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Abstract Rainbow is a dome-shaped massif at the 36°14’N nontransform offset along the Mid-Atlantic
Ridge. It hosts three ultramafic-hosted hydrothermal sites: Rainbow is active and high temperature; Clam-
stone and Ghost City are fossil and low temperature. The MoMARDREAM cruises (2007, 2008) presented
here provided extensive rock sampling throughout the massif that constrains the geological setting of
hydrothermal activity. The lithology is heterogeneous with abundant serpentinites surrounding gabbros,
troctolites, chromitites, plagiogranites, and basalts. We propose that a W dipping detachment fault, now
inactive, uplifted the massif and exhumed these deep-seated rocks. Present-day deformation is accommo-
dated by SSW-NNE faults and fissures, consistent with oblique teleseismic focal mechanisms and stress rota-
tion across the discontinuity. Faults localize fluid flow and control the location of fossil and active
hydrothermal fields that appear to be ephemeral and lacking in spatiotemporal progression. Markers of
high-temperature hydrothermal activity (~350°C) are restricted to some samples from the active field while
a more diffuse, lower temperature hydrothermal activity (<220°C) is inferred at various locations through
anomalously high As, Sb, and Pb contents, attributed to element incorporation in serpentines or microscale-
sulfide precipitation. Petrographic and geochemical analyses show that the dominant basement alteration
is pervasive peridotite serpentinization at ~160-260°C, attributed to fluids chemically similar to those vent-
ing at Rainbow, and controlled by concomitant alteration of mafic-ultramafic units at depth. Rainbow pro-
vides a model for fluid circulation, possibly applicable to hydrothermalism at oceanic detachments
elsewhere, where both low-temperature serpentinization and magmatic-driven high-temperature outflow
develop contemporaneously, channeled by faults in the footwall and not along the detachment fault.

1. Introduction

The high-temperature (high-T) Rainbow hydrothermal field is located on the western flank of the Rainbow
massif at 36°14’N along the Mid-Atlantic Ridge (MAR). The composition of venting fluids records seawater
interaction with an ultramafic substrate [German et al., 1996; Charlou et al., 1997; Fouquet et al., 1997]. Two
additional low-temperature (low-T), fossil hydrothermal sites, Ghost City and Clamstone, were found ~1-

2 km NE and E of Rainbow field, respectively [Lartaud et al., 2010, 2011]. The first ultramafic-hosted hydro-
thermal site to be discovered was Logatchev, located at 14°45'N on the MAR [Bogdanov et al., 1995]. Since
then, several inactive and active ultramafic-hosted sites have been identified along the MAR, including
Menez Hom at 37°9'N, Saldanha at 36°34'N, Lost City at 30°N, Semyonov at 13°30'N, Ashadze at 12°58'N,
and Nibelungen at 8.3°S [e.g., Barriga et al., 1998; Beltenev et al., 2007; Fouquet et al., 2010; Kelley et al., 2001;
Melchert et al., 2008; Ondréas et al., 2012]. Active and inactive sites, some also likely hosted on an ultramafic
basement, have been reported along the South-West Indian Ridge (SWIR) [e.g., German et al., 1998; Bach

et al.,, 2002], the Mid-Cayman ridge [German et al., 2010a], the Central Indian Ridge [Kumagai et al., 2008],
and the Arctic Ridges [Pedersen et al., 2010]. A site has also been found in a fore-arc setting in the Mariana
Trench, but with no evidence of active fluid venting (Shinkai Seep Field, 11°39'N-143°02'E) [Ohara et al.,
2012].

Three types of ultramafic-hosted hydrothermal sites can be distinguished based on their fluid characteris-
tics: (1) high-T hydrothermal sites with high-T (350-365°C) and low pH (<4) focused fluid flow venting from
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metal-rich sulfide chimneys, such as Rainbow, Logatchev, and Ashadze [Charlou et al., 2010]; (2) medium-T
hydrothermal sites with high pH (>9), less focused fluid flow venting from carbonate chimneys at T up to
90°C, such as the Lost City field located 15 km off axis and on ~1.5 Myr old terrains [Kelley et al., 2001, 2005;
Grimes et al., 2008]; and (3) low-T hydrothermal sites with diffuse and pervasive seepages, at apparently low
temperatures T (<30°C), and of unknown pH, such as Saldhana and Menez Hom [Barriga et al., 1998]. How-
ever, all vent fluids are strongly enriched in hydrogen (10-26 mM) and methane (1-3 mM) [Charlou et al.,
2002, 2010; Douville et al., 2002; Melchert et al., 2008; Fouquet et al., 20101, compared with their basalt-
hosted analogues.

The increasing evidence that ultramafic-hosted hydrothermal sites are common and abundant suggests that
mantle-seawater interactions contribute significantly to global chemical and heat exchanges between the
ocean and the lithosphere. These sites require active tectonic processes to exhume mantle rocks and sustain
fluid circulation. Numerous ultramafic-hosted hydrothermal sites are found in association with oceanic core
complexes [e.g., Escartin et al., 2008] where long-lived detachment faults are pathways for fluid flow, leading
to the establishment of focused high-T to low-T vents with increasing distance from the ridge axis [e.g., deMar-
tin et al,, 2007; Fouquet et al., 2010; McCaig et al., 2010]. Fluid circulation can be maintained for several million
years off axis through fractured detachment footwall [Hirose and Hayman, 2008; Tucholke et al., 2013].

While the chemistry of Rainbow fluids and associated hydrothermal deposits has been extensively studied
[Charlou et al., 2002; Douville et al., 2002; Konn et al., 2009; Seyfried et al., 2011], the structure, lithology, and
geodynamic origin of the Rainbow massif, which provide the setting for past and present hydrothermal
activity, are poorly constrained. Prior cruises (FLORES 1997, IRIS 2001, SEAHMA 2002) [Barriga et al., 1997;
Fouquet et al., 1998; Fouquet and IRIS Scientific Party, 2001; Barriga et al., 2003] focused on studying the
hydrothermally active area where ultramafic rocks and hydrothermal deposits have been sampled (Figure
1), indicating sulfide mineralization of a mafic nature that overprints the serpentinization of the peridotites
[Marques et al., 2007]. Together with fluid temperature and heat flux, this supports the contribution of an
intrusive magmatic unit to sustain present-day hydrothermalism [Douville et al., 2002; Marques et al., 2007;
Allen and Seyfried, 2004; German et al., 1996, 2010b]. Furthermore, the fluids seem to be influenced by a
magnetite-chlorite-talc buffer [Seyfried et al., 2011], more representative of the hydration of olivine-rich gab-
broic intrusions than that of peridotite.

