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A B S T R A C T

There is increasing interest in mining minerals on the seabed, including seafloor massive sulfide deposits that
form at hydrothermal vents. The International Seabed Authority is currently drafting a Mining Code, including
environmental regulations, for polymetallic sulfides and other mineral exploitation on the seabed in the area
beyond national jurisdictions. This paper summarizes 1) the ecological vulnerability of active vent ecosystems
and aspects of this vulnerability that remain subject to conjecture, 2) evidence for limited mineral resource
opportunity at active vents, 3) non-extractive values of active vent ecosystems, 4) precedents and international
obligations for protection of hydrothermal vents, and 5) obligations of the International Seabed Authority under
the UN Convention on the Law of the Sea for protection of the marine environment from the impacts of mining.
Heterogeneity of active vent ecosystems makes it extremely challenging to identify “representative” systems for
any regional, area-based management approach to conservation. Protection of active vent ecosystems from
mining impacts (direct and indirect) would set aside only a small fraction of the international seabed and its
mineral resources, would contribute to international obligations for marine conservation, would have non-ex-
tractive benefits, and would be a precautionary approach.

1. Introduction

Hydrothermal vent ecosystems are natural wonders of the ocean.
They exist as tiny islands in the unimaginably vast expanse of the deep
sea; they are oases of vibrant and exotic life dependent on microbes that
produce food using chemical energy through chemosynthesis. Biomass
at active vents is dominated by species that rely on venting fluids and

that can live nowhere else (Fig. 1). Active vent ecosystems are living
libraries [1], sites where the sciences, arts, and humanities gain new
knowledge and understanding at the intersection of Life and Earth
processes. They are storehouses of endemic marine genetic diversity
[2], including resources that contribute to the well-being of humans,
and they catalyze research into the possibilities for, and limits of, Life
itself.
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A B S T R A C T   

Polymetallic sulfide (PMS) deposits produced at hydrothermal vents in the deep sea are of potential interest to miners. Hydrothermally active sulfide ecosystems are 
valued for the extraordinary chemosynthetic communities that they support. Many countries, including Canada, Portugal, and the United States, protect vent 
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Biophysical models of persistent connectivity and barriers on the northern 
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A B S T R A C T   

A precautionary approach to protecting biodiversity on mid-ocean ridges, while permitting seabed mining, is to 
design and implement a network of areas protected from the effects of mining. Such a network should capture 
representative populations of vent endemic fauna within regions of connectivity and across persistent barriers, 
but determining where such connectivity and barriers exist is challenging. A promising approach is to use bio-
physical modeling to infer the spatial scale of dispersal and the positions where breaks in hydrographic con-
nectivity occur. We use results from a deep-sea biophysical model driven by data from the global array of Argo 
probes for depths of 1000 m to estimate biophysical connectivity among fragmented hydrothermal vent habitats 
along the Mid-Atlantic Ridge, from the equator northward to the Portuguese Exclusive Economic Zone sur-
rounding the Azores. The spatial scale of dispersal varies along the ridge axis, with median dispersal distances for 
planktonic larval durations (PLDs) of 75 d ranging from 67 km to 304 km. This scale of dispersal leads to 
considerable opportunities for connectivity through mid-water dispersal. A stable pattern of five regions of 
biophysical connectivity was obtained for PLDs of 100 d or more. Connectivity barriers between these regions 
can persist even when planktonic larval duration extends beyond 200 d. For a 50 d PLD, one connectivity barrier 
coincides with the region of the genetic hybrid zone for northern and southern vent mussel species at the Broken 
Spur vent field. Additional barriers suggest potential for genetic differentiation that so far has not been detected 
for any taxon. The locations of persistent zones of connectivity and barriers to dispersal suggest that there may be 
multiple biogeographic subunits along the northern Mid-Atlantic Ridge that should be taken into account in 
planning for effective environmental management of human activities.   

1. Introduction 

Many deep-sea benthic invertebrate species have dispersive life- 
history stages that reside in the water column for durations of days to 
years (Hilário et al., 2015). As a consequence, three-dimensional 
structure and flow in the ocean interior are important in understand-
ing processes that contribute to population connectivity or to persistent 
filters or barriers that might impose geographical constraints on gene 
flow of benthic taxa (Cowen and Sponaugle, 2009; Palumbi, 2003). 
Biophysical models of velocity fields and Lagrangian particle dispersal 
simulations provide insight into the scales at which circulation of the 
internal ocean may play a role in connecting or isolating benthic 

populations. This same insight into scales of larval transport mecha-
nisms on a regional basis may also be useful in the design of networks of 
protected areas (Roberts, 1997), particularly when the design must be 
developed as a precautionary approach in the absence of comprehensive 
knowledge of larval dispersal and gene flow. 

