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Abstract

Here, we review the relationship between the distribution of modern-day seafloor
hydrothermal activity along the global mid-ocean ridge crest and the nature of the
mineral deposits being formed at those sites. Since the first discovery of seafloor
venting, a sustained body of exploration has now prospected for one form of
hydrothermal activity in particular — high temperature “black smoker” venting -
along >30% of the global mid ocean ridge crest. While that still leaves most of
that ~60,000km continuous network to be explored, some important trends have
already emerged. First, it is now known that submarine venting can occur along
all mid-ocean ridges, regardless of spreading rate, and in all ocean basins.
Further, to a first approximation, the abundance of currently active venting, as
deduced from water column plume signals, can be scaled linearly with seafloor
spreading rate (a simple proxy for magmatic heat-flux). What can also be
recognized, however, is that there is an “excess” of high temperature venting
along slow and ultra-slow spreading ridges when compared to what was
originally predicted from seafloor spreading / magmatic heat-budget models. An
examination of hydrothermal systems tracked to source on the slow spreading
Mid Atlantic Ridge reveals that no more than half of the sites responsible for the
“black smoker” plume signals observed in the overlying water column are
associated with magmatic systems comparable to those known from fast-
spreading ridges. The other half of all currently known active high-temperature
submarine systems on the Mid-Atlantic Ridge are hosted under tectonic control.
These systems appear both to be longer-lived than, and to give rise to much
larger sulfide deposits than, their magmatic counterparts - presumably as a result
of sustained fluid flow. A majority of these tectonic-hosted systems also involve
water-rock interaction with ultramafic sources. Importantly, from a mineral
resource perspective, this subset of tectonic-hosted vent-sites also represents
the only actively-forming seafloor massive sulfide deposits on mid-ocean ridges
that exhibit high concentrations of Cu and Au in their surface samples (>10wt.%

average Cu content and >3ppm average Au). Along ultraslow-spreading ridges,
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first detailed examinations of hydrothermally active sites suggest that sulfide
deposit formation at those sites may depart even further from the spreading-rate
model than slow-spreading ridges do. Hydrothermal plume distributions along
ultraslow ridges follow the same (~50:50) distribution of “black smoker” plume
signals between magmatic and tectonics settings as the slow spreading MAR.
However, the first three “black smoker” sites tracked to source on any ultra-slow
ridges have all revealed high temperature vent-sites that host large polymetallic
sulfide deposits in both magmatic as well as tectonic settings. Further, deposits
in both types of setting have now been revealed to exhibit moderate to high
concentrations of Cu and Au, respectively. An important implication is that ultra-
slow ridges may represent the strongest mineral resource potential for the global
ridge crest, despite being host to the lowest magmatic heat budget.

Keywords

Hydrothermal Activity; Seafloor Massive Sulfides; Mid-Ocean Ridges;
Exploration; Copper; Gold

Highlights

* On slow spreading ridges, a higher proportion of active “black smoker” systems
host large seafloor massive sulfide deposits than they do on fast-spreading
ridges.

* The largest seafloor massive sulfide deposits found on slow spreading ridges
are associated, typically, with long-lived tectonic fracturing, presumably as a
result of sustained fluid flow.

« Among active, tectonic-hosted vent-sites on the Mid-Atlantic Ridge, those that
also involve water-rock interactions with ultramafic rocks yield the highest
average Cu (>10wt.%) and Au (>3ppm) contents in surficial sulfide samples.

* Distributions of hydrothermal plume signals over ultra-slow spreading ridges
(with the exception of the Gakkel Ridge) appear to show the same ~50:50
distributions between magmatic and tectonic control that is seen for the slow-
spreading Mid-Atlantic Ridge.

* Along ultra-slow ridges preliminary observations from the first three “black
smoker” vent-sites tracked to source indicate that both magmatic and tectonic
systems can give rise to large seafloor massive sulfide deposits that are also
anomalously enriched in Cu and/or Au.
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1. Introduction
Nearly 40 years after the first discovery of seafloor hydrothermal venting and

associated massive sulfide deposits at mid-ocean ridges (Corliss et al., 1979;
Francheteau et al., 1979; Spiess et al., 1980), high temperature “black smoker”
hydrothermal systems are now known to occur in all ocean basins and along
mid-ocean ridges of all spreading rates (German & Seyfried, 2014). Close to 300
high-temperature “black smoker” hydrothermal fields are already known along
the ~60,000km of the global Mid Ocean Ridge (MOR) system of which 113 have
been visually confirmed and a further 159 have been inferred from systematic
water column plume surveys (Beaulieu et al., 2013). Statistical interrogation of
the global InterRidge vents data-base allows us to predict that a further ~800
MOR vent-sites remain to be discovered, predominantly along slow-spreading

ridges (defined as < 55 mml/yr full spreading rate; Beaulieu et al., 2015).

Our current state of knowledge (Fig. 1) has been attained through a concerted
effort to explore systematically along the global ridge crest, first to understand
what geological processes might control the global distribution of such high-
temperature venting (e.g. Baker et al., 1996; German et al., 1996) and later
augmented with further questions concerning what controls the biogeography of
endemic vent fauna (e.g. Van Dover et al., 2002; German et al., 2011). As a
result, approximately decadal reviews of the current state of the art, as
embedded in the global InterRidge vents database, have allowed us to progress
from knowledge of vent-distributions along less than 10% of the global system to
more than 30% of the ~60,000km mid-ocean ridge crest having been surveyed
(Baker et al., 1995; Baker & German, 2004; Beaulieu et al., 2015).

An important consideration concerning how our understanding of the global
distribution of ridge-crest venting has progressed over the past 3 decades is that
we have explored, primarily, for one specific form of hydrothermal activity — the
high temperature fluid flow that is emitted from “black smoker” vents and results

in characteristic particle-laden plumes that can be detected readily from water
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column surveys using CTD-rosette systems or, increasingly, using purposefully
designed MAPR instruments that have revolutionized the international
community’s ability to explore for hydrothermal activity in parallel with co-
registered petrologic and geophysical investigations (Baker et al., 2010). In this
paper we combine insights obtained from two sources: (a) our progressively
expanding understanding of hydrothermal vent distributions as determined from
hydrothermal plume surveys and (b) direct field observations of active high-
temperature hydrothermal fields that have been tracked to source beneath such

plumes, along slow- and ultraslow-spreading ridges.

An important goal, in conducting this review, has been to investigate to what
extent future predictions could be made, from hydrothermal plume studies alone,
about the nature of any underlying vent-sources and, specifically, about the size
and characteristics of the seafloor massive sulfide deposits that they might form.
Recognizing that styles of hydrothermal venting exhibit increasing geologic
diversity (including the sizes of seafloor massive sulfide deposits) at decreasing
spreading rate (e.g. Fouquet et al., 2010; German & Seyfried, 2014) we use the
relatively well-studied slow-spreading central Mid-Atlantic Ridge (8°S-45°N) as a
test case for these studies. A key motivation is to be able to predict what might
await discovery based on hydrothermal plume investigations elsewhere along
slow and ultra-slow spreading ridges. Each of these classes of spreading rate
represent ~25% of the cumulative length of the global Mid-Ocean Ridge system
and it is along these slow- or ultra-slow spreading ridges, recent studies have
predicted, that the majority of both seafloor massive sulfide deposits and active
hydrothermal fields remain to be discovered (Hannington et al., 2011; Beaulieu et
al., 2015).

Before proceeding further with this review, however, it is important to point out
what is outside the scope of our considerations. First, we only consider the inter-
relationship between hydrothermal plume distributions and SMS-forming high-

temperature vent-sites along the global mid-ocean ridge system. We do not
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consider arc or back-arc systems in this review even though back-arcs have also
been explored for more than 30% of their cumulative length (de Ronde et al.,
2007, 2012; Monecke et al., 2014). Those systems have received much
exploration activity in the past decade, largely due to commercial interests, along
sections of seafloor volcanism that lie within the national jurisdiction of various
coastal nation states (Beaulieu et al., 2013). By contrast, this paper focuses
upon the slow-spreading end of the global mid ocean ridge spectrum that lies
extensively within The Area (i.e. within waters beyond national jurisdiction) and
where it is predicted that the majority of seafloor massive sulfides and active
hydrothermal systems remain to be discovered. Further, along those mid ocean
ridge crests, we only consider those sites that currently host active high-
temperature venting (Beaulieu et al., 2015) and for which information on seafloor
massive sulfide deposits is available (Hannington et al., 2005; Petersen et al.,
unpubl. data). We do this because, while other forms of predictive modeling
most certainly exist, the approach followed here can only be validated from a
consideration of seafloor massive sulfide sites that generate a modern day plume
signal that is detectable from water-column surveys. Consequently, our review
does not consider extinct seafloor massive sulfide deposits. Nor does it include
known low-temperature vent-sites, such as those found at Lost City, Saldanha or
Von Damm because (a) there is no indication that those sites give rise to seafloor
massive sulfide (SMS) deposits and/or (b) none of those sites give rise to particle
laden hydrothermal plumes that can be detected using optical hydrothermal
plume detection techniques (Kelley et al., 2001; Dias & Barriga, 2006; McDermott
et al., 2015). A final consideration for the discussions that follow is that, in the
near complete absence of volumetric data for the majority of vent-sites, we are
forced to rely upon the mapped areal extents of all seafloor massive sulfide
deposits for size inter-comparisons even though we recognize that vent-fields of
similar areal extent may host very different volumes of SMS deposit.