The geological setting and history of the massif is critical to understand the nature and the distribution of
hydrothermal activity. A diapiric origin was originally proposed for this structure [Fouquet et al., 1998; Char-
lou et al., 2010]. Subsequently, Gracia et al. [1998, 2000] postulated a tectonic uplift associated with two
low-angle normal faults along the East and West flanks of the Rainbow and similar nontransform offset
(NTO) massifs in this area. The east dipping thin layer of old basalt described ~1 km east of the active area
by Fouquet et al. [1998] was later interpreted by McCaig et al. [2010] as an indication of detachment break-
away close to the top of the massif, with the detachment fault dipping to the west.

The rock sampling around the high-T vent field was too limited to document the interplay between the tec-
tonic evolution of the massif, the magmatic activity inferred from gabbroic intrusions, and the hydrothermal
activity. We present here a synthesis and interpretation of prior and newly acquired geological and tectonic
information at the massif scale. We also investigate the nature and conditions of hydrothermal circulation,
as recorded by the sampled rocks. These results are used to propose a revised model for the formation and
the tectonic framework of the Rainbow massif and to discuss the controls on the distribution and nature of
hydrothermal activity.

2. Geological Setting

The dome-shaped Rainbow massif is located at the center of a right-stepping NTO (Figure 1a) that separates
the AMAR and South AMAR ridge segments of the Northern MAR [Gracia et al., 2000]. This discontinuity is con-
tiguous to other NTO that extend south of the Azores, bounding ridge segments [Gracia et al., 2000] and
accounting for the overall oblique orientation of the ridge axis relative to spreading. The present-day full
spreading rate of this MAR in this region is ~21.5 mm/yr [Sloan and Patriat, 1992; Le Douaran et al., 1982].

The Rainbow massif hosts active and fossil hydrothermal sites, spanning more than 100 kyr [Kuznetsov et al.,
2006; Lartaud et al,, 2010, 2011], and documented at three sites. The active Rainbow field, located on the
western flank of the massif near its summit at 2300 m water depth (Figure 1), extends over a surface of
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Figure 1. (a) Bathymetric map of the Rainbow massif area with the locations of active and ancient hydrothermal sites, and available teleseismic data. The star indicates the location of
the active Rainbow hydrothermal field, while the square and triangle indicate the locations of the fossil Ghost City and Clamstone hydrothermal fields, respectively. (b) High-resolution
TOBI side-scan sonar map from Gracia et al. [2000] superposed on the bathymetric map. (c) Interpretative structural scheme of the Rainbow massif area. The black dotted area indicates
the position of TOBI data. (d) Microbathymetry of the massif area hosting the fossil and active hydrothermal sites [modified from Lartaud et al., 2010].

~200 X 100 m. It is hosted in serpentinized peridotites that crop out around the active site [Fouquet et al.,
1997; Barriga et al., 1997; Marques et al., 2006; Charlou et al., 2010]. This area is associated with a local posi-
tive magnetic anomaly [Dyment et al., 2005; Tivey and Dyment, 2010], which may result from magnetite pre-
cipitation associated with serpentinization or from the presence of magnetic iron sulfide in sufficient
quantities [Tivey and Dyment, 2010]. In contrast, basalt-hosted sites with high-T hydrothermal fluid circula-
tion undergo demagnetization of the substrate and are associated with negative magnetic anomalies [Tivey
et al,, 1993; Tivey and Johnson, 2002; Tivey and Dyment, 2010]. Sampled hydrothermal fluids are high-T
(>300°C), acid (pH ~2.8), and metal-rich with high chlorinity (>750 mM) [Douville et al., 2002; Seyfried et al.,
2011]. They present the highest abundances in REE and transition metals (particularly in Fe, Mn, Cu, Zn, Co,
and Ni) reported for a MAR hydrothermal vent field, including basalt-hosted systems [Fouquet et al., 2010].
The hydrothermal deposits, which are Cu-Zn-Co-rich [Marques et al., 2007], display ages suggesting active
venting for the last 23 = 1.5 kyr [Kuznetsov et al., 2006], with no constraints on whether this activity has
been continuous or discontinuous. Present-day flux estimates associated with this site yield water mass and
heat fluxes of up to 450 L/s and 0.5 GW, respectively, together with important chemical fluxes (e.g., 10 and
1 mol/s for Fe and CH,, respectively) [German et al., 2010b]. Based on thermal arguments, this major heat
flux requires heat mining from a large volume of axial crust, possibly extending several tens of kilometers
along axis [German et al., 2010b]. The location and the geometry of the heat source(s) are currently
unknown.

Two fossil hydrothermal sites have been recently identified, in close proximity to the active Rainbow field
(Figure 1). Ghost City, located 2 km NE of the Rainbow field, at a water depth of 2100 m, contains fossil
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gastropods and chemosynthetic clams in carbonate sediments, which have been dated at 110 = 0.9 kyr
[Lartaud et al., 2011]. In contrast to the active Rainbow field, fossil fluids are inferred to have been metal-
poor, and the site is associated with nearby peridotites and gabbros [Lartaud et al., 2011]. The second site,
Clamstone, located 2.5 km E of Rainbow, at a water depth of ~1980 m, is associated with serpentinized peri-
dotites dredged nearby. This site shows an abundant accumulation of shell-rich carbonates dated at 25 kyr,
and the inferred nature of the hydrothermal fluids that percolated through the sediments associated with
this site is similar to those from Ghost City [Lartaud et al., 2010]. These two sites display hydrothermal activ-
ity different in nature to that of the active Rainbow site, but very similar to that of Lost City [Lartaud et al.,
2010, 2011], for which the hypothesis of the serpentinization reaction sustaining hydrothermal convection
alone, with no magmatic heat supply, is still debated [Lowell and Rona, 2002; Allen and Seyfried, 2004;
Emmanuel and Berkowitz, 2006].

3. Methods

In addition to shipboard bathymetry (Figure 1a), the Rainbow massif was surveyed with the high-resolution
deep-towed TOBI side-scan sonar system (Figures 1b and 1c) during the 1994 HEAT cruise [German et al.,
1996]. These data were used to constrain the geomorphology and tectonic framework of the Rainbow mas-
sif, on which the first exhaustive and comprehensive geological study was carried out during the MoMAR-
DREAM oceanographic cruises in 2007 and 2008, onboard N/O Pourquoi Pas? and L'Atalante (IFREMER,
France), respectively. In situ sampling and observations were performed with the deep-sea submersible
Nautile and the remotely operated vehicle (ROV) Victor. Nautile conducted two geology-oriented dives dur-
ing the 2007 cruise (M7-PL4 and M7-PL10 tracks in Figure 2). ROV Victor conducted four geology-oriented
dives in 2008 that focused primarily on the active hydrothermal site (Figure 2). In situ sampling was comple-
mented by 29 dredges (14 in 2007 and 15 in 2008; supporting information Table S1). Based on shipboard
descriptions, the relative abundance of the lithologies recovered in dredges is shown in Figure 2, together
with dredge samples from previous cruises. A representative suite of rock samples was selected for subse-
guent petrological examination using thin sections and geochemical analyses.

