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ABSTRACT 

Slow-spread oceanic crust is thinner and more heterogeneous than fast-spread oceanic crust. These 

features of the slow-spread oceanic crust affect how sulfides differentiate during magmatic processes and 

how metals are transported between the mantle and the ocean floor. In order to better understand sulfide 

differentiation in slow-spreading ridges we investigated igneous rocks from oceanic core complexes 

(OCC). There, not only volcanic but also plutonic rocks are exposed on the ocean floor. We selected two 

of the most extensively sampled OCCs to compare between settings with relatively high (Atlantis Bank 

OCC located at 57°E along the Southwest Indian Ridge) and relatively low (Kane Megamullion OCC 

located at 23°N along the Mid-Atlantic Ridge) magma supply. Due to high magma supply in Atlantis 

Bank, large gabbroic bodies can develop and sulfides differentiate mostly through fractional 

crystallization. Sulfides fractionate early and thus tend to accumulate at the lower part of gabbroic bodies. 

The lower parts of gabbroic bodies are by ~50% enriched in Cu and by ~100% enriched in S with respect 

to the upper parts. In addition, gabbro bodies located deeper in the crust are enriched in chalcophile 

elements with respect to shallower gabbro bodies. Both the facts are consistent with MORBs having 

sulfur concentrations above sulfide saturation during their ascent through the slow-spread lower crust 

with high magma supply. In contrast where magma supply is low as is the case for Kane Megamullion, 

sulfides typically differentiate through melt-mantle reaction. This process may be global, but it becomes 

increasingly significant at ridge segments with low magma supply and thin crust, where the melt-mantle 

reaction can proceed to very shallow depths. Melt-mantle reaction leads to high sulfide enrichment at the 

contacts of gabbro and peridotite. The crust-mantle transition zone exposed in the Kane Megamullion 

OCC is highly enriched in chalcophile elements. Most seafloor massive sulfides, especially with the 

highest Cu-grades, occur along slow-spread oceanic lithosphere with relatively low magma supply. The 

peculiar distribution of the seafloor massive sulfide seems to reflect the style of magmatic differentiation 

determined by magma supply. 

 Keywords: Sulfides, chalcophile metals, slow-spreading ridges
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ZUSAMMENFASSUNG 

Langsam spreizende ozeanische Kruste ist dünner und heterogener als schnell spreizende ozeanische 

Kruste. Die besonderen Eigenschaften der langsam spreizenden ozeanischen Kruste beeinflussen die 

Differentiation von Sulfiden während der magmatischen Prozesse sowie den Transport von Metallen vom 

Mantel zum Meeresboden. Um die Differentiation von Sulfiden in langsam spreizenden Rücken besser zu 

verstehen, wurden Gesteine der ozeanischen Lithosphäre von ozeanischen Kernkomplexen (OCC) mit 

verschiedenen petrographischen und analytischen Methoden untersucht. Wir haben zwei von den am 

meisten beprobten OCCs ausgewählt, um OCCs aus verschiedenen tektonischen Settings zu vergleichen: 

Die Atlantis Bank (57°E am Südwestindischen Rücken) mit relativ hoher magmatischer Aktivität und den 

Kane Megamullion (23°N am Mittelatlantischen Rücken) mit relativ geringer magmatischer Aktivität. 

Aufgrund der hohen magmatischen Förderung in der Atlantis Bank können sich großräumige Gabbro-

Intrusionen entwickeln, in denen sich Sulfide meist durch fraktionierte Kristallisation differenzieren 

können. Sulfide fraktionieren früh und neigen deshalb dazu, sich im basalen Bereich von Gabbro-

Intrusionen anzusammeln. So ist der untere Teil von Gabbro-Intrusionen im Vergleich zum oberen 

Bereich um ~50% Cu und ~100% S angereichert. Darüber hinaus sind individuelle Gabbro-Intrusionen 

im tieferen Teil der Kruste gegenüber jenen aus der höheren Kruste mit chalkophilen Elementen 

angereichert. Diese Phänomene entsprechen in jenen MORB Schmelzen (mid-ocean ridge basalts), die 

sich in langsam spreizender ozeanischer Kruste mit hoher magmatischer Aktivität beim Aufstieg 

entwickeln, dem Zustand der Übersättigung an Schwefelkonzentration. 

Im Gegensatz dazu, differenzieren Sulfide an langsam spreizenden Rückensystem mit geringer 

magmatischer Aktivität typischerweise durch Reaktionen zwischen Schmelze und Mantelgestein, wie 

Untersuchungen am Kane Megamullion zeigen. Dieser Prozess hat eine besondere Bedeutung in 

Rückensegmenten mit dünner Kruste und geringer magmatischer Aktivität, wo die Interaktionen 

zwischen Schmelze und Mantelgestein bis in sehr geringe Tiefen vorkommen kann. Diese können zu 

diskreten Sulfid-Anreicherungen im Kontaktbereich zwischen Gabbro und Mantel-Peridotit führen. Die 
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analytischen Ergebnisse zeigen, dass die Kruste-Mantel Übergangszone vom Kane Megamullion stark 

durch chalkophile Elemente angereichert ist. Die meisten ozeanischen Massiv-Sulfidlagerstätten, vor 

allem solche mit den höchsten Cu-Gehalten, treten entlang langsam spreizender ozeanischer Lithosphäre 

mit relativ niedriger magmatischer Aktivität auf. Diese Häufung reflektiert den besonderen Stil der 

magmatischen Differentiation in Ridge-Settings mit geringer magmatischer Aktivität. 

Schlagwörter: Sulfide, chalkophile Metalle, langsam spreizender Rücken
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INTRODUCTION 

Sulfide ore deposits on land are being depleted due to the high industrial demand for copper, 

zinc, gold, and other metals. Shrinking on-shore resources have led to exploring the ocean floor 

(Boschen et al., 2013; Hoagland et al., 2010). The average copper grade of seafloor massive 

sulfide (SMS) deposits is from 2 to 25 times higher than the average grade of active land-based 

mines (Hein et al., 2013). The SMS deposits with the highest metal grades occur on top of 

oceanic core complexes (OCC) (Hannington et al., 2010). OCCs are exposures of the lower crust 

and mantle moved to the seafloor along detachment faults, which occur along the ultraslow-to-

intermediate spreading ridges. The plutonic rocks, as the source for the metals in SMS deposits 

located on core complexes, are thus crucial to understanding the link between OCCs and metal-

rich SMS deposits.  

The commonly accepted Penrose model of the oceanic crust (Conference participants, 1972) 

based on the Oman ophiolite and seismic waves velocities predicts a uniform thickness of the 

oceanic crust oscillating around 6-7 km. In this model the crystalline part of the oceanic crust is 

assumed to be well stratified into three main layers: pillow basalts, sheeted dikes and gabbro 

which overlies the peridotites of the upper mantle. However, the basic research of the last 

decades showed that this model can only be applied to the fast-spreading ridges. Interestingly, 

the Penrose model has so far not been proven by a vessel-based research. Instead, many studies 

on the slow-spreading ridges indicate a general heterogeneity of the oceanic crust (Blackman et 

al., 2011; Blackman and Collins, 2010; Cannat, 1996; Cannat et al., 1997; Dick et al., 2010, 

2008). The strong attenuation of the oceanic crust was observed in many locations, especially in 

the vicinity of slow-spreading ridges (Chapter 1). 
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Two deep holes had been previously drilled in oceanic core complexes providing possibility 

to investigate the cycle of sulfur and chalcophile elements in a heterogeneous slow-spread 

oceanic lower crust. The first hole, 735B, is 1508 m deep (Figure 1). It has also been drilled in 

the Atlantis Bank OCC located at 57°E along the Southwest Indian Ridge (SWIR) during the 

IODP expeditions 118 and 176 in 1989 and 1997. Natland et al. (1991) investigated the upper 

500 m of the hole (all in gabbro). They found pyrite-pyrrhotite-chalcopyrite aggregates 

associated with iron-titanium oxides which they interpreted as being formed from iron-rich late-

stage melt.  

