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ABSTRACT 

 

Panarea island represents a partially emerged arc volcano forming part of the Aeolian 

volcanic chain in the southern Tyrrhenian Sea. The island rises from the western sector of a 

submarine platform representing the eroded summit of a large submarine stratovolcano. Seafloor 

observations on the eastern portion of the submarine platform have been conducted using a 

remotely operated vehicle. The seafloor survey resulted in the discovery of a new field of 

hydrothermal venting between the Secca dei Panarelli and Basiluzzo islet that is typified by 

quiescent gas venting and the discharge of thermal waters at water depths ranging from 60 to 100 

m. The geothermal activity is associated with a wide range of seafloor morphological features, 

many of which are transient in nature and will not likely be preserved in the geological record. 

This includes widespread anhydrite-gypsum deposits that have been drilling to a maximum 

penetration of 5 m below seafloor using a lander-type drilling device. The massive to brecciated 

hydrothermal deposits contain > 80 % anhydrite and gypsum in addition to alteration minerals 

formed during subseafloor replacement and infiltration of the volcaniclastic host. Advanced-

argillic alteration of the volcaniclastic material under acidic conditions resulted in the formation 

of kaolinite, with variable amounts of alunite, boehmite, and barite being present, whereas 

argillic alteration at near-neutral conditions caused smectite and rhodochrosite formation. Minor 

amounts of sulfide minerals, including pyrite, marcasite, sphalerite, and galena. The deposits 

show an enrichment of Ag, As, Cd, Hg, Pb, and Zn, attesting to the metal-carrying capacity of 

the thermal liquids. The isotopic composition of the sulfate minerals suggests that the anhydrite-

gypsum deposits were formed by a mixture between thermal waters and seawater at temperatures 

of 132‒170⁰C. A model for fluid evolution of the Panarea hydrothermal field suggests mixing of 

an upwelling thermal liquid with shallow circulating seawater. Heating of seawater during 

mixing triggered the precipitation of anhydrite, which subsequently partly converted to gypsum. 

The thermal liquids likely contained volatiles derived from a magmatic source. The formation of 

massive sulfate deposits in shallow water on a partially emergent arc volcano make Panarea a 

distinct new type of seafloor hydrothermal system.  



 

iv 

TABLE OF CONTENTS 

 

ABSTRACT ............................................................................................................................. iii 

LIST OF FIGURES ....................................................................................................................v 

LIST OF TABLES .................................................................................................................. viii 

ACKNOWLEDGEMENTS....................................................................................................... ix 

CHAPTER 1 INTRODUCTION .................................................................................................1 

1.1 Background and Previous Work .................................................................................1 

1.2 References .................................................................................................................5 

CHAPTER 2 GEOLOGY OF A SHALLOW-WATER SUBMARINE HYDROTHERMAL 
VENT FIELD OFF PANAREA ISLAND, ITALY: RESULTS OF A ROV SURVEY .............. 10 

2.1 Abstract ................................................................................................................... 10 

2.2 Introduction ............................................................................................................. 11 

2.3 Geological Setting ................................................................................................... 12 

2.4 Materials and Methods ............................................................................................. 14 

2.5 Dive Descriptions .................................................................................................... 15 

 2.5.1     Western Study Area .................................................................................... 15 

 2.5.2     Central Study Area ...................................................................................... 19 

 2.5.3     Eastern Study Area ...................................................................................... 23 

2.6 Discussion ............................................................................................................... 27 

 2.6.1     Seafloor Geology ........................................................................................ 27 

 2.6.2     Gas Escape Structures ................................................................................. 29 

 2.6.3     Gas Eruption Craters ................................................................................... 29 

 2.6.4     Hydrothermal Precipitates ........................................................................... 31 

 2.6.5     Prokaryotic Communities ............................................................................ 34 

 2.6.6     Acidification of Bottom Waters ................................................................... 34 

 2.6.7     Implications to Volcanic Hazard Management............................................. 36 

 2.6.8     Implications to Estimates of the Global CO2 Flux ........................................ 36 

2.7 Conclusions ............................................................................................................. 38 

2.8 References ............................................................................................................... 38 

2.9 Figures ..................................................................................................................... 47 



 

v 

CHAPTER 3 MASSIVE SULFATE DEPOSITS ASSOCIATED WITH SHALLOW  
MARINE HYDROTHERMAL VENTING OFFSHORE PANAREA ISLAND, AEOLIAN  
ISLAND ARC, ITALY ............................................................................................................. 69 

3.1 Abstract ................................................................................................................... 70 

3.2 Introduction ............................................................................................................. 71 

3.3 Geology ................................................................................................................... 72 

3.4 Materials and Methods ............................................................................................. 76 

3.5 Results ..................................................................................................................... 79 

 3.5.1     Seafloor Survey and Drilling ....................................................................... 79 

 3.5.2     Sample Petrography .................................................................................... 81 

 3.5.3     Quantitative Mineralogy .............................................................................. 82 

 3.5.4     Whole-Rock Geochemistry ......................................................................... 83 

 3.5.5     Isotope Geochemistry .................................................................................. 84 

3.6 Discussion ............................................................................................................... 86 

 3.6.1     Formation of the Anhydrite-Gypsum Deposits ............................................ 86 

 3.6.2     Magmatic Contributions to the Panarea Hydrothermal System .................... 88 

 3.6.3     Comparison to Other Shallow-Water Arc Hydrothermal Systems ................ 89 

 3.6.4     Metal Transport and Deposition in Shallow-Water Arc 

              Hydrothermal Systems ................................................................................ 92 

3.7 Conclusions ............................................................................................................. 94 

3.8 References ............................................................................................................... 95 

3.9 Tables .................................................................................................................... 107 

3.10 Figures ................................................................................................................... 114 

CHAPTER 4 CONCLUSIONS ............................................................................................... 130 

 

  



 

vi 

LIST OF FIGURES 

 

Figure 2.1 Bathymetric map of the southeastern Tyrrhenian Sea showing the locations  
of island arc volcanoes and the Marsili back-arc basin........................................ 47 

 

Figure 2.2 Bathymetric map of the Panarea volcano ............................................................ 48 

Figure 2.3 Bathymetric map of the area surrounding the central islets located east of  
the main island ................................................................................................... 49 

 

Figure 2.4 Geological map of the western study area between Panarelli and Basiluzzo 
constructed based on the seafloor observations of dive 754ROV ........................ 50 

 

Figure 2.5 Seafloor images of hydrothermal vent sites and outcrop areas located in the 
western study area between Panarelli and Basiluzzo ........................................... 51 

 

Figure 2.6 Seafloor images of hydrothermal vent sites and outcrop areas located in the 
western study area between Panarelli and Basiluzzo ........................................... 53 

 

Figure 2.7 Geological map of the central study area between the Secca dei Panarelli and 
Basiluzzo constructed based on the seafloor observations of dive 752ROV ........ 55 

 

Figure 2.8 Seafloor images of hydrothermal vent sites and outcrop areas located in the 
central study area between the Secca dei Panarelli and Basiluzzo ....................... 57 

 

Figure 2.9 Seafloor images of hydrothermal vent sites and outcrop areas located in the 
central study area between the Secca dei Panarelli and Basiluzzo ....................... 59 

 

Figure 2.10 Geological map of the eastern study area between the Secca dei Panarelli  
and Basiluzzo constructed based on the seafloor observations of  
dive 756ROV ..................................................................................................... 61 

 

Figure 2.11 Seafloor images of hydrothermal vent sites and outcrop areas located in the 
eastern study area between the Secca dei Panarelli and Basiluzzo....................... 63 

 

Figure 2.12 Seafloor images of hydrothermal vent sites and outcrop areas located in the 
eastern study area between the Secca dei Panarelli and Basiluzzo....................... 65 

 

Figure 2.13 Seafloor images of hydrothermal vent sites and outcrop areas located in the 
eastern study area between the Secca dei Panarelli and Basiluzzo....................... 67 

 

Figure 3.1 Bathymetric map of the southeastern Tyrrhenian Sea showing the locations  
of Aeolian arc volcanoes and the Marsili back-arc basin................................... 114 

 

Figure 3.2 Location of shallow marine hydrothermal venting offshore Panarea island ....... 116 

Figure 3.3 Geological map of the NW-trending trough located between the Secca dei 
Panarelli and Basiluzzo. ................................................................................... 118 

 

Figure 3.4 Seafloor images of hydrothermal deposits that occur within the  
NW-trending trough located between the Secca dei Panarelli and Basiluzzo..... 120 

 

Figure 3.5 Seabed drilling performed during R/V Meteor cruise M73/2 ............................ 121 



 

vii 

Figure 3.6 Representative images of anhydrite-gypsum drill core samples ........................ 122 

Figure 3.7 Photomicrographs of anhydrite-gypsum drill core samples ............................... 124 

Figure 3.8 Results of the quantitative X-ray diffraction analyses performed on anhydrite-
gypsum drill core samples ................................................................................ 125 

 

Figure 3.9 Scatter plots illustrating relationships between different trace elements  
measured in anhydrite-gypsum drill core samples ............................................ 126 

 

Figure 3.10 Stable isotope composition of anhydrite-gypsum drill core samples ................. 127 

Figure 3.11 Strontium isotope composition of anhydrite-gypsum drill core samples............ 129 

  



 

viii 

LIST OF TABLES 

 

Table 3.1 Drill core locations and anhydrite-gypsum samples recovered .......................... 107 

Table 3.2 Quantitative mineralogical composition of anhydrite-gypsum drill core  
samples ............................................................................................................ 108 

 

Table 3.3 Major and trace element composition of anhydrite-gypsum drill core  
samples ............................................................................................................ 109 

 

Table 3.4 Stable isotope compositions of anhydrite-gypsum drill core samples ................ 112 

Table 3.5 Strontium isotopic composition of anhydrite-gypsum drill core samples .......... 113 

  



 

ix 

ACKNOWLEDGEMENTS 

 

I thank my thesis advisor Dr. T. Monecke of the Geology and Geological Engineering 

Department at the Colorado School of Mines. His patience and continued support and guidance 

throughout this thesis experience has provided me the opportunity to grow as a geologist. Thank 

you for your unwavering support. I also thank Drs. R. Wendlandt and K. Pfaff for serving on my 

committee and providing me with helpful comments improving this thesis. 

 

This thesis benefited from contributions made by a multidisciplinary team comprising 

scientists from several institutions. The seafloor surveys would not have been possible without 

the expert help of Captain M. Schneider, his officers, and the crew onboard R/V Poseidon cruise 

P340. I. Suck and H. Schulz are thanked for piloting the ROV. R/V Meteor cruise M73/2 was a 

success due to the extraordinary efforts of Captain W. Baschek, his officers, and crew. D. Baxter, 

N. Campbell, E. Gillespie, D. Smith, H. Stewart, and D. Wallis handled the BGS Rockdrill I. The 

research was financially supported by the German Science Foundation, the Helmholtz Centre for 

Ocean Research Kiel, Neptune Minerals, and Colorado School of Mines. 



 

1 

CHAPTER 1 

INTRODUCTION 

 

This chapter provides an introduction to the thesis and summarizes previous work 

conducted on hydrothermal systems located on modern arc volcanoes. 

 

1.1 Background and Previous Work 

 

The discovery of hydrothermal venting on the modern seafloor over 35 years ago 

represented one of the most significant geoscience discoveries ever made. It resulted in the 

identification of chemosynthetic vent communities (Lonsdale, 1977; Corliss et al., 1979; Jannasch 

and Wirsen, 1979; Jannasch, 1985) and the possible link between seafloor high-temperature 

processes and the origin of life (Corliss et al., 1981; Baross and Hoffman, 1985; Maher and 

Stevenson, 1988; Huber and Wächtershäuser, 1998; Martin et al., 2008). In addition, the discovery 

of modern seafloor hydrothermal systems and polymetallic sulfide accumulations associated with 

them (Francheteau et al., 1979, 1981; Hekinian et al., 1980; Koski et al., 1984) resulted in the 

development of current models for the formation of volcanogenic massive sulfide deposits located 

in ancient submarine volcanic successions that are mined for their base and precious metal contents 

(Franklin et al., 2005; Hannington, 2014). 

 

Today, seafloor research and exploration has resulted in the discovery of over 600 active 

and inactive hydrothermal sites in the world’s oceans (Beaulieu et al., 2013). They occur primarily 

at mid-ocean ridges, but also in submarine volcanic arcs and related back-arc basins. Seafloor 

exploration over the past decades has demonstrated that hydrothermal activity is particularly 

widespread on submarine arc volcanoes (Iizasa et al., 1999; de Ronde et al., 2003; Embley et al., 

2004; Stoffers et al., 2006; Ishibashi et al., 2008; Leybourne et al., 2012; Hein et al., 2014; Petersen 

et al., 2014). Hydrothermal venting in this tectonic environment occurs over variable water depths, 

ranging from 2580 to <5 m (Monecke et al., 2014). Water depth is an important control on the 

nature of arc hydrothermal system as the maximum temperature of the venting hydrothermal fluids 

is controlled by the boiling-point-to-depth curve (Monecke et al., 2014). High-temperature black 

smoker activity and associated polymetallic sulfide formation occurs in deep arc hydrothermal 
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systems such as Brothers volcano in the Kermadec arc (de Ronde et al., 2005, 2011; Berkenbosch 

et al., 2012). In more shallow waters, venting of hydrothermal fluids occurs at progressively lower 

temperatures as subseafloor boiling results in cooling of the hydrothermal fluids during their ascent 

to the seafloor (Monecke et al., 2014). In the littoral zone of emergent arc volcanoes, low-

temperature sulfate and sulfide deposits form in association with thermal waters discharging at the 

seafloor at temperatures of ~100–150°C (Honnorez et al., 1973; Wauschkuhn and Gropper, 1975; 

Chen et al., 2005; Yang et al., 2005; Valsami-Jones et al., 2005). 

 

One of the shallowest submarine hydrothermal systems known today is located off Panarea 

island in the Tyrrhenian Sea. Panarea forms the smallest of seven volcanic islands in the Aeolian 

island arc and represents a partially emerged volcanic edifice that has been volcanically inactive 

since 20±2 ka (Dolfi et al., 2007). Active gas and thermal water venting occur to the east of the 

island of Panarea on top of a shallow 2.3 km2 rise of the seafloor surrounding several small islets 

(Italiano and Nuccio, 1991). In 1995, box-coring yielded the first evidence for the presence of 

sulfide deposits in the northern part of the hydrothermal field at water depths of ~80‒75 m 

(Gamberi et al., 1997; Marani et al., 1997; Savelli et al., 1999). In the cores recovered, sulfide 

minerals occurred within argillic-altered host rocks. Two decimeter-sized polymetallic massive 

sulfide fragments contained up to 16.9 wt % Zn, 4.8 wt % Pb, and 11.6 wt % Ba. Optical 

microscopy and scanning electron microscopy revealed the presence of galena, sphalerite, pyrite 

and marcasite, as well as abundant barite (Gamberi et al., 1997; Marani et al., 1997; Savelli et al., 

1999). In 2020, a vent site emitting dark colored smoke was discovered in 23.5 m water depth. 

Emission occurred from a small subangular outcrop of gravel- to cobble-sized volcanic material 

cemented by black hydrothermal precipitates (Conte and Caramanna, 2010). Recovered samples 

from the site include volcanic clasts coated by thin (<2 mm) layers of hydrothermal precipitates. 

Sulfide coating contained up to 37.3 wt % Zn, 13.20 wt % Pb, 7.38 wt % Ba, and 1.35 wt % Sr 

(Becke et al., 2009). Scanning electron microscopy on these precipitates revealed the presence of 

abundant opal-A in addition to barite, galena, and minor sphalerite (Becke et al. 2009; Conte and 

Caramanna, 2010; Monecke et al., 2019). 

 

Continuous gas and thermal water discharge at the submarine hydrothermal field at Panarea 

has occurred since at least early historic times and has been punctuated by several short periods of 
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violent gas eruptions (Esposito et al., 2006). The most recent hydrothermal crisis occurred in the 

night between November 2nd and 3rd, 2002, following a prolonged seismotectonic paroxysmal 

period in southern Italy (Esposito et al., 2006; Heinicke et al., 2009). The submarine explosion 

resulted in the formation of an elliptical crater near the islet of Bottaro that measure 35 m in length 

and 25 m in width (Anzidei et al., 2005; Esposito et al., 2006; Aliani et al., 2010). Immediately 

after the eruption, the area smelled of H2S, thousands of fish perished, and the pH of the seawater 

dropped to 5.6‒5.7 (Caliro et al., 2004; Chiodini et al., 2006; Esposito et al., 2006).  

 

Following the hydrothermal crisis in 2002, significant research ensued in the area of the 

central islets east of Panarea. Much of this research was driven by the concern that Panarea was 

potentially entering into a new phase of volcanic activity. In addition, study of the hydrothermal 

field allowed to better constrain the processes associated with submarine gas and thermal liquid 

venting and the formation of hydrothermal precipitates, especially as much of the shallow portion 

of the seafloor surrounding the central islets is accessible by scientific diving (Caliro et al., 2004; 

Anzidei et al., 2005; Caracausi et al., 2005; Chiodini et al., 2006; Esposito et al., 2006; Capaccioni 

et al., 2007; Tassi et al., 2009, 2014). 

 

In 2006, R/V Poseidon cruise P340 conducted a reconnaissance survey of the northern 

portion of geothermal field that is largely too deep to be explored by scientific diving. Seafloor 

mapping was conducted using the remotely operated vehicle Cherokee of the University of 

Bremen. The area was found to be typified by the occurrence of many hydrothermal eruption 

craters and abundant gas discharge and venting of thermal liquids (Monecke et al., 2012). The 

following year, shallow drilling of seafloor hydrothermal deposits was conducted during R/V 

Meteor cruise M73/2. Drilling to a maximum depth of 5 meters was conducted using the portable 

Rockdrill I of the British Geological Survey (Monecke et al., 2009). The use of a seabed camera 

system allowed targeting and positioning of the rig on the seafloor prior to the commencement of 

the drilling operation. In total, eight holes recovering massive anhydrite-gypsum were drilled at 

Panarea yielding 7.84 m of core at an overall recovery of 20.6%. The longest continuous core 

recovered was 2.89 m in length. 
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This thesis was designed to provide a comprehensive analysis of the shipboard data 

collected during the 2006 and 2007 cruises and to summarize and interpret the analytical data 

obtained on hydrothermal precipitates collected at Panarea. The thesis is organized into four 

chapters. This chapter serves as a brief introduction to the thesis topic and provides an outline of 

the thesis organization. The second chapter summarizes the observations made during an extensive 

seafloor survey using a remotely operated vehicle onboard R/V Poseidon cruise P340. The seafloor 

observations were used to generate three detailed geological maps of the seafloor in the area of 

geothermal activity off Panarea island. The third chapter provides a summary of the mineralogical 

and geochemical characteristics of sulfate-rich hydrothermal deposits recovered during R/V 

Meteor cruise M73/2. It is shown that these deposits form as a result of mixing of the thermal 

liquids with the seawater at the seafloor. The two chapters describing the seafloor geology and the 

nature of the hydrothermal precipitates will be submitted for publication to international peer-

reviewed journals. The fourth and final chapter of the thesis provides a short summary of the key 

findings of this research.  
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CHAPTER 2 

GEOLOGY OF A SHALLOW-WATER SUBMARINE HYDROTHERMAL VENT FIELD 

OFF PANAREA ISLAND, ITALY: RESULTS OF A ROV SURVEY 

 

This chapter describes the seafloor geology of a portion of the hydrothermal vent field 

located east of Panarea island. The chapter is based on seafloor bathymetric data that was 

acquired by a multibeam survey conducted by Marco Anzidei and Alessandra Esposito of the 

Istituto Nazionale di Geofisica e Vulcanologia in Rome. Processing of the bathymetric data was 

performed by this research team. Final map production for this chapter was conducted by Sven 

Petersen and Nico Augustin of the GEOMAR Helmholtz Center for Ocean Research Kiel in 

Germany. The chapter also makes use of seafloor images and video footage collected using Sub-

Atlantic’s mid-size inspection class ROV Cherokee of the University of Bremen onboard R/V 

Poseidon cruise P340 in 2006. Sven Petersen of the GEOMAR Helmholtz Center for Ocean 

Research Kiel in Germany was chief scientist of this research cruise and Thomas Monecke, now 

at Colorado School of Mines, acted as co-chief scientist. They jointly secured the ship time and 

funding required for the expedition. Initial interpretation of the seafloor geology was performed 

by Mark D. Hannington of the University of Ottawa in Canada. 

 

This chapter is written as a manuscript that will be submitted to Marine Geology. The 

figures referred to in the text are given at the end of the chapter (see section 2.8; Figures). 

 

2.1 Abstract 

 

Panarea island represents a partially emerged arc volcano forming part of the Aeolian 

volcanic chain in the southern Tyrrhenian Sea. The island rises from the western sector of a 

submarine platform representing the eroded summit of a large submarine stratovolcano. Seafloor 

observations on the eastern portion of the submarine platform have been conducted using a 

remotely operated vehicle. The seafloor survey resulted in the discovery of a new field of 

hydrothermal venting between the Secca dei Panarelli and Basiluzzo islet that is typified by 

quiescent gas venting and the discharge of thermal waters at water depths ranging from 60 to 100 

m. The geothermal activity is associated with a wide range of seafloor morphological features, 
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many of which are transient in nature and will not likely be preserved in the geological record. 

This includes gas escape structures occurring in unconsolidated sediments, commonly marking 

faults or zones of enhanced subseafloor permeability as well as sites of diffuse thermal water 

discharge marked by the occurrence of indurated sediments and the presence of prokaryotic 

communities. More focused discharge of thermal waters formed extensive massive sulfate 

deposits and two vent fields consisting of delicate low-temperature Fe-oxide/hydroxide chimneys 

and mounds. Quiescent geothermal activity offshore Panarea island was punctuated by numerous 

short-lived events of violent gas discharge. The seafloor is pockmarked by explosion craters that 

are surrounded by low-relief crater rims that formed during shallow marine gas eruptions that 

have occurred since the last glacial low-stand of the sea-level. As the gas eruption craters range 

up to 120 m in diameter, forceful gas eruptions must have occurred at Panarea in recent 

geological times. Sudden gas discharge from the seafloor at Panarea represents a new type of 

volcanic hazard that needs to be taken into account in the development of hazard management 

strategies as gas eruptions represents a significant danger to near-shore fishing and recreational 

activities. The findings of this study also suggest that previous estimates of the global CO2 flux 

from arc volcanoes are too conservative as they do not take into account the degassing from the 

submarine portions of emerged volcanic islands. 

 

2.2 Introduction 

 

Submarine gas venting is a widespread phenomenon on submerged or partially 

submerged arc volcanoes (Honnorez, 1969; Worthington et al., 1999; Chen et al., 2005; Valsami-

Jones et al., 2005; Lupton et al., 2006; Stoffers et al., 2006; Ishibashi et al., 2008; Monecke et al., 

2012; Carey et al., 2013). One of the best-studied shallow submarine geothermal vent fields is 

located at Panarea, one of the arc volcanoes of the Aeolian archipelago in the southern 

Tyrrhenian Sea. The vent field is fed by magmatic fluids derived from an actively degassing melt 

or a cooling subvolcanic intrusion (Italiano and Nuccio, 1991; Caracausi et al., 2005). 