Major and trace element concentrations, presented in Table 1, were determined for 14 serpentinized peri-
dotites, the dominant lithology encountered. These samples are representative of the different types of ser-
pentinized peridotites throughout the Rainbow massif. Major element contents were determined by
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES; Thermo Elemental IRIS radial) at the
SARM-CRPG (Nancy, France; http://helium.crpg.cnrs-nancy.fr/SARM/) after fusion with LiBO, and dissolution
with HNO3. Whole-rock minor and trace elements (Li, As, Sb, Co, Ni, Cu, Zn, Rb, Sr, Y, Cs, Ba, REE, Pb, Th, and
U) were analyzed at Géosciences Montpellier (University Montpellier 2, France) on a ThermoFinnigan
ELEMENT2 XR High Resolution (HR-)ICP-MS for all samples except for samples M7-PL10-7, M7-DR13-2,
M8-DR5-1 and M8-DR9-1 that were analyzed using an Agilent 7700X quadrupole ICP-MS. The analytical
procedure is described further in supporting information section S1 and Table S2.

Oxygen isotope compositions were determined on 14 representative bulk rock powders of serpentinized
peridotites throughout the massif (supporting information Table S4). Isotopic compositions were performed
at the Scottish Universities Environmental Research Centre (SUERC, UK) and are presented as o values in 9,
relative to the Vienna Standard Mean Ocean Water (V-SMOW). The precision and accuracy of the measure-
ments are =0.2%, (1) and NBS28 gives a '20 value of +9.6%,. Hydrogen isotope compositions were
measured on the same 14 serpentinized peridotite samples (Table S4). They are given as oD values in 9, rel-
ative to the Vienna Standard Mean Ocean Water (V-SMOW). Analytical precision of 6D is 39 (10) and
NBS30 gives a oD value of —659, relative to V-SMOW. See details of analytical methods in supporting infor-
mation section S2.

4, Results

4.1. Interpretation of Tectonic Framework From Available Geophysical Data

Bathymetry in Figure 1a suggests that, at its northern and southern tips, the massif is not structurally contin-
uous with the oceanic crust formed along the adjacent segments to the east and west, which displays
ridge-parallel abyssal hills. The summit of the massif is crosscut by a network of SW-NE trending fault scarps
visible in both sonar imagery and bathymetry (Figure 1), which are up to 2 km in length and highly oblique
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Figure 2. Location of dredges (DR) and dives (PL) done in the Rainbow massif area during the FLORES 1997 [Fouquet et al., 1998], IRIS 2001
[Fouquet et al., 2001], and MoMARDREAM (2007, 2008) cruises. The relative proportions of the recovered lithologies are illustrated in the
pie charts.

to the spreading direction. On the eastern flank of the massif these fault scarps generally dip to the SE,
while those on the western flank dip to the NW (Figures 1b-1d). Continuity and detailed geometry of scarps
are not well constrained from the sonar data due to track geometry and illumination, but the largest fault
scarps are discernible in the texture of the illuminated bathymetry and in the microbathymetry (Figures 1a
and 1d). Vertical throws, documented by in situ diving observations and local microbathymetry, are up to
~20-30 m [Lartaud et al., 2010]. The sonar data also shows unfaulted seafloor as being textureless and dis-
playing mainly low backscatter; we interpret this as sedimented seafloor. Minor patches with an irregular
texture and high backscatter likely correspond to mass-wasting structures along the flanks of the massif.

The rift valley floors of the ridge segments, SW and NE of the massif, are also well sedimented (low back-
scatter), displaying both small seamounts and hummocky textures typical of volcanic constructions [e.g.,
Smith and Cann, 1990]. There is no tectonic structure in the acoustic images marking the transition from the
flanks of the massif to contiguous rift valley floor. The bathymetry data show a clear break in slope (Figure
1), which is sharper on the western flank of the massif, with a more gradual transition on the eastern flank
(Figure 1a).

Seismicity provides constraints on the present-day tectonic framework and stress orientation in the area.
Seismic activity throughout the NTO (Figure 1a) is recorded both teleseismically between 1972 and the
present time (NEIC catalog) and from hydroacoustic monitoring between 1999 and 2002 [Smith et al., 2003].
Focal mechanisms for two teleseismic events in the area (Figure 1a) show extension oblique to the
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Table 1. Whole-Rock Chemical Analyses of Serpentinites From the Rainbow Massif

Cruise M7 M7 M7 M7 M7 M7 M7 M8
Sample M7-PL4-5 M7-PL4-6 M7-PL4-9 M7-PL4-14a M7-PL4-14b M7-PL10-7 M7-DR13-2 M8-DR5-1
Type of rock Serpentinite Serpentinite Serpentinite Serpentinite Serpentinite Serpentinite Serpentinized Serpentinized
peridotite peridotite

Petrographic Yellow-brown Orange-brown Mineralized  Orange-brown part ~ Green part Red alteration Few olivine Olivine and

observations alteration corona veins patches + carbonates relicts + carbonates +  Pyroxene relicts

around sample orange-brown veins
Location® Hydrothermalized Rainbow field Rainbow field Rainbow field
area

