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ABSTRACT

In the nearly four decades since the discovery of deep-sea vents, one-third of the length of global
oceanic spreading ridges has been surveyed for hydrothermal activity. Active submarine vent
fields are now known along the boundaries of 46 out of 52 recognized tectonic plates.
Hydrothermal survey efforts over the most recent decade were sparked by national and
commercial interests in the mineral resource potential of seafloor hydrothermal deposits, as well
as by academic research. Here we incorporate recent data for back-arc spreading centers and
ultraslow- and slow-spreading mid-ocean ridges (MORS) to revise a linear equation relating the
frequency of vent fields along oceanic spreading ridges to spreading rate. We apply this equation
globally to predict a total number of vent fields on spreading ridges, which suggests that ~900
vent fields remain to be discovered. Almost half of these undiscovered vent fields (comparable to
the total of all vent fields discovered during 35 years of research) are likely to occur at MORs
with full spreading rates less than 60 mm/yr. We then apply the equation regionally to predict
where these hydrothermal vents may be discovered with respect to plate boundaries and national
jurisdiction, with the majority expected to occur outside of states’ exclusive economic zones.
We hope that these predictions will prove useful to the community in the future, in helping to

shape continuing ridge-crest exploration.
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1. Introduction

Since the first observations of deep seafloor hot springs, or hydrothermal vents, at the
Galapagos Rift in 1977, submarine hydrothermal activity has been studied in all ocean basins,
over a wide range in depth, and in diverse volcanic and tectonic settings. Exploration was
initially directed at fast-spreading mid-ocean ridges (MORs), focused by the presumption at that
time that the comparatively weak magmatic budget of slow-spreading ridges would translate to
negligible venting. Peter Rona offered a prominent and passionate dissent to this view, starting
even before the Galapagos discoveries. In 1974, Peter and co-authors published the first paper
hypothesizing the existence of a hydrothermal site on a slow-spreading ridge: TAG, near 26°S on
the Mid-Atlantic Ridge (Scott et al., 1974). Over the next decade, Peter doggedly collected
evidence that TAG not only provided a record of past hydrothermal discharge, but was presently
active. His persistence was spectacularly rewarded in 1985 by the discovery of black smokers
and a massive sulfide mound at TAG (Rona et al., 1986), a site “the size of the Houston
Astrodome” in Peter’s colorful language. This discovery opened the community’s eyes to a
wider geologic, chemical, and biological diversity than imagined along the global ridge crest.
Fittingly, one of Peter’s last publications was the landmark AGU Geophysical Monograph 188,
which summarized decades of work on the diversity of hydrothermal systems on slow-spreading
ridges (Rona et al., 2010). Our paper on the worldwide distribution of hydrothermal vents,

written in the spirit of Peter’s enthusiasm for exploration, is dedicated to his memory.

Motivations for the first hydrothermal discoveries were primarily in the geosciences and
geared towards understanding seafloor spreading and the role of hydrothermal circulation in
cooling of the ocean crust and as a source for heat and chemical fluxes to the ocean. The

discovery of unique life endemic to deep-sea vents created an entirely new field of marine
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biology, expressed more recently in the efforts of the Census of Marine Life, to better understand
the biogeography and connectivity between hydrothermal oases (Baker et al., 2010; Moalic et
al., 2012). These motivations continue, complemented by renewed commercial interest in the
inventory and distribution of seafloor massive sulfide deposits (Hannington et al., 2011), and by
advances in quantifying vent discharge on chemical and biogeochemical cycling in the ocean

(Amend et al., 2011; German and Seyfried, 2014).

Systematic surveys for hydrothermal activity, with a goal of locating active vent fields at
the seafloor, have been reviewed at roughly decadal intervals, with previous compilations for the
1980’s and 1990’s (Baker et al., 1995; Baker and German, 2004). Here, we not only compile
systematic hydrothermal surveys of mid-ocean ridges (MORs) and back-arc spreading centers
(BASCs) during the 2000’s, but also assign surveyed lengths to specific plate boundaries and
national jurisdictions. In conjunction with the most recent data on locations of active vent fields
(Beaulieu et al., 2013), we include new hydrothermal surveys along ultraslow, slow, and BASC
ridges to revise the equation for a linear relationship between vent field frequency and spreading
rate. This linear relationship has been described as the magmatic budget hypothesis; i.e.,
variability in magma supply is the primary control on the large-scale hydrothermal distribution
pattern along spreading ridges (Baker and German, 2004). Building on the assumptions of the
magmatic budget hypothesis (Baker and German, 2004), we estimate the number of vent fields
remaining to be discovered at spreading ridge axes. Further, and recognizing uncertainties in
applying the global analysis to specific regions, we predict how many hydrothermal vents are
likely to be discovered per MOR and BASC region and according to national jurisdiction within

exclusive economic zones (EEZs). We provide these results in the context of national and



commercial interests in seafloor hydrothermal deposits as potential mineral resources and also in

the context of connectivity and biogeography of vent-endemic fauna.