2. Global distributions of venting based on hydrothermal plume surveys.

In a highly influential early paper, Baker et al. (1996) noted a close correlation,

from surveys along the Juan de Fuca Ridge and the northern and southern East
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Pacific Rise, between the incidence of hydrothermal plume detection along a
given section of ridge-crest and the full spreading rate of the underlying seafloor.
The same correlation, it was argued, could also be applied to preliminary
investigations from the slow-spreading Mid-Atlantic Ridge with hydrothermal
plume activity predicted to reduce to zero at zero spreading rate. Independently,
however, German & Parson (1998) noted that the distributions of hydrothermal
plume signals varied markedly along three separate sections of the northern Mid-
Atlantic Ridge, all of which exhibited very similar spreading rates, apparently as a
result of variations in geologic setting (magmatic vs tectonic dominated seafloor)
along-axis. While averaging of all three systems to generate a single average
value for plume activity at this spreading rate fit well to the original linear
“spreading rate” model (Baker & German, 2004) what was also recognized was
that the incidence of high-temperature hydrothermal activity tends to be
suppressed in close proximity to ridge-hot-spot interactions, presumably due to
increased plastic rather than brittle deformation in the over-thickened crust
(Phipps Morgan & Chen, 1993; German et al., 1994, see also discussion in
Baker & German, 2004). Further, continuing surveys along ultra-slow spreading
ridges subsequently revealed that additional hydrothermal plume activity, beyond
what would have been predicted from spreading rate alone (sensu Baker et al.,
1996) was not only observed along some sections of slow-spreading mid-ocean
ridges (German et al., 1996) but also along ultra-slow ridges as well (German et
al., 1998; Bach et al., 2002; Edmonds et al., 2003; Baker et al., 2004).

This “excess” of venting at Earth’s slow and ultra-slow spreading ridges remains
readily apparent in the latest synthesis of global ridge-crest vent distributions
(Beaulieu et al., 2015). In Fig.2, all the data from the InterRidge vents data base
that has been collected away from any hot-spot influence have been binned into
five categories: ultraslow (0-20mm/yr full spreading rate), slow (20-55mm/yr),
intermediate (55-80mm/yr), fast (80-140mm/yr), and superfast, (>140mm/yr)
spreading rates. The resulting linear fit to the data both resembles but also

exhibits significant departure from the original “spreading rate” model of Baker et
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al., (1996): the slope of the best-fit correlation is now shallower and the trend no
longer predicts a zero incidence of hydrothermal vent activity at zero spreading
rate (i.e. sustained hydrothermal venting despite zero magmatic heat flux).
Figure 3 shows a directly related plot for the slow- and ultraslow-spreading ridge
survey data (full spreading rates <55mm/yr) that were used to generate the
single average values for slow and ultra-slow mid ocean ridges shown (with
corresponding ranges of uncertainty) in Fig.2. Here, we argue that these data
can be fit to a single, global, linear trend but that an alternate representation
would be to consider the same data as two separate classes: those for which the
frequency of venting could already be predicted from magmatic heat budget
alone, using the original model of Baker et al. (1996) and those for which an
additional cause of seafloor hydrothermal venting is required. In the latter case,
our interpretation of the data would be that magmatically-controlled venting
would, indeed, decrease to zero at zero spreading rate (no magmatic heat
budget) but that, at spreading rates of < 40mm/yr (which corresponds to ~50% of
the cumulative length of all mid-ocean ridges: Sinha & Evans, 2004), there is also
evidence for “excess” hydrothermal vent-activity beyond what would be predicted

from “typical”’ seafloor spreading.

3. Hydrothermal Vent-Sites on the Mid-Atlantic Ridge, 8°S to 45°N.

To investigate the concepts discussed above in more detail, we have conducted

a systematic review of what is known from the slow-spreading Mid-Atlantic Ridge
(8°S-45°N) which includes a section of the northern MAR where surveys have
revealed a broad range of plume incidences at near constant spreading rates:
MAR 11-21°N, 27-30°N and 36-38°N (Fig.3). In this region, since the first direct
observations of the TAG hydrothermal field in 1985 (Rona et al., 1986), a total of
19 high temperature hydrothermal fields are now known along > 5000km of slow
spreading ridge axis (Table 1). A first important characteristic to consider is the
extent to which each of these vent-sites is hosted in a magmatic- or tectonic-

controlled setting.
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Many of the vent-sites that have been located on the Mid-Atlantic Ridge are in
settings which, at the scale of the individual vent-field, are not readily
distinguishable from those hosted by recent neo-volcanic activity on a fast-
spreading ridge such as the East Pacific Rise. For example, the Turtle Pits vent-
site at 4°49’S on the Mid-Atlantic Ridge (Fig.4) is situated along an axial high
toward the center of a second order ridge-segment and, further, is set within an
area of ~18km? of fresh sheet flows directly comparable in extent to the most
recent lava flows at 9°50’N on the East Pacific Rise (Soule et al., 2007; German
et al., 2008). When mapped out in detail by ROV, the full extent of venting at
Turtle Pits was found to occur in the form of just a few discrete high-temperature
sulfide structures that extended over an area of no greater than ~1000m? (Haase
et al., 2007). While not all magmatic-hosted MAR hydrothermal systems are
hosted by such fresh, recent lava flows, the general pattern does recur further
north within this study area where multiple other systems located toward the
centers of second-order ridge-segments are also hosted in young volcanic rocks
and, further, yield seafloor massive sulfide deposits of no greater than 3000m?.
Examples of magmatic-hosted high temperature vent-sites that fit to this general
pattern are the Comfortless Cove and Red Lion sites on the southern MAR
(Haase et al., 2007) and the SnakePit (Gente et al., 1991), Broken Spur (Murton
et al., 1995), Bubbylon (Marcon et al., 2013) and Menez Gwen (Ondréas et al.,
1997) vent systems on the northern MAR (Table 1).

In contrast to the magmatic vent sites described above, a second class of
hydrothermal field has also been recognized along the slow-spreading Mid-
Atlantic Ridge, illustrated here by the Rainbow system at 36°14’N (Fig.5). There,
deep penetrating faults rather than recently emplaced volcanism represent the
dominant geologically controlling feature observed from detailed seafloor
investigations. In some cases, including at Rainbow, these faulted systems
coincide with the non-transform discontinuities between adjacent second order
ridge segments (Gracia et al., 2000). In other cases, tectonics-controlled

systems can occur toward the centers of ridge segments, directly associated with
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the rift-valley walls, as seen at the TAG hydrothermal field (de Martin et al.,
2007). Many tectonic systems, including both TAG and Rainbow, are also
hosted by long-lived detachment faults which, in a subset of circumstances, can
lead to core complex formation, the exhumation of ultramafic rocks and/or the
involvement of serpentinization reactions within the hydrothermal circulation cell,
beneath the seafloor (Fouquet et al., 2010). Vent sites within this category are
often much larger than those found in magmatic settings (Table 1). At Rainbow,
for example, a total of 10 discrete sites of high temperature venting and an even
higher number of extinct chimneys have been observed aligned West to East
(orthogonal to the trend of the plate boundary between the North American and
Eurasian plates at this latitude) over more than 200m along strike, yielding a
seafloor massive sulfide deposit that, in areal extent, is close to 30,000m? (Fig.
5).

In these tectonic “black smoker” systems, it is generally considered that the
circulating hydrothermal cell must still be driven by a magmatic (gabbroic-
composition) heat source at depth to account for the nature of the high-
temperature vent fluids analyzed (Gallant & Von Damm, 2006; Seyfried et al.,
2011). The key to providing access to that heat in tectonic settings, however, is
through deep-penetrating faulting (e.g. Gracia et al., 2000) including, for at least
a subset of all such sites, long-lived detachment faults (Cannat et al., 2010).
Indeed, even in the most peridotite-rich oceanic core complexes studied to-date
(e.g. Schoolmeesters et al., 2012), gabbroic rocks indicative of frozen basaltic
melts, are also found to be present. In such settings, it has been proposed that
the contact between shallow crust and deeper crust/mantle lithologies across the
detachment surface may act as a conductive boundary layer (CBL) — directly akin
to the role that the dike-gabbro transition plays along fast-spreading ridges —
such that detachment faults can act as a conduit for extensive fluid flow (McCaig
et al., 2007; McCaig & Harris, 2012). The mechanisms by which such high
temperature fluid flow can be sustained along detachment faults, however, over

the extended time-scales required to generate seafloor massive sulfide deposits,

10
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remains an area of active research. For example, recent seismic studies at the
Logatchev hydrothermal field (Grevemeyer et al., 2013) have revealed the
presence of an extensional fault underlying the tectonic-controlled Logatchev
hydrothermal field that slopes toward the center of the ridge axis at depth, just as
has been reported previously for the TAG hydrothermal field (de Martin et al.,
2007). While this indicates that the required pathways for fluid circulation most
certainly exist, however, subsequent modeling has shown that such fault systems
can only support high temperature venting if a specific range of conditions are
also met (Andersen et al., 2015). If fault “transmissivity” (a combination of fault
width and permeability contrast) is too high then extensive mixing will occur
subsurface and only low-temperature (metal-poor) hydrothermal fluids will exit
the seafloor. Conversely, if the fault transmissivity is too low then the fault in
guestion will fail to “capture” the hydrothermal circulation cell and deflect it off-
axis such that sustained tectonic-controlled venting away from the neovolcanic
ridge-axis (and associated formation of large tectonics-hosted seafloor massive
sulfide deposits) will fail to arise.