In the longer section, including the rocks from the second expedition, troilite and pentlandite 

have also been observed. Troilite was interpreted as formed by low-temperature re-equilibration 

of pyrrhotite (Miller and Cervantes, 2002), an effect that can also explain the presence of pyrite. 

The Cu and Ni whole-rock concentrations analyzed by Inductively Coupled Plasma-Mass 

Spectrometry (ICP-MS) are provided by these authors. The Cu concentrations in the lower part 

of the hole is likely fully controlled by magmatic processes. The Cu and Ni trends are stable and 

clear in this part of the hole (Miller and Cervantes, 2002) which is typical for fresh rocks. In 

addition, the major magmatic boundary at a depth of 960 meters below seafloor (mbsf) is clearly 

visible in the downhole Cu and Ni profiles. In contrast to that, a hydrothermal overprint probably 

occurred in the upper part of the hole. There, the least altered rocks contain 610 ppm S, whereas 

the most altered ones contain less than 100 ppm (Alt and Anderson, 1991). 

A similar pattern has been observed in the second deep hole, 1415 m-long U1309D, drilled 

into the Atlantis Massif OCC along Mid-Atlantic Ridge (MAR) in 2004. While high δ
34

S 

signatures (6 to 13‰) in the upper section indicate strong hydrothermal overprint, moderate 

signatures (-1 to 1‰ in 9 of 10 samples) from the lower part of the hole are in return linked to 
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magmatic processes (Delacour et al., 2008). Whole-rock and in situ concentrations of 

chalcophile elements have not been provided.  

In the Oman ophiolite, magmatic δ
34

S signatures are prevalent not only in the lower part but 

also in the upper part of the lower crustal section (Oeser et al., 2012). The Oman ophiolite, 

however, represents a fast-spread ocean crust with a thick carapace of basalts and sheeted dikes 

on top of the lower crust. Hydrothermal circulation in the lower crust was thus likely less 

extensive due to the larger depth of the lower crust under the seafloor.  

The state of art presented above shows that only sulfur and not chalcophile elements have 

been fully investigated in the lower oceanic crust. Chalcophile elements have been more 

extensively studied in the easier accessible upper oceanic crust, for example in two deepest 

IODP holes drilled into the upper oceanic crust. The deepest IODP hole, 504B at the East Pacific 

Rise, is a prime example. Here, both sulfur and chalcophile metals have been investigated. The 

δ
34

S values between -2 and +2‰ (Alt et al., 1989) indicating magmatic sulfides correspond to 

the clear Cu concentration trends in basalts and to some extent also in dikes (Bach et al., 2003). 

In contrast, high δ
34

S values (>+2‰) correspond to the strongly scattered Cu concentrations 

across the basalt-dike transition zone, indicating a strong hydrothermal activity at that depth 

level. A similar pattern is shown by Zn and Pb (Bach et al., 2003) and could be expected for 

other chalcophile elements.  

Chalcophile metals have also been studied in the second deepest hole in the fast-spread 

ocean crust, IODP Hole 1256D in the equatorial Pacific (Alt et al., 2010). Similarly to 504B, Zn 

and Cu exhibit clear magmatic trends in the basalt section of 1256D. In the dike and gabbro 

section below, magmatic trends have been overprinted by hydrothermal circulation at high 

temperatures. Highly altered have lost most of chalcophile metals, and some of them contain 
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only 7 ppm Cu. However, few relatively fresh gabbro likely representing frozen melts contain 

igneous sulfides and more than 150 ppm Cu.  

Discovery of the heterogeneous and thinner oceanic slow-spreading oceanic crust implies 

that what was thought about the geochemical cycle of many elements, including Cu and other 

chalcophile elements, in the ocean lithosphere needs to be revised. For instance, heterogeneous 

crust implies a more important role of melt-rock reaction with respect to fractional crystallization 

during magma differentiation (Dick et al., 2010; Lissenberg and Dick, 2008). Hannington et al. 

(2011) observed that SMSs preferentially occur along the slow-spreading ridges (86%) with 

respect to intermediate spreading ridges (12%) and fast-spreading ridges (2%). This implies that 

magmatic processes and lithosphere structure in some way control the SMS formation, and is 

reflected in the distribution of International Seabed Authority (ISA) sulfide exploration areas. 

Among seven ISA contractors, China, Russia, France, and Poland operate on ultra-slow and 

slow-spreading ridge sections with Korea, Germany, and India operating on slow-to-

intermediate-spreading ridge sections.  

However, the reasons for the peculiar distribution of SMS deposits and the variations in 

their metal content have been little explored. As a result, the magmatic pre-enrichment processes 

in the metal source zone needed for the subsequent formation of metal-rich SMS deposits are 

poorly understood. We are thus still forced to random exploration combing the ocean floor for 

these deposits, rather than of trying to predict where the highest grade and tonnage SMS deposits 

are most likely to occur. This thesis makes a first step to remedy this gap. We study how sulfides 

get pre-enriched due to differentiation processes in slow-spreading ridge magmas. We 

hypothesize that the style and location of this pre-enrichment are mostly related to the rate of 

local magma supply. 
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We collected 232 samples from two sites representing high and low magma supply at slow-

spread oceanic lithosphere, which are Atlantis Bank (101 samples) and Kane Megamullion (131 

samples) OCCs, respectively. Kane Megamullion OCC is located at 23°N along the MAR. We 

determined major element, chalcophile element (Cu, Zn, Pb, As, Ga, Tl, Sb, Bi, Au, Ag, Ni, Ge, 

Se, Te) and S concentrations of all collected samples, as well as S and strontium Sr compositions 

of selected samples. In addition, we analyzed sulfide and other relevant phases in situ for their 

major and chalcophile element concentrations, and Cu isotopic compositions. The obtained 

distribution of chalcophile elements and S, along with their isotopes was completed with a 

thorough petrographic description. Altogether, this allowed us to show two important facts. 

Firstly, where magma supply is high sulfides differentiate mostly through fractional 

crystallization. Secondly, where magma supply is low, sulfides differentiate mainly through 

melt-mantle reaction. These two facts determine the structure of the thesis with its introductory 

Chapter I followed by Chapter II dedicated to fractional crystallization, and Chapters III and IV 

dedicated to melt-mantle reaction.  

