to rim. (Fig.6.15a). Elemental 

profile across the pyrite show chemical growth zoning defined by Cu variations( Fig.6.16) 

(This picture is redrawn without the Fe and S ,because by this way the variation in As and Cu 

is shown better). 
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Fig.6.15 Photomicrographs of metallic phases. Sample NA014-028: (a) SEM-EDS photomicrograph 
shows colloform banded masses of amorphous trace-metal rich pyrite mandled by barite blades. 
Spectrum diagrams show that core, “bright” zones in BSE, is enriched in Sb (up to 11 wt% ), and/or 
Pb, As and Si.(b) Sample NA014-027:SEM-EDS photomicrograph shows laterally linked low-relief 
planar to domical (micro)stromatolitic  pyrite morphology (Lazar et al., 2012; Alwood et al., 2006). 
(c) Cross-polarized RLP showing marcasite anisotropy, and plane polarized RPL showing marcasite 
pleochroism with inclusions of Cpx (d). (e) RLP of pyrite colloform banded planar layers commonly 
intergrowth with sphalerite (dark grey). (f) Intergrowths of pyrite/marcasite, chalcopyrite and Pb–
Sb sulphosalts. 
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Fig.6.16 (a) BSE image of intricate colloform banding of pyrite polished section NA014-027). 
(b) Elemental profile across the pyrite show chemical growth zoning defined by Cu and As  
variations. Sb is not be detected! (This picture is redrawn without the Fe and S ,because by 
this way the variation in As and Cu is shown better). 

 
 

6.1.3 Active sulphide-sulphate mounds from Diffuser II complex 

 
Observations in reflected and transmitted light revealed four sulphide phases within 

a sulphate matrix (barite), which pyrite (FeS2), sphalerite (ZnS), galena (PbS) and an 

unidentified Pb-Sb sulphosalt phase. The description of the phases is given below: 

Barite (BaSO4) occurs as blades, acicular clusters, fibrous crystals and rarely as 

dentritic crystalsand forming a substrate for disseminated sulphides of mainly colloform 

banded pyrite-marcasite (py-m) (Fig.6.17a,b,d,e). 
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Pyrite mainly include small concentric spheres and colloform masses, commonly 

intergrowth with barite (Fig. 6.17 a, b) and spherical aggregates (Fig.6.17f). We observed 

different generations of pyrite: Colloform banded pyrite 1 intergrowth with barite 

overgrown by thin porous spongy pyrite 2 (Fig. 6.17b)  and  porous spongy pyrite (generation 

2) overgrown by eudral pyrite (generation 3) (Fig, 6.17c).Also in Fig. 6.17 e) idiomorphous 

crystals of pyrite (generation  3 )  intergrowth with barite  

Sphalerite (ZnS) reveals a massive sulphide formation intergrowth with 

pyrite/marcasite (Fig.3.18d). 

Galena has not be observed in reflected light microscope. 

Pb-Sb sulphosalt phase presents a weak reflection pleochroism and a distinct 

anisotropy. The unidentified Sb-Pb sulfosalts, and exhibit the following  modes of 

occurrence: (1), spherules of pyrite, with concentric lamina mantled by a serrated Sb-Pb 

sulphosalts bright rim, in barite matrix (Figs. 6.18 a,b,c), and (2) inclusions of Sb-Pb 

sulphosalts in pyrite  intergrown with sphalerite (Fig. 6.18 d). 
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Fig.6.17 Photomicrographs taken in reflected light of metallic phases. Sample NA014-005, polished 
block: (a) Barite laths and rosettes forming a substrate for disseminated sulphides of mainly 
colloform banded pyrite-marcasite (py-m) (b) Colloform banded pyrite intergrowth with barite 
overgrown by thin porous spongy pyrite(generation 2).  (c) Porous spongy pyrite (generation 2) 
overgrown by eudral pyrite (generation 3) (d) Pyrite-sphalerite-barite intergrowth. (e) 
Idiomorphous crystals of pyrite intergrowth with barite (f) Spherical aggregates of Pyrite-Marcasite. 
 

 
 Fig.6.18 Photomicrographs, taken in reflected light of Pb-Sb sulphosalt phases ( Sample NA014-005, 
polished block: (a),(b) Spherules of pyrite, with concentric lamina, rimmed by a serrated Sb-Pb 
sulfosalts bright rim, in barite matrix (c) Random concentrically laminated, zoned Sb-rich pyrite 
spheres (microglobles) rimmed by dentate Sb-Pb sulphosalts (white) in massive pyrite; the latter is 
intergrown with or overgrown by barite laths. (d) Inclusions of Sb-Pb sulphosalts in pyrite 
intergrown with sphalerite.  
 

6.1.4   Anonymous Vent (AV)  

Observations in reflected and transmitted light revealed four sulphide phases within 

a sulphate matrix (barite), which pyrite (FeS2), sphalerite (ZnS) and galena (PbS). The 

description of the phases is given below: 

Barite (BaSO4) occurs as blades, acicular clusters, fibrous crystals and rarely as 

dentritic crystals (Fig.6.19c,d,e,f).Barite laths and rosettes forming a substrate for colloform 

masses of pyrite. 
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Pyrite (FeS2) reveals some colloform banded masses of amorphous trace-metal rich 

pyrites in barite substrate (Fig.6.19d) and colloform banded masses of amorphous pyrite 

rimmed by a white lamination of galena (Fig.6.19b,e). The ‘’bright” cores in BSE are enriched 

in Sb. Also we observed metastable stages of colloidal pyrite to euhedral pyrite: 

Concentrically laminated Sb-rich pyrite spheroids (pyrite 1) overgrown by microcrystalline 

masses (pyrite 3) (dark grey) in barite substrate (Fig.6.19c,f). 

Galena (PbS) is nearly always associated with pyrite, either as inclusion in colloform 

masses of pyrite (Fig.6.19a), either as a thin layer mantling the pyrite spheroids (Fig.6.19b,e)) 

or isolated galena at grain contacts (Fig.6.19 c). Most galena grains are white subhedral to 

euhedral and typically less than a few tens of μm in size.  

Sphalerite (ZnS) has not be detected by SEM. 

 

 

Ga 

Ga 
Ga 

py 
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Fig.6.19 SEM backscatter images of anonymous vent (NA014-016) mineral phases.(a) Inclusions of 
galena in colloform banded masses of pyrite (b) Colloform banded masses of amorphous pyrite 
rimmed by a white lamination of galena .Antimony is mostly concentrated in the core (light grey) 

relative to rim (confirming by SEM).Dark grey zones showing oscillatory zoning. (c) Concentrically 

laminated Sb-rich pyrite spheroids overgrown by microcrystalline masses (pyrite 3) (dark grey), 
intergrowth with galena (white) (d) Colloform banded masses of amorphous trace-metal rich 
pyrites in barite substrate. The ‘’bright” cores in BSE are enriched in Sb (e) Colloform banded 
masses mandled by a white lamination of galena (PbS) (f) Pyrite spheroid (generation 1) overgrown 
by microcrystalline masses of pyrite (generation 3) in barite substrate.   

 

Antimony in Anonymous Vent 

SEM-EDS data show that colloform banded trace element- rich zoned pyrite show 

oscillatory zoning;  zones “bright” in BSE are enriched in Sb (up to 11 wt%), and/or Pb, As 

and Si (Fig.6.20).Preliminary SR μ-XRF elemental maps confirmed that Sb is mostly 

concentrated in the core relative to rim (Kilias et al., 2013b)(Figs. 6.20, 6.21) and show that 

Pb may be concentrated in thin layer of galena (PbS) mantling the pyrite spheroids (Kilias et 

al., 2013b) (Fig. 6.21).  

