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ABSTRACT

Hydrothermal circulation at mid-ocean ridge volcanic segments extracts heat from crustal
magma bodies. However, the heat source driving hydrothermal circulation in ultramafic out-
crops, where mantle rocks are exhumed in low-magma-supply environments, has remained
enigmatic. Here we use a three-dimensional P-wave velocity model derived from active-source
wide-angle refraction-reflection ocean bottom seismometer data and pre-stack depth-migrated
images derived from multichannel seismic reflection data to investigate the internal structure
of the Rainbow ultramafic massif, which is located in a non-transform discontinuity of the
Mid-Atlantic Ridge. Seismic imaging reveals that the ultramafic rocks composing the Rain-
bow massif have been intruded by a large number of magmatic sills, distributed throughout
the massif at depths of ~2—-10 km. These sills, which appear to be at varying stages of crys-
tallization, can supply the heat needed to drive high-temperature hydrothermal circulation,
and thus provide an explanation for the hydrothermal discharge observed in this ultramafic
setting. Our results demonstrate that high-temperature hydrothermal systems can be driven
by heat from deep-sourced magma even in exhumed ultramafic lithosphere with very low

magma supply.

INTRODUCTION
Exposures of mantle rocks are common along
mid-ocean ridges spreading at slow to ultraslow
rates (<55 mm/yr), especially in magma-poor
regions (e.g., Tucholke and Lin, 1994). Hydro-
thermal circulation at these sites produces serpen-
tine via the reaction of seawater with ultramafic
rocks (e.g., Allen and Seyfried, 2004), resulting
in fluids enriched in H,, CH,, and other abiogenic
hydrocarbons (e.g., Holm and Charlou, 2001).
Where exit-fluid temperatures are low (<100
°C), hydrothermal circulation can be sustained
by a combination of exothermic serpentinization
and heat mined from hot lithosphere (e.g., Allen
and Seyfried, 2004). However, a magmatic heat
source is required to explain hydrothermal cir-
culation at ultramafic sites where fluids exit the
seafloor at high flow rates and elevated tempera-
tures (>340 °C) and are enriched in CO, (Allen
and Seyfried, 2004), despite these systems being
located in settings away from neovolcanic zones
such as ridge-axis discontinuities (German et al.,
1996), rift valley walls (e.g., Ondreas et al., 2012),
and inside-corner highs (Okino et al., 2015).
While magma systems beneath volcanic-hosted
hydrothermal sites are well characterized (e.g.,
Singh et al., 1999), the heat sources that drive
high-temperature hydrothermal systems in ultra-
mafic settings have yet to be imaged. As a result,
we have no in situ constraints on the geometry of
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the subsurface circulation system, and an incom-
plete understanding of the relationship between
lithospheric accretion, extension and hydrother-
mal processes in ultramafic environments.

GEOLOGICAL SETTING

The Rainbow ultramafic massif is thought
to be an oceanic core complex (OCC) formed
by detachment faulting (Andreani et al., 2014)
within a non-transform discontinuity (NTD) of
the Mid-Atlantic Ridge (MAR; Fig. 1). The
massif hosts the Rainbow hydrothermal field
(RHF) (German et al., 1996), which vents flu-
ids enriched in CH,, H,, and Fe (diagnostic of
serpentinization; Holm and Charlou, 2001) at
high temperatures and flow rates (German et al.,
2010), indicating that a magmatic heat source
is present (Allen and Seyfried, 2004). However,
the tectonized setting of the NTD lacks signifi-
cant volcanic features (Andreani et al., 2014;
Eason et al., 2016; Paulatto et al., 2015). The
massif is largely covered by pelagic sediments,
but basement outcrops expose predominately
serpentinites, with sparse occurrence of plu-
tonic rocks and basalts (Andreani et al., 2014).
The presence of two inactive hydrothermal sites
(Ghost City and Clamstone; Fig. 1B) is inferred
from fossil evidence (Lartaud et al., 2010, 2011),
but neither of them shows evidence of past high-
temperature activity (Andreani et al., 2014).
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Figure 1. A: Regional bathymetry (Paulatto et
al., 2015) and layout of the seismic experiment
across the Rainbow non-transform discon-
tinuity (NTD) and neighboring segments.
Dashed white box shows location of maps
shown in B and Figure 2A. White dots—ocean
bottom seismometers (OBS); MCS—multi-
channel seismic. Inset shows location. B:
Bathymetry of the Rainbow NTD. Labeled
white lines are MCS profiles; black segments
show locations where sills have been imaged.
Triangles indicate hydrothermal sites. Closed
white contours locate areas of elevated sea-
floor magnetization (Paulatto et al., 2015).