2. A global inventory of surveyed spreading ridges

In this global compilation, we explicitly relate systematic hydrothermal surveys on
MORs and BASCs to the submarine oceanic spreading ridge (OSR) “digitization steps” and a
subset of continental rift boundary (CRB) steps in the PB2002 model of plate boundaries (Bird,
2003). We use 1968 digitization steps in our analysis, with a mean length of 36 km and length
range from 1 km to 103 km (Supp. Data). For 46 of the 52 plates in the PB2002 model (Bird,
2003), active submarine vent fields are known from at least one boundary (Fig. 1, Supp. Table
1). A re-analysis of surveyed strike length using the PB2002 model (Bird, 2003) confirms that as
of the previous review (Baker and German, 2004), ~20% of the global ridge crest had been at
least sparsely surveyed for hydrothermal activity, including 22% of the ~60,000 km of MORs
but only 11% of ~11,000 km of BASCs (Supp. Table 1; see Supp. Information for categorization

of survey density).

In the past decade, an additional 12% of the global ridge crest was systematically
surveyed at least sparsely for hydrothermal activity, bringing the total surveyed to one-third of
the global strike length (Supp. Table 1). In this study, eight recently surveyed portions of the
global ridge crest, plus one earlier survey, have been added (and another was extended) to prior
syntheses to revise the equation for a linear relationship between vent field frequency and
spreading rate. Six of these newly surveyed regions reflect national and commercial interests in

assessing the potential for seafloor mineral deposits (Table 1A). Much of the recent effort was



directed toward BASCs, which are now 35% surveyed as compared to 32% of MORs (Table 1,
Supp. Table 1). Systematic hydrothermal surveys in the past decade were facilitated by
advancements in technology such as increased use of Miniature Autonomous Plume Recorders
(MAPRs) now equipped with Oxidation-Reduction Potential sensors (ORPS) that enable the

detection of hydrothermal plumes on operations such as rock cores, dredges, and sonar tows.

Systematic hydrothermal survey efforts at MORs over the past decade were mainly at
slow (20-55 mm/yr) spreading regions (over half of new strike length surveyed), followed by
intermediate (55-80 mm/yr), fast (80-140 mm/yr), and ultraslow (<20 mm/yr) spreading regions
(Fig. 2A, Supp. Data). Surveys at slow MORs also reflect recent interests in ultramafic-hosted
vents and the association of hydrothermal activity with oceanic core complexes and detachment
faults (Snow and Edmonds, 2007; Escartin et al., 2008; German et al., 2010; McCaig and Harris,

2012; Son et al., 2014).

For BASCs systematic survey efforts were about equal at slow and fast spreading
regions, followed by intermediate, ultraslow, and superfast (> 140 mm/yr) (Fig. 2B, Supp. Data).
The global proportion of surveyed ridge strike length within EEZs almost doubled in the past
decade, mainly as a result of these increased survey efforts at BASCs, and is now virtually
identical to the proportion surveyed outside of EEZs (33% within EEZs vs. 32% outside EEZS;
Supp. Table 2). Certain national jurisdictions stand out. For example, the BASC strike lengths
within the Papua New Guinea and Tonga EEZs are now 95% and 71% surveyed for
hydrothermal activity, respectively, as compared to 0% one decade ago (Supp. Fig. 1A, Supp.

Table 2).



3. Predicting the number of undiscovered vent fields on spreading ridges

To predict the number of active vent fields remaining to be discovered at spreading
ridges, we used an empirical relationship between the spatial density, or frequency (per 100 km),
of vent fields and spreading rate. Previous studies indicated that the frequency of hydrothermal
activity on MORs has a strong linear relationship to spreading rate, a proxy for the long-term
magma budget, but that this relationship does not appear to hold on hotspot-affected ridge
segments (Dyment et al., 2007; (Baker et al., 2008b). The most recent prior compilation of
systematic hydrothermal surveys (Baker and German, 2004) presented a linear equation for this
relationship, which was revised slightly (Baker et al., 2004), based on 12 non-hotspot surveyed
portions of MORs totaling ~9% of the global ridge strike length. Here, we double this relatively
densely surveyed strike length, extending one and adding nine more non-hotspot portions of

ridge crest, for a linear regression of vent field frequency to spreading rate:
Fs =0.95 + 0.020 u; (Eq. 1)

(R? = 0.47; “21-pt linear regression” in Fig. 3A), where Fs is the number of active vent fields per
100 km strike length and us is weighted average full spreading rate (mm/yr). Scatter among the
21 data points is expected due to variability in survey effort and discrimination of vent field
locations (Baker et al., 2004). We also estimated the linear fit to all data points listed in Table
1A, including hotspot-affected regions and the Eastern Lau Spreading Center (ELSC)/Valu Fa

Ridge (VFR):
Fs=0.85+ 0.023 us (Eq. 2)

(R? = 0.27; “27-pt linear regression” in Fig. 3A). The Lau ELSC/VFR nearly parallels the Tonga
arc, and there is abundant evidence for arc magma contributing to unusually high levels of
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hydrothermal activity, especially where the actual spreading rate is in the slow category (Baker
et al., 2006; Martinez et al., 2006). Listings in Table 1B were not of sufficient survey density
and/or represented ridge sections < 200 km in length, or did not have data available for vent field
locations. Locations for active vent fields, inclusive of high- and low-temperature venting, were
determined from the InterRidge Vents Database, Version 2.1, with updates as described in
(Beaulieu et al., 2013). Generally, this database distinguishes “a vent field as a cluster or
assemblage of vent sites in relatively close proximity (i.e., on the order of 0.1-1 km)” (Beaulieu
et al., 2013). We excluded off-axis, active vent fields. Additional details on methods are

provided in the Supplementary Information.