To a first approximation, then, a general-case working model for the Mid-Atlantic
Ridge is one in which magmatic systems — just like those found along fast-
spreading ridges — give rise to relatively short-lived venting and small seafloor
massive sulfide deposits. By contrast, tectonic-hosted systems have the
potential to sustain long-lived fluid flow and correspondingly larger seafloor
massive sulfide deposits. There is one important exception to the above rule that
has been observed along the Mid-Atlantic Ridge: anomalously large segment-
center volcanic systems such as the Lucky Strike vent-site at 37°17’N (Humphris
et al., 2002) which, multi-beam bathymetry reveals, hosts a tall volcanic high with
a summit that is almost as shallow as the adjacent rift-valley walls (Fig.6).
Clearly, this volcanic construct must result from an anomalously extensive and
sustained focussing of magma delivery toward the center of this 2" order ridge-
segment which, rarely for a slow-spreading Mid-Atlantic Ridge segment, has also

been shown to be underlain by an active magma chamber (Crawford et al.,

11
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2010). Hydrothermal venting at this location comprises multiple vent-sites and
associated sulfide deposition surrounding a central lava-lake where detailed
mapping has revealed that the resulting seafloor massive sulfide deposit is at
least 15,000m? in extent Humpbhris et al (2002). This is closer in area to the TAG
and Rainbow hydrothermal fields than the more typical magmatic settings
described above. With an estimated SMS deposit size closer to 30,000m?, the
Puy de Folles vent-field situated at 20°30’N represents a second areally
extensive sulfide deposit associated with a large volcanic edifice (Cherkashov et
al., 2010). Caution should be taken when considering the Puy de Folles site,
however, for two reasons. First, detailed descriptions of the vent sites are
lacking and therefore the size estimate is only an approximation. Second, while
the Puy de Folles site is associated with a large volcanic edifice, comparable to
Lucky Strike, it does not occur at the center of a 2" order ridge segment but,
instead, is associated with a non-transform offset (Cherkashov et al., 2010), a
combination of features that is not observed anywhere else along the slow-
spreading Mid-Atlantic Ridge between 8°S and 45°N (Table 1).

Plotting all of the known MAR vent-sites together, along the length of the ridge-
axis, what is immediately apparent is that only approximately half of the vent-
sites present are associated with magmatic settings while as many are hosted in
tectonic settings (Fig.7). From the perspective of past and present syntheses of
global vent distribution, we would argue that it is these tectonically-hosted vent
sites along the Mid-Atlantic Ridge that may account for the “excess” in
hydrothermal plume signals and, hence, inferred abundances of venting that are
observed along slow spreading ridges when compared to what was originally
predicted based on spreading rate alone. This is readily illustrated by referring
back to the plume survey areas A, B and C highlighted in Fig.3. No tectonic
hosted systems have been identified in Area B (MAR 27-30°N) where the
overlying plume-survey data fit closely to the Baker et al (1996) spreading-rate
model for magmatic-controlled venting, only. For Area C (11-21°N) detailed

follow-on studies have revealed multiple tectonic-hosted vent-sites with the area

12



391 (Table 1) consistent with an excess abundance of hydrothermal plum signals in
392 the overlying water column. For the MAR 36-38N area (Area A), the majority of
393 the plume signals obtained were associated with non-transform discontinuities
394  along this section of ridge-crest (German et al., 1996; Gracia et al., 2000).

395 However, since only one of those plumes has ever been tracked to source, the
396 Rainbow vent-site, the importance of tectonic-hosted venting may still be under-
397 represented in Table 1. If so, this is important because our analysis of seafloor
398 deposits underlying MAR plume-signals has revealed that not all “black smoker”
399 hydrothermal systems are alike. Rather, it is the tectonic hydrothermal fields that
400 host the largest SMS deposits, in terms of areal extent mapped at the seafloor
401 (Fig.8a). Further, itis a subset of those tectonic-hosted systems, alone among
402  all mid-ocean ridge SMS deposits worldwide, that exhibit high concentrations of
403 copper and gold in seafloor sulfide samples with >10wt.% average Cu content
404 and >3ppm average Au content (Fig.8b).

405

406  We hypothesize that both the size and content of a tectonic-hosted SMS deposit
407 can be explained from their geologic setting. First, as discussed above,

408 tectonic-hosted vent sites are closely associated with both deep-penetrating and
409 long-lived faults that form the rift-valley walls and non-transform discontinuities of
410 the slow-spreading Mid-Atlantic Ridge. As such, they have the potential to

411  provide access to much larger reservoirs of heat associated with the

412  emplacement of oceanic crust than is likely to be the case at a magmatic system
413  where intrusion of a 1m-wide dike, fed from a shallow underlying magma-

414 chamber might be considered the “quantum” event for seafloor spreading — a
415 mechanism that also restricts fluid penetration to be much shallower (see, e.g.,
416 German & Lin, 2004; Lowell et al., 2013). Further, because the host faults are
417 long lived, reactivation of those faults must also offer the potential for extensive
418  (time-integrated) fluid flow along a near-constant pathway, over timescales of
419 thousands of years (Lalou et al., 1995; Cave et al., 2002). Second, when

420 considering the composition of polymetallic sulfides deposited at the seafloor,

421 that subset of tectonic vent-sites that are associated with long-lived detachment

13
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faults also have the potential to bring the circulating vent-fluids into contact with
ultramafic rocks, at or below the seafloor. These rocks may be an enriched
source of Cu and Au that are then released into the hot vent-fluids and,
subsequently, deposited in chimneys and surface samples of SMS deposits at
the seafloor — a process that could not arise at any intermediate or faster-
spreading ridge crest where only basaltic/gabbroic bulk-composition lithologies
interact with the circulating seawater (Fouquet et al., 2010). Of course, it is
important to remember that high average Cu and Au concentrations are, in most
cases, reported for surface samples only and may not be representative for the
entire deposit since zone refining processes are known to enrich these metals at
the surface. Only a few deposits have been sampled at depth and, as the lone
example for a slow-spreading mid-ocean ridge, drilling at the TAG active
hydrothermal mound revealed that the interior of the deposit contains
considerably less Cu and Au (2.3wt.% Cu and 0.2ppm Au; Hannington et al.,
1998) when compared to the surface sample values reported here (Table 1). On
the other hand, it is unlikely that the Au enrichment we see at tectonically-
controlled sites is solely related to a sampling bias, since nho magmatic-controlled
site shows an Au-enrichment along the Mid-Atlantic Ridge despite the fact that

preferred sampling of chimneys is apparent at all sites included in Table 1.

From our studies of the slow-spreading Mid-Atlantic Ridge, then, two important
inferences can be drawn:

i) one should expect a higher incidence of hydrothermal plume signals derived
from high-temperature “black smoker* venting along the ~25% of the global ridge
crest that is slow-spreading (20-40mm/yr) than would be predicted from
magmatic heat flux alone.

i) wherever a hydrothermal plume signal on a slow-spreading ridge overlies a
tectonic rather than a neo-volcanic seafloor domain, one should expect the SMS
deposit at its source to be larger than typical (210,000m2), or exhibit unusually
Cu-rich (210wt%) and Au-rich (=3ppm) surficial sulfide samples, or both (Fig.8).
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Cumulatively, these inferences — drawn from a consideration of nearly 20 vent-
sites along more than 5000km of the Mid-Atlantic Ridge - indicate that slow-
spreading ridges might offer significantly greater resource potential, per unit
length of ridge axis, than any intermediate or faster spreading sections of mid-
ocean ridge. An immediate question that arises, therefore, is: To what extent can
the same expectations be applied to the much less extensively explored
ultraslow-spreading ridges (0-20mm/yr full spreading rate) which represent a
further ~25%, by length, of the global ridge crest?