In Chapter I, published in Geologos (Ciazela et al., 2015), we make a general review of 

lower crust and mantle exposures at OCCs along mid-ocean ridges. Thirty-two of the thirty-nine 

OCCs that have been sampled to date contain peridotites. Moreover, peridotites dominate in the 

plutonic footwall of 77% of OCCs. Massive OCC peridotites come from the very top of the 

melting column beneath ocean ridges. They are typically spinel harzburgites and show 11.3–

18.3% partial melting, generally representing a maximum degree of melting along a segment. 

Finally, we show that lithosphere structure revealed at OCCs depends on the rate of magma 

supply, and we highlight an important role of mantle-rock reaction in OCC with low magma 

12 of 109



supply. Melt-rock reaction can be traced by the presence of plagioclase is usually linked to 

impregnation with trapped or transient melt (Dick et al., 2010)  

 In Chapter II, we study Atlantis Bank OCC characterized by high magma supply. In 2016, 

International Ocean Discovery Program (IODP) Expedition 360 drilled the 810-m-deep U1473A 

hole into the gabbroic lower crust of Atlantis Bank (Ciazela et al., 2016; Dick et al., 2016; 

MacLeod et al., 2017). We selected 101 evenly distributed samples representing the range of 

rocks in the drill hole to analyze their metal and S contents along with the S and Sr isotopes. 

Sulfides throughout the hole are almost exclusively pyrrhotite-chalcopyrite-pentlandite grains. 

This paragenesis along with a consistent trace element composition throughout the hole as well 

as the mantle-derived S and Sr isotope signatures indicate the predominant role of magmatic 

processes in the transport of chalcophile metals. Downhole Cu, S, Fe2O3, MnO, Co and P2O5 

upward-decreasing trends matching Mg-number trends and shipboard-defined magmatic units 

suggest dominant role of fractional crystallization. Sulfide are closely associated with oxides and 

we observe high correlation coefficients between S, MnO, TiO2, and Fe2O3. As sulfides and 

oxides fractionate early they tend to accumulate at the lower part of gabbroic bodies, which are 

by ~50% enriched in Cu and by ~100% enriched in S with respect to the upper parts. This is 

consistent with MORBs having S concentrations above sulfide saturation during their ascent 

through the slow-spread lower crust with high magma supply.  

In Chapter III, published in Geology (Ciazela et al., 2017), we suggest that MORBs at slow 

and ultraslow spreading ridges with lower rates of magma supply can become sulfide-

undersaturated due to extensive subcrustal sulfide crystallization following melt reaction with the 

mantle. This process is significant at ridge segments with a thin crust, where the melt-mantle 

reaction can proceed to very shallow depths. In addition, conductive cooling related to 
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hydrothermal circulation and high water content of the serpentinized peridotite boost the 

intensity of the melt-rock reaction.  

In Chapter IV published in Geochimica et Cosmochimica Acta (Ciazela et al., 2018), we 

show that the crust-mantle transition zone exposed in the Kane Megamullion OCC are by one 

order of magnitude enriched in several chalcophile elements with respect to the spinel 

harzburgites of the mantle beneath. Whereas the range of Cu concentrations in spinel 

harzburgites is 7-69 ppm, the Cu concentrations are highly elevated in plagioclase harzburgites 

with a range of 90-209 ppm. The zones of the peridotite-gabbro contacts are even more enriched, 

exhibiting up to 305 ppm Cu and highly elevated concentrations of As, Zn, Ga, Sb and Tl. High 

Cu concentrations show pronounced correlation with bulk S concentrations at the crust-mantle 

transition zone implying an enrichment process in this horizon of the oceanic lithosphere. We 

interpret this enrichment as related to melt-mantle reaction, which is extensive in crust-mantle 

transition zones. In spite of the ubiquitous serpentinization of primary rocks, we found magmatic 

chalcopyrites as inclusions in plagioclase as well as associated with pentlandite and pyrrhotite in 

polysulfide grains. These chalcopyrites show a primary magmatic δ
65

Cu signature ranging from -

0.04 to +0.29 ‰. Other chalcopyrites have been dissolved during serpentinization. Due to the 

low temperature (<300 °C) of circulating fluids chalcophile metals from primary sulfides have 

not been mobilized and transported away but have been trapped in smaller secondary sulfides 

and hydroxides. Combined with the Cu deposits documented in the crust-mantle transition zones 

of various ophiolite complexes (Akinci, 2009; Begemann et al., 2010; Panayiotou, 1978; 

Saalmann and Laine, 2014), our results indicate that the metal enrichment, increased sulfide 

modes, and potentially formation of small sulfide deposits could be expected globally along the 

petrological Moho. 
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1.	 Introduction 

The mantle is the most voluminous part of the 
Earth. Assuming that the Earth’s core has a  ra-
dius of 3,482 km (Dziewonski & Anderson, 1981) 
and that the average depth to the Moho is 26.4 km 
(Bagherbandi et al., 2013). It can be concluded that 
the mantle constitutes 82.4% of the volume of the 
Earth. Therefore, it is crucial to understand its struc-
ture, heterogeneities and bulk composition, in or-
der to infer the composition of the bulk Earth. The 
composition of the mantle, compared to that of the 
bulk Earth, can be used to estimate the composition 
of the Earth’s core (Carlson, 2003). Moreover, the 

mantle plays an important role in our understand-
ing of the mechanisms of plate tectonics (Morris & 
Ryan, 2003) and the accretion of oceanic and con-
tinental crust (e.g., Kelemen et al., 1997; Martinez 
& Taylor, 2002). Another important aspect is relat-
ed to the giant mass of water that is contained in 
the mantle. There are 1.5 × 1024 g of water on the 
Earth’s surface (mainly oceans), which corresponds 
to 250 ppm of the Earth’s bulk composition. At least 
half of that is thought to be found in the mantle, 
which is the main deep water reservoir in the Earth 
system. Some researchers estimate that the mantle 
might contain even 10 times the quantity of water 
in the ocean (Marty &Yokochi, 2006). Finally, the 
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Abstract

The mantle is the most voluminous part of the Earth. However, mantle petrologists usually have to rely on indirect 
geophysical methods or on material found ex situ. In this review paper, we point out the in-situ existence of oceanic 
core complexes (OCCs), which provide large exposures of mantle and lower crustal rocks on the seafloor on detachment 
fault footwalls at slow-spreading ridges. OCCs are a common structure in oceanic crust architecture of slow-spreading 
ridges. At least 172 OCCs have been identified so far and we can expect to discover hundreds of new OCCs as more 
detailed mapping takes place. Thirty-two of the thirty-nine OCCs that have been sampled to date contain peridotites. 
Moreover, peridotites dominate in the plutonic footwall of 77% of OCCs. Massive OCC peridotites come from the 
very top of the melting column beneath ocean ridges. They are typically spinel harzburgites and show 11.3–18.3% 
partial melting, generally representing a  maximum degree of melting along a  segment. Another key feature is the 
lower frequency of plagioclase-bearing peridotites in the mantle rocks and the lower abundance of plagioclase in the 
plagioclase-bearing peridotites in comparison to transform peridotites. The presence of plagioclase is usually linked 
to impregnation with late-stage melt. Based on the above, OCC peridotites away from segment ends and transforms 
can be treated as a new class of abyssal peridotites that differ from transform peridotites by a higher degree of partial 
melting and lower interaction with subsequent transient melt.
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mantle might be an important reservoir of hydro-
carbons (Scott et al., 2004), as suspected already by 
Gold (1999) in his controversial book The deep hot 
biosphere. In fact, the biosphere may exist in suboce-
anic mantle according to the newest research (Men-
ez et al., 2012; McCollom & Seewald, 2013). 