Lat 36.21 36.22 36.23 36.23 36.23 36.24 36.26 36.24

Long —33.90 —33.90 —33.90 —33.90 —33.90 —33.91 —33.89 —33.88
Major Elements (wt %)
SiO, 40.64 35.88 34.00 41.23 41.34 34.99 38.28 36.88
Al,O3 0.65 037 0.88 0.62 0.55 0.90 0.69 0.59
Fe20370t 9.28 7.10 19.74 6.08 6.14 9.44 7.30 7.16
FeOrot 835 6.39 17.76 5.48 5.53 8.50 6.57 6.44
MnO 0.12 0.08 0.13 0.07 0.07 0.09 0.16 0.09
Ca0 0.04 2.20 <d.l <d. <dl 1.49 0.18 2.96
MgO 34.54 37.51 31.51 37.80 38.27 36.06 39.28 37.20
K0 0.05 <d.. <d.. <d.. <d.. 0.02 0.02 0.05
Na,O 0.20 0.09 0.12 0.11 0.07 0.06 0.02 0.80
P,0s <d.d <d.l. 0.04 <d.l. <d.l. 0.04 0.03 0.04
TiO, 0.00 <d.l 0.02 0.00 0.00 0.02 0.01 0.00
Total 85.50 83.22 86.44 85.92 86.45 83.11 85.97 85.77
LOI 14.24 15.65 12.28 12.75 13.50 14.03 13.57 14.26
Fe?*0 3.50 2.39 7.68 2.86 2.77 1.82 1.30 3.06
Fe* /Feror 0.581 0.626 0.568 0.478 0.499 0.786 0.802 0.525
Trace Elements (ppm)
Co ppm 116 87 237 101 98 135 143 929
Ni ppm 2096 1889 2854 1786 1841 1519 2110 2012
Cu ppm 376 134 40.2 2.5 10.7 55.7 774 1.5
Zn ppm 128 4 1661 32 31 83 62 36
Y ppm 2327 0313 0.566 0.851 0.214 0.370 1.528 0.022
Pb ppm 1.998 0.018 0.100 0.477 0425 0.085 3.350 0.132
As ppm 5.76 <d.lL <d. <d.l <d. 21.23 2261 0.05
Sb ppm 0.129 0.167 0.117 0.232 0.060 0.680 0.350 0.010
Li ppm 7.30 0.42 0.09 9.85 10.10 0.57 2.16 1.17
Rb ppm 1.276 0.046 0.053 0.149 0.158 0.128 0.082 0.104
Cs ppm 0.078 0.003 0.002 0.008 0.009 0.003 0.004 0.020
Sr ppm 104 488.0 25 4.1 39 284.1 13.0 452.6
Ba ppm 0.863 1.863 0.297 0.508 0.712 1437 6.122 1.145
Th ppm 0.0054 0.0232 0.0321 0.0071 0.0097 0.0080 0.3270 0.0030
u ppm 0.346 0.588 0.681 0.694 0.501 0.831 1.050 1.091
La ppb 3143 77.8 20188.0 2493 207.7 93.0 1581.0 16.0
Ce ppb 883.0 121.8 17955.7 591.2 303.4 167.0 4916.0 340
Pr ppb 126.8 19.3 1032.6 749 325 19.0 336.0 4.0
Nd ppb 7282 89.6 23884 364.8 1349 84.0 1438.0 12.0
Sm ppb 2503 214 2222 127.0 31.0 19.0 300.0 3.0
Eu ppb 57.5 53 219 1309 1944 6.0 710 20
Gd ppb 3283 31.9 402.8 185.0 443 320 357.0 3.0
Tb ppb 533 5.1 30.2 287 6.1 6.0 52.0 0.0
Dy ppb 354.0 35.8 1154 175.6 39.0 47.0 3240 3.0
Ho ppb 61.0 84 17.3 30.8 7.1 12.0 65.0 1.0
Er ppb 194.7 26.7 73.8 771 21.0 40.0 189.0 4.0
Tm ppb 30.1 4.5 9.9 103 33 6.0 28.0 1.0
Yb ppb 192.7 349 67.1 62.5 249 51.0 176.0 13.0
Lu ppb 33.2 73 12.0 10.2 5.1 10.0 30.0 3.0
REE pattern Type 3 Type 3 Type 3 Type 1 Type 1 Type 3 Type 3 Type 1
Eu/Eu* 0.6 0.6 0.2 2.6 16.0 0.7 0.7 2.0
Isotopic Composition and Serpentinization Temperature (Ts) Estimates
9180 %o 273 3.24 0.77 3.14 37 39 4.6
oD % —60 —58 —55 -70 -72 —67 -71
Average Tsw® °C 220 206 289 210 195 191 177
Average THF¢ °C 408
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Table 1. Continued

Cruise M8 M8 M8 M8 M8 M8 M8
Sample M8-DR6-1a M8-DR6-1b M8-DR6-1c M8-DR6-3 M8-DR8-3 M8-DR8-4 M8-DR8-22
Type of rock Serpentinized Serpentinized Serpentinized Serpentinite Serpentinite Serpentinite Serpentinite
peridotite peridotite peridotite

Petrographic Almost fully Moderately Slightly Dunitic

observations serpentinized serpentinized serpentinized protolith

(few Pyroxene relicts) (Olivine and (Olivine and
Pyroxene relicts) Pyroxene relicts)

Location®

Lat 36.21 36.21 36.21 36.21 36.25 36.25 36.25

Long —33.89 —33.89 —33.89 —33.89 —33.87 —33.87 —33.87
Major Elements (wt %)
SiO, 3741 38.72 38.52 39.11 38.41 39.23 37.67
Al,O4 0.58 0.58 0.53 0.69 0.60 0.19 0.63
Fe20370t 7.08 7.23 7.37 7.20 7.90 8.41 8.42
FeOrot 6.37 6.50 6.63 6.48 7.1 7.57 7.58
MnO 0.10 0.09 0.11 0.04 0.06 0.05 0.08
Ca0 3.94 1.66 0.40 0.03 0.21 0.08 1.04
MgO 36.20 37.73 39.63 3840 38.30 38.78 37.29
K,O <d.l <d.l. <d.l <d.l. <d.l. <d.l. <d.l
Na,O 0.08 0.05 0.02 0.10 0.06 0.13 <d..
P,0s <d.. 0.05 0.06 0.04 <d.. 0.04 0.06
TiO, <d.. <d.. <d.l. 0.01 0.00 <d.. <d..
Total 85.39 86.11 86.64 85.61 85.55 86.91 85.19
LOI 15.44 13.08 1272 13.72 13.70 13.99 14.37
Fe?*0 2.72 335 3.77 1.40 1.95 2.09 2,07
Fe* /Feror 0.573 0.485 0.431 0.784 0.726 0.724 0.727
Trace Elements (ppm)
Co ppm 86 109 114 75 100 130 83
Ni ppm 1663 2023 2137 1790 1959 2119 1638
Cu ppm 1.0 15 13 8.7 15 0.6 44
Zn ppm 29 34 40 26 41 38 44
Y ppm 0.025 0.023 0.017 0.276 0.052 0.048 0.118
Pb ppm <d.. <d.l. <d.l. <d.. <d.l 0.074 0.030
As ppm 0.07 <d.l <d.L 1.72 1.45 3.25 0.07
Sb ppm 0.024 0.003 0.004 0.079 0.047 0.068 0.032
Li ppm 1.34 0.87 0.77 2.20 0.17 0.04 0.11
Rb ppm 0.058 0.083 0.061 0.061 0.030 0.036 0.008
Cs ppm 0.007 0.014 0.010 0.006 0.004 0.005 0.000
Sr ppm 14294 196.9 13 2.0 2.1 147 360.7
Ba ppm 2467 0.716 0.257 0.222 0.292 0.162 0.409
Th ppm 0.0020 0.0012 0.0009 0.0061 0.0001 0.0011 0.0002
u ppm 1.071 0.554 0.001 0.680 0.715 0.407 0.988
La ppb 109 7.7 74 116.7 16.4 335 225
Ce ppb 21.1 14.2 153 278.5 34.8 88.1 47.0
Pr ppb 20 14 13 322 43 8.2 5.5
Nd ppb 7.8 4.8 5.0 155.4 20.1 35.6 28.1
Sm ppb 15 1.2 1.2 36.1 5.0 6.4 7.6
Eu ppb 1.8 1.0 0.6 1023 221 109 26.1
Gd ppb 1.9 1.5 1.0 514 6.5 8.7 10.9
Tb ppb 0.2 0.2 0.1 6.9 1.1 1.1 2.1
Dy ppb 2.0 13 1.1 46.0 7.0 7.0 16.7
Ho ppb 0.8 0.6 0.5 9.4 1.5 13 4.0
Er ppb 4.1 38 3.0 29.8 6.1 4.4 16.8
Tm ppb 1.1 1.1 1.1 5.0 14 0.8 35
Yb ppb 137 14.1 1.7 36.8 143 73 335
Lu ppb 38 37 32 73 3.2 2.1 7.7
REE pattern Type 1 Type 1 Type 1 Type 1 Type 1 Type 1 Type 1
Eu/Eu* 33 2.2 1.5 73 11.8 4.5 8.8
Isotopic Composition and Serpentinization Temperature (Ts) Estimates
5180 2.59 122
oD %o —69 -59
Average Tsw® °C 224 266
Average THF¢ °C
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Table 1. Continued