Recent biophysical modeling of larval dispersal in the deep ocean has 
relied on ocean general circulation models (e.g., Etter and Bower, 2015; 
McVeigh et al., 2017; Young et al., 2012). The mathematical equations 
in these models are based on physical properties of seawater (e.g., 
temperature, salinity) and of forcing functions (wind stress, surface 
buoyancy fluxes). They have the advantage of large areal and volumetric 
coverage, but they are dependent on low-resolution topographic data 

Abbreviations: PLD, Planktonic larval duration; nMAR, northern Mid-Atlantic Ridge. 
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A B S T R A C T

Active hydrothermal vents are valued worldwide because of the importance of their biodiversity and their in-
fluence on scientific discovery and insight about life on Earth and elsewhere in the Universe. There exist at least
20 areas and area networks with conservation measures for deep-sea hydrothermal vents, established by 12
countries and three Regional Fisheries Management Organisations, in six oceanic regions. Area-based man-
agement tools (ABMT) implemented by these countries illustrate multiple categories and means of protection
and management of these rare and vulnerable habitats. Some ABMTs only regulate bottom and deep-trawling
fisheries activities, others manage additional activities such as mining, scientific research, and bioprospecting,
while still others protect active hydrothermal vents through broad conservation interventions. This atlas sum-
marizes the “who”, “what”, “when”, “where” of protected hydrothermal vents worldwide and underscores re-
cognition of the importance of hydrothermal-vent ecosystems by coastal States.

1. Introduction

Active hydrothermal vents in the deep sea are chemosynthetic
ecosystems that host endemic and extraordinary organisms adapted to
life in one of the most chemically and physically extreme environments
on our planet [1]. Vent ecosystems are rare, occupying globally an area
about the size of the island of Manhattan [2]. Like other “small marine
systems” [3,4], they deliver ecosystem functions and services that far
outstrip their dimensions [5]. In terms of scientific (cultural) services
alone, study of vent ecosystems has contributed to theories of the origin
of life and the origin of photosynthesis on Earth and the potential for
life on other planets, as well as to the appreciation of novel physiolo-
gical and biological adaptation to extreme environments and the
functional diversity of microorganisms, among other research themes
[2,6,7].

Hydrothermal vents are also put forward as examples of Vulnerable
Marine Ecosystem (VME) by the FAO and Regional Fisheries
Management Organisations [8]. Furthermore, in Europe, vents are in-
cluded within the OSPAR List of Threatened and/or Declining Species
and Habitats [9] and within the category “reef” as one of the habitats to
preserve through the Natura 2000 Network [10].

Because vents are highly valued, there are well-known efforts to
protect them, including but not limited to the establishment of the
Endeavour Hydrothermal Vents Marine Protected Area (MPA) in 2003
[11] within the Canadian Exclusive Economic Zone (EEZ) and the

Marine Park of the Azores (2016) in the Portuguese EEZ and in the
extended continental shelf claim [12,13].

This Atlas reviews key information about the Area based
Management Tools (ABMTs) that protect deep-sea hydrothermal vents
established by 12 coastal States and three RFMOs from 1921 to July
2018 (Table 1). The objective is to identify who established the pro-
tections and when, where the protection is located, and what is pro-
tected. The Atlas includes references and links to original documents
and institutional websites associated with the ABMTs, here considered
as “regulations of human activity in a specified area to achieve con-
servation or sustainable resource management objectives” and they can
include marine protected areas (MPAs), marine spatial planning (MSP)
and sectoral tools [14,15]. The ABMTs, hereafter called also spatial
regulation, are presented chronologically according to the year a pro-
tection intervention was established, permitting scientists, policy ma-
kers, and other stakeholders to track the pace and scope of protection
efforts to date at hydrothermal vents.