 

Gas venting at Panarea has been ongoing since at least early historic times (Esposito et 

al., 2006). Continuous discharge is punctuated by short periods of violent gas discharge, 

resulting in the formation of gas eruption craters on the seafloor (Esposito et al., 2006; Monecke 
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et al., 2012). Gas eruptions at Panarea have been documented in 126 BC (Esposito et al., 2006) 

as well as 1815 and 1865 (Smyth, 1824; Mercalli, 1883). A major hydrothermal gas eruption 

occurred in the night between November 2nd and 3rd, 2002, following a prolonged seismotectonic 

paroxysmal period in southern Italy (Esposito et al., 2006; Heinicke et al., 2009). In the morning 

of November 3rd, a low magnitude seismic event was recorded between 5:37 and 7:00 am local 

time (Esposito et al., 2006) and fisherman observed the occurrence of vigorous gas bubbling at 

the sea surface east of the main island of Panarea. Thousands of fish perished, presumably as a 

result of a measurable drop of the seawater pH to 5.6–5.7 (Caliro et al., 2004; Chiodini et al., 

2006; Esposito et al., 2006). A strong smell of H2S was detectable on the main island. A 

multibeam bathymetric survey of the seafloor in December 2002 revealed that the eruption 

resulted in the formation of an elliptical crater that was 35 m long and 25 m wide (Anzidei et al., 

2005; Esposito et al., 2006; Aliani et al., 2010). 

 

Following the hydrothermal crisis in 2002, significant research (Caliro et al., 2004; 

Anzidei et al., 2005; Caracausi et al., 2005; Chiodini et al., 2006; Esposito et al., 2006; 

Capaccioni et al., 2007; Tassi et al., 2009, 2014; Monecke et al., 2012) ensued in the area of the 

gas eruption located in water depths of only 5 to 35 m (Anzidei et al., 2005; Esposito et al., 

2006). This paper presents the results of a geological study conducted immediately to the north 

in a newly discovered hydrothermally active area (cf. Marani et al., 1997; Savelli et al., 1999) 

that is largely too deep to be explored by scientific diving. Based on a high-resolution 

bathymetric survey of the seafloor located at 60 to 100 m water depth, targeted dives were 

carried out using a remotely operated vehicle (ROV) to study the seafloor geology. It is shown 

that gas venting and associated thermal water discharges are widespread. The presence of a large 

number of craters on the seafloor suggests that gas eruptions have occurred frequently in the 

recent geological past. 

 

2.2 Geological Setting 

 

The Aeolian volcanic chain is comprised of seven major islands and several submarine 

volcanic complexes extending for ~180 km parallel to the continental slope of northern Sicily 

and western Calabria in the southeastern Tyrrhenian Sea. The volcanoes rest on a ~20 km thick 
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continental basement (Morelli et al., 1975; Wang et al., 1989; Ventura et al., 1999; Peccerillo et 

al., 2006) of sedimentary and metamorphic rocks (Honnorez and Keller, 1968; Bargossi et al., 

1989; Clocchiatti et al., 1994; Del Moro et al., 1998). Volcanism in the Aeolian archipelago 

commenced ca. 1.3 Ma ago in the western part of the volcanic chain (Beccaluva et al., 1985), 

with subaerial volcanic activity being largely restricted to the past ~500 ka. Volcanic eruptions 

occurred during historical times at Lipari, Stromboli, and Vulcano. At present, only Stromboli 

exhibits ongoing eruptive volcanism (Francalanci et al., 2013; Rosi et al., 2013). 

 

The arcuate chain of Aeolian arc volcanoes surrounds the Marsili abyssal plain (Fig. 2.1, 

see section 2.9; Figures), which represents a small back-arc basin formed as a consequence of 

roll-back of the northwestward-dipping Ionian subduction zone and migration of arc volcanism 

from the island of Sardinia towards the east-southeast (Barberi et al., 1974; Gasparini et al., 

1982; Ellam et al., 1989; Argnani and Savelli, 1999; Savelli, 2001). Opening of the Marsili back-

arc basin was initiated close to the Pliocene-Pleistocene boundary at ~1.9 Ma (Savelli, 1988; 

Savelli and Schreider, 1991). The Marsili volcanic complex in the central part of the Marsili 

abyssal plain represents the superinflated spreading ridge of the back-arc basin (Marani and 

Trua, 2002). 

 

Panarea island it located in the eastern sector of the Aeolian archipelago between Lipari 

in the west and Stromboli in the east (Fig. 2.1). The comparably small island rises from the 

western sector of a 56 km2, near-circular submarine platform located at a water depth of 120 m 

(Fig. 2.2). This platform is the flat, eroded summit of a large submarine stratovolcano that is over 

1,500 m in height with a basal diameter of 17.5 km (Gabianelli et al., 1990; Favalli et al., 2005). 

Panarea is primarily composed of high-K basaltic-andesite to rhyolite lavas interbedded with 

pyroclastic deposits (Gabbianelli et al., 1990; Calanchi et al., 1999; Lucchi et al., 2013; Esposito 

et al., 2006). The subaerial portion of the up to 421 m high volcanic edifice is as old as 149±5 ka 

(Calanchi et al., 1999). The rhyolite dome of the islet of Basiluzzo located to the east of the main 

island has been dated at 54±8 to 46± 8 ka (Gabianelli et al., 1990; Dolfi et al., 2007; Bigazzi et 

al., 2008). Some of the youngest products of effusive volcanism at Panarea yielded an age of 

20±2 ka (Dolfi et al., 2007). 

 



 

14 

The hydrothermal crisis of 2002 occurred in an area of shallow-water geothermal activity 

on the eastern sector of the submarine platform at a distance of ~3 km from Panarea island (Figs. 

2.2, 2.3). In this area, gas and thermal water venting takes place at water depths of approximately 

5 to 35 m on top of a shallow 2.3 km2 rise of the seafloor surrounding the islets of Panarelli and 

Datillo in the west, the reef of Secca dei Panarelli in the north, and the islets of Lisca Bianca, 

Bottaro, and Lisca Nera in the east and southeast (Fig. 2.3; Italiano and Nuccio, 1991; Calanchi 

et al., 1995; Esposito et al., 2006; Capaccioni et al., 2007; Tassi et al., 2009; Caramanna et al., 

2010). This study focuses on a portion of the eastern sector of the submarine platform of Panarea 

located at water depths of 60 to 100 m north of the central islets between the Secca dei Panarelli 

reef in the south and Basiluzzo islet in the north (Fig. 2.3). The area is characterized by heavy 

marine traffic, especially during summertime when the population of Panarea dramatically 

increases with the influx of tourists.  

 

2.4 Materials and Methods 

 

A high-resolution bathymetric survey of the seafloor surrounding the central islets east of 

Panarea island was conducted using M/B Alsea equipped with a Reson Seabat 8125 multibeam 

instrument. During the survey, highly accurate positioning of the vessel was achieved by 

differential global positioning using a reference station at Panarea. Correction of tide-related sea-

level changes was performed using a digital tide gauge installed at the pier at Panarea. The 

planar coordinates and depth measurements were obtained with average accuracies of ±30 and 

±10 cm, respectively. The bathymetric survey yielded a marine digital elevation model for an 

area of approximately 9 km2 (Fig. 2.3), which includes the previously studied location of the 

November 2002 hydrothermal crisis (Anzidei et al., 2005; Esposito et al., 2006) and the study 

area of this contribution located north of the Secca dei Panarelli reef. 

 

A video survey of the target area was performed onboard R/V Poseidon cruise P340 in 

2006 (Petersen and Monecke, 2008). Surveying was conducted using Sub-Atlantic’s mid-size 

inspection class ROV Cherokee of the University of Bremen, which is equipped with two video 

cameras and one still-image camera. In total, three dives (stations 752ROV, 754ROV, and 
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756ROV) were conducted in the area between Panarelli, the Secca dei Panarelli, and Basiluzzo 

for a total of 20 hours and 51 minutes. 

 

During the dives, preliminary geological maps of the seafloor were constructed using the 

video feeds from ROV Cherokee (Petersen and Monecke, 2008). As the vehicle was not 

equipped with a sub-positioning system, the location of the ROV on the seafloor was determined 

based on the position of R/V Poseidon and the estimated horizontal deviation of the ROV from 

the vessel, which was derived from the water depth, the length of the tethering cable, and the 

heading of the ROV. As part of the present study, the maps created onboard R/V Poseidon cruise 

P340 were further improved by carefully reviewing the video material collected during the dives. 

Topographic features observed on the seafloor (e.g., fault scarps, boulder fields, lava fronts, 

crater rims, and chimneys) were located precisely using the results of the high-resolution 

bathymetric survey. 

 

2.5 Dive Descriptions 

 

This section describes the results of the three ROV dives conducted in the study area. 

 

2.5.1 Western Study Area 

 

The seafloor in the area between Panarelli and Basiluzzo was studied during dive 

754ROV (Figs. 2.3, 2.4). The seafloor survey in a water depth of ~60‒75 m was conducted for a 

total of 7 hours and 26 minutes. 

 

The dive commenced immediately east of a ~50- by 80-m-large seafloor depression 

interpreted to represent a hydrothermal eruption crater (Site 1 in Fig. 2.4). The seafloor at a water 

depth of ~74 m is covered by sand and gravel-sized dark lava fragments that are angular to semi-

rounded and commonly tabular. To the southwest, the seafloor is increasingly sandy. A boulder 

field was encountered that has a northwesterly trend. It comprises rounded cobbles and boulders 

of dark lava. Occasional CO2 bubble streams are discharged between the boulders. A second 

boulder field forms a low-relief (~2‒3 m) rim around the southern perimeter of the crater. In 
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addition to round cobbles and boulders rare angular clasts of lava are present. Near the crest of 

the boulder field (~72 m), several ~30 cm large Fe-oxide/hydroxide chimneys were encountered. 

The orifices of some of these chimneys are capped by spindle-shaped prokaryotic communities 

indicative for ongoing thermal water discharge (Fig. 2.5a).  

 

The southeastern rim of the hydrothermal eruption crater is steep, with the crater floor 

being located at a water depth of ~77 m. Abundant CO2 discharge occurs along the edge of the 

crater. The crater has a flat floor that is largely covered by sand with small subcrops of 

hydrothermal deposits having irregular-shaped and pitted surfaces. Bubbling of CO2 occurs from 

individual discharge points within the sandy seafloor or along meter-long linear cracks in 

cemented sand. White microbial mats are widespread across the crater floor and are particularly 

abundant around the CO2 discharge sites. A slight temperature anomaly (+0.3°C) was measured 

10 cm above a microbial mat, with a pH value of 7.63 being recorded.  

 

The southwestern crater rim consists of rounded to subrounded cobble- to boulder-sized 

lava clasts surrounded by sand (Fig. 2.5b). The crater rim is gentle at the location it was crossed. 

Several old and partly collapsed Fe-oxide/hydroxide chimneys were encountered. These 

chimneys are no longer hydrothermally active as suggested by their shapes and the absence of 

prokaryotic communities covering orifices. However, intense CO2 bubbling occurs from the 

seafloor surrounding the chimney remnants. Outcrops of conglomerate were encountered at 

water depths of 70‒67 m. The outcrop area is faulted creating several meters-sized blocks of the 

conglomerate consisting of lava cobbles and boulders set in a fine-grained matrix. Further to the 

west a relatively flat area covered by sand with scattered cobbles and boulders was crossed. 

Continuing to the west and then to the south, the abundance of cobbles and boulders decreases, 

and the seafloor is covered by sand. There is no CO2 degassing in this area. 

 

A sheet flow composed of dark lava (Fig. 2.5c) was encountered forming a small 

bathymetric high in ~72‒67 m water depth (Site 2 in Fig. 2.4). Approaching the front of the lava 

flow, an increasing number of small angular clasts was noted in the sand covering the seafloor. 

Outcrops of ropy lava alternate with talus composed of angular lava fragments formed by quench 

fragmentation and autobrecciation. The lava is in part covered by an onlapping boulder field, 



 

17 

with the cobbles and boulders appearing to be of similar composition to the lava. Crossing the 

boulder field, a talus field is encountered consisting of blocky and angular fragments of variable 

sizes, including polygonal clast derived from columnar-jointed lava. 

 

Further to the south, the seafloor is flat and covered by sand and gravel. A small boulder 

field was crossed that consists of scattered well-rounded cobble and boulders surrounded by sand 

(Site 3 in Fig. 2.4). A second boulder field (Fig. 2.5d) that is visually similar was encountered 

further to the south (Site 4 in Fig. 2.4). Turning west, the seafloor is flat and covered by sand, 

with scattered boulders. One area with abundant pockmarks and sand mounds was crossed that 

likely formed through CO2 degassing. However, ongoing gas bubbling is not observed. 

 

A pronounced bathymetric rise is located further to the west that is ~6 m in elevation and 

may represent the edge of a lava flow or a fault scarp (Site 5 in Fig. 2.4). At the base, well-

rounded cobbles and boulders of dark lava occur. Large blocks of lava were encountered at the 

top of the rise. Cobbles and boulders are locally present between the angular to subangular and 

poorly-sorted lava blocks. Further to the west, the volcanic debris decreases in abundance and 

small patches of sand are present between clusters of cobbles and boulders. An isolated site of 

CO2 bubbling was recognized. The surrounding seafloor is covered by a white bacterial mat. 

Locally subcrops of conglomerate occur. At a water depth of ~62 m, a small field of Fe-

oxide/hydroxide chimneys was encountered (Site 6 in Fig. 2.4). The chimneys reach up to ~1‒

1.5 in size and are irregularly shaped. Small spires are capped by white, spindle-shaped 

prokaryotic communities (Fig. 2.5e). The seafloor surrounding the chimneys is sandy and is 

locally covered by bacterial mats. Some gas venting is present. The second, adjacent chimney 

field was discovered that consists of largely inactive and disintegrated Fe-oxide/hydroxide 

mounds (Site 7 in Fig. 2.4). Abundant gas venting occurs from the pockmarked seafloor 

surrounding the old chimneys. Discharge sites are covered by white bacterial mats. 

 

To the north of the chimney field, the seafloor becomes increasingly sandy with scattered 

cobbles and boulders. Pockmarks and small sand mounds are locally abundant (Fig. 2.5f). In 

some cases, the gas bubbles are discharged from the pockmarks or small sand mounds (Site 8 in 

Fig. 2.4). Vent sites are surrounded by bacterial mats. Crossing the relatively flat seafloor, a large 
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subcrop was crossed that has an irregular and pitted surface and may consist of hydrothermal 

precipitate or represent the top of an old lava flow. Further to the north, a lava flow is located 

that consists of several lava lobes (Site 9 in Fig. 2.4). The outcrop area is dominated by poorly 

sorted angular to rounded clasts of dark lava. In places, meter-sized blocks of breccia occur that 

are composed of angular clasts set in a fine-grained matrix. A field of small (up to ~30 cm) Fe-

oxide/hydroxide was recognized in a water depth of ~68 m. The orifices of some of these 

chimneys are capped by spindle-shaped microbial communities (Fig. 2.6a). 

 

Crossing another flat area covered by sand, a ridge was encountered that forms part of a 

major NE-trending fault (Site 10 in Fig. 2.4). The seafloor at the base of the bathymetric rise is 

located at a water depth of ~69 m and exposes columnar jointed lava and breccia that is partially 

covered by talus (Fig. 2.6b). The clasts of the breccia range from angular to subangular and are 

interpreted to have formed by quench fragmentation and autobrecciation. At the location 

surveyed, a hydrothermal eruption crater is located at the edge of the ridge. As a result, the ridge 

is gently sloped rising to a water depth of ~58 m. Breccia is exposed along the slope. The crater 

floor is flat and covered by sand with scattered cobbles and boulders. 

 

Turning to the southeast, a flat area dominantly covered by sand was crossed. At a water 

depth of ~73 m the edge of the boulder field crossed further to the south earlier in the dive was 

encountered. The field of cobbles and boulders of dark lava is ~2 m in elevation at this location. 

A field of Fe-oxide/hydroxide chimneys is present on top of the boulder field, with many of the 

chimneys being up to ~30 cm in size (Site 11 in Fig. 2.4). The orifices of the chimneys are 

capped by white microbial communities suggesting that thermal water discharge is ongoing (Fig. 

2.6c). White bacterial mats occur between the cobbles and boulders, but no active gas venting 

was observed. Subcrops of breccia composed of dark lava are present. The rim of another 

hydrothermal eruption crater was surveyed consisting primarily of cobble and boulders of dark 

lava (Fig. 2.6d). 

 

Crossing another flat area covered by sand, the low-relief ridge surveyed earlier during 

the dive was crossed (Site 2 in Fig. 2.4). The western part of the ridge consists of well-rounded 

cobbles and boulders that appear to onlap with a lava flow. An increasing number of angular lava 
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fragments is present towards the crest and eastern edge of the ridge where subcrops and outcrops 

of massive dark lava occur. Continuing to the east, a small area of pockmarked sediment was 

crossed, followed by an extensive area of sandy seafloor located in ~71‒73 m water depth (Site 

12 in Fig. 2.4). Scattered throughout are small areas of abundant cobbles and boulders. Further to 

the east, meter-sized angular blocks of lava occur that are dark in color (Site 13 in Fig. 2.4). The 

blocks form part of a high-relief, dome-shaped lava unit that is ~50 m in diameter. The seafloor 

is flat to the east of the lava and covered by sand that in places forms ripples. 

 

A second large outcrop area of lava was encountered further to the east (Site 14 in Fig. 

2.4). The light gray lava forms a dome that is ~150 m in diameter. On the western edge of the 

outcrop area, the lava forms large lobes. Individual fingers of the lava are separated by patches of 

sandy sediment. Within the central portion of the outcrop area, the lava is massive and shows 

subvertical flow foliation that varies from planar to folded (Fig. 2.6e,f). Angular clasts forming 

talus deposits are partially buried in the sediment between the lava lobs. Overall, the amount of 

talus increases towards the eastern margin of the outcrop area. The seafloor to the east of the lava 

dome is covered by sand that locally forms ripples. A boulder field consisting of cobble and 

boulders of dark lava onlaps was encountered towards the end of the seafloor survey (Site 15 in 

Fig. 2.4). 

 

2.5.2 Central Study Area 

 

Dive 752 ROV focused on the central study area located between the Secca dei Panarelli 

and Basiluzzo and included the survey of a NW-trending trough comprised of several 

overlapping hydrothermal eruption craters. The seafloor surveyed ranges from ~54‒85 m in 

water depth. In total, the survey was conducted for 6 hours and 12 minutes. 

 

The survey commenced at the northwestern end of the through (Site 1 in Fig. 2.7). A 

small seafloor depression occurs at a water depth of ~82 m and has a diameter of ~30 m. The 

crater floor is flat and covered by sand containing scattered, up to ~ 1 m high subcrops that are 

interpreted to be hydrothermal precipitates. Where the precipitates outcrop, they have irregular 
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and pitted surfaces (Fig. 2.8a). Some CO2 bubble streams are observed that originate from cone-

shaped sand mounds.  

 

A low-relief depression at a water depth of ~84 m occurs immediately to the southeast 

and is interpreted to have formed through coalescence of several hydrothermal eruption craters 

(Site 2 in Fig. 2.7). Abundant CO2 bubbling was encountered at the crater floor. The seafloor 

contains pockmarks and small mounds of sand occur. Patches of white bacterial matter surround 

the exit sites of gas bubbles, some of which are also typified by the venting of thermal liquids. 

Parts of the seafloor are light red in color suggesting that the sand is stained by Fe 

oxide/hydroxide. A large area with abundant subcrops occurs further to the southeast. The 

subcrops have irregular and pitted surfaces and may represent hydrothermal precipitates. There is 

CO2 venting in the area covered by hydrothermal precipitates. The southeastern edge of the area 

of active venting is marked by a low-relief (<4 m) bathymetric rise formed by massive rock 

exhibiting a fractured surface, interpreted to be a lava. 

 

Much of the southeastern portion of the NW-trending trough is covered by sand with 

scattered patches of cobbles (Site 3 in Fig. 2.7). An area covered by well-rounded cobbles and 

boulders of dark lava was recognized close to the southeastern limit of the trough. Some CO2 

bubbling occurs between the cobbles and boulders. Further to the southeast, the seafloor is 

relatively flat and covered by sand. 

 

A low-relief rim of a hydrothermal eruption crater forms the southeastern limit of the 

trough. The rim rises from a water depth of ~76 m to a minimum water depth of ~73 m (Site 4 in 

Fig. 2.7). It consists largely of well-rounded cobbles and boulders (Fig. 2.8b). Rare CO2 bubbling 

occurs between the cobbles and boulders. The crater floor is flat and covered by sand. However, 

strong button currents prevented ROV Cherokee from surveying the crater floor. The survey 

continued along the western and southwestern rim of the crater.  

 

The seafloor surrounding the crater rim to the southeast and east is flat and covered by 

sand. Abundant pockmarks and sand mounds formed by CO2 bubbling are presents (Site 5 in 

Fig. 2.7). The pockmarks and sand mounds are typically lighter colored than the surrounding 
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sand on the seafloor (Fig. 2.8c), but bacterial matter is rare at the gas exit sites. Venting of CO2 is 

abundant. Continuing to the east, the hydrothermal activity decreases in activity and fewer 

pockmarks and sand mounds are present on the sandy seafloor. At a water depth ~67 m, up to 

~0.5 m high subcrops of possible hydrothermal precipitates occur (Fig. 2.8d). Where the 

hydrothermal material is outcropping, it is characterized by irregular and pitted surfaces.  

 

Turning to the north, the rim of a hydrothermal eruption crater was encountered, which 

consists of sand and scattered well-rounded cobbles and boulders (Site 6 in Fig. 2.7). The crater 

rim is located at a water depth of ~68 m, with the crater floor being located at a depth of ~71 m. 

The sandy crater floor contains a large number of pockmarks and sand mounds formed by CO2 

venting (Fig. 2.8e,f). Testing with the robotic arm of ROV Cherokee showed that the sand 

forming the mounds is unconsolidated. Gas discharge occurs from some of the pockmarks and 

sand mounds, with the exit sites commonly being marked by the presence of small patches of 

bacterial matter. Surveying of the western crater rim also showed that the excavated material 

mostly consisted of sand and well-rounded cobbles and boulders. Some large (<1 m) boulders of 

conglomerate are present. Abundant CO2 discharge occurs along the base of the eastern crater 

rim, with the CO2 bubble streams coalescing into curtains of bubbles within the water column. 

 

The dive continued towards the south of the hydrothermal eruption crater. The gently 

ascending seafloor contains abundant pockmarks and sand mounds although sites of active CO2 

discharge are rare. At a water depth of ~60 m, the base of a large NE-striking volcanic ridge was 

encountered. Gas discharge occurs locally (Fig. 2.9a). The ridge consists of talus of mafic to 

intermediate lava that is largely covered by thick macroalgae (Site 7 in Fig. 2.7). Outcrops of 

blocky lava locally occur. 