Cruise M8 M8 M8 M8 M8 M8 M8
Sample M8-DR9-1a M8-DR10-13 M8-DR11-6 M8-DR12-1a M8-DR12-4a M8-DR13-1a M8-DR15-1b
Type of rock Serpentinite Serpentinite Serpentinite Serpentinite Serpentinite Serpentinite Serpentinite
Petrographic Carbonates + red Dunitic Mineralized Impregnated Yellow-green

observations alteration corona protolith + red texture alteration

around sample alteration veins yellow-green alteration
Location® Clamstone Hydrothermalized Ghost City Rainbow Rainbow stockwork Rainbow Rainbow
area stockwork stockwork stockwork

Lat 36.23 36.24 36.24 36.23 36.23 36.22 36.23

Long —33.88 —33.88 —33.89 —33.91 —3391 —33.92 —33.90
Major Elements (wt %)
Sio, 36.70 35.69 38.94 37.80 38.09 3863 39.38
Al,053 1.00 1.19 0.61 0.54 0.64 091 0.74
Fe,0370t 9.25 10.13 7.81 16.49 9.08 8.10 5.00
FeOrot 8.32 9.12 7.03 14.84 8.18 7.29 4.50
MnO 0.04 0.07 0.06 0.06 0.08 0.05 0.08
Ca0 0.15 3.24 0.17 0.07 <d.l. <d.. <d.l.
MgO 33.87 35.24 38.84 32.81 38.51 38.86 3932
KO 0.18 <d.L <d.l. 0.05 <d.l <d.l. <d.l.
Na,O 0.89 0.09 0.07 0.17 0.13 0.15 0.12
P,0s 0.02 0.04 0.04 0.02 0.04 0.03 <d.l.
TiO, 0.03 0.03 <d.. 0.03 0.01 0.02 0.01
Total 82.12 85.72 86.54 88.03 86.57 86.76 84.64
LOI 17.31 15.10 14.24 12.07 13.88 1413 16.55
Fe’T0 1.47 234 3.34 533 233 1.53 1.09
Fe*" /Fero: 0.823 0.743 0.525 0.641 0.715 0.790 0.758
Trace Elements (ppm)
Co ppm 61 108 94 98 98 43 72
Ni ppm 1430 1260 1783 2075 1574 1154 1903
Cu ppm 1.8 133 16.3 57.6 19.6 63.1 03
Zn ppm 29 41 64 53 171 71 37
Y ppm 0.099 0.452 0.148 0.125 0.920 1.066 0.058
Pb ppm 0.324 <d.l 0.526 0.308 0.155 0.046 0.043
As ppm 19.43 0.08 9.05 0.55 5.51 5.46 0.88
Sb ppm 0.640 0.046 0.129 0.140 0.055 0.064 0.037
Li ppm 2.04 0.48 1.58 14.78 0.11 0.44 0.10
Rb ppm 1.528 0.142 0.046 0.360 0.042 0.044 0.033
Cs ppm 0.172 0.008 0.002 0.014 0.004 0.002 0.002
Sr ppm 8.7 1217.7 29 12.6 19 2.2 19
Ba ppm 0.784 0.687 0.361 1.035 0.083 0.120 0.101
Th ppm 0.0430 0.0138 0.0015 0.0100 0.0137 0.0469 <d.l.
U ppm 0.493 0.930 0.722 0.281 0.692 0411 0.706
La ppb 36.0 754 55.2 555.0 140.2 270.2 634
Ce ppb 105.0 164.8 63.7 664.0 476.6 790.4 115.1
Pr ppb 15.0 19.3 9.3 55.0 65.5 107.9 8.7
Nd ppb 73.0 85.6 39.8 195.0 365.5 534.5 227
Sm ppb 21.0 26.5 6.0 35.0 102.3 1354 18
Eu ppb 6.0 13.8 20.1 23.0 428 62.8 13.2
Gd ppb 21.0 47.4 104 39.0 158.1 199.8 3.2
Tb ppb 4.0 8.8 14 4.0 234 29.6 0.4
Dy ppb 26.0 64.6 10.7 17.0 160.5 212.8 46
Ho ppb 5.0 15.5 2.8 4.0 31.2 41.7 1.7
Er ppb 15.0 53.2 12.0 13.0 96.0 129.2 9.2
Tm ppb 3.0 9.6 25 3.0 14.3 20.2 23
Yb ppb 20.0 75.2 225 21.0 96.9 141.3 226
Lu ppb 4.0 16.2 5.5 5.0 15.4 24.8 53
REE pattern Type 2 Type 2 Type 1 Type 1 Type 2 Type 2 Type 1
Eu/Eu* 0.9 1.2 7.7 1.9 1.0 12 16.6
Isotopic Composition and Serpentinization Temperature (Ts) Estimates
0180 %o 5.1 1.92 3.04 24 2.16
oD % —64 —62 -72 —55 —57
Average Tsw® °C 166 244 211 229 236
Average THF¢ °C 305

?Location corresponds to the coordinate of the central point of a dredge line (-DR) or to the exact position of sample collection during a dive (-PL).

PTsw is the average temperature of serpentinization calculated from the four available thermometers of Saccocia et al. [2009], Savin and Lee [1988], Wenner and Taylor [1971], and

Frith-Green et al. [1996], using seawater as the serpentinizing fluid (also see Table S1).