4. Hydrothermal Vent-Sites on Ultraslow-Spreading Ridges.

Hydrothermal plume distributions along ultraslow ridges were reviewed
previously by Baker et al. (2004) and concluded to exhibit much higher efficiency
than faster spreading ridges in sustaining high-temperature venting, per unit
ridge-length, when normalized to basaltic magma supply rates. Along the South
West Indian Ridge (SWIR) between 58-66°E, German et al. (1998) noted that
half of all plume signals identified from hydrothermal plume surveys co-registered
with deep-tow side-scan characterization of the underlying seafloor were
associated with magmatic domains and an equal amount were hosted in
tectonically dominated settings. This reflected the same distribution as identified,
on a like-for-like basis, for the slow-spreading Mid-Atlantic Ridge at 36-38°N
(German et al., 1996). Elsewhere, along the SWIR at 10-23°E, Bach et al (2002)
used a different approach, conducting hydrothermal plume surveys in concert
with seafloor petrologic sampling. In that study, which collected plume survey
data through a series of near-vertical rock sampling casts rather than a
continuous along-axis survey, it was routinely possible to identify the host-rock
lithology at each station as well as the absence or presence of active “black
smoker” hydrothermal plumes. While plume signals coincident with ultramafic
lithologies were twice as abundant as those that coincided with basaltic
lithologies in that study (Bach et al., 2002), a more conservative approach is to
consider the proportions of plume signals that coincided with both host-rock

identification and the identification of polymetallic sulfide deposits in the seafloor
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samples. We prefer this approach because the latter can be interpreted as
evidence of proximity to the “black smoker” source and, hence, precludes the
possibility of aliaising the data by “double counting” interception of the same
dispersing plume at multiple adjacent rock-sampling stations. If we re-analyze
the Bach et al. (2002) data-set using those criteria, we calculate that distributions
become closer to the 50:50 partitioning between tectonic and magmatic control
reported from the Mid-Atlantic Ridge (Section 3). Unlike the SW Indian Ridge,
survey work conducted along the Gakkel Ridge (Edmonds et al., 2003) revealed
a quite different pattern. There, hydrothermal plume signals were pervasive
along ~1100km of ridge-axis but, when multiple interceptions of the same plume
were accounted for, the same data resolved down to compelling evidence for no
more than 9 discrete vent-sources. Of these, three sources in the Western
Volcanic Zone and four sources in the Eastern Volcanic Zone were attributed to
being hosted by basaltic mounds or crusts while the remaining two sites were
situated in the central Sparsely Magmatic Zone where the spatial resolution
possible from hydrothermal plume surveys in the ice-covered Arctic ocean meant
that the precise geologic setting for venting at the seafloor remains unclear
(Baker et al., 2004).

Hydrothermal plume surveys had proven, before the end of the last century, that
ultra-slow ridges could host high-temperature venting. But it is only now that the
first detailed seafloor investigations of any source “black smoker” vent-sites have
been conducted (Table 2). To-date, three such discoveries have been reported:
at 49°39’E on the SWIR (Tao et al., 2012), at 73°33'N, 08°09’E on the Mohns
Ridge (Pedersen et al., 2010) and at 18°33’'N on the Mid Cayman Rise (Kinsey &
German, 2013). At the 49°39’E SWIR site, active venting is situated close to the
non-transform discontinuity between two adjacent second order ridge segments
exhibiting high topography and relatively thin crust — a typical example of what,
on the MAR, would be assigned to a tectonically-hosted vent-site. Consistent
with that, a detailed 5Sm-altitude photo-mosaic survey of the active hydrothermal

field using the ABE autonomous underwater vehicle has allowed us to map an
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extensive area of ~10,000m? in which seafloor massive sulfides have been
imaged continuously and which also hosts multiple point sources of active “black
smoker” venting (Fig.9). This deposit is directly similar, in size, to the large
tectonically hosted systems reported previously from the Mid-Atlantic Ridge
(Table 1).

The Loki’'s castle hydrothermal field (73°33’N, 08°09’E) is located in the
easternmost segment of the Mohns Ridge, immediately adjacent to the southern
limit of the Knipovich Ridge, which is also ultraslow-spreading (Pedersen et al.,
2010). There, high temperature venting issues from four active black smoker
systems all located along, and close to the summit of, an axial volcanic ridge that
extends for ~30km along axis (Fig. 10). When compared to previously
investigated sites along the Mid-Atlantic Ridge, the geologic setting for this site
corresponds most closely to the Snake Pit and Broken Spur hydrothermal fields
(Table 1). What is particularly unusual about this site, therefore, is the
recognition that seafloor massive sulfides associated with the venting extend
across a much wider area than has been identified at other, similar, magmatic-
hosted vent settings (Pedersen et al., 2010). At Loki’'s Castle, venting occurs in
two adjacent clusters each hosted in mounds that are 2150m in diameter,
yielding an estimated area of deposit of ~35,000m? , i.e. greater than both the
tectonically hosted 49°39’E site on the SWIR (Table 2) and, indeed, any of the
SMS deposits associated with active hydrothermal venting on the MAR (Table 1).

Intriguingly, directly comparable discoveries have also now been made on the
ultraslow spreading Mid-Cayman Rise (Table 2, Fig.11). At the Piccard
hydrothermal field, Kinsey & German (2013) have mapped out a series of seven
conical mounds of seafloor massive sulfide deposit, three of which continue to
host active venting (the Beebe Vents, Beebe Woods and Beebe Sea mounds).
As at Loki’'s castle, high temperature venting at the Piccard Hydrothermal Field is
situated along the crest of a spur of pillow-basaltic material which buds out from

an ~15km long axial volcanic ridge (Kinsey & German, 2013). The two high-
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temperature “black smoker” vents (Beebe Vents, Beebe Woods) are each
associated with mounds that are ~60m across while diffuse flow is all that
continues to exit the much larger (~100m across) Beebe Sea mound.
Cumulatively, including the immediately adjacent extinct mounds, seafloor
massive sulfides at this location have been mapped to cover an area of
~15,000m? which, again, is in excess of the size of the 49° 39’E tectonically-
hosted system on the SWIR. In terms of other active magmatic-hosted vent-
sites, the SMS desposits reported here are comparable in extent to those from
the Lucky Strike and Puy de Folles vent-sites even though the geologic setting,
as at Loki’s Castle, appears more directly comparable to the axial volcanic ridge
settings of both Snake Pit (Gente et al., 1991) and Broken Spur (Murton et al.,
1995).

5. Discussion

In a recent paper, Beaulieu et al (2015) predicted that nearly 800 vent-sites still
remain to be discovered along Earth’s mid-ocean ridges (compared to the just
over ~300 sites that are already known, Beaulieu et al., 2013). Of these, itis
predicted that up to 200 sites remain to be discovered along intermediate-
spreading (55-80mm/yr) ridges, together with perhaps 200 more, cumulatively,
still to be found along fast and superfast ridge crests (spreading at >80mm/yr).
Most important for this study, however, is the complementary prediction that a
further ~400 vent-sites remain to be discovered (i.e. significantly more than have
ever been discovered to-date, worldwide) along mid-ocean ridges spreading at
<55 mm/yr full spreading rate (Beaulieu et al., 2015). Of these, the vast majority
(>300) are predicted to occur along the ~50% of the mid-ocean ridge crest that
spreads at 0-20 mm/yr or 20-40 mm/yr (Fig.12). This provides an interesting
convergence with an independent approach pursued by Hannington et al. (2011)
who analyzed a comprehensive data base for seafloor massive sulfide deposits
(active and inactive) and predicted that mid ocean ridges spreading at <40mm/yr
should host 86% of the cumulative tonnage of seafloor massive sulfides along

the global mid-ocean ridge crest (Fig.13).
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If we assume a pattern for slow- and ultraslow-spreading ridge-crests that follows
that for the central Mid-Atlantic Ridge we would predict that about half of the
>300 active vent-sites predicted to await discovery along ridges spreading at
<40mm/yr will occur under tectonic control — similar to the ten tectonic-hosted
active sites already identified between 8°S and 45°N on the MAR (Fig.7, Table
1). Further, all >150 of these tectonic sites would have the potential to host large
(>10,000m? area) seafloor massive sulfide deposits and, equally, all >150 such
sites would also have the potential to contain polymetallic sulfides enriched in Cu
and Au. Even this may represent a conservative estimate of the resource
potential for Earth’s slowest-spreading ridges, however, when one considers the
most recent discoveries in the field.

First, along the slow-spreading Mid-Atlantic Ridge, two magmatic sites — Lucky
Strike and Puy de Folles - have now been shown to exhibit anomalously large
SMS deposits (Fig.8a). Further, there is preliminary evidence (but the size of the
sample set is small) to suggest that the Puy de Folles system can also give rise
to high Cu grades in surficial sulfides at the seafloor (Table 1). Since there have
also been predictions that large volcanic constructs may recur more frequently on
the southern Mid-Atlantic Ridge (Devey et al., 2010), where spreading rates are
slightly elevated (30-40mm/yr) compared to the northern MAR, we recommend
continuing exploration along slow spreading (20-40 mm/yr) ridges as a potentially

highly rewarding area for future hydrothermal research.

Even more intriguing, however, is the case for ultraslow-spreading ridges. Based
on our (admittedly sparse) data-set for just three vent-sites, we have observed
that large seafloor massive sulfide deposits can occur on ultraslow ridges in
magmatic as well as tectonic settings. Further, the axial volcanic ridge settings
reported for the Loki’s Castle and Piccard sites do not resemble the large
volcanic constructs observed at Lucky Strike or Puy de Folles. Instead, they are

more similar to the geologic settings of the small-scale hydrothermal fields at
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Snake Pit and Broken Spur on the Mid-Atlantic Ridge which, in turn, are the most
closely comparable of all MAR sites to vent-sites on the fast-spreading East
Pacific Rise. An important question that arises, therefore, is: Can large seafloor
massive sulfide deposits be formed at magmatic as well as tectonic hydrothermal
fields along the ~25% of the global ridge-crest that is classified as ultraslow-
spreading? If so, the possibility exists that all hydrothermal fields along the Arctic
Mid Ocean Ridge (AMOR) system, as well as along the entire SWIR, could host
large seafloor massive sulfide deposits.