SEM-EDS spectrum showing significantly high amount of Sb, Pb, Cu, Zn in core of 

colloform pyrite(Fig.6.22). Also in figure 6.23 an element profile across the colloform pyrite 

spheroid shows chemical growth zoning defined by Pb-Sb variations in the pyrite 

composition (up to 14wt% and 6wt% respectively) mantled by galena (up to 3 wt% Sb) and 

overgrown by microcrystalline masses of pyrite with inclusions of galena ( Sb is not detected) 

(generation 2). Also its detected Ag and Cu into pyrite spheroid (up to 1.5-2 wt%). 
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Fig.6.20 (a) SEM-EDS photomicrograph shows colloform banded masses of amorphous trace-metal 
rich pyrite mandled by barite blades. (b)Spectrum diagrams show that core, “bright” zones in BSE, is 
enriched in Sb (up to 11 wt% ), and/or Pb, As and Si (spectrum 1,3) 

 

 
 
Fig.6.21 SEM-EDS elemental maps for Ba, Fe, Pb, Sb and S show that Pb may be concentrated in thin 
layer of galena (PbS) mantling the pyrite spheroids (Kilias et al., 2013 b).  
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Fig.6.22 Anonymous Vent (AV) sample NA014-016 (ISSC): (a) BSE image of colloform overgrowths 
with trace metals-rich cores (light grey) interpreted as colony of pyrite in association with galena 
(b)SEM-EDS spectrum showing significantly high amount of Sb, Pb, Cu, Zn in core of colloform 
pyrite. 
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Fig.6.23 Anonymous Vent (NA014-016): (a) Backscattered electron (BSE) image of concentrically 
laminated trace-metal (Sb, Pb) rich pyrite spheroid (generation 1) overgrown by thin white 
lamination of galena and overgrown by microcrystalline masses of pyrite (generation 2) with white 
inclusions of galena (3 wt% Sb). (b) Element profile across the pyrite spheroid. (Numbers on x-axis 
refer to analysis points). Pyrite shows chemical growth zoning defined by Pb-Sb variations in the 
pyrite composition (up to 14wt% and 6wt% respectively) mantled by galena (up to 3 wt% Sb). Also 
its detected Ag and Cu into pyrite spheroid (up to 1.5-2 wt%). 

 

6.2 Bulk Geochemistry of the Kolumbo chimneys 

6.2.1 Major and trace elements 

The results of chemical analyses of six samples analysed during the present research 

presented are in Tables 6.1, 6.2. The samples were analysed in order to examine differences 

in the bulk chemistry of the outer crust and the inner part of the chimneys. Specifically, crust 
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samples from Politeia and Poet’s Candle as well as composite samples from Politeia, Diffuser 

II and Poet’s Candle were analysed. Sulfur, Fe, Ba, Si, Pb, Zn, Sr are major elements 

(concentrations >1 wt%) in the samples occurring mainly in crystalline pyrite, barite, galena 

and sphalerite, as well as K-Mg-Al-silicate, and/or Al-K-Fe-sulphate, phases.  

Average base metal and maximum concentration for all the mineralized samples are 

0.142 wt% Cu (max: 0.40 wt %, n=13), 0.44 wt% Zn (max: 1.78 wt%, n=9) and 1.922 wt% Pb 

(max: 5.57 wt%). Maximum concentrations of Cu were measured in ‘’Champagne’’, ‘’Difusser 

II’’ and ‘’Poet’s candle’’ (0.19 wt%, 0.14 wt% , 0.40 wt% respectively). Combined Zn + Cu + Pb 

for these samples is on average less than are  6.15 wt%, which is relatively low comparing 

with other seafloor sulphide deposits (Hannington et al., 2005) and that maybe indicate 

relatively low vent fluid temperatures at Kolumbo. Trace elements usually associated with 

high-temperature hydrothermal activity, such as Se and Mo, are below their detection limit.  

However, the average and maximum concentrations of Tl (1000 mg kg-1) and Sb 

(8010 mg kg-1) are the highest reported from modern seafloor hydrothermal systems (Kilias 

et al., 2013 supplementary Fig.S4). According to Kilias et al., (2013), Sb, Pb, Au, and Ag 

present high positive correlation coefficients (similarity level=79.2). 

 

Table 6.1. Major elements content (wt % except Ba in ppm) of hydrothermal vent samples from the 
Kolumbo deposits  

 
MDL 

NA014-003 
CRUST 

NA014-039 
CRUST 

NA014-016 
CRUST NA014-016 NA014-007 NA014-005 

SiO2 0.01 3.15 0.92 0.23 0.06 3.89 0.19 

Al2O3 0.01 0.28 0.18 0.06 0.03 1.52 0.05 

Fe2O3 0.04 6.39 1.83 29.49 43.73 22.41 30.41 

MgO 0.01 0.12 0.4 0.09 0.05 0.28 0.08 

CaO 0.01 0.29 0.61 0.27 0.04 0.17 1.36 

Na2O 0.01 0.8 2.37 0.58 0.19 1.18 0.61 

K2O 0.01 0.11 0.09 0.02 <0.01 0.12 0.04 

TiO2 0.01 <0.01 <0.01 <0.01 <0.01 0.03 <0.01 

P2O5 0.01 <0.01 0.02 <0.01 <0.01 <0.01 0.02 

MnO 0.01 <0.01 0.27 0.01 0.01 <0.01 0.01 

Cr2O3 0.002 0.003 0.003 0.003 0.005 <0.002 0.003 

TOT/C 0.02 0.07 0.18 0.06 0.03 0.08 0.03 

TOT/S 0.02 17.25 13.12 30.14 38.2 25.31 31.04 

LOI 

 
7.8 4.9 21.4 24.8 27.3 18.9 

Ba 1 >50000 >50000 >50000 >50000 >50000 >50000 
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Table 6.2. Minor elements content (in ppm) of hydrothermal vent samples from the Kolumbo 
deposits. 

   
  MDL 

NA014-
003CRUST 

NA014-
039CRUST 

NA014-
016CRUST 

NA014-
016 

NA014-
007 

NA014-
005 

Pb 0.1 >10000 6630 >10000 3662 19700 42500 

Zn 1 >10000 2217 >10000 17800 3900 1210 

Sb 0.1 >2000 1820 >2000 5680 8010 4650 

Hg 0.01 >50 >50 >50 >50 >50 >50 

Sr 0.5 23278 38061 26246 6057 10513 18476 

As 0.5 2077 785.3 3108 3549 1451 2455 

Tl 0.1 930 64.4 418.1 172.3 381.3 469.3 

Ag 0.1 93.6 74.9 >100 >100 >100 >100 

Cu 0.1 52.7 54.2 3077 4029 909.7 1349 

Cd 0.1 49.2 11.4 227.9 466.3 133.7 101.3 

Mo 0.1 9.5 17.8 39.7 15.9 86 22.2 

Rb 0.1 3.7 1.5 0.5 <0.1 2.3 1.2 

Ni 0.1 2.6 0.4 4.6 4.7 12.9 2.1 

Zr 0.1 2.4 2.4 1.1 0.3 18.4 0.7 

Au 
0.00
05 1757 0.7571 11473 15573 1653 11688 

W 0.5 1 0.8 <0.5 <0.5 1.1 <0.5 

Se 0.5 0.7 <0.5 4.1 4.3 13.3 <0.5 

Cs 0.1 0.6 <0.1 0.1 <0.1 0.3 <0.1 

Ta 0.1 0.6 0.3 0.1 0.2 1.7 0.3 

Ga 0.5 0.5 <0.5 6.3 17.7 8.2 2.1 

Nb 0.1 0.4 0.2 <0.1 <0.1 1.6 <0.1 

U 0.1 0.4 0.9 0.5 <0.1 2.3 <0.1 

Y 0.1 0.4 1 <0.1 <0.1 2.2 0.2 

Hf 0.1 0.2 0.4 <0.1 <0.1 1.2 0.7 

V 8 <8 40 <8 <8 12 <8 

Ni 20 <20 <20 <20 <20 <20 27 

Sc 1 <1 <1 <1 <1 <1 <1 

Be 1 <1 1 2 <1 <1 <1 

Sn 1 <1 <1 1 4 <1 <1 

Co 0.2 <0.2 0.6 <0.2 <0.2 1 <0.2 

Th 0.2 <0.2 <0.2 <0.2 <0.2 1.5 <0.2 

Bi 0.1 <0.1 <0.1 <0.1 <0.1 3.1 0.1 

 

6.2.2 Rare earth elements geochemistry 

REEs in the sulfides mainly originate from the hydrothermal fluids and thus express 

their patterns (Tao et al., 2011) The REE geochemistry of metalliferous sulfides is generally 
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considered as an indicator for the source and evolution processes of hydrothermal fluids 

(Tao et al., 2011). The REE contents analysis results and characteristic parameters for 13 

subsamples from chimneys are shown in Table 6.3, 6.4. As shown in Table 6.3, different 

types of hydrothermal deposits samples have large difference in REE contents. REE content 

(ΣREE) of hydrothermal sulphides of Kolumbo (HVA) have a range from 6.34 and 16.71 ppm 

higher than those of hydrothermal sulphides of southwest Indian Ridge (1.01 ppm) (SWIR)  

and of black smokers samples of Brothers Volcanoes (1.91ppm) (Kermadic Volcanic arc); and 

lower than Hydrothermal manganese crusts from Palinuro seamounts (36.262 ppm)(back arc 

basin in the Tyrrhenian Sea). ΣREE generally increase in profiles across the chimney wall from 

the dense interior portions to the loose outer ones, reflecting the different mixing 

proportions of the hydrothermal fluid with seawater (Zeng et al., 2001). Chondrite-

normilized REE patterns show significant positive Eu anomalies and LREE enrichment, 

inheriting the characteristics of hydrothermal fluids and suggesting that the REE in sulphides 

maybe mainly derived from hydrothermal fluids (Cao et al., 2012). 