 

Continuing to the west, the seafloor at a water depth of ~61 m is flat and covered by sand, 

with occasional cobbles and boulders (Site 8 in Fig. 2.7). Some of the larger boulders are blocky 

and may have been derived from the nearby NE-striking volcanic ridge whereas the smaller and 

well-rounded cobbles and boulders may not be of local derivation. Pockmarks and sand mounds 

are present although CO2 discharge is rare. An increasing number of pockmarks and sand 

mounds occurs towards the northwest (Fig. 2.9b) close to a low-relief crater rim surrounding a 
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hydrothermal eruption crater (Site 9 in Fig. 2.7). The rim is composed of well-rounded boulders 

(Fig. 2.9c) that have been excavated during the formation of the crater. To the northwest the 

crater amalgamates with a boulder fan flanking the nearby topographic high. 

 

Further to the northwest, a small sand-covered area was encountered. Subsequently, a 

topographic rise was crossed that is dominantly composed of talus of mafic to intermediate lava 

(Site 10 in Fig. 2.7). Some large boulders are present that are composed of angular clasts set in a 

finer-grained matrix and may have formed by quench fragmentation of the lava. The rocks are 

covered by thick macroalgae. Well-rounded cobbles and boulders are abundant at the base of the 

topographic high (Fig. 2.9d).  

 

A field of Fe-oxide/hydroxide chimneys was discovered at a water depth of ~74‒76 m 

(Site 11 in Fig. 2.7). Patches of whitish prokaryotic communities occur on some of the chimneys 

(Fig. 2.9e) suggesting ongoing discharge of thermal liquids but are more abundant at the base of 

the chimneys and the surrounding sandy seafloor. This is also confirmed by a recorded 

temperature anomaly of up to +0.3°C. A water sample collected ~10 cm above the seafloor 

yielded a pH value of 7.55. However, gas discharge is rare within the chimney field and has only 

been observed from the seafloor and not from one of the Fe-oxide/hydroxide chimneys. 

Individual chimneys range up to 1‒2 m in height and are located several meters apart. Many 

have degraded and form irregularly shaped mounds that are partly covered by macroalgae. These 

mounds can be surrounded by dark red sediment that presumably formed as a result of the 

degradation and collapse of the chimneys. Where touched by the robotic arm of ROV Cherokee, 

the Fe-oxide/hydroxide is friable and easily breaks apart. The interior of the chimneys is layered.  

 

The dive continued to the north, back to the NW-trending trough where the survey had 

commenced. The seafloor is littered with pebble-sized fragments of dark material presumed to be 

lava. Close to the edge of the trough, outcrops of massive rock were encountered at a water depth 

of ~76 m that are interpreted to be a sheet-like lava flow. The survey continued within the NW-

trending trough, the floor of which is located at water depths of 80‒84 m (Site 12 in Fig. 2.7). 

The floor of the trough is sandy and contains abundant pebble-sized clasts of dark material, 

interpreted to be lava. Streams of CO2 bubbles emanating from the seafloor are abundant. 
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Subcrops of hydrothermal precipitates are widespread. Where these crusts are outcropping, they 

exhibit highly irregular and pitted surfaces. Further to the north, CO2 venting from the seafloor 

has resulted in the widespread formation of sand mounds and pockmarks (Fig. 2.9f) in the sandy 

seafloor surrounding subcrops of hydrothermal precipitates.  

 

2.5.3 Eastern Study Area 

 

The area between the Secca dei Panarelli and Basiluzzo was studied during dive 756ROV 

(Figs. 2.3, 2.10). The seafloor survey in a water depth of ~55‒77 m was conducted for a total of 

7 hours and 13 minutes. 

 

The dive started immediately to the north of a small volcanic ridge at a water depth of 75 

m (Site 1 in Fig. 2.10). The seafloor is covered by unconsolidated sand. Minor CO2 bubbling is 

observed at the base of near vertically-walled, ~4-m-high volcanic ridge that exposes columnar 

jointed lava that is dark in color and mafic to intermediate in composition. The southern flank of 

the ridge is covered by volcanic talus. The clasts range from angular to subrounded. Abundant 

CO2 bubbling occurs throughout the talus field and along a NE-striking fissure. The sandy 

seafloor south of the volcanic ridge is host to abundant pockmarks and sand mounds, some of 

which emit streams of CO2 bubbles (Fig. 2.11a). White bacterial matter surrounds many of the 

CO2 vent sites. 

 

A second volcanic ridge was crossed further to the south (Site 2 in Fig. 2.10). The 

northern flank of this large, NE-striking ridge is covered in volcanic talus (Fig. 2.11b) derived 

from the disintegration of columnar-jointed mafic to intermediate lava that outcrops at various 

locations along the ridge. Abundant CO2 discharge occurs from the talus, with many of the exit 

points being marked by white bacterial matter. In flat areas along the ridge, the seafloor is 

covered by sandy sediment or sediment is infilling the areas between the talus. Pockmarks and 

sand mounds are common where CO2 discharge occurs from the sediment. Small patches of 

bacterial matter surround the actively venting pockmarks and sand mounds. The shallowest point 

of the ridge surveyed by the ROV is located in a water depth of ~59 m. The seafloor immediately 

south of the volcanic ridge is relatively flat and covered with sand, cobble, and boulders. Large 
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patches of white bacterial matter cover the sediment and CO2 discharge occurs from pockmarks 

and sand mounds at a water depth of ~70 m.  

 

To the south of the volcanic ridge, the ROV surveyed a large area that is flat (Site 3 in 

Fig. 2.10). The seafloor in the area is covered by sand and variable amounts of cobble and 

boulders. Boulders are angular to subrounded. CO2 venting is locally present with bacterial 

matter occurring around the exit points between the boulders or pockmarks and sand mounds. 

Intense CO2 venting was recognized in the western part of the flat-lying area, possibly marking 

the location of a former hydrothermal eruption crater (Site 4 in Fig. 2.10). Abundant bacterial 

matter occurs around the vent sites (Fig. 2.11c). 

 

The western border of the flat-lying area is marked by a ~6-m-high ramp covered by 

boulders and volcanic talus. After the ROV crossed this area covered by boulders and volcanic 

talus, a flat area covered by sand was encountered at a water depth of ~62‒64 m, with the sandy 

deposits showing well-developed ripple marks. Pockmarks and small patches of bacterial matter 

occur locally. To the west, the sedimented area is bordered by a ~8-m-steep cliff of columnar-

jointed lava of mafic to intermediate composition (Site 5 in Fig. 2.10). The topographic high to 

the west is transected by a NNE-striking cleft that is several meters deep and exposes columnar-

jointed lava (Fig. 2.11d). Turning to the southeast, the ROV crossed the same flat and sandy area 

(Fig. 2.11e) located in ~62‒64 m water depth (Site 6 in Fig. 2.10). Some CO2 discharge is 

observed from small sediment mounds. 

 

Further to the southeast, ROV Cherokee crossed over a low-relief wall (Fig. 2.11f) to 

enter a hydrothermal eruption crater that is ~35 m in diameter (Site 7 in Fig. 2.10). The survey 

showed that the crater rim is gentle on the outside of the crater, but steep on its inside. The raised 

crater rim consists of rounded to subrounded fragments of mafic to intermediate lava, although 

many angular clasts are present. From floor to rim, the crater has a relief of ~4 m. The crater has 

a flat floor that is covered by sand (Fig. 2.12a). Hydrothermal venting is widespread across the 

crater floor (Fig. 2.12a,b,c). This includes discharge of CO2 forming bubble streams and curtains. 

Close inspection showed that shimmering water is discharged from the same cracks in the 

sediment that release the CO2 bubbles (Fig. 2.12b). A bottom water temperature anomaly of 
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+0.4°C was registered at one vent site of the shimmering water. A pH value of 7.24 was 

recorded. The sand at the discharge sites of the thermal water is commonly indurated forming 

crusts, small mounds, and centimeter-sized chimney-like structures (Fig. 2.12c). Pockmarks and 

small sand mounds are common where the sediment is not indurated. Prokaryotic mats cover 

much of the discharge sites of the CO2 and thermal liquids. 

 

Following an extensive survey of the floor of the hydrothermal eruption crater, the ROV 

dive continued to the southeast. After crossing over the low-relief crater wall, another relatively 

flat area characterized by abundant hydrothermal venting (Fig. 2.12d) and the occurrence of 

widespread bacterial mats was encountered (Site 8 in Fig. 2.10). The sand surrounding the vent 

sites is indurated forming crusts, small mounds, and chimney-like structures resembling those 

observed at the previous site. A low-relief crater wall consisting of rounded clasts of lava and 

some large conglomerate boulders borders the sedimented area to the southeast. Based on the 

seafloor morphology and the abundance of hydrothermal venting, the area surveyed may 

represent another hydrothermal eruption crater.  

 

Continuing to the southeast, a large relatively flat area covered by sand was crossed (Site 

9 in Fig. 2.10). In the northwestern part of the area, CO2 discharge sites are locally present and 

white prokaryotic mats occur along NE-striking cracks in the seafloor. The seafloor in the 

southeastern part of the area shows well-developed ripple marks (Fig. 2.12e). No hydrothermal 

venting was observed. 

 

In the southeast of the surveyed area, outcrops of blocky mafic to intermediate lava (Fig. 

2.12f) were encountered that are largely covered by thick macroalgae (Site 10 in Fig. 2.10). Lava 

blocks range from subrounded to irregular in shape and are a meter or more in size. Zones of 

disintegrated lava alternate with sandy patches that show ripple marks. Due to strong currents, 

the ROV lost bottom sight repeatedly, hampering detailed mapping in this area.  

 

Returning to the northwest, ROV Cherokee crossed the large flat area covered by sand 

again (Site 11 in Fig. 2.10). The southeastern portion of this area shows well-developed ripple 

marks whereas the seafloor in the northwestern portion is largely featureless. Venting of CO2 
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from scattered pockmarks and sand mounds was encountered at a water depth of ~70‒72 m and 

somewhat intensified approaching an area in which prokaryotic mats cover the seafloor (Fig. 

2.13a). This zone of more intense hydrothermal activity is several meters in size (Site 12 in Fig. 

2.10). A similar small hydrothermal field with bacterial mats covering the seafloor was examined 

further to the northwest (Site 13 in Fig. 2.10).  

 

Intense CO2 gas discharge and the venting of shimmering water was discovered in a 

possible hydrothermal eruption crater close to the base of the NE-striking volcanic ridge 

examined at the start of the dive (Site 14 in Fig. 2.10). The seafloor in the vent area at ~72 m 

water depth is flat and sandy, with subcrops of indurated conglomerate. Bubble streams of CO2 

are widespread and most of the gas discharge sites are lined by white bacterial matter (Fig. 

2.13b). Even in areas with no discernable CO2 venting, the sand covering the seafloor is 

indurated. In the northwest, volcanic talus occurs on the seafloor and intense CO2 venting takes 

place from small chimney-like structures that appear to be entirely composed of white bacterial 

matter. 

 

Continuing to the northwest, ROV Cherokee climbed the flank of the NE-striking 

volcanic ridge previously surveyed. The flank of the volcanic ridge is littered with talus material 

of mafic to intermediate composition, with clasts ranging from angular to subangular. Some of 

the clasts have distinctive polygonal shapes and were derived from columnar-jointed lava. Minor 

discharge of CO2 occurs from the talus field. At ~64 m water depth, outcrops of columnar-

jointed lava were encountered, forming a nearly vertical 2-m-high cliff. Near the crest of the 

volcanic ridge, small patches of sediment occur between volcanic talus. The survey continued to 

the southwest, following the volcanic ridge. The seafloor along the crest of the volcanic ridge is 

covered by boulder-sized talus, with the clasts ranging from blocky and angular to subrounded 

(Fig. 2.13c). Small patches of sediment occur along the crest of the ridge. Bubble streams of CO2 

are locally emitted from the talus. A large outcrop area of columnar-jointed lava (Fig. 2.13d) 

occurs in the southwestern part of the survey area at a water depth of ~55 m (Site 15 in Fig. 

2.10). From this location, the ROV dive continued to the northeast down the northern flank of 

the volcanic ridge. The base of the volcanic ridge is located at a water depth of ~70 m, with the 

seafloor being covered by sand and scattered talus. 
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Immediately to the northeast of the volcanic ridge, ROV Cherokee entered into a 

hydrothermal explosion crater that has a diameter of ~35 m (Site 16 in Fig. 2.10). The crater 

floor is flat and located at a water depth of ~73‒77 m. Angular lava cobbles and boulders are 

scattered across the sandy seafloor. Small, low-relief mounds (<2 m) occur in the sediment that 

are covering subcrops, some of which may be hydrothermal precipitates. Large portions of the 

crater floor are covered by white bacterial matter (Fig. 2.13e,f) although CO2 bubbling was only 

locally observed. The northeastern crater rim is ~3 m in height and composed of subangular 

boulders composed of mafic to intermediate lava. Venting of CO2 locally occurs along the crater 

rim and in the immediate vicinity to the crater. Small accumulations of prokaryotic matter 

typically occur around the vent sites of the CO2. The seafloor outside the crater is largely 

covered by boulders with intervening sandy patches. 

 

2.6 Discussion 

 

This section presents the discussion of the seafloor observations made and compares the 

results of this study to previous findings. 

 

2.6.1 Seafloor Geology 

 

Based on the three ROV dives, the geology of the seafloor in the area between the Secca 

dei Panarelli and Basiluzzo island was studied providing critical information on the distribution 

of the various rock units and the stratigraphy of the Panarea submarine platform. 

 

During dive 756ROV, outcrops of massive lava were surveyed forming the NE-trending 

volcanic ridge to the northeast of the Secca dei Panarelli. The lava is dark gray in color and 

shows columnar jointing. Sampling of a similar unit forming the Secca dei Panarelli by Esposito 

et al. (2006) revealed that the lava is porphyritic containing 10–15% plagioclase, 1–5% 

clinopyroxene, and <1% biotite phenocrysts, with subordinate amounts of olivine dispersed in a 

microcrystalline pilotaxitic to intergranular groundmass. The mineralogical assemblage suggests 

that the lava is basaltic to andesitic in composition (Esposito et al., 2006). One sample recovered 
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during R/V Meteor cruise M73/2 from the NE-trending volcanic ridge to the northeast of the 

Secca dei Panarelli surveyed during dive 756ROV contains 55.9 wt.% SiO2 and 3.95 wt.% 

Na2O+K2O and is classified as a basaltic andesite. The lava forming the NE-trending volcanic 

ridge and the Secca dei Panarelli is texturally and compositionally similar to lavas constituting 

the central islets (Calanchi et al., 1999; Cas et al., 2011) and is interpreted to be the remnant of 

an eroded cluster of originally coalescing lava domes (Esposito et al., 2006).  

  

A felsic volcanic unit was recognized further to the west during dive 754ROV. This unit 

forms a distinct seafloor topographic feature at a water depth of ~60‒80 m. The unit is flow-

banded with individual flow bands being defined by color variations between adjacent bands. 

Sampling of the felsic unit was conducted during R/V Meteor cruise M73/2 (De Benedetti et al., 

2012). Petrographic and geochemical analyses showed that the unit is a dacite (average SiO2 = 

64.98 wt.%; Na2O+K2O = 6.93 wt.%, n = 11; Monecke et al. unpubl. data) containing 

plagioclase (An=32–52%) and biotite phenocrysts, with minor clinopyroxene phenocrysts and 

microphenocrysts. The reddish rock contains abundant centimeter-sized, rounded enclaves of 

potassic trachybasalt (average SiO2 = 50.19 wt.%; Na2O+K2O = 5.82 wt.%, n = 7; Monecke et 

al. unpubl. data). The potassic trachybasalt enclaves are holocrystalline and are composed of 

plagioclase (An=62–74%) and clinopyroxene phenocrysts, with subordinate amphibole and 

biotite phenocrysts and minor olivine (Fo≈89%). Textural evidence suggests that the potassic 

trachybasalt material was incorporated into the rhyodacite through a process of magma mingling 

(De Benedetti et al., 2012). 

 

Cobble and boulder deposits are widespread in the surveyed area. These deposits appear 

to be monomict with cobbles and boulders being dark gray in color, presumably having an 

andesitic to basaltic composition. One large boulder field was recognized in the western part of 

the surveyed area during dive 754ROV and likely formed through erosion of lava outcropping at 

Panarea. Deposits of similar composition mantle the coherent lava at the Secca dei Panarelli. 

Erosion of the lava and resedimentation of the clasts away from the reef presumably occurred 

during and after the last glacial sea level low-stand (Esposito et al., 2006), which was ~10,000 

years ago (cf. Lambeck et al., 2011). In addition, rims of many of the hydrothermal eruption 
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craters surveyed consists largely of cobbles and boulders of the same andesitic to basaltic 

composition, suggesting that the gas eruptions involved excavation of cobbles and boulders. 

 

Large parts of the seafloor in the study area are covered by sand and gravel. The sand 

commonly shows ripples caused by wave action. Ripples have been observed to a water depth of 

over 80 m. The sand and gravel are likely locally derived through erosion of the lava forming the 

central islets and reefs. The sand and gravel deposits cover much of the lava outcrops and cover 

the floors of the surveyed hydrothermal eruption craters. 

 

2.6.2 Gas Escape Structures 

 

Gas venting in the study area occurs continuously from the seafloor resulting in the 

widespread occurrence of bubble columns, bubble trails, and bubble curtains. Gas discharge sites 

on the seafloor vary from centimeters to several meters in diameter. Many of the gas discharge 

sites occur along alignments suggesting the existence of structural controls. Esposito et al. (2006) 

showed that much of the gas discharge in shallow water surrounding the central islets and reefs is 

controlled by extensional faulting, with most gas discharge occurring along NE- and NW-

trending fracture sets. 

 

In areas covered by sand and gravel, gas venting is associated with a range of gas escape 

structures. Most commonly, gas venting occurs from small cone-shaped sand mounds that are up 

to ~20 cm in size. These mounds are interpreted to have formed through excavation in the 

subsurface and mechanical transport of sand grains in the rising bubble stream. In addition to 

sand mounds, gas venting also occurs from pockmarks on the seafloor, which are funnel-shaped 

pits that are surrounded by low-relief walls. These pockmarks are interpreted to have formed 

through collapse following excavation of sand grains from the subsurface. 

 

2.6.3 Gas Eruption Craters  

 

Monecke et al. (2012) showed that over 150 circular to slightly elliptical craters occur on 

the seafloor surrounding the central islets and the area studied in this contribution. Individual 
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craters have diameter of 5 to 50 m, with the largest crater having a diameter of 120 m. The 

craters are typified by a low relief and usually measure only 0.5 to 4 m from floor to rim. The 

walls of the craters are steep to gentle. Some of the craters are surrounded by low-relief mounds 

at their rims. The raised crater rims are steep on the inside, but gently dip outward from the 

centers of the craters. 

 

In the area northeast of the Secca dei Panarelli alone over 30 well-developed circular 

craters are recognized (Monecke et al., 2012). Composite craters and clusters of overlapping 

seafloor depressions occur. Most notable is a row of coalesced craters forming the NW-trending 

trough at a water depth of ~80 m that was investigated during dive 752ROV. A second row of 

craters also occurs at the foot of a NE-trending volcanic ridge, which were inspected during 

dives 752ROV and 756ROV. Both rows of craters are aligned parallel to fracture sets recognized 

by Esposito et al. (2006) on the islets of Lisca Bianca and Bottaro, implying that the location of 

the craters is structurally controlled. 

 

The floors of the craters surveyed as part of this study are flat and primarily made of sand 

to gravel. The craters are characterized by enhanced hydrothermal activity when compared to the 

surrounding seafloor, suggesting that the faults controlling the location of the craters also provide 

pathways for fluid flow following the formation of the craters. Abundant gas bubbling occurs 

across the crater floors in addition to widespread thermal water discharge, which is typically 

marked by the presence of thick prokaryotic mats on the seafloor, as observed in the crater 

surveyed in dive 756ROV. 

 

Similarities in morphology suggest that the over 150 craters recognized in the area of the 

central islets and between the Secca dei Panarelli and Basiluzzo islet have formed by gas 

eruptions similar to the one observed in November 2002. The crater formed by this eruption was 

initially 35 m long and 25 m wide, with an excavation depth of over 10 m (Anzidei et al., 2005; 

Esposito et al., 2006; Aliani et al., 2010). Until July 2003, the crater shape remained unmodified 

due to the high gas flux (Esposito et al., 2006). However, over the next years, the crater depth 

was reduced by more than 2 m due to sediment transport by bottom currents and sliding of debris 
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from the crater rims (Aliani et al., 2010). Changes in the crater morphology over time may 

explain why many of the observed craters are of comparably low relief. 

 

The abundance of well-preserved craters resembling the one formed during the 

November 2002 crisis suggests that quiescent degassing at Panarea is punctuated by frequent 

events of violent degassing. The formation of the gas eruption craters recognized on the seafloor 

postdates the last glacial seawater low-stand (Esposito et al., 2006). Considering that over 150 

craters in the area have formed over the past ~10,000 years (cf. Lambeck et al., 2011), submarine 

gas eruptions at Panarea appear to be a relatively common phenomenon, having an average 

probability of occurrence of one event every 65–70 years. Such a high frequency of submarine 

gas eruptions at Panarea is consistent with the historic accounts documenting violent gas 

discharge in 126 BC (cf. Esposito et al., 2006), 1815 and 1865 (Smyth, 1824; Mercalli, 1883), as 

well as 2002 (Esposito et al., 2006). 

 

2.6.4 Hydrothermal Precipitates 

 

The discharge of thermal water is widespread on the seafloor in the study area. Diffuse 

thermal water discharge resulted in the induration of sediments while more focused and 

sustained thermal water discharge formed seafloor sulfate deposits and caused the growth of Fe-

oxide/hydroxide chimneys and mounds. 

 

Many sites of diffuse thermal water discharge observed during the three ROV dives were 

typified by indurated sandy to gravelly sediments. The indurated sediments form pavements on 

the seafloor or occur as crusts rising slightly above the surrounding seafloor. Locally, small (<10 

cm) chimney-like structures composed of indurated sediment were observed. Two indurated 

sediment samples recovered during dive 756ROV consisted of up to 50% native sulfur 

cementing the sand grains (Petersen and Monecke, 2008). 

 

During the survey 752ROV, widespread subcrops and pavements of hydrothermal 

precipitates have been observed in the NW-trending trough of coalesced gas eruption craters. 

During earlier box coring, clay-altered material contained massive sulfide fragments composed 
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of galena, sphalerite, pyrite and marcasite, with associated abundant barite was recovered in this 

location, confirming that the observed subcrops are composed of hydrothermal precipitates. 

Geochemical analysis showed that massive sulfide samples contained up to 16.9 wt % Zn, 4.8 wt 

% Pb, and 11.6 wt % Ba (Gamberi et al., 1997; Marani et al., 1997; Savelli et al., 1999). 

 

Based on the results of the previous box-coring and the widespread occurrence of 

subcrops interpreted to be hydrothermal precipitates, drilling of the seafloor was conducted 

within the NW-trending trough using a lander-type drilling system of the British Geological 

Survey capable of drilling to a maximum penetration of 5 m (Petersen et al., 2005; Monecke et 

al., 2009, 2019). The use of a seabed camera system allowed targeting and positioning of the rig 

on the subcrops inferred to be composed of hydrothermal precipitates. In total, eight holes were 

drilled into the massive hydrothermal precipitates observed during the ROV dives, yielding 7.84 

m of core at an overall recovery of 20.6%. The longest continuous core recovered was 2.89 m in 

length (Monecke et al., 2019).  

