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VOLCANOGENIC MASSIVE SULFIDES: LESSONS FROM LAND AND SEA

A geologist is like a medical pathologist trying to figure out from faint clues how something had lived and how it died, often long after the event. Present-day seafloor hydrothermalism has enabled geologists/pathologists to dissect a living system, in this case volcanogenic massive sulfides (vms) deposits of copper, zinc, lead, silver and gold. On the other hand, a considerable amount of our understanding of seafloor hydrothermal processes and its products has resulted from our knowledge, much of it from industry, of these same processes and products that formed ancient ores in oceans as much as 3300 million years ago and are now mined on land. 

From the ancient geological record, we know that large vms deposits have several features in common. Many formed in an extensional tectonic setting although compression commonly followed. Thick continental crust, for example 30–40 km beneath the Kuroko deposits of Japan, typically underpins the volcanic rocks that are the immediate host rocks of the deposits. Such deposits can be very large such as those of the Iberian Pyrite Belt in Portugal and Spain, the Urals of Russia and the Bathurst district in Canada. A «heat engine» of magma is required to generate the hydrothermal fluid by means of heated seawater leaching metals from rocks in a high temperature reaction zone adjacent to the magma or by exsolving a metal-rich magmatic fluid, and to drive the mineral-laden fluid upwards to the seafloor as a «black smoker». The heat engine in the form of sill-like bodies can be identified beneath many ancient vms deposits. We know, too, something of the nature of the ore-forming fluid (acid, moderately saline, generally <350 ºC) from fluid inclusions and the alteration of the rocks beneath the ore deposits. A geochemical model for hydrothermalism at a spreading ridge on the modern ocean floor that is equally applicable to arc/back arc environments, with some modifications for rock types and composition of fluids, for either modern or ancient deposits is shown in Figure 1. 

The optimum conditions for the formation of vms deposits, all ascertained from land studies, are best met in an island arc or back-arc setting (Table 1) and has been one of the reasons why significant efforts have been made in recent years to explore the seabed of modern arcs for hydrothermal activity. There are other tectonic terrains that we should be exploring such as rifted continental margins that are the home of ancient sedex-type lead-zinc deposits where clastic sediments are the host rock and volcanic rocks are minor or non-existent. Ancient examples are Megen and Rammelsberg in Germany, Red Dog in USA and Mount Isa in Australia. The Atlantis II Deep of the Red Sea is perhaps a modern example (Figure 2). 
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	Figure 1. Geochemical model for the formation of a vms deposit from seafloor hydrothermalism. Cold, metal-poor seawater descends along fractures to the vicinity of a magma, is heated, extracts metals and other elements from the hot rocks while adding other elements such as Mg to the rocks. Metals may also be added directly to the hydrothermal circulation system from the magma. Being buoyant, this hydrothermal fluid ascends rapidly to the seafloor where it produces black smokers and the dissolved elements are precipitated as sulfides, sulfates and oxides. 


	Figure 2. Volcanism and hydrothermalism in and around the Red Sea. The Red Sea is undergoing rifting of continental crust. Grabens along the rift axis in the northern Red Sea host hydrothermal deposits, the largest and best known of which is the Atlantis II Deep containing 94 × 106 tonnes of metalliferous sulfide muds with 0.45 % Cu, 2.07% Zn, 39 g/t Ag, 0.5 g/t Au [Mustafa et al., 1984]. It is a possible analog for ancient sulfide deposits in sediments of the ‘sedex’ type that formed in brine pools on rifted continental margins.


	Table 1

Phanerozoic volcanogenic massive sulfide ores and their modern analogs [Scott, 2001]



	 
	
	
	
	
	

	Ore Type
	Metals
	Host Rocks
	Setting
	Ancient Example
	Modern Analogues

	
	
	
	
	
	

	KUROKO
	Zn, Pb, Cu

Ag, Au
	Felsic volcanics and

benthic (>2000 m) sediments.
	Back arc on

continental crust.
	Hokuroku, Japan.

Iberian Pyrite Belt.

Bathurst, Canada.
	Izena, Okinawa Trough.

E. Manus Basin.

Sunrise, Izu-Bonin.

	
	
	
	
	
	

	CYPRUS
	Cu, Zn
	Basalt.
	Back arc

oceanic crust (ophiolite).
	Cyprus.

Oman.

Iran.
	Central Manus Basin.

North Fiji Basin.

	
	
	
	
	
	

	BESSHI
	Cu, Co
	Basalt and benthic sediments.
	Sedimented back arc oceanic crust or rifted arc.
	Besshi and

Hitachi, Japan.

Windy Craggy, Canada.
	None known.

(Guaymas and Middle Valley have some similarity).


Although the marine studies of the past two decades have served mainly to confirm much of what had been hypothesized about ancient vms ores, they have also contributed to our knowledge about. vms deposits and may even provide some new guides for their exploration on land. For example, hydrothermalism on mid-ocean ridges is most prevalent in the shallowest region of a ridge axis. This «bathymetric minimum» is obvious on the modern seafloor but how might it be detected in ancient terrains? The cryptic progressive chemical variation of volcanic rocks approaching the bathymetric minimum may provide a clue. Probably the most important new information to come from seafloor studies lies in our ability to analyze vent fluids. Armed with this, we can much better understand than from any land studies, the nature of fluid-rock interactions and the causes of variability in the compositions of sulfide ores.