The REE Chondrite-normalized distribution patterns for 13 subamples of Kolumbo 

chimneys are presented in Figs. 6.24, 6.25, 6.26, 6.27. Nearly all the analyzed chimney 

samples contain clear positive chondrite normalized Eu anomalies, i.e. Politeia vent field (Fig. 

6.25), Diffuser II (Fig. 6.27) and Poet’s candle (Fig. 6.28), except for those from Champagne 

active mounds (Fig.6.26) which contain negative Eu anomaly .In figure 6.28 its obvious a 

binary plot of (Ce/Ce*)SN against (Pr/Pr*)SN to distinguish between anomalous CeSN and LaSN 

behavior for the samples of the Kolumbo chimneys (Bau and Dulski, 1996). Ce depletion in 

relation to the other REEs , supports anoxic depositional conditions. Sedimentary Ce levels 

are generally expected to increase under oxidizing conditions because, unlike most REEs, 

Ce3+ is oxidized to Ce4+ and coprecipitated in association with iron oxyhydro (oxides). Most   

analyzed Kolumbo samples contain no positive Ce anomalies, except for 4 samples having 

negative Ce anomalies. This trend in Ce   anomalies indicates that the samples formed in low 

oxygen suboxic to anoxic conditions (Planavsky, et al., 2009, Tao et al., 2011, Bau et al., 

2013). 
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Table 6.3. REE concentrions in ppm (mg kg
-1

) and chondrite normalized properties of REE enrichments and REE fractionation ratios.of hydrothermal vent samples from 
the Kolumbo deposits analysed and seafloor hydrothermal deposits from various tectonic settings : Brothers Volcano (de Ronde et al., 2005); Tyrrhenian Sea Palinuro 
(Eckhardt et al., 2008), Galapagos rift (Tao et al., 2011).  
 

Elements  (ppm) MDL 
NA014-

003CRUST 
NA014-

039CRUST 
NA014-

016CRUST 
NA014-

016 
NA014-

007 
NA014-

005 

NA014-
003-
ISSC 

NA014-
003-
OAsL 

NA014-
003-
SFeC 

NA014-
027 

NA014-
028 

NA014-
039-
ISSC 

NA014-
039-
SFeC 

Brothers Palinuro 
Galapagos 

rift 

La 0.1 7.2 6.2 3.4 1.8 6.8 4.3 3.9 5.4 5.4 5.9 4.1 4,0 6.1 0.5 6.64 0.2 

Ce 0.1 3.4 4.8 2.3 0.6 5.9 1.1 1.9 1.8 3.7 5.4 2.6 1,0 5.3 0.39 14.94 0.449 

Pr 0.02 0.3 0.37 0.22 0.12 0.47 0.12 0.13 0.08 0.23 0.43 0.16 0.06 0.3 0.062 1.714 0.049 

Nd 0.3 0.7 0.8 0.3 0.3 1.6 0.3 0.7 0.3 0.3 0.6 0.6 0.3 0.7 0.31 6.231 0.17 

Sm 0.05 0.45 0.52 0.25 0.07 0.23 0.58 0.13 0.05 0.51 0.45 0.05 0.08 0.23 0.04 1.197 0.034 

Eu 0.02 1.58 2 1.72 2.86 0.02 3.19 0.18 0.02 0.02 0.02 0.02 0.02 0.02 0.29 0.47 0.009 

Gd 0.05 1.61 1.24 0.76 0.66 1.18 1.77 0.81 3.04 1.82 1.35 1.51 0.56 2.86 0.043 1.464 0.026 

Tb 0.01 0.04 0.05 0.03 0.03 0.07 0.04 0.02 0.05 0.04 0.06 0.05 0.02 0.08 0.03 0.201 0.004 

Dy 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.21 0.05 0.17 0.05 0.05 0.05 0.075 1.273 0.025 

Ho 0.02 0.03 0.05 0.02 0.02 0.04 0.02 0.1 0.14 0.21 0.16 0.15 0.06 0.28 0.03 0.253 0.005 

Er 0.03 0.03 0.03 0.03 0.03 0.14 0.03 0.17 0.24 0.47 0.33 0.31 0.12 0.48 0.047 0.783 0.017 

Tm 0.01 0.04 0.03 0.01 0.01 0.04 0.02 0.01 0.01 0.02 0.02 0.02 0.01 0.02 0.03 0.18 0.003 

Yb 0.05 0.05 0.08 0.05 0.05 0.14 0.03 0.05 0.06 0.06 0.26 0.14 0.05 0.22 0.04 0.766 0.015 

Lu 0.01 0.01 0.01 0.01 0.01 0.03 0.01 0.01 0.01 0.03 0.02 0.01 0.01 0.02 0.03 0.1366 0.004 

ΣLREE    13.63 14.69 8.19 5.75 15.02 9.59 6.94 7.65 10.16 12.8 7.53 5.46 12.65 1.592 31.2 0.91 

ΣHREE   1.86 1.54 0.96 0.86 1.69 1.97 1.22 3.76 2.7 2.37 2.24 0.88 4.01 0.32 5.06 0.099 

ΣREE    15.49 16.23 9.15 6.61 16.71 11.56 8.16 11.41 12.86 15.17 9.77 6.34 16.66 1.917 36.26 1.01 

[Ce/Ce*]NASC   0.313 0.504 0.45 0.212 0.535 0.172 0.309 0.226 0.464 0.605 0.409 0.167 0.57 0.403 1.026 1.059 

[Eu/Eu*]NASC   7.578 11 17 38.97 0 13.39 19.00 0.064 0.084 0.109 0.127 0.31 0.064 34.03 1.722 1.454 
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Fig.6.24 Chondrite-normalized REE patterns for representative samples of Politeia Vent Field 

(NA014-003 ISSC, NA014-003 CRUST, NA014-039 ISSC, NA014-039 CRUST, NA014-016 CRUST), 

compared to Upper Continental Crust (UCC)(black) and seawater (Tanaka. et al., 1990) 

 
Fig.6.25 REE abundance patterns normalized to chondrite for Champagne’s samples (NA014-
007,NA014-027,NA014-028), the Upper Continental Crust (UCC)(-in black) and seawater (Tanaka. 
et al., 1990) 
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Fig.6.26 REE abundance patterns normalized to chondrite for Diffuser’s sample (005) and the 
Upper Continental Crust (UCC)(-in black) and seawater(Tanaka. et al., 1990). 

 

 
Fig.6.27 REE abundance patterns normalized to chondrite for AV sample (NA014-016) and the 
Upper Continental Crust (UCC) (-in black) and seawater (Tanaka. et al., 1990) 
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Fig.6.28 Binary plot of (Ce/Ce*)SN against (Pr/Pr*)SN to distinguish between anomalous CeSN and 
LaSN behavior for the Samples of the Kolumbo chimneys (after Bau and Dulski, 1996). 

 

6.2.3 Partitioning of elements in extractable phases 

Data quality control, based on calculation of elemental recoveries by summing 

concentrations in all steps and comparing them to the aqua regia dissolution results, 

indicated that further quantitative interpretation of the results would not be valid. 

However, results are presented and discussed on a qualitative basis by comparing the 

relative extractability of Tl, As and Sb in the sequential extraction steps. The results for the 

5 analysed samples are illustrated in Figure 3.30. 