“THF is the average temperature of serpentinization calculated from the four available thermometers of Saccocia et al. [2009], Savin and Lee [1988], Wenner and Taylor [1971], and

Frith-Green et al. [1996], using a hydrothermal fluid as the serpentinizing fluid (also see Table S1).
<d.l. = below detection limit.
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Figure 3. In situ observations during dive M7-PL4 that explored a 6 km N-S transect south of the active Rainbow field. The distance to the
active site decreases from Figures 3a-3f. (a, b) Sediment cover with serpentinized peridotites outcropping at slope breaks. White-brown
deposits within serpentinite outcrops suggest a pervasive hydrothermal activity several km away from the active site, at least along west
dipping decametric cliffs (green stars circled in violet along M7-PL4 dive in Figure 2). This area is less extensively covered by sediment
than the southern part of the dive (yellow line with green or red stars on M7-PL4 dive in Figure 2). (c, d) N-S subvertical cliffs of ultramafic
rocks observed over 1.5 km south of the active field. They display both distributed (elongated metric blocks: Figure 3c) and localized (stri-
ated fault planes: Figure 3d) deformation structures. They both indicate an oblique displacement along these faults, probably extensive.
(e, f) Photographs of the active site showing hydrothermalized serpentinite blocks characterized by an (e) orange-brown alteration crust
and (f) active sulfide chimneys located on a steep, west dipping, slope.

spreading direction (~30°C clockwise), indicating important stress rotation likely associated with mechani-
cal coupling along this nontransform discontinuity [e.g., Grindlay and Fox, 1993]. The orientation of exten-
sion derived from the seismicity is also consistent with that of the oblique, extensional fault network
identified in the sonar images (Figures 1b and 1¢). Hydroacoustic events, corresponding to earthquakes of
magnitude 3-3.5 or higher [e.g., Smith et al., 2002], do not provide any information on stress orientations
but indicate that this area is tectonically active.

4.2, In Situ Observations From MoMARDREAM Cruises

Nautile dives M7-PL4 and M7-PL10 are ~6 km long and provide observations of the western flank of the
massif up to the active hydrothermal site (Figure 2). Observations confirm an extensive sedimentary cover
south and northwest of the active Rainbow site, down to the rift valley as previously deduced from TOBI
data. It considerably hinders geological observations and sampling of this region, which is thus limited to a
few outcrops at slope breaks (Figure 3a). Evidence of pervasive hydrothermal activity through the sediment
cover is suggested by the white and brown colors at ultramafic outcrops, likely corresponding to hydrother-
mal staining (Figures 3a and 3b), which are observed up to ~2 km south of the active field (violet outline
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Figure 4. Carbonate-cemented breccias and extrusive rocks. (a) Serpentinites enclosed in carbonate cement from the Clamstone fossil site. (b) Fresh basaltic glass, (c) more altered
basalts. (d) Epidosite sample: macroscopic sample and scanned thin section (45 X 30 mm; cross-polarized light).

around green stars in Figure 2). These hydrothermal markers coincide with steeper slopes and the occur-
rence of decametric west facing cliffs. Closer to the active field (<1.5 km south), ~20 m high subvertical
cliffs of ultramafic rocks display both distributed (elongated metric blocks; Figure 3c) and localized (striated
faults planes; Figure 3d) deformation. The active hydrothermal field lies above similar fault scarps, on a
steep slope partially covered by sediments (Figures 3e and 3f).

4.3. Occurrences and Petrography of Sampled Lithologies

A large variety of lithologies was recovered, including variously altered extrusive (basalt), plutonic (primarily
gabbroic rocks and diabase), and ultramafic residual mantle (serpentinized peridotite) rocks, in addition to
hydrothermal deposits, carbonates, and pelagic sediments (Figure 2).

4.3.1. Sediments and Carbonates

As observed during dives, the Rainbow massif displays a widespread cover of pelagic sediments. They can
be either soft (supporting information Figure S1a, inset) or indurated (Figure S1a) and lithified with a Mn
coating and bioturbations (Figure S1b) as in dredges M8-DR01, M8-DR03, M8-DR04, M8-DR09, and M8-
DR11.

Carbonates have been sampled together with ultramafic and magmatic rocks in dredges M8-DR11 and M8-
DRO9, at the Ghost City and Clamstone fossil vent sites, respectively. They have been described in detail by
Lartaud et al. [2010, 2011] as being poor in metals, and enclosing mussel shells and pelagic fossils, charac-
teristics of an ancient low-T, alkaline, hydrothermal activity (Figure S1c). The authigenic carbonate fraction
provided formation ages for the two serpentinite-hosted sedimented vent sites: U/Th dating yielded ~110
kyr for the Ghost City site [Lartaud et al., 2011] and '*C dating yielded ~25 kyr for the Clamstone site [Lar-
taud et al., 2010]. Carbonates are also observed cementing breccias (Figure 4a) of ultramafic and/or mag-
matic clasts (M8-DR09, M8-DR10, and M8-DR15).
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Figure 5. Examples of plutonic rocks from the Rainbow massif: (a) Coarse-grained gabbro-
norite. (b) Deformed gabbro. (c) Troctolite. (d) Thin section scan corresponding to the white
rectangle in Figure 5c. (e) Olivine gabbro (yellow-gray) displaying a sharp primary contact
with a serpentinized peridotite. (f) Thin section scan corresponding to the white rectangle in
Figure 5e. (g) Undeformed plagiogranite. (h) Plastically deformed plagiogranite. (i) Chromi-

tite. (j) Gabbroic veinlet crosscutting a serpentinized peridotite. Hbl = hornblende;
Mgt = magnetite; Ol. = olivine; Plag. = plagioclase; Px = pyroxene; Qz = quartz;
Ser. = sericite; Serp. = serpentine.

4.3.2. Magmatic Rocks

Dikes and volcanics are fine-
grained diabases and micro-
crystalline basalts with fresh
glass (Figure 4b) and rare milli-
metric vacuoles (Figure 4c), out-
cropping preferentially on the
northern and southern edges of
the Rainbow massif, and to the
NW, on the conjugate flank
across the nodal basin (Figure 2).
One epidosite has been col-
lected (dredge M8-DR10 in Fig-
ures 4d), indicating localized,
high-T fluid discharge on the
NE flank of the massif, away
from the major active site (vio-
let circle around M8-DR10 in
Figure 2). Only very minor
occurrences of extrusive rocks
occur at the massif center; in
two MoMARDREAM dredges
(M8-DR13 and M8-DR15) and
near the Clamstone site during
previous dives (FLORES cruise)
[Fouquet et al., 1998], represent-
ing less than 10% of the col-
lected rocks (Figure 2).