In previous publications for this linear relationship, to achieve a minimum ridge length of
> 500 km for each data point and thus reduce scatter (Baker and German, 2004; Baker et al.,
2004), data were binned into five spreading rate categories: ultraslow (0-20 mm/yr), slow (20-55
mm/yr), intermediate (55-80 mm/yr), fast (80-140 mm/yr), and superfast (>140 mm/yr). To
update the previously published equation, we binned the 21 non-hotspot surveyed portions of

spreading ridges into the same five spreading rate categories and report as Eq. 3 the binned fit:
Fs=0.85 + 0.021 u; (Eq. 3)

(R? = 0.88, greater coefficient of determination than Eq. 1; Fig. 3B). The new Eq. 3 is more
representative of global spreading ridges, with the inclusion of data for slower spreading rates
noted as lacking in the previous compilation (Baker and German, 2004), and the correlation for
the binned data points is significant (r = 0.94, p-value 0.018; also see Supp. Information). The
slope of Eq. 3 is slightly steeper than the previously published relationship (Baker et al., 2004).

Similarly, the new global average Fs, 1.8, is slightly greater than previous estimates (e.g., 1.7 in



Baker et al., 2008a). Our new estimates for Fs translate to average spacing between active vent
fields ranging from ~90 km on ultraslow (Fs1.1 us 10 mm/yr) to ~25 km for superfast (Fs4.1 us
150 mm/yr). These are closer than estimated independently for seafloor massive sulfide (SMS)
deposits (a proxy for high-temperature vent fields) using a very different method that does not
consider spreading rate (Hannington et al., 2011), but this was to be expected since our approach
also includes low temperature venting which does not give rise to massive sulfide deposits at the

seafloor (see Supp. Information).

Of the nine new points added for the “21-pt” and binned fits, five of the MOR points and
one of the BASC points are at ultraslow to slow spreading rates (Fig. 3). The consistency of the
non-zero intercept for vent field frequency at zero spreading rate, further supports the possibility
that at ultraslow and slow spreading rates additional heat sources such as serpentinization can
produce more vent fields per volume of injected melt than predicted by the magmatic budget
hypothesis alone. However, the confidence interval of the slope includes zero Fs at 0 mm/yr, so
the present regression giving Fs = 0.85 at 0 mm/yr (Eq. 3) may conversely be a sampling artifact
such as limited sampling at spreading rates >100 mm/yr (Fig. 3). With the exception of the Lau
ELSC/VFR, BASC points appear consistent with MOR points in the Fs vs. us scatterplot (Fig.
3A). SMS deposit frequencies on BASCs were also found to be similar to those on MORs with

similar spreading rates (Hannington et al., 2011).

Using the new Eq. 3, we would now predict a total of 1305 active vent fields on
spreading ridges (95% confidence limits 713-1853), higher than but within the 95% confidence
interval of previous estimates based on a linear relationship of vent field frequency to spreading
rate (Baker et al., 2004) (see Supp. Information). In Fig. 4, we resolve the total number of

predicted vent fields per tectonic setting, ~1100 vent fields on MORs (vs. ~300 presently known)
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and ~200 on BASCs (vs. ~100 presently known), and per spreading rate in 20 mm/yr bins. We
subtract the number of known active vent fields to resolve the number of undiscovered vent
fields per spreading rate (Fig. 4), per region (Fig. 2, Supp. Table 1), and per national jurisdiction
within EEZs (Supp. Fig. 1B, Supp. Table 2) (i.e., the predicted values are not based on
unsurveyed strike lengths). The previous review reported that 21% of the predicted total vent
fields on spreading ridges was known (Baker and German, 2004); now we know 33% of the
current prediction. Both percentages match that of total strike length systematically surveyed for

hydrothermal activity at the time of publication.

4. Where are the undiscovered hydrothermal vents on oceanic spreading ridges?

In the following sections we assign the global prediction of active vent fields on
spreading ridges to particular regions of MORs and BASCs. We note the scatter and the
confidence interval for the linear fit in Fig. 3, which indicates that variability is to be expected
when applying the global equation to a particular region. For example, the number of known
active vent fields in some well-studied regions already exceeds the predicted total number based
on the global equation (Supp. Table 1). Therefore, when interpreting the predicted number of
undiscovered vents for any yet-to-be-surveyed region or national jurisdiction, it is important to
remember the uncertainties associated with any application of the globally-derived Eq.3 at the

more localized regional/basin scale.