The fractionation of the three examined elements varies in the different 

extraction steps. Arsenic and especially Sb (Figure 3.30) present the highest extractability 

in the final step i.e. the residual phase, while Tl seems to be more easily mobilized and 

presents higher extractable proportions in the first extraction step. Arsenic displays higher 

extractability than the other two elements in the reducible phase fraction probably 

indicating the higher affinity of this metalloid to Fe- oxides and hydroxyoxides. Comparing 

the crust and the core of the samples in Fig.5b it is obvious that the concentration (%) of 

Sb and As in crust is higher than in core, which is expected because samples designated as 

“crust” contain higher amounts of Fe-oxides compared to those designated as ISSC. The 

highest extractability in the residual step is clearly observed for Sb. This is in agreement 

with the mineralogical study which indicated that Sb is abundant in the solid sulphide 

phases of the chimneys. However, the presence of Sb in the reducible phase fraction, 

especially of the sulphide ‘crust’ samples, indicates that part of this metalloid is fixed by 

the Fe-oxyhydroxide phases. This is also confirmed by the SEM-EDS study of the Politeia 

‘crust’ sample. 
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Fig.6.29 Extractability order of the studied elements in each extraction stage of the BCR 
sequential extraction procedure and residual phase for 5 samples. 
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7. Discussion 

7.1 The Kolumbo polymetallic seafloor hydrothermal chimneys  

Vent structures, style of venting, mineral zoning and growth history 

The studied Politeia samples constitute parts of diffusely venting polymetallic 

structures which show extensive growth in the absence of well-defined throughgoing open 

conduits character of black smokers (see Tivey et al., 2007). Consequently, flow within 

Politeia chimneys occurs through an anastomosing, discontinuous network of narrow, 

tortuous flow channels and a highly permeable, sponge-like matrix of sulfide, sulphosalt and 

sulphate. Also the studied Champagne, Diffuser II and Anonymous Vent (AV) samples 

constitute parts of smooth-sided sulphide sulphate mounds with no spire structures, 

commonly discharge streams of bubbles, mainly CO2, from small holes and cracks on their 

sides and bases (Kilias et al., 2013a). 

Fine-scale chemically zoned minerals (Figs. 6.6, 6.7, 6.11, 6.16, 6.23) and selective 

partitioning of trace metals (i.e. Sb, Pb, As) in successive generations  of mineral phases, i.e. 

pyrite types 1-3 (There is lack of zoning in pyrite 2 and 3)(Figs.6.6, 6.7,6.8) in the various 

broad scale mineralogical zones (i.e. Politeia, ISSC, OAsL, SFeC, IPNC)(Fig.5.1b)(Kilias et al., 

2013a) reveal a complex growth history for the Kolumbo chimneys and numerous processes 

which may involve: (i) highly localized fluid compositions, (ii) extensive replacement of 

earlier formed minerals, (iii) episodic ingress of seawater, (iv) flange development or 

parasitic chimneys,  (v) numerous precipitation events, and, (vi) sustained, broad-scale 

outflow of warm fluids from the walls through a porous and permeable matrix (Kristall et 

al., 2006).  

 

Geochemical microenvironments  

The observed micrometer-scale zonation of mineral phases with variations in trace 

elements within a larger mineralogical zones (ISSC, OAsL, SFeC, IPNC) (Fig.5.1) in diffuser 

chimneys of Politeia samples and sulphide-sulphate mounds indicate different chemical 

microenvironments (Kristall et al., 2011). Some examples of mineral zoning of Kolumbo 

hydrothermal vent samples are: 

 Chemical growth zones of pyrite 1 defined by high Sb and Pb composition of fine light in 

BSE laminae (Sb up to 9.08 wt% and Pb 11.53 wt% )and dark in BSE laminae (Sb up to 

2.13wt%, As and Pb are not detected). Arsenic enrichment (As up to 1.84 wt% ) in pyrite 

2 .(Antimony  is not detected in pyrite 2 and 3) (Fig.6.6). 



Master Thesis   Maria Gousgouni 

 

81 
 

 Enrichment of light in BSE laminae in Sb (up to 16wt %) in colloform orpiment (As2S3) of 

OAsL (Fig.6.11). Antimony is not detected in dark in BSE laminae. 

 Chemical growth zoning defined by Cu enrichment (up to 1.66 wt%) in colloform banded 

pyrite of Champagne (Fig.6.16). Antimony is not detected. 

 Chemical growth zoning defined by Sb-Pb enrichment in the pyrite composition along 

light BSE zones (up to 6wt% and 14wt% respectively) and Ag and Cu into pyrite (up to 

1.5-2 wt% ) of anonymous vent .  

The various enrichment or depletions of trace elements in the sulphide mineral 

phases indicate variable conditions of temperature, redox, or mixing, offer a means to better 

identify physical and chemical microenvironments within diffusely venting (e.g., Butler and 

Nesbitt, 1999: Kristall et al., 2006; 2011). Distinct chemical microenvironments within 

sulphides structures and within different mineralogical zones provide a basis for detailed 

reconstruction of the variable physico-chemical conditions of deposition in the chimneys 

portions, which may not be immediately apparent from the bulk mineralogy (e.g. Kristall et 

al., 2011).  

According to Kristall et al., (2011) the description of microenvironments within 

chimneys may contribute to improved understanding of geomicrobiological processes at 

seafloor hydrothermal vents. The range of possible microbial habitants that develop within 

chimney structures during their growth may includes strong redox and temperature 

gradients. 

 

7.2   Source of antimony 

It has generally been assumed that only Sb3+ complexes are important for antimony 

transport in hydrothermal systems. However a recent study investigated the nature of Sb (V) 

complexes in alkaline sulfide–chloride brines at temperatures from 25 oC to 300oC at Psat, 

using in situ X-ray absorption fine structure (EXAFS) spectroscopy and suggested that under 

alkaline conditions Sb5+ sulfide complexes may be stable under conditions as reducing as 

those found in hydrothermal ore solutions (Sherman et al., 2000). In case of the Kolumbo 

hydrothermal system, it is believed that mixed hydroxy-chloride complexes Sb(OH)3Cl- may 

control Sb3+ transport, because the highest vent temperature that was measured in 2010 

was 210oC at acidic conditions (pH~5) and according to thermodynamic calculations by 

Prokovski et al. (2006), Sb3+ speciation in hydrothermal fluids is represented by Sb(OH)3 and 
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Sb(OH)3Cl- existing in comparable amounts at moderate temperatures below 300oC and 

acidic conditions (pH>3). 

The occurrence of Pb-Sb sulphosalts and Sb-rich colloform pyrite/marcasite in close 

association with hydrothermal minerals (barite) at Kolumbo active seafloor hydrothermal 

site suggests they are genetically linked to hydrothermal antimony input (Dekov et al., 

2013). The studied samples except for extreme Sb enrichment (Fig. 3.9) also show 

epithermal suite geochemical association and enrichment (Au, As, Sb, Hg, Ag, Tl, Ag) (Kilias 

et al., 2013a). The latter is characteristic of subaerial epithermal and Carlin-type continental 

deposits and has recently been suggested to result from their similar volatile behaviour in 

subduction systems (Saunders et al., 2012). Therefore, it can be ascertained from the data 

available that Sb, and other metals (i.e. Pb, Zn, Fe, etc) were introduced from below by 

ascending fluids. For the reason that antimony in Kolumbo is of hydrothermal origin, 

simirarly high concentrations would also be expected in other hydrothermal solids along the 

active and extinct geothermal systems of the Hellenic Volcanic Arc; however, with the 

exception of Milos Fe-rich hydrothermal sediments which contain up to 2,000 ppm (Tao et 

al., 2013) similar enrichments have not been found (Varnavas et al., 2005). Therefore, the 

types of rocks that were leached by the hydrothermal fluids on their way to the seafloor may 

be important. 