Metalliferous sediments decimeters to meters thick are common in the vicinity of ancient vms deposits extending in some cases for several km along the ore horizon. The presence of such rocks is a good exploration guide for nearby vms deposits but, with a few exceptions, explorationists have not been very successful in using their geochemistry as a vector towards ore. Intuitively, one would think that such vectors must exist and perhaps further research into the modern seafloor metalliferous sediments will unlock this secret [Hrischeva et al., 2007].
Drilling into sulfide mounds by the Ocean Drilling Program and observations of the interiors of deposits incised by faults is revealing processes within the mound and beneath the seafloor. Some of these such as zone refining», whereby continual dissolution and reprecipitation of minerals along a temperature gradient produces mineralogical and chemical zoning in a deposit from a copper-rich base or interior to a zinc-rich top or exterior, had been more or less figured out for ancient deposits in the early 1980’s. The current seafloor work is catching this process in action enabling a quantitative assessment. A somewhat startling result from these studies is that extensive replacement is occurring beneath the seafloor. This may be an answer to the enigma of how large vms deposits can form when free venting into the water column is known to be so very inefficient for accumulating sulfides. Much of the dissolved material may never get to the chimneys.

An observation from the modern seafloor that is at odds with prevailing genetic theory for vms deposits is that the deposits are found on high standing structures (ridges) whereas most models for ancient vms deposits would have the ores forming in depressions such as calderas or grabens. Perhaps this difference is more apparent than real because deposits forming on mid-ocean ridges tend to be confined to the axial graben (i.e., depression) of what is otherwise a high standing volcanic structure. The best examples of large deposits forming on high-standing ridges are those on felsic volcanics of the Tonga (Valu Fa) and Manus (eastern Manus basin) back arcs in the western Pacific. Those forming on seamounts are in a caldera (depression) on top of a high-standing structure such as Axial Volcano at 46ºN on the East Pacific Rise and the large sulfide deposit formed in a graben on the flank of an off-axis volcano to the east of the East Pacific Rise at 13ºN. Interestingly, the Archean-age Ansil and related vms deposits at Noranda, Quebec, Canada formed on high-standing rhyolite ridges or domes very similar to those of the vms deposits in the modern Manus Basin (Figure 3).
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Figure 3. Left: Susu Knolls active hydrothermal site in the eastern Manus Basin (courtesy of 
R. A. Binns, CSIRO, Australia). Right: Reconstruction of the Archean-age Ansil vms deposit, Noranda, Quebec, Canada (courtesy of H. Gibson, Laurentian University, Canada). Both have felsic volcanic domes with vms deposits sitting on an andesite/basaltic andesite substrate.
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Figure 4. Environmental electron microscope image of Leptothrix bacteria coated with hydrated iron oxide and silica (courtesy of Chris Kennedy, University of Toronto).
Biomineralization is an intriguing field of investigation that may play a role in ore genesis. Certain bacteria such as Leptothrix and Gallionella precipitate ferrihydrite, an amorphous iron oxyhydroxide, and silica on their bodies (Figure 4). It is not difficult to imagine that bioprecipitation of iron and silica could be responsible for ancient iron ores. 
A worm living at hydrothermal vents has thick coatings of iron sulfide on its body. Do it and other sulfide-precipitating animals play a role in the formation of sulfide deposits?

Although the discovery and study of seafloor sulfides is undoubtedly of benefit to our understanding of how ancient vms deposits formed and is providing new exploration guides for their discovery on land, the largest and richest of the known seafloor deposits could be economic resources in their own right [Scott 1987, 2001, 2006 and others]. There are seafloor deposits of apparent size and grade that, if they were on land, would definitely be targets for further evaluation. That they are under several hundred to a few thousand meters of water is of no particular concern. Deep marine technology is up to the challenge. The oil industry moved offshore in the mid-20th century despite the fact that there was no particular need because of huge resources remaining on land and the technology for marine recovery of oil had not been perfected. Today, about one-third of the World’s oil production is from the offshore and is growing. Oil exploration is extending to >3000 meters water depth, about the maximum depth at which potentially viable mineral deposits have been found. 

Three entrepreneurial companies, Nautilus Minerals, Neptune Minerals and Bluewater Metals, all based in Australia, are betting that there is a market for marine polymetallic sulfides. Nautilus has an exploration license from the government of Papua New Guinea and elsewhere in the western Pacific (Tonga, Solomon Islands), altogether totaling 250,110 km2. The company expects to begin mining their very rich Solwara site (Figure 3, left; discovered by R.A Binns of CSIRO and the author in 1996) at 1600 m water depth by 2010. Neptune has an equally large area of the Kermadec arc under exploration license from the New Zealand government as well as applications for licenses around Lihir Island where Ladolam, one of the world’s richest gold deposits, is being exploited, and elsewhere in the western Pacific and Mediterranean. A more recent entry, Bluewater Metals, has several applications pending. More than 130 years ago, the renowned French novelist, Jules Verne, through the character Captain Nemo in «Twenty Thousand Leagues Under the Sea» claimed that «… in the ocean depths, there exist mines of zinc, iron, silver and gold which would be quite easy to exploit». Perhaps, as for so many of his insights, he was right.
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