There is a further reason why the resource potential of ultraslow ridge
hydrothermal systems may have been underestimated until now. As discussed
previously (Section 3), on the slow-spreading Mid-Atlantic Ridge it is only at that
subset of tectonic hosted “black smoker” vent-sites where long-lived detachment
faults cause uplift of underlying mantle rocks to sufficiently shallow depths that
resultant vent-fluid chemistries give rise to anomalously copper- and gold-rich
surficial seafloor massive sulfides (Table 1). By contrast, ocean crust is
anomalously thin along all forms of ultraslow spreading ridge (John & Cheadle,
2010), whether they are normal, magma poor (with 30-50% of crustal extension
achieved through assymetric spreading along long-lived detachment faults), or
magma starved (in which case smooth seafloor terrain dominates). On the Mid
Cayman Rise, Kinsey & German (2013) have calculated that the entire Piccard
Hydrothermal Field could be deposited over a period of ~10ky if fluid circulation
were able to access and extract all of the heat available from just ~3.5-5.5km
along axis, at steady state. This calculation does not appear to be particularly
remarkable when, on a like-for-like basis, it has been estimated that
emplacement of the Rainbow hydrothermal field would require comparable levels
of heat extraction for >20km along-axis (German & Lin, 2004). What is intriguing
to consider in the context of this study, however, is that while the minimum
length-scales of fluid circulation required along-axis to sustain development of
large SMS deposits in magmatic settings at an ultraslow-spreading ridge-crest

may only be on the order of a few kilometers, the anomalously thin ocean crust

20



639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669

observed at ultraslow ridges means that fluid circulation may, nevertheless,
circulate to sufficient depth to interact with, and be influenced by, ultramafic

rocks.

Continuing work at all three of the ultra-slow spreading ridge vent-sites that have
been investigated to-date suggest that this may, indeed, be the case. At Loki's
castle, for example, it has been suggested that the longevity of venting
suggested by the sheer size of the seafloor massive sulfides observed may be
indicative of some long-lasting conduit beneath the axial volcanic ridge
(Pedersen et al., 2010). Similarly, studies at the Mid Cayman Rise have
determined that the Si contents of the vent-fluids from the Beebe Vents site are
most consistent with fluid circulation to a depth of 1.8km sub-surface which is
deeper than the anticipated thickness of basaltic/gabbroic ocean crust (Webber
et al., 2015). Consequently, hydrothermal systems formed at ultra-slow
spreading ridges may have the potential to host large seafloor massive sulfide
deposits, whether they are hosted in a magmatic or a tectonic setting. Further,
preliminary data from both the tectonic-hosted SWIR and the magmatic-hosted
Mid Cayman Rise sites (Table 2) exhibit moderately enhanced Cu concentrations
and extremely high concentrations of Au (Tao et al., 2011; Ye et al., 2012;
Webber et al., 2015). We can predict, therefore, that many other ultra-slow ridge
hydrothermal fields may have the potential to yield high Cu and Au

concentrations in surficial sulfide samples in either case.

Only continuing exploration will allow the hypotheses outlined here to be tested.
Of the 155 hydrothermal fields predicted to exist along ultra-slow ridges (Fig.12)
only 55 have been located (of which >50 still await first detailed seafloor
investigations) and another ~100 remain to be discovered. But while such a
hypothesis may be considered highly speculative in the modern day, we do note
that the past 20 years of exploration have helped to confirm what was once an
equally speculative hypothesis, also based on preliminary data-sets: that

tectonically controlled venting might be of importance along slow-spreading
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ridges (German et al., 1996). From that historic perspective we eagerly
anticipate what the future exploration of Earth’s slowest-spreading ridges might

bring!

6. Summary
+ Although the occurrence of hydrothermal activity along mid ocean ridges can be

predicted from spreading rate alone, not all venting at slow and ultraslow-
spreading ridges may be related, directly, to ridge-crest magma delivery rates.

» On the slow-spreading Mid-Atlantic Ridge, only half of the ~20 active sites that
have been investigated in detail are located at the centers of second order ridge
segments, in magmatic-hosted settings comparable to hydrothermal systems on
fast-spreading Mid Ocean Ridges. An approximately equal number of MAR
“black smoker” systems occur that are tectonic-controlled.

* Due to sustained fluid circulation along deep-penetrating and continuously
reactivated fault systems, tectonic-hosted vent-sites on slow spreading ridges
have the potential to host much larger seafloor massive sulfide deposits than are
formed in magmatic-hosted settings.

* In an important subset of tectonically hosted MAR systems where fluids interact
with ultramafic rocks, surface samples from the resulting SMS deposits are
particularly enriched in both copper (>10wt.%) and gold (>3ppm).

* Along ultraslow-spreading ridges, formation of large SMS deposits is also
predicted to occur in tectonic-hosted settings but formation of large SMS deposits
in magmatic-hosted settings may also be common.

* Because of the anomalously thin ocean crust typical along ultraslow-spreading
ridges, SMS deposits formed in both tectonic and volcanic settings on these
ridges may also be anomalously Cu- and Au-rich.

* It is predicted that more high temperature vent-sites remain to be discovered
along Earth’s slow and ultra-slow spreading ridges than have ever been
discovered worldwide, to date. The potential for future resource discovery along

Earth’s slowest spreading ridges is higher now than ever previously predicted.

22



701  Acknowledgements. Preparation of this review has benefitted from research
702  support to CRG, SP and MDH from the Woods Hole Oceanographic Institution,
703 USA, from GEOMAR and the Helmholtz Foundation, Germany and from NSERC,
704 Canada. The opportunity to discuss ideas and bring together our different

705  perspectives - from water column geochemistry and seafloor massive sulfide

706  studies - was facilitated by a Research Award from the Alexander von Humboldt
707  Foundation to CRG. We thank Dr Ed Baker and 2 anonymous reviewers for their
708  thoughtful and stimulating comments which helped to improve this contribution
709  still further.

710
711 References
712

713 Andersen, C., L.RUpke, J.Hasenclever, |.Grevemeyer & S.Petersen. Fault
714 geometry and permeability contrast control vent temperatures at the Logatchev 1
715 hydrothermal field, Mid-Atlantic Ridge. Geology 43, 51-54, 2015.

716 Bach, W., N.R.Banerjee, H.J.B.Dick, & E.T.Baker. Discovery of ancient and active
717  hydrothermal systems along the ultra-slow spreading Southwest Indian Ridge
718 10°-16°E. Geochem. Geophys. Geosys. 3, doi:10.1029/2001GC000279, 2002.

719 Baker, E.T. and H.B.Milburn. MAPR: A new instrument for hydrothermal plume
720 mapping. Ridge Events 8, 23-25, 1997.

721 Baker, E.T. & C.R.German. On the global distribution of mid-ocean ridge

722 hydrothermal vent-fields. In "The Thermal Structure of the Oceanic Crust and the
723  Dynamics of Seafloor Hydrothermal Circulation”, Geophysical Monograph 148,
724  245-266, 2004.

725 Baker, E.T., C.R.German and H.Elderfield. Hydrothermal plumes: global

726  distributions and geological inferences. In "Seafloor Hydrothermal Systems:
727  Physical, Chemical, Biological and Geological Interactions"”, Geophysical
728 Monograph 91, 47-71, 1995.

729 Baker, E.T., Chen, Y.J., Morgan, J.P., 1996. The relationship between near-axis
730  hydrothermal cooling and the spreading rate of mid-ocean ridges. Earth. Planet.
731  Sci. Lett. 142, 137-145.

732 Baker, E.T., Edmonds, H.N., Michael, P.J., Bach, W., Dick, H.J.B., Snow, J.E.,
733  Walker, S.L., Banerjee, N.R., Langmuir, C.H. Hydrothermal venting in magma
734  deserts: The ultraslow-spreading Gakkel and Southwest Indian Ridges.

735 Geochem., Geophys., Geosyst. 5, doi: 10.1029/2004GC000712, 2004.

736 Beaulieu, S.E., E.T.Baker, C.R.German & A.Maffei. An authoritative global
737 database for active submarine hydrothermal vent fields. Geochem. Geophys.
738  Geosys. 14, 4892-4905, 2013.

23



739 Beaulieu, S.E., E.T.Baker & C.R.German. Where are the undiscovered
740  hydrothermal vents on oceanic spreading ridges? Deep Sea Res., in press.

741 Cannat, M., F.Fontaine & J.Escartin. Serpentinization and associated hydrogen
742  and methane fluxes at slow spreading ridges. In “Diversity of Submarine
743  Hydrothermal Systems on Slow Spreading Ocean Ridges”, Geophysical

744  Monograph 188, 241-264, 2010.

745 Cave, R.R., C.R.German, J.Thomson & R.W.Nesbitt. Fluxes to sediments from the
746  Rainbow hydrothermal plume, 36°14’N on the MAR. Geochim. Cosmochim. Acta
747 66, 1905-1923, 2002.