 

The drill core recovered consisted entirely of massive anhydrite and gypsum. Optical 

microscopy showed that gypsum occurs at the highest concentrations close to the seafloor 

whereas the relative amount of anhydrite increased down-hole (Monecke et al., 2019). 

Replacement textures suggest that the gypsum formed through replacement of the anhydrite. In 

addition to anhydrite and gypsum, alunite, and kaolinite were noted in three drill holes while 

smectite represents the principal clay mineral in the other five drill holes. Minor amounts of 

barite, marcasite, pyrite, and sphalerite are present in some of the core samples. Pyrite and 

sphalerite commonly form small euhedral crystals surrounded by a matrix of anhydrite and 

gypsum (Monecke et al., 2019). Bulk samples of the massive sulfate precipitates contained up to 

8.6 ppm Ag, 10,240 ppm Ba, 20.9 ppm Cd, 8,790 ppb Hg, 2,690 ppm Pb, and 8,640 ppm Zn 

(Monecke et al., 2019). 

 

Breuer (2010) determined the oxygen isotopic composition of the anhydrite. Using the 

calculation procedure of Chiba et al. (1981), the isotopic analyses indicated formation 

temperatures of ~140°C, with temperatures ranging up to 165°C. These temperature estimates 

are consistent with the proposed anhydrite minimum precipitation temperature of ~150°C 
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(Seyfried and Bischoff, 1979) and temperature limits imposed by the boiling curve of seawater 

(Monecke et al., 2014). The results of the isotopic study imply that intense thermal water venting 

in the study area results in massive sulfate and minor sulfide precipitation, a process not 

previously observed to occur is shallow waters on arc volcanoes (Monecke et al., 2014). 

 

In addition to the seafloor sulfate deposits, several fields of Fe-oxide/hydroxide chimneys 

and mounds were identified during the ROV-supported seafloor survey. One of these fields is 

located north of the Secca dei Panarelli at water depth of ~60 m, adjacent to the NW-trending 

trough formed by a cluster of coalesced gas eruption craters. Most of the chimneys observed 

during dive 752ROV appear to be hydrothermally inactive. A second cluster of Fe-

oxide/hydroxide chimneys was discovered to the northwest of Panarelli at water depth of ~60‒70 

m during dive 754ROV. The vent field occurs in the footwall of a major NE-trending fault 

having a vertical throw of several meters. Many of the chimneys in this area vent thermal waters. 

 

Focused thermal water discharge resulting in the deposition of Fe-oxide/hydroxide 

chimneys appears to be widespread at Panarea. Further northeast along the NE-trending fault 

northwest of Panarelli, a large field of Fe-oxide/hydroxide chimneys has been discovered in 

2015. The field extends over a distance of at least 500 m at a water depth of 70–80 m. In total, 

more than 200 chimneys and mounds ranging from 1 to 4 m in height were recognized (Esposito 

et al., 2018). Seafloor surveys using a ROV showed that many of the chimneys and mounds emit 

CO2 bubbles and discharge thermal waters. Low pH values of 6.19 to 6.96 were observed in 

bottom waters. Whole-rock geochemical data obtained on samples from the chimneys and 

mounds confirm that the seafloor precipitates consist primarily of Fe-oxide/hydroxide with 

Fe2O3 values of 81.98–87.24 wt.% and SiO2 concentrations of 6.78–9.23 wt.% (Esposito et al., 

2018). 

 

In addition to the ROV-based seafloor surveys, systematic box coring has revealed the 

presence of low-temperature Fe-oxide/hydroxide deposits northeast and north of Basiluzzo, 

southwest of Panarea, and at the Secca dei Pesci southeast of Panarea (Gamberi et al., 1997; 

Savelli et al., 1999). 
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2.6.5 Prokaryotic Communities 

 

During the ROV-based seafloor survey, the occurrence of prokaryotic communities was 

used to map the distribution of thermal water vents as the fluid flux was only locally high enough 

to allow shimmering water to be observed. Prokaryotic communities occur as thick, soft and 

white filamentous mats on the seafloor in areas of diffuse water discharge and are particularly 

widespread across the floors of some of the gas eruption craters surveyed. In situ temperature 

measurements conducted during the ROV surveys suggest that the bacterial mats covering the 

seafloor can be sustained by low rates of thermal water discharge. In addition to bacterial mats 

covering the seafloor, spindle-shaped prokaryotic communities cap many of the orifices of the 

Fe-oxide/hydroxide chimneys and mounds identified. This suggesting that thermal water 

discharge is still ongoing at these sites of more focused fluid discharge. 

 

Previous research on the prokaryotic communities at Panarea primarily focused on the 

shallow water vent sites in the area of the central islets that are accessible by scuba diving 

(Gugliandolo et al., 2006, 2012, 2015; Maugeri et al., 2009, 2010, 2013; Lentini et al., 2014). 

The prokaryotic communities in the shallow water are dominated by chemolithotrophic and 

anoxygenic phototrophic populations involved in sulfur cycling. In addition, mesophilic and 

thermophilic bacteria have been identified. Hyperthermophilic bacteria only form a minor 

component of the prokaryotic communities and their occurrence is largely restricted to the 

highest temperature vent sites, including a site discovered in 23.5 m water depth northwest of 

Lisca Nera and east of Dattilo where thermal water discharge occurs at temperatures reaching 

110–137°C (Becke et al., 2009; Tassi et al., 2009; Voltattorni et al., 2009; Conte and Caramanna, 

2010). 

 

2.6.6  Acidification of Bottom Waters 

 

Studies in the area of the central islets have shown that acidification of the ocean water is 

quite pronounced. The acidity of the bottom waters causes corrosion of foraminifer shells 

(Panieri et al., 2005) and also results in skin irritation reported by scuba divers (Aliani et al., 

2010). Acidification can be related to the submarine geothermal activity in this area. 
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The composition of the gas venting at Panarea has been well-documented over the past 

decades. Prior to the November 2002 hydrothermal crisis, the gas was dominated by CO2 and 

H2S, with small amounts of H2, CH4, and traces of CO and light unsaturated hydrocarbons 

(Italiano and Nuccio, 1991; Calanchi et al., 1995). During and immediately after the 

hydrothermal crisis, gas discharge at the eruption site contained elevated SO2, HF, and HCl and 

high 3He/4He ratios of up to 4.6 R/Ra, suggesting a significant contribution of fluids from a 

magmatic source (Capaccioni et al., 2005, 2007; Tassi et al., 2014). Acidification of the bottom 

waters to values as low as 5.6–5.7 presumably caused the occurrence of a large number of dead 

fish during the November 2002 crisis (Caliro et al., 2004; Chiodini et al., 2006; Esposito et al., 

2006). The amount of magmatic-derived volatiles diminished over the next two months after the 

eruption (Capaccioni et al., 2005, 2007; Tassi et al., 2014). Since March 2003, the gas 

compositions are more similar to those prior to the eruption (Voltattorni et al., 2009; Tassi et al., 

2014) although the same conditions of the magmatic-hydrothermal system were never restored 

(Tassi et al., 2014). 

 

Thermal waters venting on the seafloor also contribute to the acidification of the bottom 

waters. The thermal waters have temperatures as high as 137°C (Becke et al., 2009; Tassi et al., 

2009; Voltattorni et al., 2009; Conte and Caramanna, 2010) and pH values as low as 2.5 (Tassi et 

al., 2009). Seawater samples taken immediately above gas and thermal water vents during dives 

752ROV, 754ROV, and 756ROV showed pH values ranging from 7.2 to 7.7, which is below the 

background value of 8.2 for Panarea (cf. Tassi et al., 2009). The low pH values of the thermal 

waters are consistent with the widespread occurrence of alunite, which is an acid-stable mineral 

(Hemley et al., 1969). Alunite is present as an alteration mineral in lavas sampled from the 

seafloor and on the central islets (Esposito et al., 2006; Cas et al., 2011) and occurs as a major 

phase (up to 9.8 wt.%) in the massive sulfate deposits north of the Secca dei Panarelli (Monecke 

et al., 2019). 
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2.6.7 Implications to Volcanic Hazard Management 

 

The seafloor mapping shows that gas eruptions are a characteristic feature of the periodic 

behavior of shallow submarine geothermal systems at Panarea, punctuating quiescent degassing. 

The sudden discharge of large amounts of gas represents a volcanic hazard that needs to be 

considered in volcanic hazard management strategies at Panarea. During the November 2002 

eruption, large quantities of gas were released from the seafloor forming a high-velocity gas 

cupola displacing the surrounding seawater. A large vortex could be observed on the surface of 

the sea during the eruption and immediately after the eruption (Aliani et al., 2010). Gas eruptions 

such as the one in November 2002 pose a significant risk to coastal settlements, near-shore 

fishing, and marine recreational activities such as sailing and scuba diving. This is particularly 

the case in summertime when the population of Panarea increases with the influx of tourists.  

 

Geochemical constraints suggest that the gas discharge at Panarea is related to the 

existence of an actively degassing melt or a cooling subvolcanic intrusion at depth (Italiano and 

Nuccio, 1991; Caracausi et al., 2005). This indicates that Panarea does not represent an extinct 

volcano despite the fact that the last known volcanic activity dates to ~20±2 ka (Dolfi et al., 

2007). Phreatic eruptions that could result from the replenishment of the magma chamber at 

depth represent an additional potential volcanic risk for the inhabitants of Panarea and tourists 

visiting the island (Esposito et al., 2006). 

 

2.6.8 Implications to Estimates of the Global CO2 Flux 

 

Italiano and Nuccio (1991) measured the CO2 flux of 12 vents located in the 2.3 km2 

large shallow water area surrounding the central islets and estimated that the quiescent degassing 

results in the discharge of ~6,400 metric tons CO2 per year. Although quantitative measurements 

are not yet available for the newly discovered 1.4 km2 large vent area studied in this contribution, 

gas venting is widespread, and many sites of vigorous gas discharge have been observed. Based 

on the size of the study area, quiescent gas discharge in the area between the Secca dei Panarelli 

and Basiluzzo islet may be 60% of the discharge from the area to the south studied by Italiano 

and Nuccio (1991). 
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Gas flux measurements conducted after the hydrothermal crisis on November 2nd and 3rd, 

2002, suggest that a large amount of CO2 was released during the eruption. The gas discharge 

declined significantly over a period of approximately 180 days after the eruption. Monecke et al. 

(2012) estimated that the eruption resulted in a total discharge of ~50,000 metric tons of CO2.  

 

Since the last glaciations, quiescent degassing of the two known vent areas at Panarea 

may have resulted in the discharge of ~102 Mt CO2 (10,000 years at 10,240 metric tons per 

year). Given the presence of over 150 eruption craters, gas eruptions in the same area could have 

contributed an additional 8.2 million metric CO2 (150 craters averaging 55,000 metric tons per 

eruption). Based on these estimates it is concluded that the overall CO2 flux from the periodic 

gas eruptions at Panarea is only ~8% of the quiescent gas discharge from the seafloor. 

 

The Holocene CO2 discharge from Panarea is comparable to some of the most powerful 

subaerial volcanic eruptions known. The Holocene gas flux of ~110.2 million metric tons CO2 

from the known vent fields is over 2.5-times larger than that associated with the cataclysmic 

eruption of Mount Pinatubo in 1991 (42 million metric tons CO2; Gerlach et al., 1996). This 

suggests that gas flux from the submerged portions of arc volcanic islands can be significant. 

This is particularly true as much of the Panarea platform remains unexplored and hydrothermal 

venting may not be restricted to the two known vent fields. 

 

Current estimates of the global CO2 flux from arc volcanoes range from ~30–140 million 

metric tons per year (Sano and Williams, 1996; Marty and Tolstikhin, 1998; Hilton et al., 2002; 

Fischer, 2008). Most estimates of the CO2 flux are based on spectrometric measurements of the 

SO2 flux on subaerial arc volcanoes and gas analyses of high-temperature fumaroles constraining 

the CO2/SO2 ratio in the vapor discharges. In the light of the results of this study, previous 

estimates of the CO2 flux from the volcanic arcs appear to be too conservative as they do not 

account for the degassing from the submerged portions of arc volcanic islands. However, even if 

such contributions are considered, the global volcanic CO2 flux from arc volcanoes is still 

dwarfed by the anthropogenic CO2 emission, which is estimated to be ~35 billion metric tons of 

CO2 per year (Gerlach, 2011).  
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2.7 Conclusions 

 

This study demonstrates that shallow marine hydrothermal activity offshore Panarea 

island is more widespread than previously recognized. Hydrothermal activity not only occurs in 

the area of the central islets, but also to the north between the Secca dei Panarelli and Basiluzzo 

islet. This newly discovered vent area is characterized by quiescent degassing and thermal water 

discharge at water depths ranging from ~60‒100 m. The seafloor survey revealed that the newly 

discovered vent field shares many similarities with the previously studied area accessible to 

scuba diving. Most notably, gas eruption craters are present in both areas suggesting that violent 

gas eruptions are a characteristic feature of the periodic behavior of the geothermal system at 

Panarea and are not restricted to the shallowest portion of the submarine platform. 

 

The shallow submarine vent fields at Panarea represent unique natural laboratories to 

study a geothermal system that is related to the existence of an actively degassing melt or a 

cooling subvolcanic intrusion at depth. This includes testing of new seafloor exploration and 

monitoring equipment designed to quantify the rate of CO2 degassing of a partially submerged 

arc volcano, which will allow the global volcanic CO2 flux to be quantified more accurately. 

Continued research at Panarea could also play a key role in understanding metal and volatile 

cycling on arc volcanoes and the nature and biodiversity of prokaryotic communities thriving on 

hydrothermal vents located in the euphotic zone of the oceans. 
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2.9 Figures 

 

 

 

Figure 2.1 Bathymetric map of the southeastern Tyrrhenian Sea showing the locations of island 
arc volcanoes and the Marsili back-arc basin. The location of the shallow marine geothermal 
field at Panarea is highlighted by the red circle. Shipboard bathymetric data was obtained during 
R/V Meteor cruises M73/2 and M86/4. Gridding was performed using a 30 m grid-cell size. To 
allow coverage of the entire area shown, the bathymetric data was combined with the global 
multi-resolution topography data of Ryan et al. (2009), which was gridded using a 90 m grid-cell 
size. 
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Figure 2.2 Bathymetric map of the Panarea volcano (modified from Lucchi et al., 2013). The 
area of geothermal activity surrounding the central islets to the east of the main island of Panarea 
is highlighted by the red outline.  
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Figure 2.3 Bathymetric map of the area surrounding the central islets located east of the main 
island. The red circle highlights the location of the 2002 hydrothermal eruption. The locations of 
the three dives using a remotely operated vehicle are highlighted. Bathymetric data are from 
Esposito et al. (2006) that was gridded at a 1-m grid size. Digital elevation model of islets from 
Tarquini and Nanipieri (2017). 
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Figure 2.4 Geological map of the western study area between Panarelli and Basiluzzo constructed based on the seafloor observations 
of dive 754ROV. The geological map is overlain on the bathymetric data from Esposito et al. (2006). The map shows the distribution 
of different mappable facies and the occurrence of low-temperature hydrothermal features.
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Figure 2.5 Seafloor images of hydrothermal vent sites and outcrop areas located in the western 
study area between Panarelli and Basiluzzo. a. Chimney composed of Fe-oxide/hydroxides 
located at the crest of a boulder field at Site 1. Active thermal water discharge is indicated by the 
presence of prokaryotic communities at the orifices of the chimney. b. Low-relief rim of a 
hydrothermal eruption crater at Site 1. The crater rim is composed of well-rounded cobbles and 
boulders of lava that were excavated during the hydrothermal eruption. c. Sheet flow composed 
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of dark lava at Site 2. The flow forms a small (<5 m) topographic high. Talus occurs along the 
flanks of the lava outcrop. d. Boulder field at Site 4 consisting of well-rounded cobble and 
boulders surrounded by sand. The boulder field is interpreted to have formed as a glacial deposit. 
e. Mound of Fe-oxide/hydroxide at Site 6. A small chimney marking the discharge site of 
thermal waters is capped by a spindle-shaped prokaryotic community. Additional Fe-
oxide/hydroxide chimneys can be seen in the background. f. Image of the seafloor at Site 8. The 
sandy seafloor is characterized by the presence of abundant pockmarks and small sand mounds 
formed as a result of CO2 gas discharge. The locations of the sites investigated during dive 
754ROV are given in Figure 2.4.
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Figure 2.6 Seafloor images of hydrothermal vent sites and outcrop areas located in the western 
study area between Panarelli and Basiluzzo. a. Group of ~30 cm tall Fe-oxide/hydroxide 
chimneys at Site 9. The orifices of the chimneys are capped by spindle-shaped microbial 
communities suggesting ongoing thermal water discharge. b. Outcrop of dark lava and related 
breccia deposits at Site 10. The massive lava shows columnar joining. The breccia exposed in the 
right-hand side of the image and in the background consists of clasts that are angular to 
subangular and are interpreted to have formed by quench fragmentation and autobrecciation of 
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the lava. c. Field of Fe-oxide/hydroxide chimneys at Site 11. Most of the chimneys are ~30 cm in 
size, with their orifices being capped by white microbial communities suggesting that thermal 
water discharge is ongoing. d. Cobble and boulders of dark lava forming a low-relief rim around 
a hydrothermal eruption crater at Site 11. e. Outcrop of massive dacite at Site 14 showing a 
subvertical flow foliation. The seafloor between the lava is covered by sand. f. Outcrop of flow-
banded dacite at Site 14. The subvertical flow foliation varies from planar to wavy and folded. 
The locations of the sites investigated during dive 754ROV are given in Figure 2.4. 
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Figure 2.7 Geological map of the central study area between the Secca dei Panarelli and 
Basiluzzo constructed based on the seafloor observations of dive 752ROV. The geological map 
is overlain on the bathymetric data from Esposito et al. (2006). The map shows the distribution 
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of different mappable facies and the occurrence of low-temperature hydrothermal features. 
Locations of hydrothermal eruption craters from Monecke et al. (2012). 
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Figure 2.8 Seafloor images of hydrothermal vent sites and outcrop areas located in the central 
study area between the Secca dei Panarelli and Basiluzzo. a. Outcrops of hydrothermal crusts at 
Site 1. The surfaces of the crusts are irregular and pitted. b. Well-rounded boulders forming the 
rim of the hydrothermal eruption crater at Site 4. The boulders are composed of mafic to 
intermediate lava. c. Sand mounds formed by CO2 venting at Site 5. Gas discharge is locally 
observed from these sand mounds, but not visible in the image. d. Outcrops of hydrothermal 
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crusts at Site 5. e. Sandy seafloor at Site 6 that is covered by sand mounds and pockmarks 
formed by gas emissions. The variable colors are presumably caused by the presence of bacterial 
matter. f. Sand mounds and pockmarks at Site 6 that formed by excavation of sand grains during 
gas escape. Gas venting the top of the mounds can be locally observed but is not visible in the 
image. The locations of the sites investigated during dive 752ROV are given in Figure 2.7. 
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Figure 2.9 Seafloor images of hydrothermal vent sites and outcrop areas located in the central 
study area between the Secca dei Panarelli and Basiluzzo. a. Site of active CO2 discharge at the 
bottom of the NE-striking volcanic ridge at Site 7. White bacterial matter occurs at the exit point 
of the CO2 bubbles from the sediment, suggesting that gas discharge is accompanied by the 
venting of thermal liquids. b. Sandy seafloor covered by sand mounds and pockmarks at Site 9. 
c. Base of the crater rim of a hydrothermal eruption crater at Site 9. The rim of the crater is 
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composed of well-rounded boulders composed of mafic to intermediate lava. d. Boulders and 
locally derived talus of mafic to intermediate lava at Site 10. e. Mound composed of Fe-
oxide/hydroxide deposits located at Site 11. The presence of prokaryotic communities suggests 
that venting of thermal liquids is still occurring. f. Sandy seafloor at Site 12. The abundant sand 
mounds and pockmarks are interpreted to have formed through gas discharge from the seafloor. 
Several streams of CO2 bubbles originating from the sand mounds can be seen in the background 
(arrows). The locations of the sites investigated during dive 752ROV are given in Figure 2.7.



 

61 

 
 

Figure 2.10 Geological map of the eastern study area between the Secca dei Panarelli and 
Basiluzzo constructed based on the seafloor observations of dive 756ROV. The geological map 
is overlain on the bathymetric data from Esposito et al. (2006). The map shows the distribution 
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of different mappable facies and the occurrence of low-temperature hydrothermal features. 
Locations of hydrothermal eruption craters from Monecke et al. (2012). 
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Figure 2.11 Seafloor images of hydrothermal vent sites and outcrop areas located in the eastern 
study area between the Secca dei Panarelli and Basiluzzo. a. Hydrothermal vent site at the 
southern flank of a small volcanic ridge at Site 1. Hydrothermal discharge occurs from the talus 
visible in the background and the sandy seafloor in the foreground. Vigorous CO2 bubbling is 
visible. White bacterial matter surrounds many of discharge sites. b. Volcanic talus covering the 
volcanic ridge at Site 2. The talus was produced by the disintegration of columnar-jointed mafic 
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to intermediate lava. c. Site of CO2 venting and thermal liquid discharge within a former 
hydrothermal eruption crater at Site 4. Abundant bacterial matter occurs around the sites of 
thermal water discharge. d. Steep cliff of columnar-jointed lava of mafic to intermediate 
composition at Site 5. e. Sand-covered seafloor at Site 6. Minor CO2 venting occurs, with the 
discharge sites being marked by the occurrence of minor bacterial matter. The outer low-relief 
rim of the hydrothermal eruption crater of Site 7 can be seen in the background. f. Low-relief rim 
surrounding the hydrothermal eruption crater at Site 7. The crater rim is composed of cobble- to 
boulder-sized lava fragments that were excavated during the hydrothermal eruption. The flat 
floor of the crater can be seen in the foreground. The locations of the sites investigated during 
dive 756ROV are given in Figure 2.10.
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Figure 2.12 Seafloor images of hydrothermal vent sites and outcrop areas located in the eastern 
study area between the Secca dei Panarelli and Basiluzzo. a. Floor of the hydrothermal eruption 
crater at Site 7. Large parts of the flat and sandy floor are covered by prokaryotic matter. 
Bubbling of CO2 from multiple discharge sites can be observed. The crater rim consisting of 
cobble- to boulder-sized lava fragments that were excavated during the hydrothermal eruption. b. 
Discharge site of thermal liquids within the hydrothermal eruption crater at Site 7. The sand 
surrounding the discharge site is indurated. White and fluffy prokaryotic matter occurs along the 
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crack in the sediment. In addition to thermal liquid, CO2 bubbles are discharged, some of which 
can be seen in the image (arrow). c. Hydrothermal venting at the floor of the hydrothermal 
eruption crater at Site 7. The sandy sediment surrounding the discharge site is indurated. 
Abundant CO2 bubbling from multiple discharge sites can be observed. The carter rim can be 
seen in the background. d. Site of intense CO2 discharge within a possible hydrothermal eruption 
crater at Site 8. Abundant CO2 bubble streams are released from multiple point sources on the 
flat seafloor. A low-relief crater wall can be seen in the background. e. Flat seafloor that is 
covered by sand showing ripple marks at Site 9. f. Blocky mafic to intermediate lava covered by 
thick macroalgae at Site 10. The locations of the sites investigated during dive 756ROV are 
given in Figure 2.10. 
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Figure 2.13 Seafloor images of hydrothermal vent sites and outcrop areas located in the eastern 
study area between the Secca dei Panarelli and Basiluzzo. a. Prokaryotic mat covering the sandy 
seafloor at Site 12. The bacterial matter presumably marks the location at which thermal water 
discharge occurs. b. Hydrothermal vent site at Site 14. Streams of CO2 bubbles can be observed 
rising through the water column. The seafloor is covered by bacterial mats and small patches of 
prokaryotic communities mark the various discharge sites of the CO2. A large subcrop of 
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indurated conglomerate can be observed in the center of the image. c. Volcanic talus covering 
the crest of a volcanic ridge near Site 15. The clasts range from blocky and angular to 
subrounded. d. Outcrop of dark lava at Site 15. The lava shows well-developed columnar 
jointing. e. Thick prokaryotic mat covering the sandy seafloor at Site 16. Angular lava cobbles 
and boulders are scattered across the seafloor. f. White prokaryotic mat covering the seafloor at 
Site 16. The locations of the sites investigated during dive 756ROV are given in Figure 2.10. 
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CHAPTER 3 

MASSIVE SULFATE DEPOSITS ASSOCIATED WITH SHALLOW MARINE 

HYDROTHERMAL VENTING OFFSHORE PANAREA ISLAND,  

AEOLIAN ISLAND ARC, ITALY 

 

This chapter describes the petrographic, mineralogical, geochemical, and isotopic 

characteristics of the massive anhydrite-gypsum deposits forming in the hydrothermal field 

offshore Panarea that was investigated during research cruises P340 of Poseidon and M73/2 of 

R/V Meteor. The chapter is a synthesis of research performed by various participants of these 

two cruises and their graduate students and incorporates data acquired by other workers that 

have, however, not yet been published in a peer-reviewed publication. This chapter lays the 

foundation for such a joint publication. The chapter makes use of seafloor bathymetric data that 

was acquired by a multibeam survey conducted by Marco Anzidei and Alessandra Esposito of 

the Istituto Nazionale di Geofisica e Vulcanologia in Rome. Processing of the bathymetric data 

was performed by this research team. Final map production for this chapter was conducted by 

Sven Petersen and Nico Augustin of the GEOMAR Helmholtz Center for Ocean Research Kiel 

in Germany. The chapter uses seafloor images collected using Sub-Atlantic’s mid-size inspection 

class ROV Cherokee of the University of Bremen onboard R/V Poseidon cruise P340 in 2006. 