NEW GEOPHYSICAL DATA AND
METHODS

To understand how magmatic and tectonic
processes give rise to high-temperature hydro-
thermal activity in an ultramafic setting we
conducted a geophysical investigation of the
Rainbow NTD and neighboring segments
using shipboard acoustic and potential fields
(Paulatto et al., 2015; Eason et al., 2016), and
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active-source seismic imaging. We used travel-
times of P-waves recorded by 43 ocean bottom
seismometers (OBSs) (Fig. 1A) using an itera-
tive technique to compute the three-dimensional
(3-D) P-wave velocity (Vp) structure (Dunn et al.,
2005). The 3-D tomography model was used to
depth migrate 2-D multichannel seismic (MCS)
reflection data collected with an 8-km-long
hydrophone streamer along 21 profiles (Fig. 1).
Details about the seismic modeling and process-
ing are given in the GSA Data Repository'.

RESULTS AND DISCUSSION

P-wave Velocity Structure

The 3-D tomography model shows large Vp
variations within the study area (Figs. 2A and
2B). The Rainbow massif is underlain by a cone-
shaped core of high-Vp mantle material that is
elongated in the northeast-southwest direction
(Figs. 2A and 2C). Above this core, the flanks
of the massif and adjacent nodal basins are char-
acterized by layers of low to moderately low Vp
(Figs. 2A and 2B) consistent with serpentinite
or high-porosity basalts. The lower velocities on
the flanks of the massif are most likely associ-
ated with highly serpentinized peridotites, based
on seafloor samples (Andreani et al., 2014).

Pre-Stack Depth-Migrated Images

Seismic reflection images reveal two pri-
mary types of events within the massif: reflec-
tors beneath both flanks of the massif that dip at
35°-45° away from the area where hydrothermal
venting is clustered near the summit of the mas-
sif (Fig. 2D), and short, subhorizontal reflectors
broadly distributed throughout the massif con-
fined between the northwest- and southeast-dip-
ping reflectors (Figs. 2C, 3, and 4A).

Nature of Dipping Reflectors
The dipping reflectors are associated with the

boundaries between the high-Vp core of the mas-
sif and the overlaying lower velocity layers (Fig.
2D). This indicates that the high-Vp core is sepa-
rated from the overlaying layers by sharp imped-
ance contrasts that may be produced by fault-
ing, alteration, or lithological contacts. In cross

section the dipping reflectors resemble normal

faults (Fig. 2D), but their depth extent (~5 km

below seafloor, bsf, below the adjacent nodal

basin in some instances; Fig. 2D) would require

the presence of exposed faults scarps on both

flanks of the massif with kilometer-scale vertical

throws. Because such scarps are not observed

!GSA Data Repository item 2017134, additional
information and images about the geophysical dataset,
tomography modeling and checkerboard tests, MCS
processing and interpretation, and details about cal-
culations of the energy balance of the Rainbow hydro-
thermal field, is available online at www.geosociety
.org/datarepository/2017 or on request from editing @
geosociety.org.
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Figure 2. A: Shaded topography of the Rainbow
non-transform discontinuity (NTD) colored
according to P-wave velocity variations rela-
tive to average of the study area (black line in
B) at 1 km below seafloor. Circled numbers
locate the one-dimensional P-wave velocity
(Vp) profiles shown in B. Other symbols as
in Figure 1B. B: Vp plotted against depth. C:
Perspective views of the Rainbow massif and
subseafloor seismic structure. Fence diagram
shows sill reflectors beneath both the active
Rainbow hydrothermal field (line 112) and the
inactive Clamstone and Ghost City sites (line
114), highlighted in the zoomed-in panel. D:
Line 110 shows prominent west- and east-dip-
ping reflectors coincident with large lateral
variations in seismic velocity. All seismic
images show reflectivity overlaid on Vp rela-
tive to average (red-blue color scale as in A).
White lines show the 7.3 (~20% serpentiniza-
tion) and 7.9 km/s (fresh peridotite) isovelocity
contours. V.E.—vertical exaggeration.