4.1 Where are the undiscovered hydrothermal vents on mid-ocean ridges?
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We estimate that almost 3/4 of the total number of vent fields predicted to exist
worldwide at MORs remain to be discovered (780/1099; Supp. Table 1). Even accounting for the
lower F at slower spreading rates, about half of these (i.e., ~400) undiscovered vents are
expected to be found at ultraslow- and slow-spreading MORs (Fig. 4A). Regions with these
slower average spreading rates that are likely to host the most undiscovered vents are the
Southern Mid-Atlantic Ridge (MAR), Northern MAR, Carlsberg Ridge, and Southwest Indian
Ridge (SWIR) (Fig. 2A, Supp. Table 1). As of 2010, approximately 5000 km of strike length to
the south of 14° S on the MAR, equatorial latitudes between the Vema (~11° N) and Chain (~1°
S) Fracture Zones, and most of the length north of the Azores (~40° N) to the Charlie-Gibbs
Fracture Zone (~52° N) had not been systematically surveyed for hydrothermal activity. Long
lengths also remain unexplored at the Carlsberg Ridge and SWIR (Fig. 1), despite first
systematic survey efforts along parts of these ridge axes in the past decade (Table 1). Further
systematic hydrothermal surveys have been conducted in these regions since 2010 (see Supp.
Information); recent discoveries of vent fields have been reported for the N MAR and Carlsberg
Ridge (Tao et al., 2013). More vent fields are also expected to be found on the Galapagos
Spreading Center, categorized as slow-spreading when including its lesser-explored westernmost
(Galapagos microplate) portion (Fig. 2A, Supp. Table 1); a vent field was recently discovered on
this microplate (Tao et al., 2011a). At high latitudes in the northern hemisphere, undiscovered
vents are predicted for the Reykjanes Ridge which is still unsurveyed for hydrothermal activity
from the Charlie-Gibbs Fracture Zone to ~58° N (although, since it is hotspot-influenced, it may
have fewer vents than predicted; German et al., 1994). Much of the strike length along the
ultraslow spreading ridges of the Norwegian-Greenland Sea and about half of the Gakkel Ridge

also remain to be surveyed for hydrothermal activity (Fig. 1, 2A; Supp. Table 1). Additional
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studies at Arctic MOR vents are warranted to confirm the new biogeographic province suggested
for Arctic vent fauna (Pedersen et al., 2010a; Boetius et al., 2014, in press). Other ultraslow- and
slow-spreading MOR regions that are intriguing for exploration include the Red Sea, Ayu

Trough, Sorol Trough, and American-Antarctic Ridge (see Supp. Information).

For the other ~400 MOR vent fields yet to be discovered at faster spreading regions, the
overwhelming majority are likely to arise in the southern hemisphere on the intermediate-
spreading Southeast Indian Ridge (SEIR) and Pacific-Antarctic Ridge and the fast-spreading
Southern East Pacific Rise (S EPR) (Fig. 2A). Most of the intermediate-spreading ridge length
outside EEZs in the southern hemisphere remains unsurveyed for hydrothermal activity (Fig. 1).
Although ~2500-km of the SEIR has been moderately to densely surveyed for hydrothermal
activity (Baker et al., 2014), this is just a fraction of the ~12,500-km from the Rodriguez Triple
Junction eastward to 38° S on the Pacific-Antarctic Ridge where no active vent fields have yet
been visually confirmed. Further exploration of the intermediate-spreading Chile Rise and
Pacific-Antarctic Ridge for vent-endemic fauna has also been called for as a follow-up to the
past decade’s Census of Marine Life (German et al., 2011). Exploration is also warranted at
faster spreading rates, in particular 120-140 mm/yr (Fig. 4), which includes the N EPR near the
equator and the S EPR at the Nazca-Pacific plate boundary (Fig. 1; note: plate identifiers are
provided in Supp. Information). Exploration at these fast spreading rates will be particularly
valuable in confirming the slope and intercept of the Fs vs. us regression (Fig. 3), as ridges
spreading at these rates are under-explored/under-sampled compared with the rest of the global
MOR system. Our predictions currently suggest that vent fields should occur every 25-30 km (Fs

3.4-3.8) along strike at these spreading rates.
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4.2 Where are the undiscovered hydrothermal vents on back-arc spreading centers?

We estimate that less than 1/2 of the predicted total number of vent fields at BASCs (i.e., ~100)
remain to be discovered (90/206; Supp. Table 1). Two-thirds of these undiscovered vents are
likely to occur at ultraslow to slow-spreading BASCs (Fig. 4B), in particular at the North Fiji
Basin and the Taupo Volcanic Zone/Havre Trough and Mariana Trough (Fig. 2B). Two plate
boundaries, each almost 500 km in length, remain completely unsurveyed for hydrothermal
activity in the North Fiji Basin: the ultraslow Hazel Holme extensional zone (New Hebrides-
Pacific boundary) and slow-spreading South Pandora and Tripartite Ridges (Pacific-Balmoral
Reef boundary). The Havre Trough was the target of a very recent hydrothermal survey (Supp.
Information). Hydrothermal surveys are planned in 2015 for the Mariana Trough at 13-18°N
(W. Chadwick, personal communication). Several vents may be discovered along the relatively
unsurveyed slow-spreading BASCs of the Okinawa Trough and Andaman Basin, although
systematic hydrothermal surveys may be difficult in sedimented basins. The Andaman BASC is
perhaps the most oceanographically isolated spreading center, and its investigation would be

particularly interesting in terms of biogeography and potential endemic species.