Mudfic plutonic rocks were found
in six MOMARDREAM dredges,
and along Nautile dive track
M7-PL10. They are troctolites
(Figures 5c and 5d), olivine gab-
bros (Figures 5e and 5f), gab-
bros, and gabbronorites
(Figures 5a and 5b) and are
associated with serpentinized
peridotites throughout the core
of the massif (Figure 2), except
in dredge M8-DR01 where they
are exclusively associated with
extrusive rocks. Sharp primary
contacts between serpentinized
peridotites and gabbros (Figure
5e) or gabbroic veins (Figure 5j)
are observed, especially in
dredge M8-DR08. The bulk of
these rocks are undeformed,
but some gabbros show plastic

deformation of pyroxenes, and there are some ductile to brittle deformation bands in the greenschist facies
(Figure 5b). Samples with more than 90% chromite (Figure 5i) were recovered in dredge M8-DR08, some-
times in sharp contact with highly altered mantle rocks. Dredge M8-DR01 recovered three granite and pla-
giogranite samples (Figures 5g and 5h) displaying variable textures, from macrocrystalline magmatic
textures (Figure 59g) to plastically deformed textures exhibiting quartz ribbons that result from high-T solid-
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Figure 6. Examples of mantle rocks from the Rainbow massif: (a) serpentinized harzburgite, (b) serpentinized harzburgite collected at the
active Rainbow field (Figure 3e) and displaying an orange-brown alteration crust, (c) serpentinized dunite crosscut by white carbonate veins,
(d) highly serpentinized impregnated harzburgite with orange-brown alteration, (e) mylonitic peridotite with relicts of plastically deformed
pyroxene (inset), altered to a serpentine and chlorite assemblage, highly enriched in magnetite, (f) foliated serpentinite displaying a first stage
of plastic deformation, recorded by elongated pyroxene phenocrysts, and overprinted by a second deformation stage in the semibrittle field
of serpentine-chlorite, (g) foliated serpentinite showing slickensided surfaces formed by localized syntectonic crystal growth of chlorite-
serpentine, (h) foliated serpentinite deformed in the semibrittle field. Foliation is mainly highlighted by chlorite and serpentine.

state deformation (Figure 5h). Plutonic rocks are variably altered under greenschist-facies conditions, with sec-
ondary assemblages dominated by actinolite and chlorite. Olivine-poor lithologies are well preserved from ret-
rograde metamorphism, which mainly occurs as a slight albitization of plagioclase. Contact with serpentinized
peridotite seems to locally enhance gabbro alteration marked by sericite formation after feldspars (Figure 5f).
Gabbroic veins present a partial amphibolite-facies recrystallization of pyroxene to hornblende (e.g., Figure 5j,
inset), overprinted by greenschist-facies minerals (mainly chlorite and actinolite). Where present, olivine is the
most altered mineral. It is partially replaced by serpentine and magnetite (Figures 5d and 5f), which
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contributes, together with feldspars, to the relatively higher alteration degree of troctolites. In chromitites,
chromite is almost fresh (Figure 5i; Cr# (Cr/(Cr + Al)) atomic ratio = 0.51; supporting information Table S3)
while plagioclase is fully replaced by chlorite. Granitoids have undergone the least alteration.

4.3.3. Mantle Rocks

Mantle rocks form the most abundant rock type sampled. They are highly serpentinized, with very variable
textures. They occur throughout the massif, except in the extreme south (Figure 2). We have primarily recov-
ered harzburgites (Figures 6a and 6b), and to a lesser extent dunites (Figures 6¢c and 6d). Some samples are
crosscut by gabbroic veins (e.g., Figure 5j) or irregular gabbroic intrusions, which are altered to greenschist-
facies assemblages (tremolite-talc-chlorite, e.g., Figure 6d). Mylonitic peridotites displaying evidence of an
early phase of plastic deformation, recorded by pyroxene phenocrysts, have been sampled in dredges M8-
DR06 and M8-DR15 (Figures 6e and 6f). Plastic deformation is overprinted by hydrated phases, mainly serpen-
tine and chlorite. Sample M8-DR15-08, located very close to the active hydrothermal site (Figure 2), is also
highly enriched in magnetite, pyrite, and hydrogarnet (Figure 6e, inset). Dredges M8-DR06 and M8-DR12
recovered serpentinites displaying cataclastic deformation and syntectonic growth of serpentine-chlorite
assemblages (Figure 6h). Serpentinites observed and collected on N-S fault scarps during dive M7-PL4 (Figures
3c and 3d) show slickenside surfaces, indicating shear localization mainly accommodated by syntectonic crys-
tal growth of serpentine (Figure 6g) or of chlorite-serpentine-tremolite =+ talc assemblages (Figure 7f).

Peridotite is the most altered lithology, with most of the samples displaying undeformed primary textures
overprinted by static serpentinization textures (mesh and bastite textures; Figures 7a and 7b) and late vein-
ing (e.g., chrysotile veins; Figure 7a). Serpentinites are commonly green to yellow-green (Figures 5e, 6a-6d,
and 7g), with a few relicts of primary minerals (Figures 7a and 7b). Clinopyroxene is uncommon in the stud-
ied sample, and is unaffected by hydration. The least serpentinized samples, referred to as serpentinized
peridotites in Table 1, come from locations where peridotites were not associated with intrusive lithologies
(M8-DR05 and M8-DR06). Some samples coming from the high-T hydrothermal vent field area (Figure 2)
show an orange alteration forming either a crust or pervasive veinlets (orange serpentinites, e.g., Figures 3e
and 6b). This alteration is similar to the orange-brown alteration pattern often observed in partially or fully
serpentinized samples all over the massif (orange-brown serpentinites, e.g., Figures 6d and 7g), especially
those containing carbonates. Red, hematite-rich alteration coronas, or red iron-rich patches disseminated
around olivine relicts when present, can also be observed in some samples (Figures 7g and 7h). Serpentini-
zation textures can either be crosscut by late Ca-rich carbonate veins (Figure 6c), or be more pervasively car-
bonated (Figures 7c-7e), with carbonate precipitation along magnetite veinlets (Figure 7d) and the
formation of Ca-rich, Si-Mg-poor metasomatic zones in mesh textures (Figure 7e). Carbonates are also
observed on localized fault planes where they separate the previously grown fibrous minerals (Figure 7f).

In addition to sulfide deposits and chimneys (Figure 8a), the active hydrothermal site and its stockwork are
characterized by Si-enriched (steatite type; Figure 8e) and mineralized serpentinites (Figures 8b-8d). The lat-
ter are collected over a large area, extending up to ~2 km south and west of the active vent field (violet
outline and stars in Figure 2: M7-PL4, M8-DR12, M8-DR13, and M8-DR15). Similar samples were also found
~5 km to the northeast in dredge M8-DR10. These high-T hydrothermal samples were recovered along a
NE-SW profile, parallel to the oblique structures (faults and fissures visible in the bathymetry and sonar
imagery, Figure 1). This high-T hydrothermal stage of serpentinite alteration overprints the previous pseu-
domorphic serpentinization textures (Figures 8f-8i). It is characterized by millimetric to micrometric sulfide
mineralization disseminated within the samples (Figures 8b-8d and 8g-8i). It can be associated with partial
recrystallization of serpentine textures to a Fe-enriched serpentine (pleochroic brown-green phase in Figure
8f, and light gray in Figure 8g) that forms a corona around serpentinized pyroxene, or by the development
of a highly porous mesh texture enriched in sulfides (Figures 8g-8i). The latter is a texture of serpentine cor-
rosion that has already been described by Marques et al. [2007] within the serpentinite stockwork of semi-
massive sulfide rocks from the Rainbow vent field. Sulfide precipitations tend to localize along fibrous shear
zones and faults planes, when present (Figure 8i).