 The extreme enrichment of hydrothermal fluids in Sb, as well as high enrichment in 

Fe, Zn, Cu, As, Pb, Sb, Au, Ag, Tl, Hg and Ba, may suggest leaching of an underlying 

polymetallic Carlin-type carbonate-hosted mineralization. This is in harmony with the 

geological setting and geodynamic evolution of Santorini-Kolumbo volcanic field, as well as 

geochemical characteristics of Kolumbo mineralization which share similarities with the 

pertinent characteristics of Carlin-type carbonate hosted mineralization in Nevada (Kilias et 

al., 2013; Muntean et al., 2011): (i) Geodynamic setting corresponding to a change from 

compression to extension and renewed magmatism; (ii) association with old, reactivated 

basement rift structures, and occurrence in carbonate-bearing rocks within or adjacent to 

structures in the lower plate of a regional thrust, (iii) Similar ore paragenesis and ore 

signature is Au–Tl–As–Hg–Sb–Ag and base metals(Zn, Pb); (iv) ore fluids ranged from ~180 to 

240 C and were CO2-bearing (<4 mol %) and acidic; (v)Formation depth <3 km.  

 

7.3 Antimony fixation in seafloor hydrothermal solid phases 

The observed metal enrichments (Figs. 6.6, 6.7, 6.11, 6.13, 6.14, 6.18, 6.20, 6.22, 

6.23) also have implications for toxic Sb, as well as, other toxic metals (i.e. Pb, Tl, As, Hg) 
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transport and biogeochemical cycling in seafloor hydrothermal systems, and underscores 

the importance of submarine volcanic and hydrothermal activity as sources of toxic metals in 

the oceans (Kilias et al., 2013a). Antimony fixation in solid phases at submarine 

hydrothermal vents is essential for reducing the high hydrothermal flux of this toxic element 

to seawater and is an important part of geochemical Sb-cycle (Dekov et al., 2013). Antimony   

was detected in all four mineral zones of the Politeia vents (ISCC, OAsL, SFeC, IPCN) and in 

core and crust of Anonymous Vent (AV) and this was confirmed by the sequential extraction 

method (Fig 6.29) applied in this thesis demonstrated the selective enrichment of Sb in 

sulphide phases of the ISSC (e.g pyrite/marcasite, and sulphosalts), sulphide phase of the 

OAsL (Orpiment type) ,Fe-oxyhydroxide phases of the SFeC and Sb-Zn-S phases of IPCN and 

in sulphide phase of Anonymous Vent (AV),  in accordance with our mineralogical findings 

(Fig. 6.6,6.7, 6.11, 6.14, 6.23). Also the antimony forms either autonomous antimoniferous 

sulphosalt phases, or is selectively partitioned in pyrite/marcasite of Champagne samples 

(Fig.6.15) and of Diffuser II (Fig. 6.18). 

Deciphering the  mechanisms of trace metal incorporation, as well as origin and 

significance of growth/oscillatory zoning,  is a very important issue because it has 

implications for the recovery of metals (i.e. Sb, Au) during mineral processing, and the 

release of toxic amounts in the environment (i.e. ocean waters); moreover, because of the 

spatial scale at which microbes function, delineation of different chemical 

microenvironments within chimneys may contribute to improved understanding of 

geomicrobiological processes at seafloor hydrothermal vents (Kristall et al., 2011). 

This study has demonstrated that antimony and pyrite are tightly related (Figs. 6.6, 

6.7, 6.8, 6.23). The combination of synchrotron radiation based μ-XRF elemental mapping, 

and μ-XAFS spectra at LΙΙΙ-edge for Sb, confirmed the preferential partitioning of Sb within 

the Fe-sulphide phase from the ISSC (Kilias et al., 2013). In the samples analyzed here, most 

of the Sb is present in two different textural positions: (1) invisible Sb (i.e. Sb in solid solution 

and/or submicroscopic inclusions (nanoparticles) incorporated mostly in concentrically 

laminated pyrite/marcasite grains; in this case Sb measures up to 8%, and Pb up to 13%, and  

As up to 0.68 (In Fig. 6.6 As is not detected in pyrite 1), are finely distributed in the grains 

(Figs. 6.6, 6.7, 6.23)( The negative correlation between S and F, and Sb and Pb, respectively, 

shown in Figs, 6.6, 6.7 suggests that Sb and Pb may occur in the form of solid solution 

replacing Fe and S),and, (2) compact Sb-Pb-sulfosalt phases clearly visible in optical 

microscopy and SEM-EDS (Figs. 6.4 6.5, 6.18). We interpret these findings as suggesting two 

distinct occurrences of Sb (and Pb) in the Kolumbo chimneys: primary Antimony occurs 



Master Thesis   Maria Gousgouni 

 

84 
 

either as possible replacement of Sb3+ for Fe in the pyrite of ISSC material and secondary Sb 

hosted in separate Sb-Pb phases. It is known that pyrites may accommodate Sb-ions and Sb-

sulphosalt nanoparticles (Deditius et al., 2011), but there are no particular studies on the 

nature of Sb in amorphous Fe-sulfides from recent seafloor hydrothermal fields, unless 

stibnite is formed.  

7.4 Rare earth element distributions 

Chondrite normalized REEN distribution patterns are uniformly light-REE (La–Nd) 

enriched and show a large positive Eu-anomaly (Figs. 6.24,6.25, 6.26, 6.27). ΣLREE and ΣHREE 

contents vary overall from 5.75 to 15.02 ppm, and 0.86 to 4.01 ppm, respectively. Several 

causes can lead to Eu anomalies, such as hydrothermal fluid overprint, weathering 

processes, and Ba interference related to ICP-MS analytical techniques (e.g. Xu et al., 2013). 

The Eu anomalies in this study do not seem to be an artifact of Ba interference on Eu 

because no significant correlation exists between Ba and Eu/Eu* values. Positive Eu 

anomalies are typically found in acidic, reducing hydrothermal fluids having temperatures of 

>250 °C (Bau, 1991). Massive sulfide ores from the Changba Sedex Pb–Zn deposit (Xu et al., 

2013) and the Neves-Corvo VMS Cu–Sn (Relvas et al., 2006) deposit which show positive Eu 

anomalies, are believed to have been derived from hydrothermal fluid venting. Stockwork 

mineralization from the Brunswick No. 12 VMS deposit lacks a negative Ce anomaly and in 

this respect is similar to reduced modern seafloor hydrothermal vent fluids (Peter and 

Goodfellow, 1996).Consequently, REE characteristics such as positive Eu anomalies, and 

lack of seawater REE signature and strong negative Ce anomaly, and a light-REE 

enrichment, show that Kolumbo solid precipitates are derived from seafloor venting of 

evolved hydrothermal fluids. 

Moreover, a light-REE enrichment and positive Eu anomaly reflect enhanced 

mobility of the light-REEs and Eu owing to the predominance of REE chloride complexes in 

chloride-rich hydrothermal fluids. Local processes, including sub-surface fluid mixing and/or 

boiling and mineral deposition and remobilization, may also affect REE concentrations of 

seafloor hydrothermal fluids. However, REEN distributions of seafloor vent fluids are 

primarily affected by key aspects of fluid composition (e.g., pH, ligand concentration) that 

affect REE speciation and mobility during fluid–rock interaction at depth, denoting evolved 

hydrothermal fluids. 
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7.5   Genetic model of Sb mineralization and cycling within the 

Kolumbo chimneys  

The NE-SW Christiana-Santorini-Kolumbo (CSK) volcano-tectonic zone provides 

pathways for subduction-generated magmas to reach the surface of Kolumbo and have been 

conduits of fluids driven by the high thermal regime (Nomikou et al., 2012). These fluids rich 

in trace elements (As, Au, Ag, Sb, Pb, Tl, Hg, Cu, Zn, Pb) played a key role in the formation of 

Sb-rich hydrothermal deposits of Kolumbo seafloor studied here. Trivalent antimony form 

(Sb3+ is by far the dominant oxidation state in volcanic and magmatic-hydrothermal fluids 

with increasing temperature and depth (Spycher and Reed, 1989). In our genetic model 

(Figs.7.1, 7.2, 7.3,7.4) of the Kolumbo hydrothermal system, mixed hydroxy-chloride 

complexes (Sb(OH3)Cl-) control antimony Sb3+ transport in saline high-temperature ore fluids 

at acidic conditions(pH~5.5)  (see 7.2)(Prokovski et al.,2006).  

Deposition model  

First precipitated episode:  Antimony in the ISSC (Fig. 7.1)  

Antimony has been dutifully connected with lead (Pb) in every studied sample. Lead 

belongs to the trace element suite found in pyrite that are typically concentrated by organic 

matter and during sedimentation and diagenesis of organic-rich sediments in euxinic 

(sulphur rich) environments (Large et al., 2009 and references therein); it forms strong 

organometallic bonds, which lead to their capture from hydrothermal fluid onto organic 

matter, on and immediately below the seafloor. The strong positive correlations between Pb 

and Sb in our dataset of early concentrically laminated pyrite 1 (Figs. 6.6, 6.7), coupled by: (i) 

High organic matter contents in chimney samples  of 3.86% to 5.91% (avg.: 5.30) measured 

as total organic carbon (TOC)(Kilias et al., 2013a) and high biomass of surface-attached 

microbial mats on the Kolumbo diffuser chimneys (Kilias et al., 2013a), (ii) fine laminations 

and oncolites of pyrite 1(Fig. 6.6, 6.7) indicating organic material-rich marine environment 

(Kříbek et al., 2007); and (iii) anoxic depositional environment for pyrite as evidenced by REE 

data (Figs. 6.24-6.27), strongly suggest that Sb was also initially concentrated by similar 

organic processes in the Kolumbo chimneys. Moreover, high trace Sb and Pb laminated 

pyrite is reminiscent of pyrite known to form in suboxic to anoxic environments (i.e. black 

shales) (Agangi et al., 2013).   