We predict that the remaining BASC vent fields will be found at faster spreading regions
(i.e., 100-140 mml/yr; Fig. 4B), including the relatively well-studied Lau and Manus Basins and
in the fast-spreading portions of BASCs in North Fiji Basin. Although Fig. 2B implies that most
(if not all) vents have been located in Lau Basin, this is because the number known is skewed by
the unusually high vent frequency on the ELSC/VFR (Baker et al., 2006; Martinez et al., 2006).
One-third of the strike length in Lau Basin remains to be systematically surveyed (Supp. Table
1), and the Tonga-Niuafo'ou and Pacific- Niuafo'ou plate boundaries have unsurveyed OSR steps
with spreading rates in this range (Supp. Data). About a dozen more vents are predicted for the
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intermediate-spreading East Scotia Ridge (ESR) (Fig. 2B); only two vent-sites were located there
to-date (Rogers et al., 2012), but only two of the nine segments of the ESR have yet been
surveyed systematically (German et al., 2000). Other BASC regions intriguing for exploration

are discussed in the Supplementary Information.

4.3 Where are the undiscovered hydrothermal vents with respect to national jurisdiction?

We predict that almost 3/4 of the undiscovered vent fields on spreading ridges will be
found outside of EEZs, in The Area (the seafloor beyond the limits of national jurisdiction) and
on extended continental shelves (625/870; Supp. Table 2). Here, we allocate to national
jurisdictions the 1/4 of the undiscovered vent fields that are predicted to be within EEZs (Supp.
Fig. 1B; Supp. Table 2). For the undiscovered vent fields on spreading ridges in EEZs, Fiji
clearly stands out, followed by New Zealand, Mexico, UK (specifically, the South Georgian
EEZ), Ecuador (Galapagos), France (Amsterdam Island and Saint Paul Island), USA (Northern
Mariana Islands and Guam), Yemen, and UK (British Indian Ocean Territory). Some of these
predictions for total numbers of vent fields may be over-estimates because of the potential for
hotspot influence to suppress high-temperature hydrothermal venting [e.g., France (Amsterdam
Island and Saint Paul Island)]. Spreading ridges in both Fiji and New Zealand have been ~1/3
surveyed for hydrothermal activity, but almost all of the strike length in the USA’s Northern
Mariana Islands and Guam and all of the UK’s British Indian Ocean Territory remain
unsurveyed (Supp. Table 2). Spreading ridges in Japan’s EEZ are unsurveyed in this analysis
(the 1zu-Bonin back-arc is not included in the PB2002 model) (Bird, 2003) (Supp. Fig. 1A), but

there are many vent fields known as a result of targeted exploration (Supp. Table 2). While the
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total number of vents predicted for Tonga’s EEZ has already been exceeded (Supp. Table 2), this
is likely due to the remarkably high number of vent fields on the ELSC/VFR; 29% of Tonga’s
BASC strike length still remains to be surveyed for hydrothermal activity, and more vent fields

surely remain to be discovered there.

At least 18% of active vent fields known globally are in areas granted or pending
applications for mineral prospecting (Beaulieu et al., 2013). During the last decade, there were
increased commercial and national interests in seafloor hydrothermal deposits’ potential as
mineral resources, heightened by the 2003-2008 boom in commaodity prices (Hoagland et al.,
2010). Many of the systematic hydrothermal surveys compiled for the most recent decade in
Table 1 were conducted as searches for potential mineral resources [e.g., Manus Basin, SWIR
49-52° E, N MAR 11-21° N, Central Indian Ridge (CIR) 8-17° S], and some were too recent to
be included in the strike length compilation (see Supp. Information). The well-surveyed BASC
regions in the scatterplot of Fs vs. us (Fig. 3) are all within EEZs of nations that have granted
exploration tenements for polymetallic sulfides (Tonga, Papua New Guinea, and Solomon
Islands). The first commercial mining lease for deep-sea SMS deposits was granted in 2011 by
Papua New Guinea for Solwara 1 in Manus Basin; however, at the time of this writing, mining
had not yet commenced. Interest within EEZs is not surprising due to easier access (shallower
depth and proximity to land-based facilities) and due to fragmented governance outside of EEZs
(Ardron et al., 2014; Mengerink et al., 2014). The International Seabed Authority adopted
regulations in 2010 for prospecting and exploration for polymetallic sulfides in The Area, and as
of 2014 six applications were approved from contractors representing six different national
interests for exploration blocks on the CIR, SWIR, SEIR, and N MAR. Although the most recent

estimates for copper and zinc indicate that the global resource of seafloor hydrothermal deposits
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is comparable to no more than one year’s worth of production of these same metals from land-

based mines (Hannington et al., 2011), interest in exploiting these mineral resources continues.