For all these reasons, the great interest in the 
composition of the Earth’s mantle is not surprising. 
In the present paper, we review the commonest 
sources of our knowledge of the mantle (Section 2) 
and provide a new data set for abyssal mantle rocks 
that is available due to the discovery of oceanic core 
complexes (OCCs). We describe the typical tectonic 
settings of OCCs (Section 3), the general mechanism 
of their emplacement and classify them according to 
spreading rate and magma flux (Section 4). Subse-
quently, we list all OCCs discovered so far (Section 
5) and focus on those that contain greater amounts 
of mantle rocks (Section 6). Finally, we discuss their 
origin and petrological aspects and conclude that 
they exhibit special characteristics that potentially 
distinguish them from abyssal peridotites formed 
in other geotectonic settings.

2.	 Traditional sources of our knowledge 
of the mantle

The deepest Earth samples recovered so far are 
preserved in diamonds; they are possibly derived 
from the top of the lower mantle. However, al-
though they came from the ultra-deep mantle, they 
probably represent an anomalous composition, due 
to the special conditions related to diamond forma-
tion. Mantle rocks delivered to the Earth’s surface 
as xenoliths in basaltic magmas are quite common. 
However, these are also limited in size and do not 
provide information on field relations. Further-
more, they are often influenced by the infiltrating 
host magma. Nevertheless, they do represent al-
most the whole upper mantle, since some xenoliths 
found in kimberlites come from a depth of 500 km 
near the transition zone between the upper and 
lower mantle (Pearson et al., 2003). 

Only the uppermost mantle is represented by 
orogenic, ophiolitic and abyssal peridotites. All 
three types are often strongly altered. However, 
those that are sufficiently well preserved, reveal 
unique information about the structural relation-
ship between different lithologies, the melt ex-
traction from the mantle source, melt flow in lith-
ospheric vein conduits (Bodinier & Godard, 2003) 
and the mantle flow beneath a ridge (Jousselin et al., 
1998). Abyssal peridotites yield the most complete 

information about the mantle below the oceanic 
crust, which is sparsely sampled by xenoliths. Most 
occurrences of abyssal peridotites are found at mid-
ocean ridges. The few other locations where they 
have been recognised include passive margins and 
supra-subduction zones (Bodinier & Godard, 2003; 
Parkinson & Pearce, 1998), with the most intensely 
investigated ones situated in the Parece Vela Basin 
(Ohara et al., 2003b). 

3.	 Slow-spreading ridges as a suitable 
tectonic setting for OCC

There is far more potential for mantle rocks to 
be exposed at slow-spreading ridges compared to 
fast-spreading ones. In a review paper, Bodinier & 
Godard (2003) listed only three such localities at 
fast-spreading ridges: at Hess deep and at Garret 
and Terevaka Fracture Zones to the south of Hess 
deep. The scarcity of peridotites at fast-spreading 
ridges results from the relatively high crustal thick-
ness along fast-spreading ridges (~7 km; White et 
al., 1992; Canales et al., 1998, 2003) and the regu-
lar sequence of basaltic carapace (1–2 km), sheeted 
dykes (1–2 km) and gabbros (3–5 km) (Klein, 2003); 
see Fig. 1A. It was believed for a long time that this 
model of the crust was also valid for slow-spread-
ing ridges, as was proposed by Penrose Conference 
Participants (1972). However, when we observe the 
topography of the two kinds of ridges, we notice 
that the surface of the fast-spreading ridge area is 
usually smooth compared to slow-spreading ridg-
es, with no median valley, while the surface of the 
slow-spreading ridges area is rugged with kilo-
metre-scale relief and a deep 1–2 km median valley 
at the spreading axis (Wilson, 1997). This discrepan-
cy is related to the lower and more episodic flux of 
magma and thicker lithosphere in slow-spreading 
ridges (Macdonald et al., 1993). The latter results 
in considerable heterogeneity of the crust (Dick et 
al., 2006). Dick (1989) reported a decrease of crustal 
thickness with distance from the segment centre at 
slow-spreading ridges (Fig. 1B). Cannat (1996) pro-
posed a model of a very heterogeneous crust sim-
ilar to a “plum-pudding”, in which gabbro bodies 
are dispersed in peridotite mantle (Fig. 1C), which 
contrasts strongly with the model of a homogene-
ous, layered crust from fast-spreading ridges. Gab-
bro bodies predominate during high magma flux 
periods, and peridotites do so in magma starva-
tion periods (see Coogan, 2013 for details). Based 
on the ratio of mafic rocks to mantle rock, which 
can be interpreted as a proxy for magma flux, Dick 
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et al. (2003) presented general models for the va-
riety of structural types observed at slow-spread-
ing ridges. As a  new type, these authors defined 
ultraslow-spreading ridges (e.g., Gakkel Ridge, 
Southwest Indian Ridge (SWIR)), which are char-
acterised by very low magma flux. Here, the scar-
city of gabbro bodies in some regions results in the 

absolute predominance of peridotites just below 
a thin, irregular basaltic carapace and sedimentary 
cover (Fig. 1D). 

For a long time, abyssal peridotites were recov-
ered only at deep axial valleys, transform faults 
and fracture zones, where lower crustal and man-
tle rocks are tectonically exposed on their walls 

Fig. 1. Models for crustal accretion at ocean ridges. A – Classic interpretation of the Penrose Model for a fast-spread-
ing ridge, as based on the Oman Ophiolite; B – Penrose model, as modified for slow-spreading ridges based on 
the abundance of peridotite and frequent absence of gabbro at transforms following focused melt-flow models; 
C – Model of the anomalous 14–16°N area of the Mid-Atlantic Ridge; D – Model of the magmatic and amagmatic 
accretionary segments at ultraslow-spreading ridges (after Dick et al., 2006)

Fig. 2. Two styles of faulting at a slow-spreading ridge. Faults are indicated as subsurface black lines, and the footwall 
is marked. A normal fault forms, dipping at 60° beneath the axis. A – In this panel, fault offset is 1 km, and the 
fault block has rotated outwardly away from the ridge axis by 18° to form an outward-facing scarp; B – Continued 
faulting and extension brings lower crustal rocks to the sea floor and forms a “core complex”. In this panel, the fault 
offset is 16 km, and outward rotation of the top of the fault has increased to 36° to create a narrow linear ridge (LR) 
marking the breakaway where the fault initially formed. The exposed footwall may be striated; C – In this panel, no 
long-lived faults have formed. Instead, consecutive short-lived faults cut the lithosphere on the ridge flank to form 
classic abyssal hill topography. 