During hydrothermal diagenesis/maturation, and growth of hydrothermal 

concentrically laminated pyrite 1, Sb, and Pb, and probably many other trace elements, i.e.  

Ag Zn, were likely partitioned from the organic matter into the pyrite (Large et al., 2009). 

We speculate that the concentration of Pb in the pyrite is important in controlling the 
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uptake of Sb into the structure of the pyrite (Large et al., 2009). Our data confirmed the 

preferential partitioning of Sb within the pyrite and the possible dominance of trivalent 

species Sb3+ (Figs. 6.8, 6.9) rather than pentavalent species Sb5+ forms, and shows a 

systematic Sb evolution following the pyrite evolution, i.e. pyrite 1 to pyrite 3 (see Figs.6.3a, 

6.6, 6.7, ). Three main stages are recognized.  

 

Stage 1: Early hydrothermal precipitation.It is very likely that the Sb is hydrothermally 

emitted as the reduced Sb3+ form, and initially bonded with organic matter, hence 

concentrated by organic processes. Subsequently these organo-Sb(Pb) entities  may have 

reacted abiotically with sulfide and/or Fe2+ to form Sb3+(Pb)-rich pyrite.  At this stage, trace 

Sb (Pb±As)are “invisible” being locked in pyrite either as (i) nano-scale particles, or (ii) solid 

solutions within the pyrite structure.  

 

Stage  2:  Hydrothermal diagenesis/maturation.  This leads to recrystallization of most pyrite 

1, and deposition of new overgrown pyrite 2 (Figs. 6.6, 6.7). Some of the Pb, Sb As (and 

possibly Zn and other trace metals) are released from pyrite 1 during recrystallization to 

form discrete mineral phases such as galena, sphalerite, and Sb-Pb sulfosalts (Fig.6.3a, 6.3f). 

This process of “cleaning” or “refining” the pyrite leads to different trace element ratios 

between stages 1 and 2 pyrites (Fig. 6.6, 6.7). 

 

Stage 3: Hydrothermal fluid flow late during chimney formation leads to further 

recrystallization of previous pyrite 1 and 2 types, and: (i) growth of pyrite 3 which is 

commonly course grained, euhedral, and trace element poor (Fig. 6.3a), and, (ii) Pb-Sb 

sulphosalt overgrowths. 

The change in trace element composition of the later hydrothermal pyrites 2 and 3, 

compared to pyrite 1, is probably due to a number  of factors (i)The ability of trace elements 

to substitute for Fe+2 and S2- in the pyrite structure (ii) Metal availability and solubility in the 

hydrothermal fluid (Large et al., 2009). The trace element patterns discussed here and their 

similarity to Carlin-style deposits, indicate common processes have occurred during pyrite 

formation (Large et al., 2009). 

 At Kolumbo Pb and Sb are nil in porous spongy pyrite 2 (Figs. 6.6, 6.7), or  

idiomorphic pyrite 3 (Fig. 6.3a,6.23). This indicates that the concentrically laminated grains 

liberated Sb and Pb during hydrothermal diagenesis to form galena, and as yet unidentified 

Pb-Sb sulfosalt phases (Ulrich et al., 2011). From this it appears that postdepositional 
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overgrowths pyrite 2 and 3 were formed mostly by in situ dissolution and reprecipitation of 

the pyrite 1 in an environment that was dominated by hydrothermal fluids (Ulrich et al., 

2011). In contrast to the elements that were mobilized from pyrite 1, As is comparable 

between pyrite 1 and 2 (Fig. 6.7). As noted by Huston et al. (1995), Large et al. (2007), and 

others, this element is held strongly by the pyrite, due to the non stoichiometric substitution 

of Fe by As. The tendency for a trace element depletion in late pyrite compares well with 

that reported for several ancient massive sulfide deposits (e.g., Yaman-Kasy and 

Saf'yanovka, South Urals; Maslennikov et al., 2009; ), sediment-hosted Au–As deposits (e.g., 

Sukhoi Log, Eastern Siberia; Large et al., 2007) and Carlin-type deposits (North America; 

Large et al., 2009). In such cases, the trace element depletion of late crystalline pyrite 

relative to early colloform or framboidal pyrite was explained by the higher temperature and 

slower growth of the late crystalline pyrite, which allows the trace elements to be 

partitioned into separate sulphide phases rather than incorporated into pyrite in solid 

solution or as very small (<5 μm) inclusions (Large et al., 2009). 

 
Second precipitated episode: Antimony in the OAsL (Fig. 7.2).  

Under different physical and chemical conditions colloform orpiment precipitates. 

The occurrence of orpiment in close association with hydrothermal minerals (sulphates-

barite) at active seafloor hydrothermal sites suggests they are genetically linked to 

hydrothermal As input. According to Dekov et al., (2013) orpiment is stable at low-

temperature (T < 100 °C) seafloor hydrothermal conditions, in a wide pH range and orpiment 

with 0.05 wt% Sb was reported from Kaia Natai Seamount, PNG. According to SEM-EDS 

antimony in OAsL is selectively partitioned in colloform orpiment (As2S3)-type As-sulphide 

phases, which contains significant amounts of Sb (up to 16wt% ), along growth zones which 

appear “bright” in BSE (Fig.6.11).  

Third precipitated episode: Antimony in the SFeC   (Fig.7.3).   

Under different physical and chemical conditions volcanic CO2-rich fluids vented 

onto Kolumbo’s crater seabed contain high concentrations of trace metals (i.e. Fe, Cu, Zn, 

As, Sb, Hg) (Carey et al., 2013; Kilias et al., 2013a). Ferrihydrite precipitates from the 

oxidation of Fe2+ to Fe3+ and rapid hydrolysis of Fe3+ (Kilias et al., 2013). The precipitation of 

these biogenic Fe3+ oxides provides a mechanism for the immobilization of Sb5+ (Mitsunobu 

et al., 2013) through coprecipitation or physical envelopment as well as providing a reactive 

surface with an adsorptive affinity for anions (i.e. PO4 
3-) and cations (i.e. Zn2+, As5+, Co2+ , 

U6+).  
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Fourth  precipitated episode: Antimony in the IPNC   (Fig.7.4).   

Under different physical and chemical conditions, Sb form distinct unidentified 

PXRD-amorphous Sb-Zn-S phases. According to their mode of precipitation they may be 

biogenic or inorganic. Fillamentous Sb-Zn-S phases show typical features of fungi and, 

therefore, we consider that it represents completely mineralized fungal hyphae. According 

to Dekov et al., (2013), Sb-Zn-S phases assume that an  Sb-Zn containing hydrothermal fluid 

moving through the cracks of the seafloor basement has killed the fungal colonies living in 

the sub-seafloor. The fungal/microbial organic matter may have served as a geochemical 

trap for hydrothermal Sb which reacted with S possibly provided through S-bearing 

magmatic volatiles, or reduced from seawater sulphate, and mineralized fungal/microbial 

structures as Sb-Zn sulphosalts. The most important implication of this process of fungal 

and/or microbial Sb-Zn-S is that this is a mechanism of bio-sequestration of hydrothermal Sb 

in solid phases at seafloor hydrothermal sites, not reported before.  

 

Fig.7.1 Deposition model: First precipitated episode: Antimony in ISSC of Politeia Chimneys. The 
faults (-in red) of Kolumbo hydrothermal system have been conduits of fluids driven by the high 
thermal regime (Nomikou et al., 2012). The extreme enrichment of hydrothermal fluids in Sb, as 
well as high enrichment in Fe, Zn, Cu, As, Pb, Sb, Au, Ag, Tl, Hg and Ba, may suggest leaching of an 
underlying possible polymetallic Carlin-type carbonate-hosted mineralization (2) (Muntean et al., 
2011). Mixed hydroxy-chloride complexes (Sb(OH3)Cl

-
) control Sb

3+
 transport in saline high-

temperature ore fluids at acidic conditions (pH~5) (Prokovski et al.,2006). Stage 1: Early 
hydrothermal  precipitation. It is very likely that the Sb is hydrothermally emitted as the reduced 
Sb

3+
 form and initially extracted from the hydrothermal fluids by organic processes in the form of 

organo-Sb(Pb) entities . The latter may react abiotically with sulphide(HS
-
) and/or Fe

2+
 to form 

Sb(Pb)-rich pyrite.  At this stage, trace Sb (Pb±As)are “invisible” being locked in pyrite either as (i) 
nano-scale particles, or (ii) solid solutions within the pyrite structure. Stage 2: Hydrothermal 
diagenesis/maturation. This leads to recrystallization of most pyrite 1, and deposition of new 
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overgrown pyrite 2. Some of the Pb, Sb As are released from pyrite 1 during recrystallization to 
form discrete mineral phases such as galena, sphalerite, and Pb-Sb sulphosalts. Stage 3: 
Hydrothermal fluid flow late during chimney formation leads to further recrystallization of previous 
pyrite 1 and 2 types, and: (i) growth of pyrite 3 which is commonly course grained, euhedral, and 
trace element poor and, (ii) Pb-Sb sulphosalt overgrowths. (Modified after Kilias et al., 2013). 
 