In parallel during the last decade, there was increased international interest in
conservation and protection of deep-sea vents both within and outside EEZs (VVan Dover, 2011;
Ardron et al., 2014; Mengerink et al., 2014). However, only a few of the systematic
hydrothermal surveys conducted during the past decade were associated with the
Chemosynthetic Ecosystems (ChEss) project of the Census of Marine Life (e.g., S MAR 2.5-7°S;
Table 1). This is not surprising, because many of the ChEss program cruise priorities were better
achieved through follow-on cruises to observe, sample, and characterize, in detail, the
biodiversity of vents that had been identified from earlier systematic hydrothermal surveys [e.g.,
(German et al., 2000) vs. (Rogers et al., 2012), (Edmonds et al., 2003) vs. (Boetius et al., 2014,
in press)]. Individual nations are also making decisions with conservation in mind. For example,
Fiji granted offshore exploration licenses to a private company in 2011, but excluded two
application areas in North Fiji Basin with known active vent fields that host chemosynthesis-

based ecosystems.

5. Outlook for the next decade

Assuming the linear relationship between vent field frequency and spreading rate, and
recognizing the uncertainties in our calculations, we predict that almost half of the undiscovered
vent fields on spreading ridges (~400, a number comparable to the total of all vent fields
discovered during the first 35 years of hydrothermal research) are likely to occur at MORs with

full spreading rates less than 60 mm/yr. This finding would have excited our colleague, Peter
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Rona, as it highlights the need for further research and exploration of slow-spreading ridges, as
stressed in his recent edited monograph (Rona et al., 2010). The slower spreading ridges, which
make up ~60% of the cumulative along-strike length of global oceanic spreading ridges, remain
the least explored, and only there have tectonically controlled and/or ultramafic-hosted, high-
temperature vent sites been found, with highly distinctive organic and inorganic vent-fluid
chemistries (Rona et al., 2010). Interdisciplinary studies in a diversity of tectonic and volcanic
settings, including vents in a variety of host rock types, will yield new insights into microbial and

faunal adaptations and biogeochemical cycling in chemosynthetic ecosystems.

Although ultraslow and slow-spreading ridges are notoriously difficult to survey for
hydrothermal activity (Baker and German, 2004), we expect increased use of AUVs equipped
with chemical sensors to enhance these surveys in the future (German et al., 2008b; Devey et al.,
2010). The use of hybrid ROV/AUVs would also enable sampling (German et al., 2011).
Technology is now available to conduct AUV surveys for hydrothermal activity at the first-order
segment scale (~100 km) (Devey et al., 2010). Looking further into the future, very-long-range
(~1000 km) systematic surveys with AUVs will help us fill in the gaps in regions with logistical
and weather challenges and/or under ice (Bellingham et al., 2010; Devey et al., 2010; German et
al., 2011; German et al., 2012). Hydrothermal tracers (i.e., heat, optical, oxidation-reduction
potential, methane, Mn, Fe, *He) have pronounced differences in sensitivity, range, life span, and
data availability (German and Seyfried, 2014), and effective surveys will need both long-range
tracers to detect distal plumes and short-range sensors to more precisely identify source

locations.

Exploration for hydrothermal vents on ultraslow and slow-spreading ridges will continue

to be driven by interests in mineral resources, given the relatively larger sizes of known deposits
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(Hannington et al., 2011), but also by academic interests to better understand regional and global
impacts of fluxes of heat and materials from vents to the ocean, and the biodiversity and
biogeography of these extreme environments. Investigations of high temperature vent systems on
the ultra-slow spreading SWIR, Knipovich Ridge, and Mid-Cayman Rise have all resulted in the
surprising discovery of unexpectedly large (hence, presumably, long-lived) hydrothermal fields
hosted in neovolcanic settings (Pedersen et al., 2010b; Tao et al., 2012; Kinsey and German,
2013). The distinctive geochemistries, longevity of the hydrothermal systems, and greater
distances between vent fields on ultraslow and slow-spreading ridges are important for
population and ecosystem dynamics. Emerging interests in conservation and marine spatial
planning (e.g., Van Dover et al., 2012) will benefit from an improved understanding of

geophysical controls on vent distribution and persistence.

Many of the regions determined in our analysis as likely to host numerous undiscovered
vents were also identified as high-priority targets by the InterRidge Working Group on Long-
Range Exploration (Devey et al., 2010). In terms of the greatest contiguous length of ridges to be
explored for hydrothermal vents, there are only 8 confirmed vent fields along ~21,000 km of
spreading ridge encircling Antarctica, and a recent workshop advocated an international effort to
survey Circum-Antarctic ridges in order to discover new tectonic contexts, new hydrothermal
vents, and new species (Briais et al., 2011). In the next decade, we recommend more exploration
that includes sampling to resolve continuing open questions on what controls the global
biogeography and gene flow of vent fauna. In particular. we point to the Pacific-Antarctic Ridge
within the South Pacific region which was also prioritized for future research by the ChEss
project of the Census of Marine Life (German et al., 2011). In addition to the InterRidge

Working Group’s targets, which were mainly outside EEZs, we also recommend more

18



exploration of spreading ridges adjacent to ocean margins within EEZs to explore for and
identify species that are shared between multiple types of chemosynthetic ecosystems (e.g., cold

seeps, large organic falls).