2. Methods

This study is based on a geospatial analysis using ArcGIS software V
10. Geospatial data for active hydrothermal vents was obtained from
the InterRidge Database [16,17] and for the spatial regulations from the
World Database of Protected Areas (WDPA) [18] that include in its
available data MPAs as well as other sectorial spatial tools such as
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Global	Active,	Inferred	Active,	and	Inactive	Hydrothermal	Vents



active	hydrothermal	vent	ecosystems

WHOI

areas	of	intense	biological	activity	
fueled	by	chemosynthesis

biomass-dominant	taxa	are	typically	endemic,	
i.e.,	only	found	at	active	hydrothermal	vents	



dominant	role	of	microbial	
symbionts	of	invertebrates

these	symbiotic	associations	thrive	at	the	interface	
between		sulfide-rich	vent	fluids	and	oxygen-rich	seawater

different	host	species	dominate
in	different	parts	of	the	world’s	ocean



Active	Vent	Ecosystems:	Linear	Archipelagoes

Vander	Heijden	et	al.	2012



Larval	Dispersal

S.	Beaulieu;	S.	M
ills;	D.	Adam

s



Hannington	et	al.	1998

Rogers	et	al.	2015

Active	hydrothermal	vents:	Metal	foundries	on	the	seabed



Seafloor	Massive	Sulfides:	Minerals	of	Economic	Interest	

• chalcopyrite	(copper	sulfide)
• sphalerite	(zinc	sulfide)

In	some	settings:
• gold
• silver

pyrite

chalcopyrite

sphalerite



seabed	mining	concept
Nautilus	Minerals

terrestrial	copper	mine
Bingham	Canyon	(Kennecott)

Tony	Waltham/robertharding/Getty	ImagesNautilus	Minerals



Potential	Environmental	Impacts
(simplified	examples)

Physico-Chemical Impacts	(Cause)

Loss	of	habitat

Degradation	of	habitat quality

Modification	of	fluid	flux	regimes

Sediment	plume	and	sedimentation

Plumes	from	return	water

Biological	Impacts	(Response)

Elimination	or	reduction	of	local	populations

Decreased	diversity	(genetic,	species,	habitat)

Decreased	seafloor	primary	production

Decreased	connectivity	between	populations

Loss	of	ecosystem	function	and	services
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Ecosystems?
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Where	are	the	
protected	

hydrothermal	
vents?

Elisabetta	Menini
Duke	University,	USA

Tubeworms at the Main Endeavor Hydrothermal Field, Northeast Pacific Ocean. Image courtesy 
of the University of Washington. Levin 2019 (10.5670/oceanog.2019.224)



Menini & Van Dover 2019 
(10.1016/j.marpol.2019.103654)

20	ABMT:
16	in	EEZ
1	in	ECS
3	in	high	seas

VMEs	closure	by:
SEAFO
GFCM
SIODFA

7	designated	
MPAs	or	MPA	
network
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Sovereign States with deep-sea hydrothermal vents within National Jurisdiction 

Deep-sea hydrothermal fields within National Waters

Managed deep-sea hydrothermal vents in National Waters

~15%	of	deep	sea	hydrothermal	vents	are	managed

Menini et al., IN PROCESS



Rogers et al., 2012
Menini et al., IN PROCESS

ABMTs	cover	9/11	
Bio-provinces	

Is	it	enough?
…



next	up…..

ABMTs	and	Regional	
Environmental	
Management	Plans	
that	might	offer	
protection	to	vents	
ecosystems

























Larval links to vent ecosystems 
and the mid-water highway
Jon Yearsley
University College Dublin



Global	Active	(red),	Inferred	Active	(yellow),	and	Inactive	Hydrothermal	Vents	(blue)



Global	Active	(red),	Inferred	Active	(yellow),	and	Inactive	Hydrothermal	Vents	(blue)

Adults are usually poor at 
dispersing…

larvae are more likely 
to disperse in the 

ocean currents

0.1mm

Chiton larvae

Photo: Acanthopleura hirtosa
Jeremy Shaw & Derek Gerstmann, Univ. Western Australia

Photo: Julia Sigwart



Depth

Mid-water
800 m – 1400 m

Where can larvae go in the water column?
Larvae	from	a	vent	can	ascend	by:

• Rising	in	hot	waters
• Upwelling	from	the	axial	valley
• Larval	buoyancy	(fat	stores)
• Larval	behaviour

Ridge axis



Depth

Mid-water
800 m – 1400 m

Ocean currents at depth

Ridge axis

Limited current data at depth

• Argo probes 
(mid-water currents, 1000 m)