The samples studied were obtained through drilling using the BGS Rockdrill I system during 

R/V Meteor cruise M73/2 in 2007. Sven Petersen of the GEOMAR Helmholtz Center for Ocean 

Research Kiel in Germany was chief scientist of both research cruises and Thomas Monecke, 

now at Colorado School of Mines, acted as co-chief scientist on these expeditions. They jointly 

secured the ship time and funding required. Sample petrography was conducted at Colorado 

School of Mines. Electron microprobe analysis of sphalerite and pyrite was performed by 

Christian Breuer of the Westfälische Wilhelms-Universität Münster and Sven Petersen of the 

GEOMAR Helmholtz Center for Ocean Research Kiel. Rietveld analysis of the whole-rock 

samples was performed by Reinhard Kleeberg of the TU Bergakademie Freiberg in Germany. 

Whole-rock geochemical analysis of the samples was conducted by Thomas Monecke, now at 

Colorado School of Mines, and Mark Hannington at the University of Ottawa in Canada. 

Isotopic analysis of the samples and interpretation of the data was performed by Christian Breuer 

and Harald Strauss of the Westfälische Wilhelms-Universität Münster, with additional support by 
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Sven Petersen of the GEOMAR Helmholtz Center for Ocean Research Kiel in Germany. The 

isotopic data and their interpretation are taken from Breuer (2010). 

 

This chapter is written as a manuscript that will be submitted to Marine Geology. The 

figures and tables referred to in the text are given at the end of the chapter (see section 3.9; 

Tables. Section 3.10; Figures). 

 

3.1 Abstract 

 

Widespread anhydrite-gypsum deposits have been identified in a shallow water setting 

offshore Panarea island, which is a partially emerged arc volcano forming part of the Aeolian 

volcanic chain in the southern Tyrrhenian Sea. The site is located within a ~400-m-long trough at 

a water depth of 70‒85 m at the eastern sector of the eroded summit of the submarine 

stratovolcano. A high-resolution bathymetric survey and seafloor inspections using a remotely 

operated vehicle suggest that this trough has formed through coalescence of several 

hydrothermal eruption craters. Subcrops of hydrothermal precipitates below the sandy seafloor 

are widespread within this trough, with rare outcrops of these deposits being typified by highly 

irregular and pitted surfaces. Drilling to a maximum penetration of 5 m below seafloor using a 

lander-type drilling device revealed that the massive to brecciated hydrothermal deposits contain 

> 80 % anhydrite and gypsum in addition to alteration minerals formed during subseafloor 

replacement and infiltration of the volcaniclastic host. Advanced-argillic alteration of the 

volcaniclastic material under acidic conditions resulted in the formation of kaolinite, with 

variable amounts of alunite, boehmite, and barite being present, whereas argillic alteration at 

near-neutral conditions caused smectite and rhodochrosite formation. Minor amounts of sulfide 

minerals, including pyrite, marcasite, sphalerite, and galena. The deposits show an enrichment of 

the metals transported at low-temperatures, including up to 8.6 ppm Ag, 274 ppm As, 20.9 ppm 

Cd, 8,790 ppb Hg, 2,690 ppm Pb, and 8,640 ppm Zn, attesting to the metal-carrying capacity of 

the thermal liquids. The sulfate minerals have 34S values of 14.3 to 22.7 ‰, indicating that the 

SO4
2- was derived from a mixture between the thermal waters and seawater. This interpretation is 

consistent with the observed strontium isotopic ratio of 0.707539 to 0.707909. Oxygen isotopes 

of the sulfate deposits range from 11.6 to 14.8 ‰ 18O, which is consistent with formation 



 

71 

temperatures of 132‒170⁰C. A model for fluid evolution of the Panarea hydrothermal field 

suggests mixing of an upwelling thermal liquid with shallow circulating seawater. Heating of 

seawater during mixing triggered the precipitation of anhydrite, which subsequently partly 

converted to gypsum. The thermal liquids likely contained volatiles derived from a magmatic 

source, which is required to form the acid-stable minerals present in the samples affected by 

advanced argillic alteration. The formation of massive sulfate deposits in shallow water on a 

partially emergent arc volcano make Panarea a distinct new type of seafloor hydrothermal 

system. 

 

3.2 Introduction 

 

Seafloor exploration over the past decades has demonstrated that hydrothermal activity is 

widespread on submarine arc volcanoes (Iizasa et al., 1999; de Ronde et al., 2003; Embley et al., 

2004; Stoffers et al., 2006; Ishibashi et al., 2008; Leybourne et al., 2012; Hein et al., 2014; 

Petersen et al., 2014). Hydrothermal venting occurs over a range of water depths (Monecke et al., 

2014). High-temperature black smoker activity and associated polymetallic sulfide formation 

occurs in deep arc hydrothermal systems such as Brothers volcano in the Kermadec arc (de 

Ronde et al., 2005, 2011; Berkenbosch et al., 2012). In more shallow waters, venting of 

hydrothermal fluids occurs at progressively lower temperatures as subseafloor boiling results in 

cooling of the hydrothermal fluids during their ascent to the seafloor (Monecke et al., 2014). In 

the littoral zone of emergent arc volcanoes, low-temperature sulfate and sulfide deposits form in 

association with thermal waters discharging at the seafloor at temperatures of ~100–150°C 

(Honnorez et al., 1973; Wauschkuhn and Gropper, 1975; Valsami-Jones et al., 2005). 

 

One of the most prominent shallow marine hydrothermal systems discovered today is 

located offshore Panarea island, an emergent arc volcano of the Aeolian island arc of southern 

Italy. The discharge of large amounts of CO2 occurs at water depths of approximately 5‒35 m to 

the east of the main island (Italiano and Nuccio, 1991; Calanchi et al., 1995; Esposito et al., 

2006; Price et al., 2015). The gas discharge is sourced from a geothermal reservoir that is fed by 

magmatic fluids derived from an actively degassing melt or cooling magmatic body (Italiano and 

Nuccio, 1991; Caracausi et al., 2005). In November 2002, a long period of quiescent CO2 
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discharge (Italiano and Nuccio, 1991; Caliro et al., 2004) was interrupted by a submarine gas 

explosion (Esposito et al., 2006). This eruption formed a ~35-m-large crater at the seafloor 

(Anzidei et al., 2005). Vigorous gas bubbling was observed at the sea surface and the smell of 

H2S was detectable as far away as Panarea (Caliro et al., 2004; Caracausi et al., 2005; Chiodini et 

al., 2006). Hydrothermal activity involving the deposition of massive anhydrite-gypsum deposits 

occurs to the north and northeast within a NW-trending trough formed through coalescence of 

several hydrothermal eruption craters at water depths of up to 85 m. Box-coring at this location 

in 1995 yielded samples containing polymetallic sulfides with unusually high base and precious 

metal grades (Gamberi et al., 1997; Marani et al., 1997; Savelli et al., 1999). 

 

This contribution reports on the results of a detailed study on the massive anhydrite-

gypsum deposits located offshore Panarea island. Initial seafloor observations were conducted 

using a remotely operated vehicle, which was followed by shallow (<5 m) drilling using a 

lander-type drilling system. The recovered core was used to study the mineralogy, geochemistry, 

and isotopic characteristics of the hydrothermal sulfate deposits. The research adds to the current 

understanding of the diversity of shallow marine hydrothermal processes occurring on emergent 

arc volcanoes and further demonstrates that metal transport in submarine hydrothermal systems 

can occur even at comparably low temperatures. 

 

3.3 Geology 

 

The Aeolian island arc comprises seven major islands and several submarine volcanic 

complexes extending for ~180 km parallel to the continental slope of northern Sicily and western 

Calabria in the southeastern Tyrrhenian Sea. The volcanoes rest on a ~20 km thick continental 

basement (Morelli et al., 1975; Wang et al., 1989; Ventura et al., 1999; Peccerillo et al., 2006) of 

sedimentary and metamorphic rocks (Honnorez and Keller, 1968; Bargossi et al., 1989; 

Clocchiatti et al., 1994; Del Moro et al., 1998). Volcanism in the Aeolian arc commenced ca. 1.3 

Ma ago in the western part of the volcanic chain (Beccaluva et al., 1985), with subaerial volcanic 

activity being largely restricted to the past ~500 ka. Volcanic eruptions occurred during historical 

times at Lipari, Stromboli, and Vulcano. At present, only Stromboli exhibits ongoing eruptive 

volcanism (Francalanci et al., 2013; Rosi et al., 2013). 
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The arcuate chain of Aeolian arc volcanoes surrounds the Marsili abyssal plain (Fig. 3.1; 

see section 3.10; Figures), which represents a small back-arc basin formed as a consequence of 

roll-back of the northwestward-dipping Ionian subduction zone and migration of arc volcanism 

from the island of Sardinia towards the east-southeast (Barberi et al., 1974; Gasparini et al., 

1982; Ellam et al., 1989; Argnani and Savelli, 1999; Savelli, 2001). Opening of the Marsili back-

arc basin was initiated at ~1.9 Ma (Savelli, 1988; Savelli and Schreider, 1991). The Marsili 

volcanic complex in the central part of the Marsili abyssal plain represents the superinflated 

spreading ridge of the back-arc basin (Marani and Trua, 2002). 

 

Panarea island it located in the eastern sector of the chain of Aeolian arc volcanoes 

between Lipari in the west and Stromboli in the east (Fig. 3.1). The small island rises from the 

western sector of a 56 km2, near circular submarine platform that occurs at a water depth of ~120 

m (Fig. 3.2a). This platform represents the flat, eroded summit of a large stratovolcano that is 

over 1,500 m in height with a basal diameter of 17.5 km (Gabbianelli et al., 1990; Favalli et al., 

2005). Volcanic rocks outcropping on the island include high-K basaltic-andesite to rhyolite 

lavas interbedded with pyroclastic deposits. The subaerial portion of the volcanic edifice is as old 

as 149± 5 ka (Calanchi et al., 1999). The rhyolite dome of the islet of Basiluzzo located to ~3 km 

east of the main island formed between 54±8 and 46±8 ka (Gabbianelli et al., 1990; Dolfi et al., 

2007; Bigazzi et al., 2008). Some of the youngest products of effusive volcanism at Panarea have 

been dated at 20±2 ka (Dolfi et al., 2007). 

 

Hydrothermal activity is widespread across the submarine platform of Panarea (Savelli et 

al., 1999). The large field of shallow-water hydrothermal activity is located ~3 km east of the 

main island within the eastern sector of the platform (Fig. 3.2b). Gas and thermal water venting 

occur at water depths of approximately 5 to 35 m on top of a shallow rise of the 2.3 km2 seafloor 

surrounding the islets of Panarelli, Lisca Bianca, Bottaro, Lisca Nera, and Dattilo (Italiano and 

Nuccio, 1991; Calanchi et al., 1995; Esposito et al., 2006; Capaccioni et al., 2007; Tassi et al., 

2009; Caramanna et al., 2010). Quiescent degassing in the area surrounding the central islets has 

been ongoing at least since early historic times (Italiano and Nuccio, 1991; Calanchi et al., 1995; 

Caliro et al., 2004; Esposito et al., 2006; Aliani et al., 2010) at an average flux of ~16 tonnes per 
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day (Italiano and Nuccio, 1991). Thermal water discharge on the seafloor supports a diverse 

community of extremophile bacteria (Gugliandolo et al., 2006, 2012, 2015; Maugeri et al., 2009; 

Lentini et al., 2014). 

 

Bathymetric mapping in the area of the central islets revealed the presence of numerous 

explosion craters on the seafloor suggesting that the quiescent CO2 discharge is punctuated by 

short periods of violent gas discharge (Esposito et al., 2006; Monecke et al., 2012). Gas eruptions 

at Panarea have been documented in 126 BC (Esposito et al., 2006) as well as 1815 and 1865 

(Smyth, 1824; Mercalli, 1883). A large hydrothermal gas eruption occurred in the night between 

November 2nd and 3rd, 2002, marking the end of a prolonged seismotectonic paroxysmal period 

in southern Italy (Esposito et al., 2006; Heinicke et al., 2009). In the early morning, fishermen 

observed vigorous gas bubbling at the sea surface between Lisca Bianca, Bottaro, and Lisca Nera 

(Fig. 3.2b). Thousands of fish had perished, presumably as a result of a measurable drop of the 

seawater pH to 5.6–5.7 (Caliro et al., 2004; Chiodini et al., 2006). A strong smell of H2S was 

detectable as far away as Panarea. A multibeam bathymetric survey of the seafloor revealed that 

the explosion resulted in the formation of an elliptical crater that was 35 m long, 25 m wide, and 

over 10 m deep (Anzidei et al., 2005; Esposito et al., 2006; Aliani et al., 2010). Intense gas 

venting lasted until mid-2003 (Aliani et al., 2010; Monecke et al., 2012). During the 

hydrothermal crisis, an estimated 50,000 tonnes of CO2 were released (Monecke et al., 2012). 

The presence of magmatic volatile species (SO2, HCl, and HF) in the gas emission is suggestive 

for a magmatic input at depth (Caliro et al., 2004; Chiodini et al., 2006; Capaccioni et al., 2007; 

Tassi et al., 2009). 

 

Extensive research has been conducted in the area of the shallow rise surrounding the 

central islets determining the seafloor geology and the composition of the gas and thermal waters 

emitted (Caliro et al., 2004; Anzidei et al., 2005; Caracausi et al., 2005; Chiodini et al., 2006; 

Esposito et al., 2006; Capaccioni et al., 2007; Tassi et al., 2009, 2014; Fabris et al., 2010). Most 

notably, a vent site emitting dark colored smoke was discovered in 23.5 m water depth northwest 

of Lisca Nera and east of Dattilo (Fig. 3.2b) during scientific scuba diving in 2002 (Esposito et 

al., 2006; Conte and Caramanna, 2010). Thermal waters emitted at the site had temperature of 

~30°C (Voltattorni et al., 2009). Temperatures of the discharging thermal waters increased in 
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subsequent years and temperatures of 110‒137°C were recorded between 2003 and 2008 (Becke 

et al., 2009; Tassi et al., 2009; Voltattorni et al., 2009; Conte and Caramanna, 2010). The site of 

the black smoke emission is located in a 26 by 24 m large and 5 m deep subcircular depression 

that likely formed during gas explosion (Esposito et al., 2006; Becke et al., 2009). Emission 

occurred from a small subangular outcrop of gravel- to cobble-sized volcanic material cemented 

by black hydrothermal precipitates (Conte and Caramanna, 2010). Recovered samples from the 

site include volcanic clasts coated by thin (<2 mm) layers of hydrothermal precipitates. Some of 

the surface coatings consist predominately of Fe-Mn-oxides. In addition, sulfide-rich coatings 

were identified. These contain up to 37.3 wt % Zn, 13.20 wt % Pb, 7.38 wt % Ba, and 1.35 wt % 

Sr (Becke et al., 2009). Scanning electron microscopy on these precipitates revealed the presence 

of abundant opal-A in addition to barite, galena, and minor sphalerite (Becke et al., 2009; Conte 

and Caramanna, 2010; Monecke et al., 2019). 

 

Another site of hydrothermal activity and associated sulfate and sulfide precipitation is 

located to the north between the Secca dei Panarelli and Basiluzzo (Fig. 3.2b; Marani et al., 

1997; Savelli et al., 1999; Monecke et al., 2009, 2012, 2019; Schmidt et al., 2015). Seafloor 

bathymetric investigations show that the seafloor northeast of the Secca dei Panarelli is 

pockmarked by circular gas eruption craters occurring at a water depth of up to 85 m (Anzidei et 

al., 2005; Esposito et al., 2006; Monecke et al., 2012). The diameter of the craters ranges from 5 

to 50 m, with the largest crater having a diameter of 120 m. The craters are of low relief with 

only 0.5‒4 m from floor to rim (Monecke et al., 2012). In 1995, box-coring to a maximum depth 

of 60 cm yielded the first evidence for the presence of sulfide deposits within a NW-trending 

trough formed by coalesced eruption carters (Gamberi et al., 1997; Marani et al., 1997; Savelli et 

al., 1999). In the cores recovered, sulfide minerals occurred within argillic-altered host rocks. 

Two decimeter-sized polymetallic massive sulfide fragments contained up to 16.9 wt % Zn, 4.8 

wt % Pb, and 11.6 wt % Ba. Optical microscopy and scanning electron microscopy revealed the 

presence of galena, sphalerite, pyrite, and marcasite, as well as abundant barite (Gamberi et al., 

1997; Marani et al., 1997; Savelli et al., 1999). This contribution provides new information on 

this vent field and the associated hydrothermal deposits. 
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3.4 Materials and Methods 

 

Detailed seafloor mapping in the area northeast of the Secca dei Panarelli was conducted 

in 2006 using ROV Cherokee of the University of Bremen onboard research cruise P340 of 

research vessel (R/V) Poseidon (Petersen and Monecke, 2008). The seafloor survey involved 

observations, temperature measurements, and limited sampling. Dive 752ROV totaling 6 hours 

and 12 minutes was performed within the NW-trending trough where previous box-coring 

revealed the presence of sulfide deposits (Gamberi et al., 1997; Marani et al., 1997; Savelli et al., 

1999). Shallow drilling in the NW-trending trough located northeast of the Secca dei Panarelli 

was performed in 2007 onboard research cruise M73/2 of R/V Meteor. Drilling was conducted 

using the portable Rockdrill I of the British Geological Survey (Monecke et al., 2009). The use 

of a seabed camera system allowed targeting and positioning of the rig on the seafloor prior to 

the commencement of the drilling operation. 

 

The obtained drill core was sawed in half, photographed, and repeatedly washed with 

distilled water to remove seawater salt. Representative samples were taken for thin section 

preparation. The thin sections were investigated by optical microscopy using an Olympus BX51 

microscope. Electron microprobe analysis of pyrite and sphalerite hosted by the massive 

anhydrite and gypsum was conducted using a JEOL JXA 8200 Superprobe at GEOMAR Kiel in 

Germany. An acceleration voltage of 15 kV and a beam current of 50 nA were used. A range of 

natural and synthetic minerals were employed as standards. The detection limit was 0.02 wt % 

for all elements analyzed except for As, which had a detection limit of 0.2 wt %. 

 

Half core samples were crushed and a slit of ~100 g of material was subsequently 

homogenized in a ring mill for one minute. A ~4 g split of the samples was removed for 

quantitative mineralogical analysis while the remaining material was further milled to <63 μm. 

The pulps were used for major and trace element geochemical analysis. 

 

To conduct X-ray powder diffraction (XRD) analysis, 1.80 g of the milled sample 

material was mixed with 0.20 g synthetic ZnO used as an internal standard. Ultra-fine grinding 

(<10 μm) was performed under ethanol in a vibratory McCrone micronizing mill. Subsequent 
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homogeneous mixing was achieved in a vibratory mixer mill. Step-scan XRD data (5 to 80° 2, 

0.03° 2 step width, 8 s/step) on powder mounts were collected with a Seifert-FPM URD 6 

diffractometer equipped with a diffracted-beam graphite monochromator and a variable 

divergence slit at TU Bergakademie Freiberg in Germany. A Co tube was used and operated at 

40 kV and 30 mA. Qualitative phase analysis was carried out by search/match procedures 

followed by quantitative phase analysis using the fundamental-parameter Rietveld programs 

BGMN (Monecke et al., 2001; Kleeberg and Bergmann, 2002). 

 

Whole-rock geochemical analysis of the sample powders was performed at Actlabs in 

Ancaster, Ontario. Initially, 0.2 g of the pulped material was mixed with lithium 

metaborate/lithium tetraborate and fused in a graphite crucible. The molten mixture was then 

poured into a 5% HNO3 and shaken for ~30 min until dissolved. The concentrations of the major 

elements and selected trace elements (Ba, Sr, V, and Zr) were subsequently determined by 

inductively coupled plasma-optical emission spectrometry (ICP-OES) using a Thermo Jarrell 

Ash ENVIRO II. The total C and S content was determined by infrared spectrophotometry using 

an Eltra CS-2000. The loss on ignition (LOI) was determined by gravimetry at 900°C. The 

concentrations of base metals and selected trace metals (Ag, Bi, Cd, Cu, Mo, Ni, Pb, and Zn) 

were determined following total acid digestion of the samples. A 0.25 g sample aliquot was 

digested in hydrofluoric acid, followed by a mixture of nitric and perchloric acids, and 

evaporated to dryness. After dryness was attained, samples were brought back into solution using 

hydrochloric acid. The obtained solutions were analyzed by ICP-OES using a Perkin Elmer 

Optima 3000. Additional trace element analyses (As, Au, Co, Cs, Hf, Rb, Sb, Sc, Th, and U) 

were conducted by instrumental neutron activation analysis. An aliquot of 1 g was encapsulated 

in a polyethylene vial and irradiated along with flux wires at a thermal neutron flux of 7 x 1012 n 

cm-2 s-1. After a 7-day period to allow 24Na to decay, the samples were counted on a high purity 

Ge detector with a resolution of better than 1.7 KeV for the 1332 keV 60Co photopeak. Using the 

flux wires and control standards, the decay-corrected activities were measured using a calibration 

curve developed from multiple certified international reference materials. The concentrations of 

Hg in the samples were determined by atomic absorption spectrophotometry. A 0.5 g sample was 

digested with aqua regia at 90ºC, followed by reduction using SnCl2·2H2O. Argon was then 
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bubbled through the mixture of sample and reductant solutions to liberate and transport the Hg 

into the absorption cell of a Perkin Elmer flow injection mercury analyzer. 