Finally, we note that the predictions made in this paper are constrained to vent fields in
the neovolcanic zones of spreading ridges. There are relatively few known vent fields off-axis,
although their discovery is accelerating. In 2000, Lost City, a low-temperature serpentinite-
hosted vent field, was discovered ~15 km off-axis from the N MAR (Kelley et al., 2001). More
recently, the high-temperature Nibelungen field was discovered hosted in pillow basalts ~9 km
distant from the S MAR axis at 8°S (Melchert et al., 2008). Our estimates also likely
underestimate the total vent field population because of the historic difficulty in discovering
purely low-temperature fields that do not discharge fluids readily detected by optical sensors. We
also do not include submarine hydrothermal vent fields from volcanic arcs and intra-plate
volcanoes, which account for ~25% of today’s known active submarine vent fields (Beaulieu et
al., 2013). In this paper, we have highlighted the opportunities for discovery to be expected from
continued exploration along spreading ridges. What seems equally certain is that the further
exploration for vents in other tectonic settings should also be expected to continue to increase the

known diversity and, consequently, our understanding of vent systems.
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Figure Legends

Fig 1. Map depicting portions of the global ridge crest remaining to be systematically surveyed
for hydrothermal activity. Global map with color indicating spreading rate categorized to
ultraslow (<20 mm/yr), slow (20-55 mm/yr), intermediate (55-80 mm/yr), fast (80-140 mm/yr),
or superfast (>140 mm/yr) for steps in the PB2002 model (Bird, 2003) that have not been
surveyed for hydrothermal activity (surveyed steps are plotted black). Other plotted datasets
include plate boundaries (Bird, 2003) (thin black line), EEZs (VLIZ, 2009) (thin gray line),
confirmed and inferred active vent fields in all tectonic settings (black open: square = discovered

prior to year 2000, circle = discovered during or after year 2000; note: this includes 48 more vent
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fields than in (Beaulieu et al., 2013), and hotspots (Husson and Conrad, 2012) (gray open star)).
Labels: CR, Carlsberg Ridge; EPR, East Pacific Rise; GSC, Galapagos Spreading Center; MAR,
Mid-Atlantic Ridge; Pac. Ant. R, Pacific Antarctic Ridge; SEIR, Southeast Indian Ridge; SWIR,

Southwest Indian Ridge.

Fig 2. Strike length remaining to be surveyed and number of undiscovered vent fields per MOR
and BASC region. Surveyed strike lengths (left y-axis) and predicted numbers of undiscovered
vent fields (right y-axis) of (A) MOR and (B) BASC regions, with regions arranged by
increasing weighted average full spreading rate (regions associated to plate boundaries in Supp.
Table 1). Blue = included in previous review paper (Baker and German, 2004), red = added new
in this paper, yellow = not surveyed for hydrothermal activity. Surveyed strike lengths include

densely, moderately, and sparsely surveyed (all types 1-3 in Supp. Data).

Fig. 3. Linear fit of vent field frequency to spreading rate. Scatterplot of vent field frequency (per
100 km strike length, F) to full spreading rate (weighted average mm/yr, us) for hydrothermal
surveys of sufficient type and length (listed in Table 1A). A. Blue = revised values for 12
surveys plotted in (Baker et al., 2004), red = 9 new surveys for the 21-pt linear regression (Eq.
1), gray = 5 hotspot-influenced portions and Lau ELSC/VFR included in the 27-pt linear
regression (Eq. 2). Solid lines are linear fits: black = 21 surveys, gray = all 27 surveys. Dashed
curved lines are 95% C.1.s, colored respectively. B. Colored diamonds are 21 non-hotspot
surveys binned into 5 spreading rate categories, with linear fit (Eq. 3). Horizontal and vertical

bars indicate range for data points shown in A.
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Fig 4. Number of undiscovered vent fields per spreading rate in 20 mm/yr bins. Stacked bar
histogram of known and predicted number of active vent fields as functions of spreading rate for
(A) MORs and (B) BASCs in 20 mm/yr bins, distinguishing those discovered since year 2000.

Note: the recent discoveries include 48 more vent fields than in (Beaulieu et al., 2013).

29



Table caption

Table 1. Systematic hydrothermal surveys along spreading ridge axes. All portions of spreading

ridges surveyed systematically for hydrothermal activity (plotted black on Fig. 1), organized by

region. Survey types: 1, dense; 2, moderate; 3, sparse. Vent field frequency (Fs) and weighted

average full spreading rate (us) are provided for the 27 surveyed portions used for the linear

regressions in Fig. 3. Regions are associated to plate boundaries and modeled survey lengths are

summed in Supp. Table 1. EPR, East Pacific Rise; MAR, Mid-Atlantic Ridge; SEIR, Southeast

Indian Ridge; SWIR, Southwest Indian Ridge.