(Andreani et al., 2014; Paulatto et al., 2015), the
dipping reflectors most likely represent lithologi-
cal contacts, serpentinization fronts, or a combi-
nation of both. The cone-shaped high-Vp core
forms an inverted funnel that shoals beneath the
southwest flank near the summit of the massif
where hydrothermal activity is clustered (Fig.
2A), indicating that hydrothermal outflow zones
may be to some extent controlled by the subsea-
floor lithological and alteration structure.
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Figure 3. Close-up views of subhorizontal
reflectors interpreted as sills across the south-
west flank (line 108), center (112), and the
northeast flank of the Rainbow massif (116).
Dashed line locates the Rainbow hydrothermal
field (RHF). V.E.—vertical exaggeration.

Magma Sills Driving Ultramafic-Hosted
Hydrothermal Circulation

The subhorizontal reflectors occupy an area
of ~4.6 km x 8 km (Figs. 1B and 4A), and are
distributed within a depth range from ~2 to 10
km bsf (the majority are 3—6 km bsf; Fig. 4B).
Their appearance and geometry are very similar
to those of melt lenses imaged in young crust at
other spreading centers (e.g., Marjanovi¢ et al.,
2014; Nedimovic¢ et al., 2005), leading to the
conclusion that they represent magmatic sills.
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Figure 4. Distribution and characteristics of
sills. A: Three-dimensional distribution of sills
within the Rainbow massif shown against the
relative P-wave velocity (Vp) along profiles 106
and 119. Inverted triangle locates the Rainbow
hydrothermal field (RHF). V.E.—vertical exag-
geration. B: Histogram shows the distribution
of sill depth (bsf—below seafloor). C: Histo-
gram shows the distribution of sill length. D:
Vp and inferred degree of serpentinization
at the locations of the imaged sills. Values
<7.3 km/s may correspond to gabbro matrix
or >20% serpentinized peridotite. Values >7.3
km/s correspond to ultramafic rocks that are
<20% serpentinized.

8.0

The majority of them intrude material with Vp
> 7.5 km/s; this implies an ultramafic nature
with little or no alteration due to serpentinization
(<15%; Fig. 4C). Only a few sills are imaged
within material with Vp = 6.8-7.3 km/s, which
could correspond to 20%—40% serpentinite,
gabbros, or a mixture of both (Fig. 4C).

Our 3-D Vp model does not have the resolu-
tion to resolve the small-scale structure of indi-
vidual sills. However, the sills located closer to
the RHF are, in general, of larger dimensions
and have larger reflection amplitudes (relative to
surrounding reflectivity) than those located far-
ther away (Fig. 3). This, and the high tempera-
ture of the RHF fluids, thus suggests that the sills
located beneath the vent field are most likely
partially molten intrusions that provide the heat
to drive hydrothermal circulation, while the rest
of the sills are likely solidified. Our MCS data
can image both partially molten and solidified

intrusions because they are emplaced within a
high Vp matrix, and thus generate a negative
impedance contrast with their host rock (Figs.
2C, 4A, and 4D). The presence of low-Vp sills
may result in underestimation of the tomograph-
ically derived background Vp, but we quantify
this effect to be no more than 0.2 km/s (see the
GSA Data Repository').