 

Samples for stable isotope analysis were collected from the drill core using a micro-drill. 

To purify samples of anhydrite and gypsum, an aliquot of ~10 mg of each sample was dissolved 

in 20 ml distilled water at room temperature for about 5 hours. The solution was filtered using a 

0.45 μm cellulose nitrate filter and heated until boiling. To produce an acidic solution, 2 ml of 35 

% HCl were added. This was followed by the addition of 5 ml of BaCl2 to precipitate the sulfate 

as BaSO4. The solution was then heated for 2 hours at 80 °C and again filtered. The filter was 

dried at 40 °C for 24 hours and the BaSO4 recovered for isotopic analysis. The sulfide samples, 

were mostly composed of pyrite and marcasite, were purified employing a sequential wet 

chemical extraction process, using HCl and a chromium (II) chloride solution under an N2 

atmosphere (Canfield et al., 1986). The obtained H2S was first precipitated as ZnS using a zinc 

acetate solution (3%) and subsequently converted to Ag2S by adding an AgNO3-solution (0.1 

M). δ34S data were obtained on the recovered BaSO4 and Ag2S using a ThermoFinnigan DELTA 

Plus isotope ratio mass spectrometer coupled with a Carlo Erba elemental analyzer at the 

Westfälische Wilhelms-Universität Münster in Germany. Replicate analyses of reference 

materials showed that the analytical precision was within ±0.3‰ (2σ). 

 

Oxygen isotope analyses were performed on the same samples obtained from the drill 

core through micro-drilling. An aliquot of 200 μg of sample powder was filled into a silver cup 

and combusted in a ThermoQuest high-temperature conversion-elemental analyzer. Oxygen 

isotope analysis was conducted in continuous flow mode on a Finnigan MAT DeltaPlus XL 

isotope ratio mass spectrometer at the Westfälische Wilhelms-Universität Münster in Germany. 

Replicate analyses of reference materials showed that the analytical precision was within ±0.3‰ 

(2σ). 

 

The strontium isotopic composition of representative sulfate samples was determined 

following sampling of the drill core by micro-drilling. Aliquots of 2‒3 mg were then dissolved in 

1 ml 3 N HNO3 and heated in a Teflon screw top vial for 20 hours at 130°C. Following complete 

sample dissolution, the solution was evaporated to dryness. The samples were then re-dissolved 
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in 0.5 ml 3 N HNO3, evaporated again, recovered in 0.5 ml 3 N HNO3, and the loaded onto 

Teflon columns. These were filled with Sr-Spec cationic resin (Horwitz et al, 1992) and the 

washed with 1.5 ml 3 N HNO3. The obtained Sr cut was eluted using 1 ml of distilled H2O and 

the dried. The dried Sr cuts were resuspended in 5 µm 6 N HCl. An aliquot of 1 µm was 

evaporated on a Ta filament. The samples were measured on a Finnigan Triton MC TIMS at the 

Westfälische Wilhelms-Universität Münster in Germany. The accuracy of the analyses was 

evaluated against the standard NBS-987 (Breuer, 2010). 

 

3.5 Results 

 

This section presents the results of this study, including the seafloor survey performed, 

the drilling, the sample petrography, the geochemical, and isotopic investigations. 

 

3.5.1 Seafloor Survey and Drilling 

 

The geology NW-trending trough between Secca dei Panarelli and Basiluzzo in which 

sulfide deposits were recovered in 1995 by box-coring (Gamberi et al., 1997; Marani et al., 1997; 

Savelli et al., 1999) was studied during dive 752ROV of ROV Cherokee onboard research cruise 

P340 of R/V Poseidon. The survey was conducted along the axis of the trough from the NW to 

the SE and returned back to the starting point surveying the geology southwest of the trough. 

During the survey, the seafloor geology was mapped, and the location of major hydrothermal 

features noted (Fig. 3.3). 

 

The survey commenced at the northwestern end of the through (Fig. 3.3) at a water depth 

of ~82 m within a seafloor depression interpreted to have formed by a hydrothermal eruption. 

The seafloor is flat and covered by sand containing scattered, up to ~1 m high subcrops that are 

interpreted to be hydrothermal precipitates (Site 1 in Fig. 3.3; Fig. 3.4a). Where the precipitates 

outcrop, they have irregular and pitted surfaces. Some CO2 venting was observed. Immediately 

to the southeast, a low-relief depression at a water depth of ~84 m was crossed (Fig. 3.3). 

Abundant CO2 bubbling occurs, with patches of white bacterial matter surrounding the exit sites 

of the gas bubbles, some of which are also typified by the venting of thermal liquids. Abundant 
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subcrops occur (Site 2 in Fig. 3.3; Fig. 3.4b), which were selected as a drilling target during the 

follow-up cruise with R/V Meteor. 

 

Much of the southeastern portion of the NW-trending trough is covered by sand with 

scattered patches of cobbles. A low-relief rim of a hydrothermal eruption crater consisting of 

well-rounded cobbles and boulders was encountered close to the southeastern limit of the trough, 

but strong button currents prevented surveying of the flat crater floor. The seafloor surrounding 

the crater rim to the southeast and east is flat and covered by sand. Abundant CO2 venting was 

observed. Continuing to the east, up to ~0.5 m high subcrops of possible hydrothermal 

precipitates were observed at a water depth of ~67 m (Site 3 in Fig. 3.3; Fig. 3.4c). Where the 

hydrothermal material is outcropping, it is characterized by irregular and pitted surfaces. This 

was followed by the survey of the crater floor of a hydrothermal eruption crater that is covered 

by sand. Abundant discharge sites of CO2 and thermal waters occur across the crater floor. Based 

on the flat nature of the crater floor and the abundant evidence for ongoing hydrothermal 

activity, the small craters at the southeastern limit of the trough were selected as potential drill 

targets for the follow-up cruise with R/V Meteor. 

 

The dive continued towards the south of the hydrothermal eruption crater where a ridge 

consisting of mafic to intermediate lava occurs (Fig. 3.3). Continuing to the west, the dive 

crossed a large relatively flat area before encountering a second topographic rise composed of 

talus of mafic to intermediate lava. Further to the northwest, a field of Fe-oxide/hydroxide 

chimneys was discovered at a water depth of ~74‒76 m (Fig. 3.3). Individual chimneys range up 

to 1‒2 m in height and are located several meters apart. Patches of whitish prokaryotic 

communities occur on some of the chimneys suggesting ongoing discharge of thermal liquids. 

Following the survey of this low-temperature hydrothermal vent field, the dive continued to the 

north, returning to the NW-trending trough. The floor of the trough at this location is sandy. 

Subcrops of hydrothermal precipitates are widespread that have similar irregular and pitted 

surfaces where they are outcropping (Site 4 in Fig. 3.3; Fig. 3.4d). The survey finished following 

the survey of the sandy seafloor of the NW-trending trough.  
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Onboard cruise M73/2 of R/V Meteor, drilling was conducted at the two target areas 

within the NW-trending trough using Rockdrill I of the British Geological Survey (Fig. 3.3). 

This lander-type drilling device is able to drill to a maximum depth of 5 m (Fig. 3.5a). In total, 

eight holes recovered massive anhydrite-gypsum deposits (Table 3.1, see section 3.9; Tables). 

This included three drill holes in the central part of the NW-tending trough and four drill holes in 

the southeastern part of the trough (Fig. 3.3). A total of 7.84 m of massive anhydrite-gypsum was 

recovered at an overall recovery of 20.6%, which is related to the soft and friable nature of the 

hydrothermal deposits. Station 881RD yielded the longest continuous core of 2.89 m length (Fig. 

3.5b), followed by the recovery of 140.5 cm core during station 914RD. 

 

3.5.2 Sample Petrography 

 

In hand specimen, anhydrite and gypsum constitute 80‒100% of the drill core recovered 

(Fig. 3.6). The sulfates are white to gray and crystalline. The hydrothermal deposits are mostly 

massive (Fig. 3.6a,b), variably porous, and may contain dissolution cavities (Fig. 3.6c). 

Distinctly bladed anhydrite and gypsum crystals occur (Fig. 3.6d). In addition to massive 

deposits, breccias of anhydrite and gypsum occur (Fig. 3.6e). White clay is typically a minor 

component (<5%) and occurs along fractures, between the anhydrite or gypsum crystals, or in 

vugs (Fig. 3.6b‒d). Pyrite and marcasite (<5 %) and traces of sphalerite (<1%) are commonly 

associated with the clay component, but also occur in vugs and along fractures in the massive 

anhydrite and gypsum. Disseminated sulfides are present in some of the intersections (Fig. 

3.6f,g). Massive sulfides similar to those encountered during previous box-coring (Gamberi et 

al., 1997; Marani et al., 1997; Savelli et al., 1999) were not encountered in the drill core. 

Greenish to white clay occur as clasts that appear to replace formed volcanic material (Fig. 3.6h). 

 

Thin section microscopy confirmed that the samples consist primarily of anhydrite and 

gypsum. The anhydrite can be easily recognized based on its high birefringence, giving anhydrite 

grains higher-order polarizing colors than gypsum (Fig. 3.7a,b). In most samples, the anhydrite 

forms relic grains within a gypsum matrix, suggesting that the gypsum has formed through 

replacement of earlier anhydrite. 
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Three samples from drill core 881RD and one sample from core 883RD contain abundant 

alunite. The alunite forms small (up to 50 µm) platy crystals that have random orientations. 

Scanning electron microscopy performed by Breuer (2010) showed that some of the alunite 

crystals contain cores of an aluminum-phosphate-sulfate mineral. The alunite is commonly 

intergrown with euhedral pyrite. 

 

Pyrite forms small nodules or occurs as disseminated euhedral grains throughout the 

matrix of anhydrite and gypsum (Fig. 3.7c). The pyrite is commonly intergrown or mantled by 

marcasite. Colloform pyrite and marcasite is present in some samples. Electron microprobe 

analysis of pyrite in core 880RD revealed that this sulfide mineral is nearly stoichiometric (n = 8; 

Breuer, 2010). The As content of the pyrite varies from 0.03 to 0.33 wt %. Disseminated 

euhedral sphalerite grains occur in some of the samples and have a distinct light color (Fig. 

3.7d), suggesting a low Fe content. Electron microprobe analysis was performed on sphalerite 

from core 880RD. The sphalerite has Fe contents ranging from 0.06 to 0.91 wt % (n = 13; 

Breuer, 2010). Some of the sphalerite spot analyses contained detectable amounts of As (up to 

0.06 wt %), Cd (up to up to 0.45 wt %), and Ag (up to 0.02 wt %). Trace amounts of galena were 

identified. Barite occurs in some of the samples forming laths that are up to 400 µm in size. 

 

3.5.3 Quantitative Mineralogy 

 

The results of the quantitative X-ray diffraction analyses on the whole-rock samples 

(Table 3.2) show that the massive sulfate deposits drilled consist of 81.2‒99.6 wt % anhydrite 

and gypsum. The relative proportions of both sulfate minerals vary between the different drill 

holes. Anhydrite occurs in concentrations ranging from 11.6‒58.4 wt % and gypsum forms 30.4‒

81.3 wt % of the deposits. In general, gypsum occurs at the highest concentrations close to the 

seafloor. The abundance of gypsum decreases with depth whereas the amount of anhydrite 

increases down-hole (Fig. 3.8a). 

 

The X-ray diffraction experiments confirmed that two groups of samples can be 

distinguished based on their mineralogy (Fig. 3.8b). All samples from drill holes 879RD, 880RD, 

and 881RD contain kaolinite as the main clay mineral, which occurs at concentrations of 2.5‒7.2 
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wt %. The kaolinite-bearing samples record conditions of advanced argillic alteration. All three 

drill holes recording such alteration conditions were located close to each other at the 

southeastern end of the NW-trending trough (Fig. 3.3). Some of the kaolinite-bearing samples 

also contain alunite (up to 9.8 wt %) and barite (up to 2.2 wt %). Boehmite (up to 1.1 wt %) was 

detected in the two samples having the highest alunite contents. All other samples from drill 

holes 883RD, 884RD, 913RD, and 914RD contain smectite as the main clay mineral at 

concentrations of 0.8‒9.3 wt %. These samples record conditions of argillic alteration. The 

smectite-bearing samples lack detectable concentrations of alunite, barite, and boehmite. Only 

one sample from drill hole 883RD contains 2.5 wt % smectite in addition to 1.6 wt % kaolinite. 

One of the smectite-bearing sample from core 914RD was found to contain 4.0 wt % 

rhodochrosite.  

 

The massive anhydrite-gypsum samples contain variable amounts of sulfide minerals 

(Fig. 3.8b). This includes up to 3.9 wt % marcasite and up to 7.7 wt% pyrite. Sphalerite was 

detected in several samples at concentrations ranging up to 1.5 wt %. Galena identified in 

reflected light microscopy did not occur at concentrations detectable by XRD. 

 

3.5.4 Whole-Rock Geochemistry 

 

The samples investigated have high CaO contents of 27.58 to 36.32 wt %, which relate to 

the abundant presence of anhydrite and gypsum. Correspondingly high S contents of 17.5 to 23.1 

wt % were registered. Due to abundant presence of sulfate minerals, the loss on ignition values 

are high, varying from 11.48 to 23.13 wt %. Increasing amounts of CaO broadly correlate with 

decreasing concentrations of SiO2 (0.52 to 6.09 wt %), which primarily reflects the abundance of 

clay minerals in the samples. The Al2O3 content in the samples varies from 0.61 to 4.53 wt %, 

reflecting the abundance of clay minerals in argillic-altered samples and of kaolinite as well as 

alunite and boehmite in advanced argillic-altered samples. The Fe2O3 content of the samples is 

highly variable due to the variable amounts of pyrite and marcasite present, ranging from 0.12 to 

8.07 wt %. All other major elements occur at comparably low concentrations. An elevated MnO 

value of 2.28 wt % and a total C concentration of 0.64 were registered in the sample from core 

914RD having rhodochrosite concentrations high enough to be detected by XRD. The highest 
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K2O concentrations of 0.53 and 0.36 wt % were encountered in the samples containing abundant 

alunite. 

 

The Ba content of the massive anhydrite-gypsum samples are highly variable, ranging 

from 5 to 10,240 ppm. The highest Ba concentrations occur in two samples from drill holes 

880RD that also contain barite at concentrations detectable by XRD. The Sr content of the 

samples is high, ranging from 1,018 to 1,987 ppm. The massive anhydrite-gypsum samples show 

a distinct enrichment in metals that can be transported by low-temperature hydrothermal fluids. 

The samples contain <0.5 to 8.6 ppm Ag, 6 to 274 ppm As, <0.5 to 20.9 ppm Cd, 37 to 8,790 

ppm Hg, <5 to 2,690 ppm Pb, 0.7 to 70.8 ppm Sb, and 1 to 8,640 ppm Zn. The concentrations of 

most of these elements broadly correlate with the Zn contents of the samples (Fig. 3.9). The 

concentrations of Bi in the samples are <2 ppm and none of the samples has Au contents 

exceeding the limit of detection of 1 ppb. The samples have distinctly low Cu contents of 2 to 62 

ppm. The concentrations of Co (1.1. to 15 ppm), Mo (<2 to 18 ppm), and Ni (<1 to 19 ppm) 

broadly correlate with the whole-rock Fe2O3 contents, suggesting that these elements are 

primarily sequestered in pyrite and marcasite. 

 

3.5.5 Isotope Geochemistry 

 

The sulfur isotopic compositions of the intergrown anhydrite and gypsum have been 

determined in 32 samples from four drill cores (Table 3.4; Breuer, 2010). The 34S values of 

anhydrite and gypsum exhibit a wide range from 14.3 to 22.7 ‰ (Fig. 3.10a). Samples collected 

from core intervals containing kaolinite have 34S values of 14.3 to 20.1 ‰, averaging 17.9 ‰ (n 

= 19). In contrast, smectite-bearing samples have 34S values of 20.7 to 22.7 ‰, averaging 21.8 

‰ (n = 13). In addition to the sulfate minerals, sulfide samples consisting of intergrown pyrite 

and marcasite were collected from the same four drill holes and analyzed for their sulfur isotopic 

compositions (Table 3.4; Breuer, 2010). The obtained 34S values are highly variable ranging 

from -26.7 ‰ to -0.1 (n = 11; Fig. 3.10a). 

 

The anhydrite and gypsum samples from drill core 880RD, which contains kaolinite as 

the dominant clay mineral, have 34S values ranging from 19.6 to 20.1 ‰ (n = 3). The 34S 
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values of pyrite and marcasite are more variable with values ranging from -26.7 to -9.9 ‰ (n = 

3). In core 881RD, which also contains kaolinite as the main clay mineral, the 34S values of 

anhydrite and gypsum range from 14.3 to 19.2 ‰ (n = 16). In the upper 150 cm of the core, the 

34S values vary from 18.5 to 19.2 ‰ (n = 9), whereas values of 14.3 to 17.1 ‰ (n = 7) are 

observed below 150 cm depth (Fig. 3.10b). The lower part of the core that has the low 34S 

values for anhydrite and gypsum also stands out as being characterized by the presence of high 

alunite and boehmite concentrations. The 34S values of pyrite and marcasite collected from drill 

hole 881RD cluster between -1.8 and -0.1 ‰ (n = 6). In drill core 883RD, which contains 

smectite as the dominant clay mineral, the 34S of anhydrite and gypsum cluster tightly, with 

values between 21.6 and 22.7 ‰ (n = 3). The anhydrite and gypsum in core 914RD, which also 

contains smectite as the principal clay mineral, have 34S values of 20.7 to 22.3 ‰ (n = 10), with 

no clear trends being observed between samples collected at different depth (Fig. 3.10c). The 

34S values measured for pyrite and marcasite from this drill hole are -7.3 and -5.2 ‰ (n = 2). 

 

The oxygen isotopic compositions of the anhydrite and gypsum were determined in the 

same samples used for the sulfur isotope analyses (Table 3.4; Breuer, 2010). The obtained 18O 

values range from 11.6 to 14.8 ‰, averaging 13.2 ‰ (n = 32; Fig. 3.10a). There are small, but 

systematic differences between samples from the different drill holes. The anhydrite and gypsum 

in core 880RD have an average 18O value of 12.1 ‰ (n = 3). The samples from 881RD have 

18O values of 13.4 to 14.8, averaging of 14.0 ‰ (n = 16; Fig. 3.10b). The average 18O value 

for the anhydrite and gypsum samples from drill hole 883RD is 12.6 ‰ (n = 3). The anhydrite 

and gypsum in drill core 914RD has 18O values of 11.6 to 12.5 ‰, with an average of 12.0 ‰ 

(n = 10; Fig. 3.10c). 

 

The strontium isotopic composition of intergrown anhydrite and gypsum has been 

determined in five samples collected from drill hole 881RD, which contains kaolinite as the 

dominant clay mineral (Table 3.5; Breuer, 2010). The 87Sr/86Sr values measured range from 

0.707539 to 0.707909, with the two lowest 87Sr/86Sr ratios being encountered in samples 

collected closest to the seafloor (Fig. 3.11). 
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3.6 Discussion 

 

This section presents the discussion of the data and compares the findings of this study to 

previous work. 

 

3.6.1 Formation of the Anhydrite-Gypsum Deposits 

 

Anhydrite in submarine hydrothermal systems is formed as a result of heating of seawater 

to temperatures above 100‒150⁰C (Shikazono and Holland, 1983; Price et al., 2015). This is 

typically caused by the mixing of cold seawater with hot hydrothermal fluids (Teagle et al., 

1998). Anhydrite deposited through fluid mixing in seafloor hydrothermal systems can be 

replaced by gypsum due to subsequent hydration (Ogawa et al., 2007). The textural observations 

made in thin section and the observation that the anhydrite content of the massive sulfate 

deposits increases with depth support the assumption that gypsum formed as a result of hydration 

reactions. 

 

The strontium isotopic signature of the anhydrite-gypsum confirms that these deposits at 

Panarea have formed by a process of fluid mixing. Samples from Panarea exhibit 87Sr/86Sr ratios 

ranging from 0.707539 to 0.707909 (Table 3.5). These values are significantly below the 
87Sr/86Sr isotopic ratio of seawater. The 87Sr/86Sr value of seawater at Panarea is 0.709160 (Price 

et al., 2015), which is similar to a value of 0.709134 recorded for seawater sampled in the 

northern part of the Aeolian arc (Breuer, 2010). The lower 87Sr/86Sr ratio of the anhydrite 

samples suggest that anhydrite formation involved mixing of seawater with a thermal liquid 

having a distinctly lower 87Sr/86Sr value. Mills et al. (1998) established that that there is no 

fractionation of 87Sr/86Sr during anhydrite formation, allowing the use of the strontium isotopic 

system as a tracer of the mixing process between seawater and hydrothermal fluids. Conversion 

of anhydrite to gypsum is unlikely to influence the Sr isotopic systematics as long as gypsum is 

not directly precipitated from seawater. 

 

The 87Sr/86Sr ratio of the hydrothermal endmember involved in the formation of the 

massive anhydrite-gypsum deposits at Panarea was not determined as part of this study. 
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However, the study by Calanchi et al. (2002) established the 87Sr/86Sr ratio of volcanic rocks at 

Panarea range from 0.7040 to 0.7057, with an average value of 0.70535 (n = 24). Assuming 

equilibration, the hydrothermal endmember should have 87Sr/86Sr ratios close to those of the 

wall-rocks. A recent study by Price et al. (2015) provided strontium isotopic measurements for 

thermal liquids venting in the area surrounding the islets of Panarelli, Lisca Bianca, Bottaro, 

Lisca Nera, and Dattilo. The isotopic ratios of these thermal liquids varied between 0.706642 and 

0.709208 (n = 6), with the lowest value probably best approximating the hydrothermal 

endmember. Using the procedure of Mills et al. (1989), the relative proportion of seawater 

having a 87Sr/86Sr ratio of 0.709160 and a Sr concentration of 0.09 mM mixing with the 

hydrothermal endmember having a 87Sr/86Sr ratio of 0.706642 and a Sr concentration of 1.78 

mM can be calculated for each measured sample. This calculation suggests that the anhydrite-

gypsum deposits at Panarea formed through mixing of about 90 % seawater and 10% 

hydrothermal fluid. These estimates suggest that a large amount of cold seawater was involved in 

the deposition of the sulfate deposits at Panarea. The precipitates likely formed at or immediately 

below the seafloor as a cap at the interface between cold seawater and the thermal fluids 

ascending towards the seafloor. 