748 Cherkashov, G., I.Poroshina, T.Stepanova, V.lvanov, V.Bel'tenev, L.Lazareva,

749  |.Rozhdestvenskaya, M.Samovarov, V.Shilov, G.P.Glasby, Y.Fouquet, &

750 V.Kuznetsov. Seafloor massive sulfides from the northern equatorial Mid-Atlantic
751 Ridge: New discoveries and perspectives. Marine Geores. & Geotech. 28, 222—
752 239, 2010.

753 Corliss, J.B., Dymond, J., Gordon, L.I., Edmond, J.M., Von Herzen, R.P.,
754 Ballard, R.D., Green, K., Williams, D., Bainbridge, A., Crane, K., Van
755 Andel, T.H. Submarine thermal springs on the Galapagos Rift. Science
756 203, 1073-1083, 1979.

757 Crawford, W.C., Singh, S.C., Seher, T., Combier, V., Dusunur, D., Cannat, M.
758  Crustal structure, magma chamber, and faulting beneath the Lucky Strike
759  hydrothermal vent field. In: “Diversity of Hydrothermal Systems on Slow
760  Spreading Ocean Ridges”. Geophys. Monogr. 188, 113-132, 2010..

761 deMartin, B.J., Canales, R.A.R., Canales, J.P., Humphris, S.E., 2007. Kinematics
762  and geometry of active detachment faulting beneath the Trans-Atlantic

763  Geotraverse (TAG) hydrothermal field on the Mid-Atlantic Ridge. Geology 35,
764  711-714.

765 de Ronde, C.E.J., E.T.Baker, G.J.Massoth, J.E.Lupton, I.C.Wright, R.J.Sparks,
766  S.C.Bannister, M.E.Reyners, S.L.Walker, R.R.Greene, J.Ishibashi, K.Faure,
767 J.A.Resing, G.T.Lebon. Submarine hydrothermal activity along the mid-

768 Kermadec Arc, New Zealand: Large-scale effects on venting. Geochem.
769  Geophys. Geosyst. 8, 10.1029-2006GC001495, 2007.

770 de Ronde, C.E.J., D.A.Butterfield, & M.l.Leybourne. Metallogenesis and
771 mineralization of intraoceanic arcs |: Kermadec Arc—Introduction. Economic
772  Geology 107, 1521-1525, 2012.

773 Devey, C.W., C.R.German, K.M.Haase, K.S.Lackschewitz, B.Melchert &

774  D.Connelly. The relationships between volcanism, tectonism and hydrothermal
775 activity on the southern equatorial Mid-Atlantic Ridge. In "Hydrothermal Activity
776  on Slow and Ultra-Slow Spreading Ridges", Geophysical Monograph 188, 133-
777 152, 2010.

778 Dias, A.S. & F.J.A.S.Barriga. Mineralogy and geochemistry of hydrothermal
779  sediments from the serpentinite-hosted Saldanha hydrothermal field (36°34’N;
780  33°26’W) at the MAR. Mar. Geol. 225, 157-175, 2006.

24



781 Edmonds, H.N., P.J.Michael, E.T.Baker, D.P.Connelly J.E.Snow, C.H.Langmuir,
782  H.J.B.Dick,, C.R.German & D.W.Graham. Discovery of abundant hydrothermal
783  venting on the ultraslow-spreading Gakkel Ridge in the Arctic Ocean. Nature
784 421, 252-256, 2003.

785 Fouquet, Y., P.Cambon, J.Etoubleau, J.L.Charlou, H.Ondreas, F.J.A.S.Barriga,
786  G.Cherkashov, T.Semkova, |.Poroshina, M.Bohn, J.P.Donval, K.Henry,

787  P.Murphy & O.Rouxel. Geodiversity of hydrothermal processes along the Mid-
788  Atlantic Ridge and ultramafic hosted mineralization: a new type of oceanic Cu-
789  Zn-Co-Au volcnogenic massive sulfide deposit. In “Diversity of Submarine
790 Hydrothermal Systems on Slow Spreading Ocean Ridges”, Geophysical

791 Monograph 188, 297-320, 2010.

792 Francheteau, J. et al. Massive deep-sea sulfide ore deposits discovered on the
793  East Pacific Rise. Nature 277, 523-528, 1979.

794 Gallant, R.M. & K.L.Von Damm. Geochemical controls on hydrothermal fluids from
795 the Kairei and Edmond hydrothermal fields, 23°-25°S, Central Indian Ridge.
796  Geochem. Geophys. Geosyst. 7, doi:10.1029/2005GC001067, 2006.

797 Gente, P. C.Mével, J.M.Auzende, J.A.Karson & Y.Fouquet. An example of a recent
798 accretion on the Mid-Atlantic Ridge: the Snake Pit neovolcanic ridge (MARK
799 area, 23°22’N). Tectonophysics 190, 1-29, 1991.

800 German, C.R. and L.M.Parson. Hydrothermal activity on the Mid-Atlantic Ridge: an
801 interplay between magmatic and tectonic processes. Earth Planet. Sci. Lett. 160,
802 327-341, 1998.

803 German, C.R. and J.Lin. The thermal structure of the oceanic crust, ridge-

804  spreading and hydrothermal circulation: how well do we understand their inter-
805 connections? In "The Thermal Structure of the Oceanic Crust and the Dynamics
806  of Seafloor Hydrothermal Circulation", Geophysical Monograph 148, 1-18, 2004.

807 German, C.R. and W.E.Seyfried Jr. Hydrothermal Processes. In: Holland H.D. and
808 Turekian K.K. (eds.) Treatise on Geochemistry, Second Edition, Vol. 8, pp. 191-
809 233, Oxford: Elsevier.

810 German, C.R., J.Briem, C.Chin, M.Danielsen, S.Holland, R.James, A.Jonsdottir,
811 E.Ludford, C.Moser, J.Olafsson, M.R.Palmer and M.D.Rudnicki, Hydrothermal
812 activity on the Reykjanes Ridge: the Steinahdll vent-field at 63°06'N. Earth
813  Planet. Sci. Lett. 121, 647-654, 1994.

814 German, C.R., L.M.Parson and the HEAT Scientific Team. Hydrothermal
815  Exploration at the Azores Triple-Junction: Tectonic control of venting at slow-
816  spreading ridges? Earth Planet. Sci. Lett. 138, 93-104, 1996.

817 German, C.R., E.T.Baker, C.A.Mevel, K.Tamaki and the FUJI Scientific Team.
818  Hydrothermal activity along the South West Indian Ridge. Nature 395, 490-493,
819 1998.

820 German, C.R., S.A.Bennett, D.P.Connelly, A.J.Evans, B.J.Murton, L.M.Parson,
821 R.D.Prien, E.Ramirez-Llodra, M.Jakuba, T.M.Shank, D.R.Yoerger, E.T.Baker,
822  S.L.Walker & K.Nakamura. Hydrothermal activity on the southern Mid-Atlantic

25



823 Ridge: Tectonically- and volcanically-controlled venting at 4-5°S. Earth Planet.
824  Sci. Lett. 273, 332-344, 2008.

825 German, C.R., E.Z.Ramirez-Llodra, M.C.Baker, P.A.Tyler & the ChEss Scientific
826  Steering Committee. Deep-water Chemosynthetic Ecosystem Research during
827  the Census of Marine Life decade and beyond: A proposed deep-ocean road
828 map. PL0S One 6, 23259, 2011.

829 Gracia, E., J.L.Charlou, J.Radford-Kndery and L.M.Parson. Non-transform offsets
830 along the Mid-Atlantic Ridge south of the Azores (38°N-34°N): ultramafic

831 exposures and hosting of hydrothermal vents. Earth Planet. Sci. Lett., 177, 89-
832 103, 2000.

833 Grevemeyer, |., T.J.Reston & S.Moeller. Microseismicity of the Mid-Atlantic Ridge
834 at 7°S-8°15’S and at the Logatchev Massif oceanic core complex at 14°40’N-
835 14°50’N. Geochem. Geophys. Geosyst., 14, doi:10.1002/ggge.20197, 2013.

836 Haase, K.M. et al. Young volcanism and related hydrothermal activity at 5°S on the
837  slow-spreading southern Mid-Atlantic Ridge. Geochem., Geophys., Geosystems
838 8, doi: 10.1029/2006GC001509, 2007.

839 Hannington, M.D., A.G.Galley, P.M.Herzig & S.Petersen. Comparison of the TAG
840 mound and stockwork complex with Cyprus-type massive sulfide deposits, in:
841 Herzig, P.M., Humphris, S.E., Miller, D.J., Zierenberg, R.A. (Eds.), Proceedings
842  of the Ocean Drilling Program, Scientific Results Vol. 158. Collage Station, TX,
843  pp. 389-415, 1998.

844 Hannington, M.D., de Ronde C.E.J. & Petersen, S. Sea-floor tectonics and
845 submarine hydrothermal systems. In: Hedenquist, J.W., et al. (eds), Economic
846  Geology 100™ anniversary volume, 111-141, 2005.

847 Hannington, M., Jamieson, J., Monecke, T., Petersen, S., Beaulieu, S. The
848 abundance of seafloor massive sulfide deposits. Geology 39, doi:
849 10.1130/G32468.1, 2011.