Using previous estimates of heat flux and
duration of hydrothermal activity at the RHF
(see the Data Repository), we find that the
heat delivered by solidification of the imaged
sills could cumulatively support high-temper-
ature hydrothermal circulation for a period
of ~1600-3000 yr, which is ~7%-30% of the
total hydrothermal system lifespan (Cave et
al., 2002; Kuznetsov et al., 2006). These esti-
mates approximately double if additional heat,
released by crystallization of melt impregnat-
ing peridotites that is not accounted for in the
seismically imaged sills, is factored in (Table
DR3). By comparison, high-temperature dis-
charge at the longer lived, volcanic-hosted TAG
active hydrothermal field has been estimated to
occur during only 1%—-2% of the system lifes-
pan (Humphris and Cann, 2000). Our results
thus suggest that the RHF has a greater time-
averaged rate of hydrothermal discharge than
the TAG field, which may explain why the mas-
sive sulfide deposits at the RHF have structural
and mineralogical characteristics comparable to
those of the TAG field (Marques et al., 2007),
despite being a younger system.

Sill Intrusions in the Upper Mantle at NTDs
The lateral dimensions of the sills (a few hun-
dred meters to ~1400 m in length; the majority
are 200—400 m long; Fig. 4C) and the ultramafic
nature of the host rock that they intrude pres-
ent a scenario similar to the Moho transition
zone in ophiolites, where gabbroic sills that are
tens to hundreds of meters long and 0.1-100 m
thick intrude ultramafic host rock (Boudier et
al., 1996; Kelemen and Aharonov, 1998). Small
gabbroic bodies intruding ultramafic outcrops
are also observed along other portions of the
MAR (e.g., Dick et al., 2008), and if emplace-
ment is rapid enough and sustained over suf-
ficiently long periods of time, then thick gab-
broic crustal sections may be accreted (Grimes
et al., 2008). At the Rainbow massif, however,
the sills we image occupy 4.8-9.2 km® (assum-
ing a sill thickness of 80—150 m), which is only
1%—2% of the volume of the exhumed ultramafic
material (defined as material at depths <8 km
bsf and with Vp >7.3 km/s). This suggests that
sill emplacement at the Rainbow massif is slow
compared to OCCs with large gabbroic cores
(e.g., Grimes et al., 2008), perhaps because of
its location within an axial discontinuity.
Exhumation of OCCs involves flexural rota-
tion of the detachment footwall (Garcés and
Gee, 2007). Our observation of subhorizontal
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sills at the Rainbow massif thus implies that if
the massif was exhumed along a detachment
fault in a manner similar to that of other OCCs
(Andreani et al., 2014), then the sills must have
been emplaced after, or at the very end of, foot-
wall rotation and exhumation. This interpreta-
tion is consistent with the idea that exhumation
of an OCC is terminated by magma emplace-
ment into the footwall (MacLeod et al., 2009).
Alternatively, if sill emplacement has occurred
throughout the formation of the Rainbow massif,
our observations indicate that the massif has not
been significantly rotated during exhumation.
This scenario could be possible if the massif
was exhumed due to buoyancy forces resulting
from the volume increase associated with ser-
pentinization (O’Hanley, 1992). The tectonic
setting of the Rainbow massif, located within an
NTD, could result in different deformation and
exhumation mechanisms compared to OCCs
formed at segment centers or inside corners, but
we do not currently have enough information to
address this hypothesis.

Our experiment did not resolve a potential
low-Vp source region for the magmatic sills that
intrude the massif, a region that is commonly
observed beneath volcanic spreading segments
(Dunn et al., 2000). The source region for the
sills must thus either be deeper than the region
that our seismic tomography experiment can
resolve (>8 km bsf), or located within the neigh-
boring spreading segments (German and Parson,
1998), thus requiring lateral magma propagation.
The lack of a volcanic magnetization signature
on the massif (Paulatto et al., 2015) argues
against lateral emplacement of the sills, as do
the sill depths (~3—6 km bsf), because dikes
propagating laterally from a segment center into
an NTD are predicted to shoal toward the seg-
ment end and breach the seafloor (Behn et al.,
2006). The high-magnetization volcanic cones
and ridges located at the ends of the neighbor-
ing segments (Paulatto et al., 2015) (Fig. 1B)
probably mark the loci of maximum dike
propagation along these segments. The most
plausible magma source region is thus directly
beneath the massif, with melt migrating verti-
cally through the upper mantle into the NTD.
Our results thus provide compelling evidence
that deep-sourced magma can intrude exhumed
ultramafic lithosphere to drive hydrothermal cir-
culation even in highly tectonized regions with
low long-term magma supply.
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