 

Further information on the conditions of anhydrite and gypsum formation can be derived 

from the oxygen isotope measurements. Chiba et al. (1981) demonstrated that the oxygen 

isotopic composition of anhydrite is strongly influenced by temperature. Application of the 

isotope fractionation calibration of Chiba et al. (1981) suggests that the temperatures of sulfate 

deposition at Panarea ranged from 132 to 170⁰C.. These temperature estimates are approximate 

as it is not known to which extent gypsum formation following initial anhydrite formation has 

modified the oxygen isotopic composition of the sulfate deposits. However, the temperature 

estimates appear reasonable as they are somewhat lower than the maximum temperatures that 

hydrothermal fluids can have at the water depth at which the samples were collected. The 

boiling-to-depth curve dictates that the hydrothermal fluids could not have had temperature 

exceeding about 170‒180⁰C (cf. Driesner and Heinrich, 2007). 
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3.6.2 Magmatic Contributions to the Panarea Hydrothermal System 

 

Quiescent hydrothermal activity at Panarea has been repeatedly punctuated by gas 

eruptions such as the one observed in the night between November 2nd and 3rd, 2002 (Esposito 

et al., 2006; Heinicke et al., 2009). Historic documents suggest that similar eruption also 

occurred in 126 BC (Esposito et al., 2006) as well as 1815 and 1865 (Smyth, 1824; Mercalli, 

1883). The violent gas discharge results in the formation of hydrothermal eruption craters on the 

seafloor. Monecke et al. (2012) showed that over 150 craters can be recognized in the area of the 

central islets and between Secca dei Panarelli and Basiluzzo. The majority of these 

morphologically distinct craters must be young and must have formed after the last glacial low-

stand approximately 10,000 years ago (cf. Lambeck et al. 2011). 

 

The perturbation of the hydrothermal system causing the violent gas eruptions at Panarea 

appear to be related to the emplacement of a new magma body at depth or the replenishment of a 

subvolcanic magma chamber. Monitoring of the gas composition of the hydrothermal vents off 

Panarea revealed that the hydrothermal crisis was followed by a significant increase in the 

magmatic volatile content. Over the following months, the input of magmatic volatiles derived 

from a degassing magma decreased and the system appears to have achieved new steady-state 

conditions (Caracausi et al., 2005; Capaccioni et al., 2007; Tassi et al., 2009; Price et al., 2015). 

 

The presence of variable concentrations of acid-generating magmatic volatiles (HCl, SO2, 

CO2) in the hydrothermal fluids mixing with seawater at or near the seafloor explains the 

observed mineralogical variations. The presence of kaolinite, alunite, and boehmite as well as 

traces of an aluminum-phosphate-sulfate mineral suggest the existence of highly acidic 

conditions (Reyes, 1990; Sverjensky et al., 1991). In contrast, samples containing smectite as the 

principal clay mineral in addition to small amounts of carbonate minerals have not been affected 

by acid-style alteration. The acidity at which alteration of the volcaniclastic host to the massive 

anhydrite-gypsum occurred must have varied at comparably small scales (Fig. 3.3). 

 

The presence of tabular and platy habit suggests that the alunite contained in some of the 

samples recording advanced-argillic alteration conditions formed as a result of 
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disproportionation of magmatic SO2, resulting in the formation of sulfuric acid and H2S. The 

δ34S value of the SO4
2- formed is, depending on temperature, 16 to 28 ‰ higher than of the 

coexisting H2S (Rye et al., 1992; Giggenbach et al., 2003). Magmatic contributions to the sulfur 

isotopic composition of the anhydrite-gypsum deposits are consistent with the δ34S values 

observed. Samples collected from core intervals containing kaolinite have 34S values of 14.3 to 

20.1 ‰, averaging 17.9 ‰ (n = 19). In contrast, smectite-bearing samples have 34S values of 

20.7 to 22.7 ‰, averaging 21.8 ‰ (n = 13). If the sulfate would be derived entirely from 

seawater, the sulfur isotopic composition of the sulfate minerals should be around the seawater 

value of 21.0 ‰. Thode and Monster (1965) postulated that anhydrite formed from seawater can 

have δ34S values that are up to 1.5 ‰ higher than the seawater value. The observed negative 

3rt4S values of -10.0 to 0.0 ‰ for pyrite and marcasite (n = 9) are consistent with such a model 

of disproportionation of magmatic SO2 (Giggenbach et al., 2003). However, the extremely 

negative 34S values of -26.7 ‰ and -19.3 ‰ measured on samples from core 880RD are 

probably more likely linked to processes of bacterial sulfate reduction. 

 

3.6.3 Comparison to Other Shallow-Water Arc Hydrothermal Systems  

 

Over the past decades, several hydrothermal systems located in shallow (<200 m; cf. 

Tarasov et al., 2005) water on arc volcanoes have been identified. Most of these hydrothermal 

systems are located within the littoral zone of emergent arc volcanoes (Monecke et al., 2014). 

Although thermal liquid venting in most of these hydrothermal systems is also associated with 

extensive CO2 discharge, the nature of the hydrothermal deposits identified differs from those 

observed at Panarea. Extensive subseafloor precipitation of anhydrite and gypsum as described 

here appears to be a unique feature of the Panarea hydrothermal system. 

 

Hydrothermal activity occurs along the shoreline of Matupi Harbor near Rabaul in Papua 

New Guinea, which is located immediately adjacent to Tavurvur volcano of the New Britain arc. 

Hot water venting is associated with minor CO2 bubbling and the formation of Fe 

oxide/hydroxides (Ferguson and Lambert, 1972; Tarasov et al., 1999). Coring in the center of 

Matupi Harbor, which has a maximum water depth of 65 m (Tarasov et al., 1999), yielded silt 

and sand containing up to 1% pyrite and minor gypsum (Ferguson and Lambert, 1972). Another 
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site of shallow water hydrothermal activity within the New Britain arc occurs at Talasea on 

Willaumez Peninsula within an intertidal pool at water depth <2 m. Grayish brown silty muds 

within the pool contain abundant pyrite and marcasite (Ferguson et al., 1974). 

 

Low-temperature sulfide formation also occurs in the Baia di Levante on Vulcano island, 

which forms part of the Aeolian volcanic chain. In addition to fumarolic discharge along the 

beach (Honnorez et al., 1973; Wauschkuhn and Gröpper, 1975; Inguaggiato et al., 2012), thermal 

water discharge and intense CO2 bubbling and streaming can be observed in the shallow water 

within the bay (Bernauer, 1933, 1940; Honnorez et al., 1973; Valette, 1973; Wauschkuhn and 

Gröpper, 1975; Garavelli et al., 1996; Sedwick and Stüben, 1996; Monecke et al., 2019) Under 

water, fumarolic activity is concentrated in the southern portion of the bay at a water depth of up 

to 18 m (Wauschkuhn and Gröpper, 1975). In the northern part of the bay, hydrothermal venting 

is restricted to a narrow strip along the beach at a water depth of 1‒2 m (Wauschkuhn and 

Gröpper, 1975). The total amount of CO2 discharged from submerged vents is estimated to be 

~3.6 tonnes per day (Inguaggiato et al., 2012). The gas discharge causes the acidification of the 

surface seawaters to pH values as low as 5.7, compared to the pH of Mediterranean seawater of 

8.1‒8.2 (Wauschkuhn and Gröpper, 1975; Sedwick and Stüben, 1996; Boatta et al., 2013). 

Thermal water venting within the Baia di Levante results in the widespread precipitation of 

pyrite and marcasite in the volcaniclastic host (Honnorez, 1969; Honnorez et al., 1973; 

Wauschkuhn and Gröpper, 1975). The pyrite and marcasite mostly cement the sand grains 

although alteration of volcanic glass also occurs. Sulfide-bearing samples contain up to 4.9 ppm 

Ag, 100 ppm As, 1.0 ppm Cd, 12 ppm Hg, 62 ppm Pb, and 230 ppm Zn (Monecke et al., 2019). 

Dredging onboard R/V Mechelen in 1968 revealed that sulfide deposition occurs from the beach 

environment to as deep as 700 m in the eastern part of the bay (Honnorez et al., 1973), 

suggesting that the hydrothermal system at Vulcano is of substantial size. 

 

Widespread subaerial and submarine hydrothermal activity has been identified at 

Kraternaya Bight of Yankich island in the Kurile arc. Subaerial hydrothermal activity occurs in 

the intertidal zone as well as on shore and the lower slope of the southern part of the crater. 

Underwater thermal liquid venting takes place at depths of up to 22 m at temperatures of 10‒

34⁰C. Submarine venting of CO2 is widespread (Tarasov et al., 1990; Kamenev et al., 2004). 
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Similar discharge of CO2 has also been reported from Denham bay on Raoul volcano, which 

forms part of the Tonga–Kermadec arc (Worthington et al., 1999) and offshore Kunashir island 

in the Kurile arc (Slobodkina et al., 2016; Frolova et al., 2018). At Denham bay on Raoul 

volcano, the CO2 degassing occurs at water depth of 20‒25 m as observed by echo sounding, a 

technique that has also been applied in the detection of CO2 vents at Panarea (Anzidei et al., 

2005; Esposito et al., 2006; Monecke et al., 2019).  

 

Widespread venting and gas discharge has been documented at <15 m water depth at 

several locations at Milos island, which forms part of the Hellenic arc. The most notable shallow 

water venting occurs in a 500 by 1000 m large area in Paleochori Bay in the southeastern part of 

the island where intense CO2 bubbling from the seafloor has been documented (Valsami-Jones et 

al., 2005; Khimasia et al., 2020). The discharge of thermal waters is associated with the 

formation of chimneys and mounds that are up to 50 cm tall, consisting mostly of sulfide 

minerals. Maximum temperatures of 115⁰C were registered in the sediment at a water depth of 

2‒3 m (Valsami-Jones et al., 2005). Extensive gas venting has also been detected by echo 

sounding in deeper water (80‒110 m) to the east at Spathi Point (Dando et al., 1995). 

 

Another shallow marine arc hydrothermal system has been discovered at water depths of 

60‒115 m at Esmeralda Bank, which forms part of the Mariana arc (Stüben et al., 1992). At this 

location, >80 cm thick hydrothermal deposits covering an area of at least 0.2 km2 occur that 

consist of pyrite, marcasite, and native sulfur. The temperature of pore waters contained in 

recovered hydrothermal deposits ranged from 50 to 78.5⁰C (Stüben et al., 1992; Türkay and 

Sakai, 1995). Thermal water venting at Esmeralda Bank is associated with discharge of large 

amounts of CO2 as observed by echo sounding and in video surveys (Puteanus et al., 1990; 

Stüben et al., 1992). 

 

Active hydrothermal venting at shallow marine conditions has also been documented at 

the Kagoshima Bay within the Wakamiko crater of the Aira caldera in Japan, which belongs to 

the Ryukyu arc. Several sites of hydrothermal venting and CO2 bubbling have been recognized 

within the bay, with highest temperature discharge occurring at 198.6°C at a water depth of 205 

m. Venting resulted in the formation of mounds and cone-shaped chimneys consisting of talc 
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with lesser amounts of dolomite and magnesite. In addition, anhydrite, amorphous silica, and 

stibnite are present in trace quantities (Yamanaka et al., 2003). Sediment samples contain 

stibnite, realgar, orpiment, and pyrite, together with barite, gypsum, and carbonate minerals 

(Ishibashi et al., 2008). 

 

3.6.4 Metal Transport and Deposition in Shallow-Water Arc Hydrothermal Systems 

 

At Panarea, hydrothermal precipitates show elevated concentrations of Ag, As, Cd, Hg, 

Pb, and Zn, which relates to the ability of these elements to be transported in hydrothermal fluids 

that are relatively low temperature (<250⁰C). Elements commonly enriched in high-temperature 

(>250⁰C) hydrothermal systems such as Cu, Bi, In, Mo, and Se (Monecke et al., 2016) show low 

concentrations. The strong temperature control on metal enrichment directly relates to the 

shallow water conditions at which the venting occurs. At low confining pressures, hydrothermal 

fluids will undergo phase separation during their ascent, which is accompanied by fluid cooling 

(Monecke et al., 2014). The boiling-point-to-depth curve of seawater dictates that hydrothermal 

fluids can vent at a maximum temperature of ~180°C in 100 m water depth, whereas 

temperatures of up to ~210°C can be achieved at a water depth of 200 m (cf. Driesner and 

Heinrich, 2007). This is significantly lower than temperatures of 350-400⁰C commonly 

encountered in black smoker hydrothermal systems located in deep water that are associated with 

polymetallic sulfide deposits (Hannington et al., 2005). 

 

Modeling by Italiano and Nuccio (1991) suggested that the Panarea hydrothermal system 

is stratified, with a deep geothermal reservoir reaching temperatures above 270°C and an 

overlying main geothermal body which has temperatures of ~240°C. The main geothermal body 

feeds the shallow water venting observed offshore Panarea island. As metal transport is strongly 

controlled by fluid temperature, metal deposition must have occurred during the ascent and 

cooling of the hydrothermal fluids from the deep geothermal reservoir, explaining that only 

metals such as Ag, As, Cd, Hg, Pb, and Zn show relative enrichment in the seafloor anhydrite 

and gypsum deposits. 
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Based on the recovery of massive sulfide fragments from the NW-trending trough in 

1995, Marani et al. (1997) proposed that Panarea likely represents a modern analogue of Ba-Zn-

Pb-rich Kuroko-type volcanogenic massive sulfide deposits, which represent a significant source 

for base and precious metals and are hosted in ancient volcanic successions (Franklin et al., 

2005). Based on the findings at Panarea, these authors suggested that Kuroko-type deposits in 

fact may form in shallow water. 

 

The results of this study do not confirm the existence of widespread subseafloor massive 

sulfide deposits at Panarea. This is consistent with the results of careful volcanological studies on 

Kuroko-type volcanogenic massive sulfide deposits lending little support for their formation in 

shallow water. In shallow water environments, distinctive volcanic facies develop where the 

hydraulic regime is influenced by tidal currents, seasonal wind- and wave-induced currents, and 

marked variations between fair weather and storm conditions. Most notably, hummocky cross 

stratification in fine- to medium-grained volcaniclastic deposits develops in response to vigorous 

and complex storm wave and current activity (Duke, 1985; Duke et al., 1991). Only very few 

examples of Kuroko-type deposits are known where hummocky cross-stratification and other 

indicators of shallow marine conditions have been reported (Huston and Cas, 2000). This 

includes the Paleoproterozoic Boliden deposit in Sweden where an erosional surface occurs in 

the stratigraphic hangingwall of the massive sulfides (Allen et al., 1996) and the Permian Mt. 

Chalmers deposit in Queensland where diagnostic in situ faunal assemblages suggesting shallow 

water conditions are preserved within meters of the sulfide-bearing stratigraphic interval (Sainty, 

1992). Review of the available information on the environment of formation of Kuroko-type 

deposits suggests that these deposits form in arc-related extensional settings and never on the arc 

volcanoes themselves (Allen et al., 2002). On the modern seafloor, extensional basins in volcanic 

arcs have greater water depths than the related arc volcanic fronts (Monecke et al., 2014). 

 

Panarea is considered here to be a unique arc hydrothermal system that is characterized 

by widespread sulfate deposition and hydrothermal alteration of the host rocks. The potential of 

these deposits to be preserved in the geological record are low and the amount of metal 

accumulated is not likely comparable to Kuroko-type deposits mined for their base and precious 

metal endowment. Due to the retrograde solubility of anhydrite in seafloor hydrothermal systems 
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(Hannington et al., 1995), the massive sulfate deposits are likely transient in nature and will 

likely be redissolved into seawater during waning of the hydrothermal activity. 

 

3.7 Conclusions 

 

While deep-sea hydrothermal processes are comparably well understood and mineral 

deposition in these systems has been studied in detail, there is currently only limited information 

available on the nature and diversity of shallow marine hydrothermal systems. This study 

provides new information on the characteristics of a shallow marine hydrothermal vent field 

located on the submerged erosion platform of the Panarea stratovolcano in the Tyrrhenian Sea. 

Hydrothermal activity at water depths of ~60‒100 m is typified by the widespread venting of 

thermal liquids and the discharge of CO2 from the seafloor. Massive anhydrite-gypsum deposits 

are formed at and immediately below the seafloor at the interface between the seawater and the 

thermal liquids ascending to the seafloor. Drilling shows that this type of hydrothermal deposits 

is several meters thick providing an effective cap rock to the geothermal system. Because the 

anhydrite-gypsum cap forms as a result of the mixing of seawater with thermal liquids at shallow 

water depths where much of the metal content of the thermal liquids has already been lost as a 

result of subseafloor boiling and cooling, the overall metal endowment of these deposits is low 

and cannot be compared to sulfide deposits that are formed from high-temperature hydrothermal 

fluids in deep marine settings. 

 

The existence of abundant hydrothermal eruption craters in the area of active 

hydrothermal venting suggests that the quiescent discharge of thermal liquids and CO2 has been 

punctuated by a large number of short-lived events of violent gas discharge since the last glacial 

low-stand of the sea-level. These events of violent gas discharge appear to be triggered by the 

emplacement of a magma body at depth or replenishment of a subvolcanic magma chamber. 

Variations in the feeding rate of magmatic gases into the deep geothermal reservoir cause 

changes in the composition of the thermal liquids ascending to the seafloor. Magmatic volatile 

contributions to the hydrothermal system are manifested by increasing acidity and advanced-

argillic alteration of the seafloor sediments hosting the massive anhydrite-gypsum deposits. The 

presence of an actively degassing magmatic body at depth and the occurrence of frequent 
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episodes of magma replenishment suggests that the Panarea arc volcano is not extinct. This has 

implications to the development and refinement of volcanic hazard management strategies for 

Panarea and marine recreational activities surrounding the island. 
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3.9 Tables 

 
Table 3.1 Drill core locations and anhydrite-gypsum samples recovered from the shallow marine hydrothermal vent area offshore 
Panarea island. 
 

Station Latitude Longitude Drill core  
length (cm) 

Water depth 
(m) 

Core 
recovered 
(cm) 

Samples 

879RD 38°38.876'N 15°06.540'E 502 80 70 879RD-000-035 
879RD-035-070 

880RD 38°38.882'N 15°06.535'E 434 80 89 880RD-000-034 
880RD-034-089 

881RD 38°38.893'N 15°06.522'E 502 76 289 881RD-006-056 
881RD-056-115 
881RD-115-174 
881RD-174-233 
881RD-233-289 

883RD 38°38.871'N 15°06.502'E 502 77 69 883RD-002-026 
883RD-026-051 
883RD-051-069 

884RD 38°38.872'N 15°06.493'E 464 77 84 884RD-002-032.5 
884RD-032.5-070.5 
884RD-070.5-084 

886RD 38°38.938'N 15°06.421'E 502 83 21.5 886RD-000-021.5 
913RD 38°38.951'N 15°06.418'E 502 82 21 913RD-000-021 
914RD 38°38.946'N 15°06.422'E 401 83 140.5 914RD-000-034 

914RD-034-077 
914RD-077-124 
914RD-124-140.5 

 
Note: Locations of the drill holes are approximate as no subpositioning system was available. Water depth of the drill locations is 
taken from the marine digital elevation model of Anzidei et al. (2005) and Esposito et al. (2006).
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Table 3.2 Quantitative mineralogical composition of anhydrite-gypsum drill core samples from the shallow marine hydrothermal vent 
area offshore Panarea island. Analyses were performed by X-ray diffraction using the Rietveld method. All phase abundances are in 
wt.%. 
 

 
Alunite Anhydrite Barite Boehmite Gypsum Kaolinite Marcasite Pyrite Rhodochrosite Smectite Sphalerite 

879RD-000-035 – 14.7±0.7 – – 75.5±0.9 7.2±0.8 0.5±0.2 2.1±0.3 – – – 
879RD-035-070 – 26.8±0.7 – – 69.2±0.9 3.4±0.8 – 0.3±0.2 – – 0.3±0.1 

880RD-000-034 – 23.3±0.9 2.2±0.2 – 57.9±1.0 3.5±1.0 3.9±0.4 7.7±0.5 – – 1.5±0.2 
880RD-034-089 – 29.3±0.9 2.2±0.2 – 56.2±0.9 4.4±1.0 2.8±0.3 4.4±0.4 – – 0.7±0.1 
881RD-006-056 – 16.9±0.7 – – 77.9±0.9 2.6±0.8 – 2.6±0.3 – – – 
881RD-056-115 – 32.4±0.8 – – 63.7±0.9 2.5±1.0 – 1.4±0.3 – – – 
881RD-115-174 0.6±0.4 33.2±0.8 – – 60.5±0.9 4.4±0.7 0.2±0.2 1.1±0.3 – – – 
881RD-174-233 5.0±0.5 36.2±0.5 – 0.8±0.4 54.0±0.4 2.5±0.8 – 1.5±0.3 – – – 
881RD-233-289 9.8±0.5 32.8±0.9 0.4±0.2 1.1±0.5 51.2±0.9 2.9±0.8 – 1.8±0.3 – – – 
883RD-002-026 – 11.6±0.5 – – 81.3±1.6 – 0.3±0.2 0.7±0.3 – 6.1±1.8 – 

883RD-026-051 – 14.9±0.9 – – 78.6±1.9 – 0.4±0.2 0.7±0.3 – 5.1±2.2 0.3±0.1 
883RD-051-069 0.7±0.4 22.7±0.8 – – 71.3±1.4 1.6±0.9 0.4±0.2 0.4±0.2 – 2.5±1.7 0.4±0.1 
884RD-001.5-032.5 – 32.7±0.8 – – 65.4±1.1 – 0.1±0.1 0.2±0.1 – 1.6±1.3 – 
884RD-032.5-070.5 – 36.6±0.8 – – 61.6±1.0 – 0.3±0.2 0.7±0.2 – 0.8±1.0 – 
884RD-070.5-084.0 – 46.2±0.7 – – 53.4±0.8 – 0.2±0.1 0.2±0.1 – – – 
886RD-000-021.5 – 58.4±1.4 – – 30.4±0.9 – 0.6±0.3 1.3±0.3 – 9.3±1.9 – 
913RD-000-021 – 15.4±0.5 – – 79.8±1.0 – 0.9±0.3 0.9±0.2 – 3.0±1.1 – 
914RD-000-034 – 17.3±0.7 – – 72.4±1.3 – 1.8±0.3 1.7±0.3 – 6.8±1.5 – 

914RD-034-077 – 17.2±0.7 – – 70.5±1.2 – 1.8±0.3 2.1±0.4 – 8.4±1.3 – 
914RD-077-124 – 26.8±0.8 – – 57.3±1.2 – 3.0±0.3 5.1±0.5 – 7.6±1.5 0.2±0.1 
914RD-124-140.5 – 44.8±1.0 – – 45.4±1.0 – 0.2±0.3 0.7±0.3 4.0±0.8 4.9±1.3 – 

 
Notes: – = not detected. Errors are given in 3σ 
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Table 3.3 Major and trace element composition of anhydrite-gypsum drill core samples from the 
shallow marine hydrothermal vent area offshore Panarea island. 
 