A. 27 surveyed portions used for linear regressions of vent field frequency to spreading rate.

Region Surveyed Survey Length Length Full Vent field  Vent field References*
portion type (km) (km) sprd. freq. (per  freq. (per
modeled measured  rate modeled) measured)
(mml/yr)
Mid-ocean ridge
Carlsberg Ridge 2-45°N 1 469.0 440 30.73 0.43 0.45 (Ray et al.,
2012)
Central Indian 8-17° S 2 749.8 738 36.21 1.33 1.36 (Sonetal.,
Ridge 2014)
Central Indian 18.25-21° S, 1 396.5 300 4231 0.76 1.00 (German et
Ridge includes hotspot- al., 2001),
influenced (Kawagucci et
al., 2008)
Explorer Ridge §  49.5-50.3° N 1 113.6 (Luptonetal.,
2002)
Gakkel Ridge 6°W-85°E 1 985.3 965 11.82 0.91 0.93 *
Galapagos 89.7-95° W, 1 606.0 560 53.22 1.32 1.43 (Baker et al.,
Spreading Center  hotspot- 2008b)
influenced
Gorda Ridge 41-43°N 2 237.8 240 55.61 2.10 2.08 *
Juan de Fuca 44.5-48.3° N 1 437.1 480 56.11 3.45 3.96 *
Ridge i
N EPR 15.5-18.5° N 1 335.7 335 77.02 1.79 1.79 *
N EPR 8.7-13.2° N 1 536.8 515 98.14 3.91 4.08 *
N MAR 35.7-38°N 2 368.3 340 20.28 3.26 3.53 *
N MAR 27-30° N 2 403.4 375 23.07 0.74 0.80 *
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N MAR 11-21° N 127 1133.7 § 935 25.51 1.32 1.60 (Cherkashov
et al., 2010)

13.5-18.6° S 585 145.47 3.85

4944 § 450 . . (German et
al., 2005),
(German et
al., 2008a)

33-36° S and 2128.6 2060 68.12 . . * (Baker et
39.5-42.5° S (77- al., 2014)
100° E)

SWIR 10-16° E 228.6 416 13.50 2.62

(Tao et al.,
2012)

Lau Basin Lau ELSC/VFR 1 421.7 400 64.36 7.59 8.00 (Baker et al.,
2005), (Baker
et al., 2006) ,
(Arculus,
2009) ,
(Baker, 2009),
(E. Baker et
al., 2010

Manus Basin all except 1 405.6 405 101.43 271 2.72 (Massoth et
westernmost of al., 2008)
western rift

Woodlark Basin | 156.1-156.4° E 2 37.3 (Mclnnes et
al., 2000)




B. Other surveyed portions included in the global compilation

Region Surveyed Survey Length References*
portion type (km)
modeled

Aden Ridge 45.6-52.7° E 1,2+ (Gamo et al.,

2001)

Chile Rise

Galapagos 101.5-102° W
Spreading Center

Gulf of 23-29° N 3 205.7 *
California

Mid-Cayman entire length (German et
Rise al., 2010)

45.3-45.75° N . (Searle et al.,
2008)

23+

1,2+ (Chenetal,
2006), (Tao et
al., 2008)

2-25and 11-14° 2,3 * (Taoetal,
S 2011b)

Back-arc
spreading center

East Scotia Ridge  55.8-56.5° S 1 83.7 *
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East Scotia Ridge  59.8-60.75° S 1 124.4 &
Lau Basin Lau NWLSCand 237 264.0 (Lupton et al.,
RR 2012)

Lau Basin Lau CLSC 1 144.8 (Arculus,
2009)

Mariana Trough 12.7-13.2° N 1 75.4 (Baker et al.,
2005)

New Hebrides Coriolis Troughs 2,3 ** (Arculus and

back-arc McConachy,
2004)

N Fiji Basin central spreading 3 628.1 *

axis

N Fiji Basin 21.4-21.9°S 2 98.0 L.
Danyushevsky
, pers. comm.

Okinawa Trough ~ SPOT 1 58.4 (Gamo et al.,
2010)

Taupo Volcanic 34.2-36.7° S 2 375.0 (Stoffers et

Zone and Havre al., 1999),

Trough (Merle et al.,
2007)

Tyrrhenian back- ~ Marsili 1 *x (Lupton et al.,

arc

2011)

* If no reference is listed here, the survey was included in (Baker and German, 2004), with the

exception of North Fiji Basin central spreading axis which was included in (Baker et al., 1995).

+ When we could not determine exactly which steps to be assigned to types 1, 2, or 3, we used

type 2 in Supp. Data.

1 Values for Fs and us in listing for Juan de Fuca Ridge include Explorer Ridge.

8 Length is contained within the length included for this region in (Baker and German, 2004).

I' Values for Fs and us include Woodlark Basin 156.1-156.4° E (Segment 5B).

** BASC regions that could not be matched to PB2002 model.
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