850 John, B.E. & M.J.Cheadle. Deformation and alteration associated with oceanic and
851 continental detachment fault systems: are they similar? In “Diversity of

852  Submarine Hydrothermal Systems on Slow Spreading Ocean Ridges”,

853  Geophysical Monograph 188, 175-206, 2010.

854 Kelley, D.S., Karson, J.A., Blackman, D.K., Frueh-Green, G.L., Butterfield, D.A.,
855 Lilley, M.D., Olson, E.J., Schrenk, M.O., Roe, K.K., Lebon, G.T. An off-axis

856 hydrothermal vent field near the Mid-Atlantic Ridge at 30 N. Nature 412, 145-149,
857  2001.

858 Kinsey, J.C. & C.R.German. Sustained, volcanically-hosted venting at an ultra-slow
859 ridge: Piccard hydrothermal field, Mid-Cayman Rise. Earth Planet. Sci. Lett. 380,
860 162-168, 2013.

861 Lalou, C., J.L.Reyss, E.Brichet, P.A.Rona & G.Thompson. Hydrothermal activity on
862 a 105-year scale at a slow-spreading ridge, TAG hydrothermal field, Mid-Atlantic
863 Ridge. J. Geophys. Res. 100, 17,855-17,862, 1995.

26



864 Lowell, R.P., A.Farough, J.Hoover & K.Cummings. Characteristics of magma-
865 driven hydrothermal systems at oceanic spreading centers. Geochem. Geophys.
866  Geosyst. 14, doi:10.1002/ggge.20109, 2013.

867 Marcon, Y., H.Sahling, C.Borowski, C.dos Santos Ferreira, J.Thal & G.Bohrmann.
868  Megafaunal distribution and assessment of total methane and sulfide

869  consumption by mussel beds at Menez Gwen hydrothermal vent, based on geo-
870 referenced photomosaics. Deep Sea Res. 75, 93-109, 2013.

871 McCaig, A., R.A.CIiff, J.Escartin, A.E.Fallick & C.J.MacLeod. Oceanic detachment
872  faults focus very large volumes of black smoker fluids. Geology 35, 935-938,
873  2007.

874 McCaig, A. & M.Harris. Hydrothermal circulation and the dike-gabbro transition in
875 the detachment mode of seafloor spreading. Geology 40, 367-370, 2012.

876 McDermott, J.M., J.S.Seewald, C.R.German & S.P.Sylva. Pathways for abiotic
877  organic synthesis at submarine hydrothermal fields. Proc. Natl. Acad. Sci., in
878  press.

879 Monecke, T., S.Petersen & M.D.Hannington. Constraints on water depth of massive
880 sulfide formation: evidence from modern seafloor hydrothermal systems in arc-
881 related settings. Economic Geology, 109, 2079-2101, 2014.

882 Murton, B.J., C.L.Van Dover & E.Southward. Geological setting and ecology of the
883  Broken Spur hydrothermal vent field. Geol. Soc. Spec. Publ. 87, 33-41, 1995.

884 Ondreas, H., Y.Fouquet, M.Voisset & J.Radford-Knoery. Detailed study of three
885 contiguous segments of the Mid-Atlantic Ridge, south of the Azores (37° to
886  38°30’N), using acoustic imaging coupled with submersible operations. Mar.
887  Geophys. Res. 19, 231-255, 1997.

888 Pedersen, R.B., Rapp, H.T., Thorseth, I.H., Lilley, M.D., Barriga, F.J.A.S.,

889 Baumberger, T., Flesland, K., Fonseca, R., Frueh-Green, G.L. & Jorgensen, S.L.
890 Discovery of a black smoker vent field and vent fauna at the Arctic Mid-Ocean
891 Ridge. Nat. Comm. 1, doi: 10.1038/ncomms1124, 2010.

892 Phipps Morgan, J. and Y.J.Chen, Dependence of ridge-axis morphology on magma
893  supply and spreading rate. Nature 364, 706-708, 1993.

894 Rona, P.A., Klinkhammer, G., Nelsen, J.A., Trefry, J.H., Elderfield, H. Black
895 smokers, massive sulfides and vent biota at the Mid-Atlantic Ridge. Nature 321,
896  33-37, 1986.

897 Schoolmeesters, N., M.J.Cheadle, B.E.John, P.W.Reiners, J.Gee & C.B.Grimes.
898 The cooling history and the depth of detachment faulting at the Atlantis Massif
899  oceanic core complex. Geochem. Geophys. Geosyst. 13,

900 doi:10.1029/2012GC004314, 2012.

901 Seyfried, W.E. Jr., N.J.Pester, K.Ding & M.Rough. Vent fluid chemistry of the
902 Rainbow hydrothermal system (36°N, MAR): Phase equilibria and in situ pH
903 controls on subseafloor alteration processes. Geochim. Cosmochim. Acta 75,
904 1574-1593, 2011.

27



905 Sinha, M.C. & R.L.Evans. Geophysical constraints upon the thermal regime of the
906 ocean crust. In "The Thermal Structure of the Oceanic Crust and the Dynamics
907 of Seafloor Hydrothermal Circulation", Geophys. Monogr. 148, 19-62, 2004.

908 Soule, S.A., D.J.Fornari, M.R.Perfit and K.H.Rubin. New insights into mid-ocean
909 ridge volcanic processes from the 2005-2006 eruption of the East Pacific Rise,
910 9°46’N-9°56’'N. Geology 35, 1079-1082, 2007.

911 Spiess, F.N., et al. East Pacific Rise: Hot springs and geophysical experiments.
912  Science 207, 1421-1433, 1980.

913 Tao, C.H., H.M.Li, W.Huang, X.Q.Han, G.H.Wu, X.Su, N.Zhou, J.Lin, Y.H.He &
914 J.P.Zhou. Mineralogical and geochemical features of sulfide chimneys from the
915 49°39’E hydrothermal field on the Southwest Indian Ridge and their geological
916 inferences. Chin. Sci. Bull. 56, 2828-2838, 2011.

917 Tao, C., J.Lin, Sh.Guo, Y.J.Chen, G.Wu, X.Han, C.R.German, D.R.Yoerger,

918 N.Zhou, H.Li, X.Su, J.Zhu and DY115-19 (Legs 1-2) and DY115-20 (Legs 4-7)
919 Science Parties. First active hydrothermal vents on an ultraslow spreading
920 center: SouthWest Indian Ridge. Geology 40, 47-50, 2012.

921 Van Dover, C.L., C.R.German, K.G.Speer, L.M.Parson & R.C.Vrijenhoek. Evolution
922 and Biogeography of Deep-Sea Vent and Seep Invertebrates. Science 295,
923  1253-1257, 2002.

924 Webber, A., S.Roberts, B.J.Murton & M.R.S.Hodgkinson. Geology, sulfide
925 geochemistry and supercritical venting at the Beebe Hydrothermal Field, Cayman
926  Trough. Geochem. Geophys. Geosyst. 16, 2661-2678, 2015.

927 Ye, J., X.Shi, Y.Yang, N.Li, J.Liu & W.Su. The occurrence of gold in hydrothermal
928 sulfide at Southwest Indian Ridge 49.6°E. Acta Oceanol. Sin. 31, 72-82, 2012.

929

28



930
931
932

933
934
935
936
937
938
939
940
941
942

943
944

945
946
947
948
949
950
951
952

953
954

955
956
957
958
959
960
961

Figure Captions

Fig. 1. Distribution of confirmed and inferred active submarine hydrothermal
fields, worldwide, along the global mid-ocean ridge system. Ridge segments that
have not yet been surveyed for hydrothermal activity are color-coded according
to five spreading-rate categories: ultraslow (0-20mm/yr full spreading rate); slow
(20-55mm/yr); intermediate (55-80mm/yr); fast (80-140mm/yr) and superfast
(>140mml/yr). The focus of this review falls primarily upon high-temperature
“black smoker” venting along the slow and ultra-slow ridges that constitute ~50%
of the cumulative length of the 60,000km global mid-ocean ridge axis, including a
continuous sequence from the Gakkel Ridge in the Arctic, via the Mid-Atlantic
Ridge and SW Indian Ridge to the Rodriguez Triple Junction, Central Indian
Ocean. Figure reproduced, with permission, from Beaulieu et al. (2015).

Fig. 2. Scatterplot of vent field frequencies (per 100 km strike length, Fs) versus
full spreading rate (weighted average mm/yr, us). Colored diamonds represent
cumulative data for 21 non-hotspot surveys of suitable length and type, binned
into 5 spreading rate categories. See Table 1 in Beaulieu et al. (2015) for
description of full data-set. Horizontal and vertical bars indicate ranges for
values from separate field-surveys considered within each spreading-rate data-
bin. Solid line shows modern, global, linear fit of vent field frequency to
spreading rate; dashed lines show 95% Cls. Figure reproduced, with permission,

from Beaulieu et al. (2015).

Fig. 3. Scatterplot of vent field frequencies (per 100 km strike length, Fs) versus
full spreading rate (weighted average mm/yr, us) for a series of 15 surveys
contributing to the global InterRidge vents-database at mid-ocean ridges with full
spreading rates that are either ultraslow (0-20mm/yr) or slow (20-55mml/yr). See
Table 1 in Beaulieu et al. (2015), for full data-set description. Dotted blue line
shows modern, global, linear fit of vent field frequency to spreading rate (cf
Fig.2). Dashed red line shows alternate trend corresponding to the original
correlation (after Baker et al., 1996) in which hydrothermal activity was predicted
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to fall to zero at zero spreading rate (i.e. at zero axial magma budget). Shaded
area shows plume survey data for three separate sections of the northern Mid
Atlantic Ridge [(A) 36-38°N; (B) 27-30°N; (C) 11-21°N] that either converge with
or depart positively away from the Baker et al. (1996) spreading rate model, all at

a near-constant spreading rate.