4.4. Geochemistry of Serpentinites

4.4.1. Major Elements and Metals

Whole-rock major element compositions of the sampled serpentinized peridotites (Table 1) plot in the field
of refractory abyssal peridotites (Figure 9a), except for their iron content. The Rainbow serpentinites display
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Figure 7. (a, b) Photomicrograph of a scanned thin section (45 X 30 mm; cross-polarized light) of partially serpentinized peridotites. (a)
Pyroxene can be relatively preserved from hydration, (b) while olivine relicts are usually scarce. (c) Photomicrograph (cross-polarized light)
of a serpentinized and carbonated peridotite, with location of Figure 7d. (d) Backscattered SEM image of the carbonated serpentinite in
Figure 7c. Carbonates develop as massive veins and scattered grains within the mesh texture of serpentinization. Mgt = magnetite. (e)
Backscattered SEM image of the carbonated serpentinite in Figure 7¢c, showing the pervasive Ca-metasomatism associated with the carbo-
nation process. (f) Photomicrograph (cross-polarized light) of a foliated serpentinite collected on N-S fault scarps during dive M7-PL4 (Fig-
ures 3c and 3d) and showing slickensided surfaces formed by localized syntectonic crystal growth of chlorite-serpentine-tremolite, plus
talc. Carbonates precipitate within the fibrous fault plane. (g) Red alteration corona, rich in iron, around olivine relicts, with location of Fig-
ure 7h. (h) SEM-EDS image of iron relative content of the serpentinite sample in Figure 7g, highlighting the iron-rich coronas (white)
around olivine relicts (gray). Carb. = carbonate; Mgt = magnetite; Ol. = olivine; Serp. = serpentine.

highly variable iron content (FeOo, = 6.37-17.76 wt %; Figure 9b). Most of the Fe-rich samples plot within
the field of impregnated abyssal peridotites defined by ODP Leg 209 samples from Sites 1270 and 1271
[Paulick et al., 2006]. Three serpentinites (M8-DR10-13, M7-PL4-09, and M8-DR12-1a) plot outside this field
(Table 1 and Figure 9b). They were located near and within the stockwork of the active hydrothermal site.
Samples M7-PL4-09 and M8-DR12-1a contain abundant sulfide (Figures 8f-8i). M7-PL4-09 is the most

ANDREANI ET AL.

©2014. American Geophysical Union. All Rights Reserved. 3556



@AG U Geochemistry, Geophysics, Geosystems 10.1002/2014GC005269

M8-DR12-13
O 01 |||uuuu“uw\umlwmw'::,\!"‘.“”\IIHINIL"NI'”‘\"-

M8-DR12-13 3 4 5 g 7 8 9 w=n B M?

M8-DR10-11
H!I!IIHIIHF'”HIIIIIIf||||HII|||||||I|Il|||||IIII|lI!I|IlIl1III1|lI1lllllllll!lll!\\‘,:" i
c e ~ - — s "

.

Figure 8. Hydrothermalized samples from the Rainbow vent field area: (a) cross section of sulfide chimneys; (b-d) mineralized serpentinites characterized by sulfide veinlets; (e) silicified
serpentinites from the Rainbow stockwork; (f) photomicrograph of a pervasively mineralized serpentinite characterized by the occurrence of an iron-rich corona around serpentinized
pyroxenes. (g) SEM image of millimetric to micrometric sulfide mineralizations disseminated within the sample in Figure 8f. (h, i) Photomicrographs of a pervasively mineralized serpen-
tinite characterized by localized sulfide precipitation within (h) pseudomorphic textures or (i) along fracture planes.

mineralized serpentinite, and the richest in other metals, especially Zn (1661 ppm), and, to a lesser extent,
Co (237 ppm) and Cu (40 ppm). Some samples from regions where evidence of hydrothermalism have been
observed (violet outline and stars in Figure 2) also tend to show higher contents of Cu or Zn (e.g., M8-DR12-
4 and M8-DR13-1 with Cu > 19.5 ppm and Zn > 70 ppm) but this enrichment in metals is not systematic
(e.g., M8-DR15-1 or M8-DR10-13). This is also true for the samples collected in the immediate vicinity of the
Rainbow hydrothermal vent field (e.g., samples M7-PL4-14, upper right corner of Figure 3e). These serpen-
tinites were grouped according to their degree of mineralization and metal content, from the most
depleted to the most metal-enriched, as serpentinites (Sp), stockwork serpentinites (Sw), and semimassive
sulfide serpentinites (SMS) [Marques et al., 2007] (Figure 10). The composition of our serpentinites overlaps
the fields of nonmineralized and, to a lesser extent, stockwork serpentinites (Sp and Sw, Figure 10). Overall,
our samples are depleted in Cu and Zn compared to those analyzed by Marques et al. [2007], with the nota-
ble exception of M7-PL4-09. They represent the least mineralized and depleted end-member composition
of the basement of the Rainbow hydrothermal field.

Loss on ignition (LOI; Table 1) of analyzed serpentinites ranges from 12 to 17 wt %. LOI greater than 13-14
wt % is indicative of the variable development of a late clay-rich alteration or carbonation in addition to an
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MgO (an. wt%) 4.4.2. Rare Earth Elements

(REE)
Figure 9. Bulk rock composition of the selected serpentinites collected in the Rainbow mas- Chondrite-normalized REE pat-
sif: (a) MgO/SiO, versus Al,05/SiO,, and (b) FeOro, versus MgO. Compositions are recalcu- terns of serpentinized perido-

lated on a volatile-free basis (an. wt %). FeOr., stands for total FeO content. The terrestrial
array on Figure 9a is from Jagoutz et al. [1979] and Hart and Zindler [1986]. In Figure 9b,
dashed gray lines are iso-Mg# lines for Mg# = 100 X Mg/(Mg + Fe) cationic ratio while the together with the compositions
thick gray line represents the stoichiometric variations of olivine Fe-Mg composition. of seawater, Rainbow vent fluids,

tites are shown in Figure 11

and previously analyzed Rain-

bow serpentinites [Douville et al.,
2002; Marques et al., 2007]. Our serpentinite samples have depleted and variable REE compositions compared
to the previously published data for Rainbow. Europium anomalies (Eu/Eu*; Table 1) are also variable (0.2—-
16.6) and can be similar to or higher than that of seawater (0.6-1) and of Rainbow vent fluids (~40).

Three types of REE patterns were identified (Table 1 and Figure 11):

Type 1 patterns represent the majority of the samples. They are U-shaped to flat, ranging from the most
depleted to the most enriched samples. Type 1 serpentinites have positive Eu anomalies (1.5-16) and
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1000000 T T display various degrees of LREE
Marques et al., 2007 :