 

Fig.7.2 Deposition model. Second precipitated episode: Antimony in OAsL of politeia chimneys. 

Under different physical and chemical conditions colloform orpiment precipitates.Trace Sb is 

“invisible” being locked in colloform orpiment (As2S3)-type As-sulphide phases. 
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Fig.7.3 Deposition model. Third precipitated episode: Antimony in SFeC of politeia chimneys. Under 

different physical and chemical conditions volcanic CO2-rich fluids vented onto Kolumbo’s crater 

seabed contain high concentrations of trace metals (i.e. Fe, Cu, Zn, As, Sb, Hg) (Carey et al., 2013; 

Kilias et al., 2013a). Ferrihydrite precipitates from the oxidation of Fe
2+

 to Fe
3+

 and rapid hydrolysis 

of Fe
3+ 

(Kilias et al., 2013). The precipitation of these biogenic Fe
3+ 

(hydrated) oxyhydroxides 

provides a mechanism for the immobilization of Sb (Mitsunobu et al., 2013) through providing a 

reactive surface with an adsorptive affinity for Sb. 

 

 

Fig.7.4   Deposition model: Fourth precipitated episode: Antimony in IPNC of politeia chimneys. 

Under different physical and chemical conditions, Sb form distinct unidentified PXRD-

amorphous Sb-Zn-S phases. According to their mode of precipitation they may be biogenic or 

inorganic. The fungal/microbial organic matter may have served as a geochemical trap for 

hydrothermal Sb which reacted with S possibly provided through S-bearing magmatic volatiles, 

or reduced from seawater sulphate, and mineralized fungal/microbial structures as Sb-Zn 

sulphosalts. The most important implication of this process of fungal and/or microbial Sb-Zn-S 

is that this is a mechanism of bio-sequestration of hydrothermal Sb in solid phases at seafloor 

hydrothermal sites, not reported before.  

 

7.6 Environmental considerations 

Enrichments of polymetallic hydrothermal chimneys  in Sb and Tl (Hg, As, Au, Ag, Zn, 

Fe), among the biggest ever reported from the world’ oceans, have been discovered in the 
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hydrothermal vent field located on the floor of the density-stratified acidic (pH~ 5) crater of 

the Kolumbo shallow-submarine arc-volcano, near Santorini (Kilias et al., 2013a). These 

results indicate that volcanic CO2-rich fluids venting onto Kolumbo’s of shallow (<2 km water 

depth) crater seabed cause local seawater acidification, and contain high concentrations of 

bioessential trace metals (i.e. Fe, Cu, Zn) and trace metal and metalloid emergent global 

pollutants such as Sb, as well as  As, Tl, and Hg.  The observed metal enrichment have 

significant implications for toxic metal (i.e. Tl, Sb, As, Hg) transport and biogeochemical 

cycling in seafloor hydrothermal systems, and underscores the importance of Kolumbo’s 

submarine volcanic and geothermal activity as a potential source of toxic metals to: (1) 

microbial metabolism, (2) marine phytoplankton cell growth and marine food webs, and, (3) 

in areas exploited by fishing such that Kolumbo ~12 miles NE of Santorini. It is not known 

how common the type of polymetallic Sb-rich deposit studied here may be in the submarine 

volcanoes of the Kolumbo line, along the CSK tectonic line (Nomikou et al., 2012).  

It is critical for such hazard assessment having measurements of these toxic trace 

metals on seabed, and of course sea column, solid materials. Therefore the results of our 

mineralogical and geochemical study on antimony fixation in solid phases at Kolumbo’s 

submarine hydrothermal vents are essential, because these minerals and especially 

pyrite/marcasite are proved crucial for reducing the high hydrothermal flux of this notorious 

environmental toxin to seawater near a fishing area; moreover, these results are proved an 

important part of the yet unclear and environmental data poor geoenvironmental and 

biogeochemical Sb-cycle.  

Given the significant role that the Christianna-Santorini-Kolumbo (CSK) tectonic line 

plays for the region’s morphology, volcanism, hydrothermal activity, and seismicity, the 

hazardous release of potentially toxic metals into the water column may be tied to the 

earthquake cycle in that highly touristic Santorini island. This notion may be supported by 

the fine-scale Sb zoning observed in concentrically laminated pyrite/marcasite (see Fig. 6.6). 

The destiny of these potentially toxic metals once they enter the water column is unknown. 

Previous studies have shown that poorly crystalline ferrihydrite is one of the 

important sorbents for Sb in natural oxic soils and sediments, and that the transformation of 

ferrihydrite significantly influences the mobility of the Sb (see Mitsunobu et al., 2013, and 

references therein). Moreover, Sb transfers into more thermodynamically stable solids from 

the metastable ferrihydrite with aging (Mitsunobu et al., 2013). It follows that, the Sb 

associated with ferrihydrite-like material on the surface of the Kolumbo chimneys (SFeC) 

(Fig. 6.13) may be rigidly immobilized with time. These findings are valuable for making 
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predictions on the long-term fate of Sb associated with ferrihydrite in such shallow seafloor 

hydrothermal systems environments.  

Due to their biogeochemical characteristics, the Sb-impacted Kolumbo vents offer 

unprecedented opportunities to evaluate the magnitude and significance of microbial/fungal 

biogeochemical Sb cycle in nature through studies of Sb-reducing and Sb-oxidizing 

communities. The types of biota living on the surface of the Kolumbo chimneys are only 

beginning to be known (i.e. Archea, Nitrosopumilus maritimus) (Kilias et al., 2013a), and it is 

unclear if specialized microorganisms (i.e. bacteria) that gain their energy requirements from 

redox   transformations of Sb exist. For istance it is not known that Sb3 -oxidizing autotrophic 

bacteria fix CO2 using Sb3+ as an electron donor, thereby oxidizing it to Sb5+ or 

microorganisms are capable of anaerobic respiration using antimonite (Sb5+) as a terminal 

electron acceptor, may be active on and around the chimneys where reduced hydrothermal 

Sb3+ is mixed with oxygenated ocean water (Robert T Kulp, pers. communication). Some 

strains can also oxidize Sb3+ with nitrate to achieve growth in the absence of O2, in a manner 

analogous to anoxic As3+ oxidation with NO3 (Oremland et al.,2003). Moreover, how Sb, and 

the other contaminants, may affect, or may be affected by, hydrothermal vent microbial 

ecosystems, and those at higher trophic levels, is unknown. These may be especially relevant 

to Kolumbo’s vent system given that biological NH4 oxidation to NO3 occurs around the 

Kolumbo vents (Kilias et al., 2013).  

These data provide the first evidence of a natural microbiological population that 

utilizes Sb5+ as a terminal electron acceptor for anaerobic heterotrophic respiration. Our 

results with sediments from both Sb contaminated and Sb-free environments suggest that 

the capacity for microorganisms to reduce Sb5+ to Sb3+ may be environmentally widespread, 

but that in populations which are not adapted to high Sb concentrations this reduction may 

be accomplished by detoxification mechanisms or other enzymatic pathways not linked to 

respiration. In sulphidic settings, Sb5+ reduction can proceed biologically or abiologically, and 

results in the sedimentary sequestration of Sb as Sb2S3 and other metastable Sb−S minerals 

(e.g., Sb2S5). In cases where Sb contamination co-occurs with high As concentrations, 

dissimilatory As5+ reduction may be expected to be favored over Sb5+ reduction. Our results 

demonstrate the complexity of predicting Sb speciation and biogeochemical   behavior in the 

presence of sulfide and As5+ two geochemical species that commonly co-occur with the 

element. These findings also evoke the prospect of a microbial biogeochemical Sb cycle in 

nature, the magnitude and significance of which should be evaluated through studies of Sb-

reducing communities from other Sb-impacted areas (Kulp et al., 2013).  
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Microorganisms are capable of anaerobic respiration using antimonate as a TEA. 