• Numerical simulation 
(e.g. VIKING20X)

∽4 km/day



Millions	of	
neutrally	buoyant	
particles	drifting	
in	currents	
inferred	from	
Argo	probes

Yearsley	et	al,	Deep	Sea	Research	II		(2020)

Azores

Africa

S.	America



75	days 290	days

Connection	time	=	Time	to	reach	a	connectivity	probability	of	1	in	10,000	larvae

Yearsley	et	al,	Deep	Sea	Research	II		(2020)

Connectivity and barriers



Strong	barriers

Large	zones	of	potential	connectivity

Yearsley	et	al,	Deep	Sea	Research	II		(2020)

Connectivity and barriers

Strong	barriers

Connection	time	=	Time	to	reach	a	connectivity	probability	of	1	in	10,000	larvae



Bathymetry	<1000	m

Zonal	currents

Known	hybrid	zone

Yearsley	et	al,	Deep	Sea	Research	II		(2020)

Connectivity and barriers

Connection	time	=	Time	to	reach	a	connectivity	probability	of	1	in	10,000	larvae



next	up…..

Inactive	and	extinct	
sulfide	ecosystems	as	
targets	for	mining
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hydrothermally
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as	targets	for	mining



The	Hydrothermal	Cycle
• Initiation	of	hydrothermal	activity
• Hydrothermal	vent	communities	become	established

• Venting	duration	depends	on	the	geological	setting
• For	commercial	deposits:	1000’s	to	>100,000	yrs

• Waning	of	hydrothermal	activity	caused	by,	for	example
• Earthquakes
• Volcanic	eruptions
• Clogging	(mineralization)
• Movement	of	tectonic	plates

• Cessation	of	hydrothermal	flow	and	demise	of	the	vent-obligate	taxa
• Ultimately,	burial	beneath	pelagic	sediment



International	Seabed	Authority	Definitions	(2019)

[Hydrothermally]	Active	Sulfides	(aka	hydrothermal	vents)
• polymetallic	sulfides	through	which	warm	or	hot	water	is	flowing

[Hydrothermally]	Inactive	(or	Dormant)	Sulfides
• polymetallic	sulfides	through	which	warm	water	is	no	longer	flowing	(i.e.,	they	are	“cold”)

• Disturbance	of	these	sulfides	may	result	in	renewal	of	hydrothermal	fluxes	into	the	water	column,	turning	inactive	
sulfides	into	active	sulfides	

[Extinct	Sulfides]
• Polymetallic	sulfides	that	remain	hydrothermally	inactive	even	when	disturbed	



Biota	on	hydrothermally	
Inactive/extinct	sulfides

• Invertebrate	populations	may	be	apparently	absent	or	
abundant	

• so	far,	invertebrate	species	occurring	on	hydrothermally	
inactive/extinct	sulfides	are	not known	to	be	
endemic/obligately	linked	to	the	sulfide	substratum,	i.e.,	they	
occur	elsewhere	on	other	hard	substrata

• no	evidence	to	date	of	any	invertebrate-microbe	symbioses	
at	inactive/extinct	sulfides

• megafaunal	succession	during	transition	from	
hydrothermally	active	to	inactive	is	not	yet	well	
documented	but	probably	includes	a	transient	scavenger	
phase	as	fluids	cease	flowing	and	vent-obligate	taxa	die	off

• microbial	succession	from	active	to	inactive	sulfides	has	
been	documented

• sulfide	minerals	can	be	mobilized	by	microorganisms	for	
chemosynthesis



RESEARCH	GAPS
the	ecology	of	hydrothermally	inactive	and	extinct	sulfides

has	historically	been	poorly	studied

• Basic	ecological	studies	(environmental	baselines)	are	needed,	including	
• Quantitative	characterization	of	microbial	and	invertebrate	community	structure

• Who’s	there?	Are	there	any	endemic	taxa?
• Trophic	interactions	and	the	role	(if	any)	of	microorganisms	in	supporting	invertebrate	

populations	on	the	sulfides

• How	would	local	and	regional	biodiversity	be	impacted	by	mining	activities?

If	an	inactive	sulfide	deposit	shares	a	subsurface	reservoir	with	an	active	vent	
ecosystem,	how	would	reactivation	of	the	inactive	site	impact	the	ecosystem	at	the		
active	site?



next	up…..

Discussion
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