Element 879RD-
000-035 

879RD-
035-070 

880RD-
000-034 

880RD-
034-089 

881RD-
006-056 

881RD-
056-115 

881RD-
115-174 

881RD-
174-233 

Major elements (wt.%)       

SiO2 4.28 1.89 1.93 1.88 1.29 1.17 1.69 0.52 
Al2O3 3.69 1.85 1.67 1.64 1.10 1.02 1.88 2.7 
Fe2O 1.75 0.37 8.07 6.44 1.60 0.80 0.64 0.83 
MnO < 0.01 < 0.01  <0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 
MgO 0.01 0.01 < 0.01 < 0.01 < 0.01 0.01 0.01 < 0.01 
CaO 29.71 33.55 27.58 29.21 28.41 32.49 32.38 31.52 
Na2O 0.03 < 0.01 0.01 < 0.01 0.05 < 0.01 0.07 0.18 
K2O < 0.01 0.07 < 0.01 < 0.01 0.03 0.07 0.09 0.36 
TiO2 0.09 0.04 0.06 0.04 0.05 0.04 0.05 0.07 
P2O5 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 
LOI 21.83 17.00 19.74 17.65 18.79 15.25 15.41 15.62 
Total 61.40 54.76 59.04 56.86 51.31 50.83 52.21 51.81 
C 0.02 0.02 0.03 0.02 0.01 0.02 0.02 0.01 
S 18.00 19.70 23.10 22.60 19.70 20.10 19.10 19.60 

Trace elements (ppm)       

Ag < 0.5 < 0.5 8.6 5.3 < 0.5 < 0.5 < 0.5 < 0.5 
As 67 18 274 205 31 11 12 17 
Ba 44 5 8,854 10,240 1,254 55 37 88 
Bi < 2 < 2 < 2 < 2 < 2 < 2 < 2 < 2 
Cd < 0.5 2.4 20.9 10.9 < 0.5 < 0.5 < 0.5 < 0.5 
Co 9.5 3.3 11.3 9.8 1.9 1.2 1.1 1.3 
Cs < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 
Cu 18 10 36 29 24 7 3 5 
Hf 0.6 0.5 < 0.2 < 0.2 0.9 0.6 0.5 0.2 
Mo 3 2 18 7 6 < 2 < 2 < 2 
Ni 5 1 14 7 < 1 2 < 1 1 
Pb 91 32 2,690 702 69 84 73 288 
Rb < 10 < 10 < 10 < 10 < 10 < 10 < 10 < 10 
Sb 7.8 3.4 70.8 28.9 5.1 2 2.1 4.2 
Sc 3.2 1.74 2 1.71 0.95 1.18 1.03 1.45 
Sr 1,018 1,313 1,628 1,885 1,150 1,433 1,480 1,420 
Th 0.8 0.3 0.9 0.8 0.9 1.2 1 1.2 
U 0.9 0.4 < 0.1 < 0.1 0.5 0.7 0.5 0.4 
V 55 24 26 27 9 11 21 34 
Zn 235 879 8,640 3,760 5 1 3 3 
Zr 22 9 16 18 20 19 34 32 

Trace elements (ppb)       

Au < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 
Hg  235 543 8,790 4,860 132 37 67 74 
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Table 3.3 (cont.) 
 

Element 
881RD-
233-289 

883RD-
002-026 

883RD-
026-051 

883RD-
051-069 

884RD-
002-032.5 

884RD-
032.5-
070.5 

884RD-
070.5-084 

886RD-
000-021.5 

Major elements (wt.%)       

SiO2 0.53 4.00 2.97 1.55 0.87 0.76 0.71 3.62 
Al2O3 4.53 1.98 1.61 0.98 0.61 0.68 0.62 1.55 
Fe2O 1.10 0.88 0.87 0.76 0.12 0.61 0.2 1.17 
MnO < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.01 < 0.01 < 0.01 
MgO 0.01 0.24 0.16 0.06 < 0.01 < 0.01 < 0.01 0.30 
CaO 29.53 30.22 30.34 31.76 33.22 34.95 36.32 29.87 
Na2O 0.3 0.08 0.06 < 0.01 0.04 < 0.01 < 0.01 0.15 
K2O 0.53 < 0.01 0.04 0.04 0.01 0.07 0.06 0.03 
TiO2 0.02 0.07 0.06 0.04 0.02 0.02 0.01 0.09 
P2O5 0.02 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 
LOI 17.99 22.37 21.5 17.95 14.59 13.42 11.95 11.48 
Total 54.56 59.85 57.6 53.13 49.48 50.5 49.82 48.25 
C 0.01 0.04 0.02 0.02 0.02 0.01 0.02 0.02 
S 19.10 17.50 18.10 19.30 20.10 19.60 19.90 21.00 

Trace elements (ppm)       

Ag < 0.5 < 0.5 < 0.5 0.7 < 0.5 < 0.5 < 0.5 < 0.5 
As 21 31 26 17 6 20 7 23 
Ba 151 342 474 221 303 1,482 222 602 
Bi < 2 < 2 < 2 < 2 < 2 < 2 < 2 < 2 
Cd < 0.5 0.6 2.6 4.1 < 0.5 < 0.5 < 0.5 < 0.5 
Co 1.5 1.8 1.6 3 1.6 2.8 1.8 4.2 
Cs < 0.2 2.7 2 0.6 < 0.2 0.3 < 0.2 2 
Cu 2 8 7 5 9 42 62 9 
Hf < 0.2 0.6 0.5 0.4 < 0.2 0.4 < 0.2 0.8 
Mo 2 < 2 < 2 < 2 < 2 < 2 < 2 < 2 
Ni < 1 1 < 1 5 < 1 1 < 1 4 
Pb 319 102 795 1,410 28 40 29 6 
Rb < 10 < 10 < 10 < 10 < 10 < 10 < 10 < 10 
Sb 5.6 5.5 9 13 0.7 2 0.9 1.9 
Sc 1.28 2.89 2.36 1.39 0.38 0.48 0.54 2.47 
Sr 1,371 1,078 1,288 1,463 1,169 1,380 1,394 1,353 
Th 1 0.6 0.5 0.8 0.4 0.5 0.9 2 
U 0.4 0.4 0.5 0.7 < 0.1 < 0.1 0.5 1.5 
V 51 25 23 17 9 12 9 23 
Zn 4 364 997 1,440 50 116 103 33 
Zr 16 18 22 22 15 15 6 33 

Trace elements (ppb)       

Au < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 
Hg  187 532 689 917 112 505 121 639 
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Table 3.3 (cont.) 
 

Element 913RD-
000-021 

914RD-
000-034 

914RD-
034-077 

914RD-
077-124 

914RD-
124-140.5 

Major elements (wt.%) 
   

SiO2 2.74 4.37 6.09 4.77 3.29 
Al2O3 1.18 2.17 2.76 2.15 1.30 
Fe2O3 1.25 2.41 2.67 5.73 0.62 
MnO < 0.01 < 0.01 0.01 0.44 2.28 
MgO 0.21 0.30 0.50 0.49 0.89 
CaO 30.11 30.91 29.6 29.39 32.70 
Na2O 0.13 0.07 0.16 0.14 0.13 
K2O 0.07 0.05 0.07 0.05 0.16 
TiO2 0.06 0.09 0.12 0.11 0.05 
P2O5 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 
LOI 20.48 21.43 23.13 21.8 16.00 
Total 56.2 61.81 65.11 65.08 57.38 
C 0.02 0.02 0.02 0.07 0.64 
S 18.00 18.60 17.70 20.60 19.10 

Trace elements (ppm) 
   

Ag < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 
As 13 35 54 64 14 
Ba 412 1,796 1,007 1,399 685 
Bi < 2 < 2 < 2 < 2 < 2 
Cd < 0.5 < 0.5 < 0.5 2.6 < 0.5 
Co 2.8 5.9 7.4 15 2.4 
Cs 1.1 3 4.7 3.6 2.8 
Cu 19 20 10 21 2 
Hf 0.3 0.8 1 1.5 0.4 
Mo 2 3 3 18 < 2 
Ni 2 7 8 19 3 
Pb 15 10 11 15 < 5 
Rb < 10 < 10 < 10 < 10 < 10 
Sb 1 2.6 3.4 8.5 1.5 
Sc 1.95 2.73 3.73 3.12 1.71 
Sr 1,109 1,987 1,950 1,966 1,848 
Th 0.9 1.8 2.6 2.3 0.8 
U 1.2 1.3 1.5 2.9 0.7 
V 20 25 35 26 15 
Zn 28 299 57 957 35 
Zr 14 29 36 74 10 

Trace elements (ppb) 
   

Au < 1 < 1 < 1 < 1 < 1 
Hg 838 1,000 1,210 3,600 249 
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Table 3.4 Stable isotope compositions of anhydrite-gypsum drill core samples from the shallow 
marine hydrothermal vent area offshore Panarea island. 
 

Drill hole Depth (cm) 34S (‰) 
Anh/Gp 

34S (‰) 
Py/Mrc 

18O (‰) 
Anh/Gp 

880RD 28.0 20.1 -19.3 11.9 
 53.5  -9.9  
 54.0 20.0  12.1 
 89.5 19.6  12.3 
 90.0  -26.7  
881RD 5.0 18.8  13.8 
 15.5 19.1  14.0 
 16.5  -1.8  
 33.0 18.9  14.0 
 34.0  -0.1  
 48.0 19.2  13.7 
 70.0 18.5  14.3 
 89.0 18.9  14.2 
 107.0 19.1  14.2 
 118.0  -1.4  
 127.0 18.5  14.4 
 139.0 19.0  13.4 
 148.0  -0.1  
 158.0 15.4  14.4 
 180.0 15.8  14.6 
 199.0 16.7  14.7 
 222.5 17.1  14.0 
 248.0 16.4  14.0 
 263.0  -0.8  
 267.0 15.2  14.1 
 286.0  -0.9  
 287.0 14.3  14.8 
883RD 10.0 22.5  12.9 
 24.0 22.7  12.9 
 62.0 21.6  12.1 
914RD 4.0 22.1  11.8 
 20.0  -7.3  
 32.0 22.2  12.2 
 50.0 22.3  12.5 
 73.0 21.9  12.2 
 86.0 21.8  11.9 
 100.0 21.1  12.3 
 111.0  -5.2  
 115.0 21.7  11.9 
 126.5 20.9  11.9 
 131.0 20.7  11.6 
 138.0 21.8  11.7 

 
Abbreviations: Anh = anhydrite, Gp = gypsum, Mrc = marcasite, Py = pyrite.  
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Table 3.5 Strontium isotopic composition of anhydrite-gypsum drill core samples from the 
shallow marine hydrothermal vent area offshore Panarea island. 
 

Drill hole Depth (cm) 87Sr/86Sr 2 

881RD 15.5 0.707539 0.0000106 
 107.0 0.707589 0.0000068 
 139.0 0.707909 0.0000076 
 180.0 0.707823 0.0000087 
 287.0 0.707821 0.0000081 
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3.10 Figures 
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Figure 3.1 Bathymetric map of the southeastern Tyrrhenian Sea showing the locations of Aeolian arc volcanoes and the Marsili back-
arc basin. The location of the shallow marine geothermal field at Panarea is highlighted by the red circle. Shipboard bathymetric data 
was obtained during R/V Meteor cruises M73/2 and M86/4. Gridding was performed using a 30 m grid-cell size. To allow coverage of 
the entire area shown, the bathymetric data was combined with the global multi-resolution topography data of Ryan et al. (2009), 
which was gridded using a 90 m grid-cell size.
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Figure 3.2 Location of shallow marine hydrothermal venting offshore Panarea island. a. Bathymetric map of Panarea volcano 
(modified from Lucchi et al., 2013). Extensive venting of CO2 and thermal waters occurs around the central islets to the east of the 
main island of Panarea is highlighted by the red square. b. Bathymetric map of the area surrounding the central islets located east of 
the main island. 1 = Location of the 2002 hydrothermal eruption, 2 = Location of the vent site that precipitated sulfates and 
polymetallic sulfides at a water depth of 23.5 m. 3 = Hydrothermal vent field located in the NW-trending trough to the northeast of the 
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Secca dei Panarelli that forms the focus of this study. Bathymetric data is from Esposito et al. (2006) and was gridded at a 1-m grid 
size. The digital elevation model of the islets is taken from Tarquini and Nannipieri (2017). 
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Figure 3.3 Geological map of the NW-trending trough located between the Secca dei Panarelli 
and Basiluzzo. The map shows geological units and low-temperature hydrothermal features 
observed during dive 752ROV by ROV Cherokee onboard R/V Poseidon cruise P340. The 
locations of drill holes sampling massive anhydrite-gypsum deposits are given for reference. 
Drilling was performed using the lander-type BGS Rockdrill I drilling system during R/V 
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Meteor cruise M73/2. The geological map is overlain on the bathymetric data from Esposito et 
al. (2006). Locations of hydrothermal eruption craters from Monecke et al. (2012). 
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Figure 3.4 Seafloor images of hydrothermal deposits that occur within the NW-trending trough 
located between the Secca dei Panarelli and Basiluzzo. a. Outcrop of hydrothermal crusts at Site 
1. The deposits have a highly irregular and pitted surface. b. Sandy seafloor with subcrops of 
hydrothermal precipitates at Site 2. The sand is stained red and this discoloration may be 
suggestive of low-temperature hydrothermal activity. c. Hydrothermal crusts outcropping on a 
flat sandy seafloor at Site 3. d. Sandy seafloor and subcrops of hydrothermal precipitates at Site 
4. Small outcrop areas are characterized by irregular and pitted surfaces. Seafloor images were 
collected during dive 752ROV of ROV Cherokee onboard R/V Poseidon cruise P340. The 
locations of the vent sites are shown in Figure 3.3. 
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Figure 3.5 Seabed drilling performed during R/V Meteor cruise M73/2. a. Lander-type drilling 
system Rockdrill I of the British Geological Survey. The system is able to drill to a maximum 
depth of 5 m. b. Image of the 289 cm of massive anhydrite and gypsum drilled during station 
881RD. The top of the hole is at the upper left of the image. 
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Figure 3.6 Representative images of anhydrite-gypsum drill core samples from the shallow marine hydrothermal vent area offshore 
Panarea island. The anhydrite and gypsum exhibit a wide range of textures in drill core. a. Massive sulfate deposit. Sample 881RD-
056-063. b. Massive sulfate deposit. White clays occur along fractures. Sample 881RD-164-172. c. Massive anhydrite and gypsum 
exhibiting dissolution cavities. White clays occur within the cavities. Samples 881RD-217-226. d. Large bladed anhydrite and gypsum 
crystals. White clays infill space between the sulfate crystals. Sample 884RD-028-037. e. Brecciated and porous sulfate. Sample 
879RD-021-031. f. Porous sulfate containing abundant disseminated pyrite and marcasite. Sample 914RD-062-071. g. Porous, grey 
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sulfate samples that contains disseminated pyrite and marcasite. Sample 914RD-099-111. h. Sulfate sample containing greenish to 
white clay forming clasts that may have formed through replacement of volcanic material. Sample 914RD-139-151. Scale bars are 1 
cm.
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Figure 3.7 Photomicrographs of anhydrite-gypsum drill core samples from the shallow marine 
hydrothermal vent area offshore Panarea island.. a. Intergrowth of gypsum and anhydrite. The 
anhydrite occurs as relic grains within the gypsum matrix. Sample 881RD-257-261. Crossed-
polarized light image. b. Intergrowth of anhydrite and gypsum. Pyrite occurs within a band 
containing abundant alunite. Sample 881RD-257-261. Crossed-polarized light image. c. 
Euhedral pyrite in a matrix of anhydrite and gypsum. Sample 881RD-257-261. Plane polarized 
light image. d. Disseminated euhedral sphalerite in a matrix of anhydrite and gypsum. Sample 
880RD-036-039. Plane polarized light image. Alu = alunite, Anh = anhydrite, Gp = gypsum, Py 
= pyrite, Sp = sphalerite.
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Figure 3.8 Results of the quantitative X-ray diffraction analyses performed on anhydrite-gypsum drill core samples from the shallow 
marine hydrothermal vent area offshore Panarea island. a. Abundance of anhydrite and gypsum in drill core samples plotted as 
function of depth below the seafloor. In general, the abundance of anhydrite increases with depth, while the concentration of gypsum 
decreases. The mineral abundances were determined by X-ray powder diffraction analysis using the Rietveld method. For simplicity, 
the mid-points of the core intervals analyzed are shown as sample depths. b. Diagram illustrating the phase proportions of minerals 
present in the drill core samples. The abundances of anhydrite and gypsum are not shown for clarity. The mineralogy allows 
distinction of two groups of samples that are mineralogically distinct, reflecting alteration conditions at argillic and advanced argillic 
conditions, respectively.
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Figure 3.9 Scatter plots illustrating relationships between different trace elements measured in 
anhydrite-gypsum drill core samples from the shallow marine hydrothermal vent area offshore 
Panarea island. The plots illustrate that the concentrations of As, Hg, Pb, and Sb broadly 
correlate with the whole-rock Zn content.  
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Figure 3.10 Stable isotope composition of anhydrite-gypsum drill core samples from the shallow 
marine hydrothermal vent area offshore Panarea island. a. Histogram showing the frequency 
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distribution of 34S values of pyrite/marcasite and 34S and 18O values of anhydrite/gypsum. b. 
Measured 34S values of pyrite/marcasite and 34S and 18O values of anhydrite/gypsum samples 
plotted against the sample depth in drill hole 881RD. c. Measured 34S values of pyrite/marcasite 
and 34S and 18O values of anhydrite/gypsum samples plotted against the sample depth in drill 
hole 914RD.  
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Figure 3.11 Strontium isotope composition of anhydrite-gypsum drill core samples from the 
shallow marine hydrothermal vent area offshore Panarea island. The plot shows variations in the 
isotopic composition in core 881RD. The hydrothermal endmember and the seawater 87Sr/86Sr 
values are from Price et al. (2015).  
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CHAPTER 4 

CONCLUSIONS 

 

This study provided a detailed account of the seafloor geology of the deeper portion of the 

Panarea submarine platform between the Secca dei Panarelli and Basiluzzo. Detailed geological 

maps were generated by combining high-resolution bathymetric data with a seafloor survey 

conducted by a remotely operated vehicle onboard RV Poseidon cruise P340. In addition, sulfate-

rich hydrothermal deposits drilled during R/V Meteor cruise M73/2 were studied to provide new 

insights into mineralizing processes in hydrothermal systems forming in the littoral zone of arc 

volcanoes. 

 

Key research findings include the following: 

 

1. Panarea island represents a partially emerged arc volcano forming part of the Aeolian 

volcanic chain in the southern Tyrrhenian Sea. The seafloor survey resulted in the 

discovery of a new field of hydrothermal venting that is located at a water depth of up to 

~100 m. Hydrothermal venting includes quiescent gas discharge and the release of 

thermal waters. The geothermal activity is associated with seafloor morphological 

features, many of which are transient in nature and will not likely be preserved in the 

geological record. This includes gas escape structures occurring in unconsolidated 

sediments, commonly marking faults or zones of enhanced subseafloor permeability as 

well as sites of diffuse thermal water discharge marked by the occurrence of indurated 

sediments and the presence of prokaryotic communities. More focused discharge of 

thermal waters formed extensive massive sulfate deposits and vent fields consisting of 

delicate low-temperature Fe-oxide/hydroxide chimneys and mounds.  

 

2. Quiescent geothermal activity offshore Panarea island was punctuated by numerous 

short-lived events of violent gas discharge. These short-lived events resulted in the 

formation of explosion craters that are surrounded by low-relief crater rims. Based on the 
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seafloor observations, a large number of shallow marine gas eruptions must have 

occurred since the last glacial low-stand of the sea-level. 

 

3. The massive sulfate deposits occurring in the shallow subseafloor throughout the vent 

field are interpreted to have formed as a result of mixing of thermal liquids with the cold 

seawater immediately below the seafloor. Oxygen isotope analyses conducted by 

previous workers yield formation temperatures of 130 °C to 165 °C, which is close to the 

boiling curve of seawater at the depth of sampling. Previously reported 87Sr/86Sr values 

suggest that the thermal liquids were dilute significantly by the cold seawater, which is 

consistent with the observed δ 34S values of the sulfates of 14.3 to 19.2 ‰, averaging 17.6 

‰. The isotopic evidence and the mineralogy of the massive sulfate deposits, which 

includes the presence of hypogene alunite, suggests that the hydrothermal system is 

related to the quiescent degassing of a magmatic source. Magmatic degassing results in 

the high CO2 flux, but also contributes other volatile species. 

 

4. Drill core from the massive sulfate deposits shows that these hydrothermal precipitates 

are composed of 81.2-99.6 wt % anhydrite plus gypsum. Alunite occurs in concentrations 

of up to 9.8 wt % forming small platy crystals commonly occurring with pyrite. Kaolinite 

is the most abundant clay mineral occurring in concentrations of up to 7.2 wt % in some 

drill holes, while smectite is the principal clay mineral in the samples from the other drill 

holes. Kaolinite is the only clay mineral occurring in drill core sections containing 

alunite. Barite, marcasite, pyrite, and sphalerite are present in some of the core samples. 

Pyrite and sphalerite commonly form small euhedral crystals surrounded by a matrix 

consisting of anhydrite and gypsum. Whole-rock geochemical analyses confirmed that 

the core samples are primarily composed of calcium sulfate. Anomalous concentrations 

of Ag, As, Ba, Cd, Hg, Pb, Sb, and Zn were registered. Enrichment of these elements is 

consistent with transport models for these elements in low-temperature hydrothermal 

fluids. However, in contrast to previous suggestions, Panarea is not considered to 

represent a modern analogue for volcanogenic massive sulfide deposits hosted in ancient 
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submarine volcanic successions that are today mined on land for their base and precious 

metal content. 

 

Based on the results of this study, the following recommendations for future research are 

made: 

 

1. Future research on arc islands should involve high-resolution bathymetric surveys to clarify 

how common hydrothermal eruption craters are in shallow marine hydrothermal systems. 

As hydrothermal explosions pose a danger to nearby coastal settlements, near-shore 

fishing, and recreational activities, it is critical to map the distribution of the craters in the 

shallow waters around populated island and to estimate how frequent these eruptions occur. 

Volcanic hazard management strategies may need to be refined to take into account this 

new type of recurrent hydrothermal hazard. 

 

2. This study demonstrates that the CO2 flux from the submarine platform at Panarea may be 

significantly higher than previously thought. The venting of CO2 is widespread and also 

occurs outside the previously surveyed shallow waters in the area of the central islets. This 

has implications to studies constraining the global CO2 flux from arc volcanoes and the 

volcanic contribution of CO2 to the atmosphere. Based on the observations at Panarea, 

current estimates are probably conservative as quiescent CO2 degassing may be more 

widespread than currently realized. 

 

3. It would be ideal to conduct a fluid inclusion study on the massive sulfate deposits at 

Panarea. Preliminary screening of the samples collected for petrographic analysis has 

shown that fluid inclusion assemblages with consistent liquid to vapor ratios are very rare 

and assemblages that are potentially suitable for microthermometry have only been 

observed in one sample. A large number of samples would need to be collected and made 

into thick sections or quick plates to identify material that is suitable for analysis, which 

was beyond the scope of this study. Identifying suitable assemblages would be beneficial 

as these could be used to measure homogenization temperatures, which provide a minimum 
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constraint on the temperature of formation, and the temperatures of last ice melting, which 

constrain salinity. 

 

4. Thermodynamic modeling could be conducted to better understand the differences between 

the low-temperature fluids that form the Fe-oxide/hydroxide chimneys and the massive 

sulfate deposits. At present it is unclear whether these two types of seafloor precipitates 

can be made from the same thermal fluids at different temperatures or mixing ratios with 

seawater. Thermodynamic modeling could be relatively easily performed if the thermal 

liquids would be sampled for geochemical analysis using a remotely operated vehicle. 