Red dashed line – spreading axis. Brown shading – crust that predates faulting. Green shading – material below the 
crust that is brought to the surface during core-complex formation (after Smith et al., 2012).
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(Dick, 1989; Cannat et al., 1993). These outcrops are 
usually limited to a  narrow linear zone along the 
walls. Although larger two-dimensional exposures 
of mantle and plutonic rocks were first discovered 
exposed by detachment faulting at ridge-transform 
intersections over 30 years ago (Dick et al., 1981), 
the majority of the geological community thought 
such exposures were anomalies. This changed in 
the mid-1990s when detachment faults were wide-
ly documented along the Mid-Atlantic Ridge (e.g., 
Tucholke & Lin, 1994; Tucholke et al. 1996; Cann et 
al., 1997). The lower parts of detachment fault foot-
walls represent continuous exposure of lower crust 
and mantle rocks on a  single fault for up to mil-
lions of years and are called oceanic core complexes 
(OCC), due to an analogy with land core complexes 
that similarly exposed lower crustal rocks (Smith et 
al., 2012).

4.	 Mechanism of emplacement, features 
and classification of oceanic core 
complexes

It was believed for a long time that oceanic crust 
at slow-spreading ridges accreted symmetrically 
(e.g., Skinner et al., 2004), and that the divergent 
transport of the adjacent tectonic plates was most-
ly accommodated by the delivery of new magma 
(Solomon et al., 1988). In this model, periods of 
magma starvation are short and accommodated by 
short-lived, high-angle normal faults (see Fig. 2C; 
Thatcher & Hill, 1995; Smith et al., 2012). Howev-
er, the numerous core complexes discovered on 
slow-spreading ridges have led to an alternative 
asymmetric spreading model of crustal accretion 
(Escartín et al., 2008). Asymmetric spreading has 
been interpreted as a  consequence of the amount 
of magma flux where the proportion of magmatic 
extension is limited to ~30–50% relative to tecton-
ic accretion (Tucholke et al., 2008). During periods 
of magma starvation, the normal fault needs to 
accommodate the absence of new material. In the 
case of a permanent starvation, it becomes a long-
lived, low-angle fault (Dick et al., 1981; Tucholke et 
al., 1996). The fault offset represents a  load which 
must be isostatically compensated. The lower part 
of the exposed footwall has a  higher load deficit 
and moves upwards faster than the higher part. As 
a consequence, the detachment surface bends and 
eventually even past horizontal. This horizontal 
plane continues to move up which leads to doming 
of the footwall, due to the rigidity of the crust (Fig. 
2). As a result, rocks of the lower plate (consisting of 

the lower crust and upper mantle) can be exposed 
at the surface (see Fig. 2B; Buck, 1988; Lavier et al., 
1999). This part of the detachment fault system 
creates the oceanic core complex (OCC). Fully de-
veloped OCCs occur when a  given detachment is 
active for a sufficiently long period of time (>1 Ma; 
Blackman et al., 2008).

Two prominent morphological characteristics 
of OCCs are the domal, turtleback shape of the 
complex and at many, large 100s of metres-scale 
corrugations on the exposed surface parallel to the 
spreading direction (Tucholke et al., 2001; Escartín 
& Canales, 2011). Those corrugations resemble 
large-scale mullions observed along detachment 
faults on land. Therefore OCCs are often called 
megamullions (Tucholke et al., 1998; Dick et al., 
2008). OCCs are delimited up-dip by a breakaway, 
where the fault initially nucleated and down-dip by 
a termination which marks the boundary between 
the OCC and hanging wall (Figs. 3, 4; Tucholke et 
al., 2001; Escartín & Canales, 2011). OCCs occur 
most frequently at segment margins, especially at 
the inside corners of the ridge/transform fault in-
tersections (Tucholke et al., 1997).

The general geophysical features of OCCs are 
a  positive gravity anomaly (Cannat et al., 1995; 
Blackman et al., 2009), higher induced magnetisa-
tion (possibly caused by magnetite production dur-
ing serpentinisation of peridotite), locally higher 
seismic velocities and higher seismicity in relation 
to the crust created on the conjugate plate (Black-
man et al., 2009). A very important feature of OCCs 
is the asymmetry in the spacing of magnetic anoma-
lies across the spreading axis, with a broader spread 
of magnetic zones on the ridge flank containing the 
OCC. This shows that OCCs form in the more rap-
idly accreting plates of asymmetric spreading seg-
ments (Dick et al., 1991; Hosford et al., 2003, Baines 
et al., 2007; Escartín et al., 2008; Blackman et al., 
2009; Mallows & Searle, 2012). 

The generation of OCCs is related to the spread-
ing rate (see Section 5). Most occur at slow-spread-
ing ridges (full rate 20–55 mm/year; Dick et al., 
2003) and, in second place, at ridges with a spread-
ing rate of 12–20 mm/year (transitional between 
slow- and ultraslow-spreading ridges; Dick et al., 
2003). However, the style of formation is controlled 
more by melt supply than by spreading rate. For 
example, the common presence of mantle rock at 
the OCC surface is related to a regime with limited 
magma supply, where the flux of magma is too low 
to generate continuous gabbroic plutons. Hence, we 
distinguish various types of OCC. 

The first one is typical of magma-rich conditions 
(Dick, 2010). The structure of the crust is similar to 
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the model proposed by Dick (1989), which means it 
attenuates far from the segment centre. Gabbros are 
the commonest rocks observed on the OCC surface 
of this type (Fig. 3). The most important examples 
of such complexes are the Atlantis Massif at the 
Mid-Atlantic Ridge (MAR) and Atlantis Bank at 
SWIR (Dick, 2010). 

The second type of OCC is related to sections 
of slow-spreading ridges with intermediate mag-
ma flux. Here, the structure of the crust can be best 
described with the Cannat (1996) model (Fig. 1B). 
Gabbros, as well as peridotites, are exposed at the 
surface (Fig. 4), reflecting the waning and waxing 
periods of magmatic activity. The best example 

Fig. 3. Style of faulting at slow-spreading ridges with relatively high magma flux. Detachment fault exhumes oceanic 
core complex with predominance of gabbroic rocks on the sea floor

Fig. 4. Style of faulting at slow-spreading ridges with intermediate magma flux. Detachment fault exhumes oceanic core 
complex with relatively high amount of mantle rocks on the sea floor

Fig. 5. Style of faulting at slow-spreading ridges with low magma flux. Block faulting exhumes peridotites with a minor 
amount of gabbroic rocks on the sea floor.
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of such an OCC is the Kane Megamullion at the 
Mid-Atlantic Ridge Kane (MARK) area (23°N; Dick, 
2010). 

When the magma flux is very low, peridotites 
and scattered basalts, with little or no gabbro ap-
pear at the sea floor (Fig. 5). The sea floor is ‘smooth’ 
compared to symmetric or asymmetric spreading 
(Cannat et al., 2006; Whitney et al., 2013), although 
still much rougher than at fast-spreading ridges, 
and block faulting is commoner than detachment 
faults with OCCs (Dick et al., 2003). This type of 
crustal structure is typical of ultraslow-spreading 
ridges (full rate < 12 mm/year) with the most pro-
nounced examples found between 9 and 16°E along 
the Southwest Indian Ridge (SWIR) and in some 
sections along the Gakkel Ridge (Dick et al., 2003). 
Its formation is related to the Hess model as modi-
fied by Dick et al. (2003; see Fig. 1D). 