This discovery completes the biogeochemical cycle of Sb through the oxidized and reduced 

forms and adds Sb to the growing list of metals and metalloids whose oxidized species are 

capable of serving as electron acceptors for microbial respiration − a list that already 

includes Fe, Mn, Cr, U, V, Co, Tc, Np, Pu, As, Se, and Te. Importantly, the insoluble product of 

antimonate reduction, Sb2O3, is a versatile compound that may be of commercial 

significance to the emerging nanotechnology industry. Owing to the uncertainty in the 

speciation of Sb in the parent fluids, its bioavailability cannot be evaluated. Formation of 

methyl Sb would be favored by high concentrations of dissolved C, which is a likely scenario 

for Kolumbo given the high organic matter content of the chimneys (Kilias et al., 2013a). It is 

also possible that extremophile biota (epifauna and bacteria) may thrive on and in the 

antimoniferous Fe-rich layers and those microorganisms may possess enzymes that allow 

them to survive in such toxic environments. 
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8. Summary and Conclusions 

 Antimony, an emergent global contaminant, that is hydrothermally discharged along 

with other trace metal(-loid) pollutants (As, Tl, and Hg), and precious and 

bioessential trace metals (i.e. Au, Ag, Fe, Cu, Zn), onto Kolumbo volcano’s  shallow 

(<500 m water depth) crater seabed, is trapped either in pyrite and/or marcasite, 

rare orpiment-like As-sulfides, and ferrihydrite-like Fe-oxy(hydro)oxides, or forms 

independent unidentified Pb(Zn)nSbmSp sulphosalt phases, of diffusely venting 

polymetallic Sb-rich (up to 2.2 wt%) seafloor hydrothermal vent chimneys.  

 Οptical and Scanning Electron Microscopy-Backscattered Electron (SEM-BSE) 

observations and analyses, combined with Synchrotron Radiation (SR) based μ-XRF 

elemental mapping, and μ-XAFS spectra at LΙΙΙ-edge for Sb,  have revealed four(4) 

distinct modes (A-D) of Sb sequestration and enrichment,  in  ore-grade (up to 2 wt% 

Sb)  samples of Sb-polymetallic  mineralization  from different mineralogical zones ( 

i.e. ISCC, OAsL, SFeC, IPCN):   

 A: High concentrations (up to 11 wt%) are found in early concentrically laminated 

chemically-zoned hydrothermal pyrite (ISSC), along individual micron-scale zones. 

Antimony may occur in the relatively more toxic trivalent (or lower valence)  (Sb3+) 

rather than pentavalent (Sb5+) forms, which is consistent with organic-rich (Corg: 5.3 

%TOC) and sulphide-rich reducing hydrothermal  conditions. Lead (Pb) always occurs 

with Sb in these zones where  the abundances of Sb and Pb vary inversely with Fe 

and S, suggesting that Sb and Pb either occupy the Fe and S sites in the 

pyrite/marcasite, and/or at least part of the Sb occurs in sulphosalt nanoparticles of 

Sb and Pb. This finding indicates that pyrite and/or marcasite can control Sb (and 

other trace metals of economic and environmental importance) sequestration and 

concentration during polymetallic shallow-submarine hydrothermal vent 

mineralization. Antimony is additionally partitioned in individual antimoniferous 

crystalline phases that constitute unidentified non-stoichimetric PbnSbmSp 

sulphosalts.  

 B: The highest concentrations of Sb (up to 16 wt %) are found in  aggregates of  

colloform banded orpiment (As2S3)-type As-sulphide phases (OAsL), in  growth zones 

which appear  “bright” in BSE.  

 C: Antimony is linked with poorly ordered ferrihydrite-type (characterized by XAFS), 

Fe-(hydrated)-oxyhydroxides (SFeC) in the Fe microbial mats that cover the Kolumbo 

hydrothermal chimneys.  This is, to our knowledge, the first time that a trace 
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metal(loid) like Sb is reported linked  with short-ordered Fe3+-oxyhydroxides 

/ferrihydrite in shallow-marine hydrothermal systems associated with submarine 

arc-volcanos.  

 D: Unidentified antimoniferous (ZnmSbnSp) sulphosalt phases occur as dark violet 

metallic aggregates, as well as filaments, of the interior porous conduits (IPCN).   

 Mineralization particularly where related to Sb is ubiquitous throughout the life of a 

particular chimney or hydrothermal edifice and the vent filed. This combined with 

the presence of distinct chemical variations of Sb (and Pb) arranged in a fine-scale 

(μm) zonal distribution, within concentrically laminated pyrite and/or marcasite, and 

colloform banded orpiment-like phases,  may suggest that this selective partitioning 

of Sb is most likely the result of changes in hydrothermal fluid composition, as well 

as pH and temperature. The latter are likely linked to the episodic nature of the 

Kolumbo hydrothermal vent system, i.e. periodic influx of magmatic hydrothermal 

fluids and associated cycles of Sb-(Pb) rich hydrothermal activity. Alternatively, 

these variations may suggest different chemical microenvironments within 

chimneys that may contribute to improved understanding of geomicrobiological 

processes at seafloor hydrothermal vents. 

 We show that the concentrations of Sb and Pb, and likely of precious metals (e.g., 

Au, Ag), metalloids (e.g., As, Se, Te, Tl) and heavy metals (e.g., Cu,  Zn, Hg) in pyrite 

from seafloor hydrothermal vent systems systems are more significant than 

previously thought.  

 Based on our findings, the hydrothermal systems that host pyrite and/or other 

sulphides likely containing numerous trace contamimant (i.e. Sb, Pb), have been 

extended to include seafloor hydrothermal vent systems.  

 The filamentous Sb-bearing sulphosalts (ZnmSbnSp) of the IPCN exhibit fungal and/or 

microbial features and may be considered completely Sb-(Zn)mineralized 

microfossils, and accordingly biogenic. The fungal/microbial organic matter may 

have served served as a geochemical trap for hydrothermal Sb which reacted with S 

possibly provided through S-bearing magmatic volatiles, or reduced from seawater 

sulfate, and mineralized fungal/microbial structures as Sb-Zn sulphosalts. The most 

important implication of this process of fungal and/or microbial Sb-Zn-S is that this is 

a mechanism of bio-sequestration of hydrothermal Sb in solid phases at seafloor 

hydrothermal sites, not reported before.  
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 The solid phases that were found to fix Sb on the seafloor are proved crucial for 

reducing the high hydrothermal flux of this notorious environmental toxin  to 

seawater, near the fishing area of Santorini that is also one of the most popular 

tourist places in the world. Moreover, these results offer novel insights to the 

geoenvironmental and biogeochemical Sb-cycle in nature, and specifically the 

marine environment.  

 Sb is tightly linked with the biogenic ferrihydrite-type Fe3+–(hydrated)-oxyhydroxides 

on the surface of the Kolumbo chimneys (SFeC) suggesting  that Sb may be rigidly 

immobilized with time. These findings are valuable for making predictions on the 

long-term fate of Sb associated with ferrihydrite in such shallow seafloor 

hydrothermal systems environments. Due to their biogeochemical characteristics, 

the Sb-impacted Kolumbo vents offer unprecedented opportunities to evaluate the 

magnitude and significance of microbial/fungal biogeochemical Sb cycle in nature 

through studies of Sb-reducing and Sb-oxidizing communities. 

 The observed enrichment of Sb3+ (toxic trivalent species )emphasize the weight of 

shallow-submarine geothermal activity as a potential source of toxic metals (Sb3+) 

during seafloor weathering, and/or natural disasters (i.e. explosive 

volcanic/hydrothermal, and seIsmic  activity). 

 Due to their biogeochemical characteristics, the Sb-impacted Kolumbo vents offer 

unprecedented opportunities to evaluate the magnitude and significance of 

microbial/fungal biogeochemical Sb cycle in nature, and its effect on seafloor 

microbial ecosystems through studies of Sb-reducing and Sb-oxidizing communities. 

It is also possible that extremophile biota (epifauna and bacteria) may thrive on and 

in the antimoniferous Fe-rich layers, and those microorganisms may possess 

enzymes that allow them to survive in such toxic environments. 
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