Fig. 4. a) Shipboard multibeam and b) TOBI deep-tow sidescan sonar data from
the axial valley high at the center of the second order ridge segment, 5°S Mid-
Atlantic Ridge that hosts the Turtle Pits hydrothermal field which is situated within
an ~18km? area of unfaulted and sheet-flow dominated lava flows (Reproduced,
with permission, from German et al., 2008). c) detailed ROV-based geologic
map of the Turtle Pits Hydrothermal field, showing high-temperature “black
smoker” venting and associated deposits directly associated with the extensive
young, un-sedimented and largely un-fractured lava flows that characterize the
summit of this ridge segment’s axial volcanic high (Reproduced, with permission,

from Haase et al., 2007).

Fig. 5. a) Cross sectional interpretation and b) 3D perspective view (from
shipboard multibeam bathymetry) to illustrate the location of the Rainbow
hydrothermal field within the non-transform discontinuity between two adjacent
second-order ridge segments of the Mid-Atlantic Ridge near 36°14’N. Black line
in 3D perspective view (b) represents location of cross-section shown in (a).
Fluid flow along the normal fault that defines the rift-valley wall at this location is
envisaged to represent the primary source for fluids exiting the Rainbow
hydrothermal field, which show evidence for water-rock interaction with both
gabbroic and ultramafic lithologies at depth (Reproduced, with permission, from
Cannat et al., 2010). c) detailed ROV-based high-resolution bathymetry of the
Rainbow site showing ten active “black smoker” vents aligned W-E, i.e.
orthogonal to the strike of the ridge-axis but sub-parallel to the trend of the cross-
cutting non-transform discontinuity. (Reproduced, with permission, from Seyfried
et al., 2011).

30



993
994  Fig. 6. a) multibeam bathymetric map of the Lucky Strike segment, 37°N Mid-
995  Atlantic Ridge showing the extensive volcanic construct at the center of the
996 segment with elevations that are so anomalously high as to be directly
997  comparable in depth to the bounding rift-valley walls. b) detailed ROV-based
998 geologic map of the Lucky Strike hydrothermal field showing the location of
999 active vents and associated deposits arranged around the perimeter of a lava
1000 lake situated at the center of the axial volcanic high. (Reproduced, with
1001  permission, from Humphris et al., 2002).
1002
1003 Fig. 7. Map showing the locations of 19 active high-temperature hydrothermal
1004 fields along the Mid-Atlantic Ridge, 8°S-45°N that have been investigated,
1005 visually, at the seafloor to determine their detailed geologic settings (Table 1).
1006  Yellow circles indicate tectonic settings and red circles indicate magmatic
1007  settings. Tectonic systems represent approximately half of all known high-
1008 temperature vent-sites identified to-date along the slow-spreading Mid-Atlantic
1009 Ridge.
1010
1011  Fig. 8. Histograms for 19 active high-temperature hydrothermal fields along the
1012  Mid-Atlantic Ridge, 8°S-45°N, showing: (a) estimated areal extent of seafloor
1013  massive sulfides at each site and (b, c) average surficial sulfide sample Cu and
1014  Au concentrations (where determined). Vertical dashed line in (b) denotes 10
1015 wt.% Cu; vertical dashed line in (c) denotes 3ppm Au. Data values are plotted
1016 from Table 1.
1017
1018 Fig. 9. Detailed ABE AUV-based map showing the locations of active venting
1019 and inactive sulfide deposits at the first vent-site to be located anywhere along an
1020 ultra-slow spreading ridge crest near 49°39’E on the SW Indian Ridge. Black
1021 lines show track lines of ABE dive #202; colored ellipsoids show seafloor areal
1022  coverage for active and inactive hydrothermal features detected from

1023  photographs = in situ sensors. Redrawn after Tao et al., 2012.
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Fig. 10. a) Perspective view (from SE) of shipboard multibeam bathymetry at the
eastern-most Mohns Ridge , Norwegian-Greenland Sea, showing the location of
the Loki’s Castle hydrothermal field (73°33’N, 08°09’E) at the rifted summit of an
~30km long axial volcanic ridge. Reproduced, with permission, from Pedersen et
al., 2010; b) High resolution multibeam bathymetry of the Loki’s Castle
hydrothermal field showing the two roughly circular and 2150m diameter
hydrothermal mounds that coalesce to form the full extent of the seafloor

massive sulfide deposits at this site (R.Pedersen, unpubl. data).

Fig. 11. a) High resolution bathymetry and b) detailed ROV-based geologic map
of the Piccard Hydrothermal Field, Mid Cayman Rise, showing the areal extent of
three actively venting hydrothermal mounds and four adjacent extinct seafloor
massive sulfide mounds (dark and light grey shading in right panel), all aligned
along a spur budding out from an ~15km long Axial Volcanic Ridge.

Reproduced, with permission, from Kinsey & German (2013).

Fig. 12. Plot showing number of active hydrothermal vent fields both known and,
as predicted by Beaulieu et al. (2015), that are yet to be discovered along Earth’s
mid-ocean ridges as a function of spreading rate. Stacked histogram represents
(blue) vent sites known prior to 2000, (red) vent sites discovered since 2000 and
(black) vent sites remaining to be discovered. Note that significantly more vents
remain to be discovered along slow and ultra-slow ridges spreading at <40mm/yr
full spreading rate, than are predicted to await discovery along fast and superfast

ridges combined (>80 mm/yr). Redrawn from Beaulieu et al. (2015).

Fig. 13. Expected distribution of seafloor massive sulfide deposits along the mid-
ocean ridges as a function of spreading rate. The proportion of massive sulfide at
different spreading rates is estimated from the lengths of ridge segments, deposit
density as a function of spreading rate, and expected sizes of the deposits

(Hannington et al. 2011). The large proportion of massive sulfide expected on
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slow- and ultra-slow spreading ridges reflects the cumulative length of the slow

ridges plus the large sizes of the known deposits that occur there.
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Table 1: Active High Temperature Vent Sites on the MAR (8°S-45°N)

Site

Moytirra
Menez Gwen
Bubbylon
Lucky Strike
Rainbow
Broken Spur
TAG

Snakepit

Puy des Folles
Logatchev 1
Logatchev 2
Semyonov 2
Irinovskoe
Ashadze 2
Ashadze 1
Red Lion
Comfortless Cove
Turtle Pits
Nibelungen

Latitude

45° 29'N
37° 50'N
37° 48'N
37°17'N
36° 14'N
29° 10'N
26° 08'N
23° 22'N
20° 30'N
14° 45'N
14° 43'N
13° 31'N
13° 20'N
12° 59'N
12 °58'N
04° 48'S
04°48'S
04° 49'S
08° 18'S

* Average concentrations in surficial seafloor sulfides, only.

Longitude

27° 51'W
31° 31'W
31° 32'W
32° 16'W
33° 54'W
43° 10'W
44° 49'W
44° 57'W
45° 39'W
44° 58'W
44° 56'W
44° 58'W
44° 54'W
44° 54'W
44° 52'W
12° 23'W
12° 22'W
12° 22'W
13° 30'W

Depth
(m)

3000
830
1000
1700
2300
3100
3670
3490
1960
2990
2700
2420
2770
3260
4088
3050
2996
2990
2905

Setting

Tectonic
Magmatic
Magmatic
Magmatic

Tectonic
Magmatic

Tectonic
Magmatic
Magmatic

Tectonic

Tectonic

Tectonic

Tectonic

Tectonic

Tectonic
Magmatic
Magmatic
Magmatic

Tectonic

Area
(m2)

<1000
<1000
<100
215000
30000
5000
30000
3000
30000
5000
1000
3000
10000
1000
5000
<100
<100
1000
<100

[Cu]*
(Wt.%)

tbd
1.75
tbd
5.37
12.43
4.78
7.51
5.18
13.07
22.51
17.39
21.00
11.20
14.14
14.21
2.90
2.50
6.60
17.30

[Au]*
(Ppm)

tbd
0.13
tbd
0.30
5.10
1.64
3.15
1.58
0.23
10.47
23.80
12.71
3.14
9.10
6.30
0.64
0.42
0.25
2.52
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Table
Click here to download Table: German_Table2.pdf

Table 2: Active High Temperature Vent Sites on Ultraslow-Spreading Ridges

Site  Latitude Longitude Depth Setting Area [Cul* [Au]*

(m) (m2) (wt.%)  (ppm)

49°39'E, SWIR 37°47'S  49° 39'E 2770 Tectonic 10000 1.90 4.00
Loki's Castle, MR 73°33'N  08° 09'E 2400 Volcanic 35000 tbd tbd

Piccard, MCR 18° 33'N  81°43'W 4960 Volcanic 15000 6.90 17.10

* Average concentrations in surficial seafloor sulfides, only.
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