5.	 Global distribution of OCCs

The importance of OCCs in crustal accretion is 
probably much greater than previously believed. 
Escartín et al. (2008) evaluated the 2,500 km section 
of the MAR between 12° and 35°N in terms of the 
symmetry of the spreading structure. Their research 
revealed an asymmetric accretion along almost half 
of this portion of the ridge. Baines et al. (2007) ex-
amined the eastern section of SWIR (54.75–62°E) 
in a  similar way, and concluded that the individ-
ual segments in this section of SWIR spread asym-

metrically. These studies trigerred a conclusion 
that OCCs constitute up to 25% of the crust along 
slow-spreading ridges (Smith et al., 2012). Here, 
we present a map of OCCs identified to date (Fig. 
6). According to our literature analysis at least 172 
OCCs have been discovered along mid-ocean ridg-
es so far. This number does not include OCCs lo-
cated far away from the active ridges, such as those 
identified near the Canary basin (Ranero & Reston, 
1999; Reston et al., 2004), developed at back-arc ba-
sins (e.g., Godzilla Megamullion; Ohara et al., 2001, 
2003a) or obducted on the continents as a  part of 
an ophiolite (Nicolas et al., 1999; Nuriel et al., 2009; 
Tremblay et al., 2009; Manatschal et al., 2011; Ma-
ffione et al., 2013; Jousselin et al., 2013; Lagabrielle 
et al., 2015). Almost half (81) of the OCCs discov-
ered are located at the MAR, with a high disparity 
in the frequency of occurrence between the north-
ern (79) and southern (2) parts. Most of the others 
are situated along the other slow-spreading ridges: 
SWIR (43) and the Central Indian Ridge (35). Only 
13 OCCs occur at intermediate spreading ridg-
es: the Southeast Indian Ridge (SEIR; 11) and the 
Chile Ridge (2). No OCC has yet been found along 
fast-spreading ridges.

The full list of OCCs, together with spreading 
rate, is given in Table 1. Two OCCs at 5°05’S are lo-
cated at the inside and outside corners of the ridge 
and a  transform fault. They originally formed to-
gether as one OCC and then split about 0.5 Ma ago 
(Reston et al., 2002; Planert et al., 2010). The 15°45’N 
OCC is adjacent to the MAR on the western side and 

Fig. 6. Global distribution of oceanic core complexes associated with mid-ocean ridges. If more than one OCC was dis-
covered at a given locality, the number of OCCs there is shown in black
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located to the north of the Fifteen-Twenty fracture 
zone (Escartín & Cannat, 1999; MacLeod et al., 2002; 
Escartín et al., 2003; Fujiwara et al., 2003; MacLeod 
et al., 2011). The 16°20’N detachment fault has nev-
er been sampled. However, peridotites were found 
in the proximity suggesting it may be an OCC (Es-
cartín & Cannat, 1999). The TAG OCC (Tivey et 
al., 2003; Canales et al., 2007; de Martin et al., 2007; 
Zhao et al., 2012) is the only one where gabbros 
make up 100% of the sampled material from the 
plutonic footwall (Zonenshain et al., 1989; Reves-
Sohn & Humphris, 2004). The only serpentinic min-
erals are embedded in grey-blue clay (Zonenshain 
et al., 1989). Keyston Block represents a detachment 
fault, where an OCC has not fully developed yet. 
The lower crust and the mantle rocks have not yet 
been unroofed (Cann et al., 1997; Blackman et al., 
2008). The western OCC at 30°17’N has not been 
sampled so far (Blackman et al., 2008), but some 
corrugation-like structures have been identified on 
its surface (Blackman et al., 2002b).

Two potential OCCs in the segment 53°E have 
been identified based on domal shape, corrugations 
and plutonic rocks found on their surface (Zhou & 
Dick, 2013). At the eastern OCC, a 250-kg-block of 
gabbro was taken by TV grab, whereas peridotite 
predominates in the western OCC. In Atlantis Bank, 
no past hydrothermal activity has been discovered 
so far. However, evidence of that could have been 
removed during erosion, as Atlantis Bank was once 
an ocean island (Palmiotto et al., 2013). Although 
Atlantis Bank is the only OCC discovered so far 
in the region, asymmetric spreading in individu-
al segments between 54.75 and 62°E (Baines et al., 
2007) suggests that more OCCs may exist in the 
proximity. Thirty-eight corrugated surfaces located 
between 61.2° and 65.5°E and the 30-Ma chrono-
zones identified by Cannat et al. (2009) are related 
to detachment faulting and potentially OCCs. The 
total surface of these OCCs constitutes about 4% 
surface of the area analysed (Cannat et al., 2006). 
Some of the OCCs located between 63.5 and 64.5°N 
were also described by Searle & Bralee (2007). Inter-
estingly, the OCCs are more frequent beyond the 
chronozones older than 10 Ma (Cannat et al., 2009), 
when full spreading rate was higher (30 mm/year) 
compared to the present rate. This might suggest 
that detachment faulting was relatively common-
er between 10 and 30 Ma, whereas amagmatic ac-
cretion with block faulting, typical of ultraslow 
spreading, became dominant after 10 Ma.

Among nine OCCs in the northern portion of 
the Central Indian Ridge –the Carlsberg Ridge be-
tween 8.8–10.4 °N, six are located near the rift valley 
and three are off-axis. Fourteen OCCs located fur-

ther northeast, northeast of the Sheba Ridge have 
mainly been identified by their geomorphological 
features (Chamot-Rooke et al., 2008; Fournier et 
al., 2008, 2010). Interestingly, there is an asymme-
try of the spreading and the crustal thickness in 
the Gulf of Aden with the thinner crust also in the 
plate northeast of the Sheba Ridge (d’Acremont et 
al., 2006). The Varun Bank is situated northwest of 
the Owen fracture zone at 13°22’ embedded in the 
52-Ma-old crust (Exon et al., 2011). The full spread-
ing rate during the generation of the OCC was 120 
mm/year (Exon et al., 2011), which would be the 
fastest spreading rate estimated for OCCs all over 
the world.

The three OCCs at the westernmost SEIR have 
recently been discovered based on sea floor bathym-
etry by the German INDEX expeditions (Bartsch, 
2014). The OCCs along the Antarctic-Australian 
Discordance (AAT) have been identified as OCCs 
based on prominent corrugations (up to 55 km; 
Okino et al., 2004) and gravimetric data predicting 
peridotites in the footwall (Christie et al., 1998). 
Only basalts were found over segment B4 (see 
Table 1; Pyle et al., 1992; Palmer et al., 1993; Pyle, 
1993; Christie et al., 1998). No sampling occurred in 
subsegment B3E (Table 1; Okino et al., 2004). Two 
groups of megamullions resembling OCCs found 
along the Chile Ridge (segment V5) have not been 
sampled so far. However, serpentinites and fresh 
peridotites were recovered in the adjacent segment 
V5 (Karsten et al., 1999).

6.	 Peridotites recovered from OCCs

Based on geophysical studies, ultramafic rocks 
are often assumed to occur at the surface or sub-
surface of OCCs on account of their geophysical 
features (Christie et al., 1998; Okino et al., 2004). 
Among the 172 OCCs listed above, only ~39 were 
sampled by submersible, dredge or drilling (Table 
1). Among these, peridotites were absent in seven 
OCCs. At least four of the seven were not sampled 
extensively enough to exclude the presence of peri-
dotites; only basalts were found. Among 32 OCCs 
where mantle rocks were sampled, 20 are located 
along the MAR, 4 along the SWIR, and 8 along the 
Central Indian Ridge (Table 1).

6.1.	Mid-Atlantic Ridge

With the exception of Atlantis Bank on the 
SWIR, the best-known OCCs, including the most 
extensively sampled 15°45’, Kane Megamullion and 
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Atlantis Massif OCCs, are located along the MAR. 
Oceanic expeditions have recovered mantle rocks 
from 20 OCCs along the ridge, mostly between the 
Marathon Fracture Zone (12°30’N) and the Azores 
Islands (38°N).

The only OCC peridotite samples from the 
southern MAR come from the western (inside-cor-
ner) 5°05´S OCC. Three dredges over the OCC re-
covered mostly gabbro. Some peridotites were 
found in the upper part of the footwall. They are 
strongly sheared and mylonitised. They likely con-
stitute detachment fault gouge (Reston et al., 2002).

MacLeod et al. (2009) sampled 4 of the 24 OCCs 
from Segment 13°. The 13°19’N OCC consists of two 
structurally different parts. The western portion is 
rugged, more elevated, and exposes mainly basalt 
(only 11% peridotites). The eastern portion is en-
closed in a smooth dome and exposes serpentinised 
peridotites (41%). The 13°30’N OCC has a  similar 
structure and composition (MacLeod et al., 2009). 
Mostly basalts and peridotites have been collected 
along the OCC (Beltenev et al., 2007; MacLeod et al, 
2009). Also in the 13°48’N OCC, most of the peri-
dotites were recovered from a smooth domal sur-
face, constituting 20% of the dredges. Additionally, 
MacLeod et al. (2009) provided some supplementa-
ry data on the OCC located further south, between 
12°55’ and 13°12’N. The sole dredge over this OCC 
contained 2% (0.34 kg) peridotites (MacLeod et al., 
2009; Wilson, 2010). Generally, it is difficult to infer 
the origin of peridotites from these data. Howev-
er, the textures of the peridotites from the 13°19’N 
OCC indicate that they make up the footwall and 
are not only fault gouge (Table 1).

No information is available on peridotite 
dredged over the 14°54’N OCC (Fujiwara et al., 
2003). Three of four boreholes from site 1270 at the 
Logatchev Massif yielded almost exclusively perid-
otites. Many gabbroic veins cutting the peridotites 
suggest the holes are in the vicinity of a larger gabbro 
body (Shipboard Scientific Party, 2003; Schroeder et 
al., 2007). Two boreholes (1275B, D) drilled in the 
OCC located on the opposite inside-corner, north of 
the Fifteen-Twenty fracture zone, recovered mostly 
gabbro and some troctolite (Schroeder et al., 2007). 
The troctolites appear to be impregnated dunites 
of mantle origin (Shipboard Scientific Party, 2003). 
More peridotites (~20%) were drilled and dredged 
on the 15°45’N OCC (Escartín et al., 2003). About 
40–45% of them come from the detachment surface, 
the rest from the footwall. These are serpentinised 
but revealed no trace of high-temperature deforma-
tion. Additionally, we have estimated the degree of 
partial melting based on the molar Cr/(Al+Cr) ra-
tios (Cr#) in six spinel grains (0.38–0.42; Escartín et 

al., 2003) using the model of Hellebrand et al. (2001). 
Our results indicate that the peridotites underwent 
14.3 to 15.3% partial melting. Finally, serpentinised 
peridotites have recently been found by Smith et al. 
(2014) at South Core Complex at 16°25’N. They ap-
peared in three of six dredges in the area constitut-
ing ~23% of the hauls, with ~8% gabbro.

Heavily serpentinised harzburgites predomi-
nate in 7 of 13 sampling sites on the southern wall 
of the 22°19’N OCC. They show relics of high-tem-
perature crystal-plastic deformation, but no low-
er temperature deformation. Diabase and basalt 
predominate on the conjugate site of the rift (Dan-
novski et al., 2010). The best-studied and sampled 
OCC in terms of peridotite exposures is the Kane 
Megamullion. The core complex consists of six 
opposing domes, constituting a  southern, central 
and northern region. About 1,238 kg of peridotites 
were collected by dredges and ROV dives, making 
up 42 wt.% of all rocks recovered, and being the 
most abundant (63 wt.%) in the central region. In 
the southern part, dunites constituted about half 
of all peridotites, contrasting to only 1–2% in the 
central and northern regions. Roughly 75–80% of 
peridotites were sampled from the detachment 
surface with their typical mineral phases and low-
er temperature deformation. The rest of the man-
tle rocks came from the headwalls and fault scarps 
that cut down into the OCC footwall. Some exhibit 
crystal-plastic deformation characteristic of fault 
surfaces that rooted into crystalline peridotite at 
high temperatures (Dick et al., 2008). Most of the 
peridotites are spinel harzburgites (62%). However, 
plagioclase-bearing peridotites are relatively com-
mon (14%), mostly from Adam & Eve domes. They 
usually contain less than 1% of relict plagioclase 
and its alteration products (Dick et al., 2010). Dick 
et al. (2010) used spinel Cr#s to estimate the degree 
of partial melting with the model of Hellebrand et 
al. (2001). They found a range 11.3–13.8% of partial 
melting, with the lowest values near the transform 
fault. 

Five dives were performed in the southern hill 
of the Dante’s domes OCC recovering two serpen-
tinites from the bottom sections. Both were highly 
altered and subsequently veined by chlorite and 
amphibole. No primary phases or structures were 
present (Tucholke et al., 2001). At the 26°17’N OCC, 
situated in the vicinity, peridotites were found in 
one of six dredges. Basalt was recovered in the 
others. The peridotites are serpentinised, but they 
probably come from the plutonic footwall (Tuchol-
ke et al., 1997).

Dives to the southern wall of the Atlantis Massif 
OCC recovered 70% peridotites with 30% gabbros 
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and gabbro veins. These peridotites are variably al-
tered (mainly serpentinised) rocks with a harzbur-
gitic protolith. The peridotites have a  porphyro-
clastic texture representing moderately distributed 
high-temperature crystal-plastic deformation (Kar-
son et al., 2006). The central part of the OCC north 
of the transform wall was drilled by IODP, pene-
trating to 1,415 m in massive gabbro (Shipboard 
Scientific Party, 2005a, b). Few serpentinised perid-
otites are present in the upper 100 m of Hole 1309B 
and 1,415m deep Hole 1309D (0.5–3%) and in the 
following 400 m section of 1309D (4%; Shipboard 
Scientific Party, 2005a). No peridotites were recov-
ered from the lower section of the latter hole (Ship-
board Scientific Party, 2005b). Nevertheless, several 
olivine-rich troctolite intervals are interpreted as 
mantle peridotite hybridised by progressive reac-
tion with basaltic melt (Drouin et al., 2007, 2009, 
2010; Suhr et al., 2008). The peridotites from Hole 
D and from the upper sections of Hole B appear to 
be residual mantle harzburgites. Those from Hole 
D were subsequently impregnated by basaltic melt 
and contain interstitial plagioclase, while those 
from Hole B are variously serpentinised protogran-
ular harzburgites (Tamura et al., 2008). The authors 
suggested 15.0–18.3% degree of partial melting in 
the spinel stability field. Additionally, the southern 
OCC on the opposite side of the Atlantis fracture 
zone was sampled by Cann et al. (1997). They found 
serpentinised peridotites in two of five dredges: one 
on the summit and one on the sloping rift valley 
wall.

Mantle peridotites (spinel harzburgites and 
minor dunites) were the predominant rock type 
recovered from the footwall of the Rainbow Mas-
sif (36°14’N). Some of them show evidence of late 
melt-rock (e.g., enhanced REE concentrations) and 
fluid-rock (e.g., enhanced Li and U concentrations) 
interaction. They are variously serpentinised, and 
some are talc-serpentine schists typical of fault 
gouge, found where detachment faulting cuts man-
tle peridotite. However, some show no deformation 
and are likely a  part of the footwall block. Minor 
gabbros and gabbroic veins were also recovered 
(Ildefonse et al., 2007; Andreani et al., 2010, 2014). 
Serpentinites were found in four of five dives over 
the Saldanha Massif at 36°30’N, being dominant in 
some of them. Fractured basalt rubble recovered in 
the dredges is interpreted as hanging wall debris 
rafted on the detachment fault surface. Thus, the 
basement below the fault surface is largely serpen-
tinised peridotite (Miranda et al., 2002). 

Of the eight other potential OCCs from the re-
gion (Gràcia et al., 2000), four have been sampled 
(ARCYANA, 1975; Gràcia et al., 1997; Ribeiro da 

Costa et al., 2008). Three of the  OCCs sampled con-
tain serpentinised peridotites (Gràcia et al., 1997; 
Ribeiro da Costa et al., 2008). The two most souther-
ly OCCs have been described by Gràcia et al. (1997). 
Peridotites, mostly serpentinised harzburgites, 
make up ~45 and ~85 wt.% of the dredged mate-
rial, respectively. They usually predominate at the 
central part of these massifs, whereas equally abun-
dant diabases make up the lower slopes. The dia-
bases likely cross-cut the peridotites. Additionally, 
microgabbros occur, but very rarely. It is not clear 
whether peridotites predominate in the footwalls or 
just at the surface of the detachment faults. Hydro-
thermal fields were found in two of the four sam-
pled OCCs (Gràcia et al., 2000; Escartín et al. 2014). 

6.2.	Southwest Indian Ridge

Partially serpentinised peridotites in the OCCs 
along the SWIR were reported over the Dragon Flag 
OCC, FUJI dome, Atlantis Bank and the western 
53°E OCC. Although two dredges from the Drag-
on Flag OCC during Edul cruise (Mével et al., 1997) 
found only basalts, a plutonic footwall was expect-
ed based on bathymetry and seismic surveys, and 
gabbro was proposed (Zhao et al., 2013). However, 
this interpretation cannot be unique, as density, and 
P-wave and S-wave seismic velocities for gabbros 
and partially serpentinised peridotite overlap each 
other (Miller & Christensen, 1997). In fact, some 
serpentinised peridotites have been sampled very 
recently by another Chinese group (Zhou, 2015). 
More sampling occurred over the Fuji dome, but 
only one, intensely sheared, serpentinised harzbur-
gite was sampled by submersible from the middle 
part of the northern slope of the dome. Being 1 of 
47 samples collected in three dives, it constitutes 
2.1% of the material recovered. More gabbroic rocks 
were recovered (two gabbros and one troctolite). 
These rocks imply outcrops of the lower crust and 
the upper mantle (Searle et al., 2003).

The Atlantis Bank OCC was drilled to 1,508 m 
on a  wave-cut platform at the centre of the pal-
aeo-ridge segment at which it formed. Other than 
two dykes in the upper few hundred metres, only 
gabbro was cored (Dick et al., 2000). Forty dredges 
recovered 1,230 kg of rock, of which 47% was gab-
bro and gabbro mylonites and 28% partially serpen-
tinised peridotite and talc-serpentine schist. Low 
on the transform wall, granular peridotites were re-
covered in abundance, while sheared serpentinites 
and talc-serpentine schists were found overlying 
massive gabbro mylonites higher on the wall. The 
latter are interpreted as representing a discontinu-
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ous sheet of fault gouge that lubricated the detach-
ment fault by intrusion along it from where it cut 
uplifted mantle rock in the vicinity of the transform. 
The distribution of rock types recovered in dredg-
es and by submersible shows that there is a contact 
between lower crustal gabbros and massive mantle 
peridotite that runs for nearly 30 kilometres along 
the eastern transform wall, progressively shoaling 
with increasing age to the south.

Ultramafic rocks have been found in four dredg-
es performed over the western OCC at the segment 
53°E (Zhou & Dick, 2013). Two dredges (550 kg) 
contained only peridotites with minor breccia. Two 
hundred fifty kg of material from another dredge 
contained mostly peridotites with minor diabase. 
Diabases predominate in the fourth dredge (17 kg), 
although gabbroic rocks and peridotites are also 
present. Zhou & Dick (2013) suggested that the 
dredged peridotites underwent 12% of partial melt-
ing based on Cr# in spinels.

6.3.	Central Indian Ridge

Peridotite exposures along the Central Indian 
Ridge are reported from the Varun Bank, the Vityaz 
Megamullion and the 25°S OCC, as well as from 
several newly discovered OCCs between 8 and 
17°S. No data are available for the Varun Bank peri-
dotites at this time. Two peridotites were collected 
from the Vityaz Megamullion. One from the south-
eastern part of the megamullion adjacent to the Vit-
yaz fracture zone was described by Kamesh Raju 
et al. (2012) as serpentinised peridotite. Peridotites 
have been found in four of the five OCCs identified 
between 8 and 17°S (8°10’, 9°55’, 10°50’,11°20’ and 
13°15’S). These serpentinised harzburgites made up 
from 37 to 60% of the recovered material in these 
OCCs. Constituting from 66 to 80% of the plutonic 
material, they were more abundant than gabbros. 
Some peridotites show coarse-grained granular tex-
tures, whereas evidence of crystal-plastic deforma-
tion is rare. Gabbroic veins have not been observed 
within the mantle rocks.

Two types of peridotites were recovered by 
dives on the 25°S OCC (Morishita et al., 2009). The 
first type is highly deformed serpentinised perid-
otite fault gouge associated with the detachment 
surface. The second type is massive granular peri-
dotite. Two of these were sampled from the top of 
the dome’s west slope adjacent to the rift valley. 
They constitute roughly 8% of the material recov-
ered from the largely gabbroic megamullion. Both 
samples are diopside-bearing harzburgites. They 
underwent 13–15% partial melting, as Morishita et 

al. (2009) calculated from the spinel Cr#s. One sam-
ple was altered due to reaction with granitic veins. 
Interstitial plagioclase is present (Morishita et al., 
2009). A  plagioclase dunite recovered from the 
Uraniva Hills, located further east (70°10’E) along 
the spreading direction, probably derives from the 
lower crust rather than from the mantle as its Ni 
content is relatively low (Nakamura et al., 2009; Ta-
ble 1).

7.	 Discussion

7.1.	Mantle peridotites and associated basalt

The percentage of peridotites in samples re-
covered from OCCs varies widely. OCCs with no 
occurrence of peridotites as well as those predom-
inated by mantle rocks are listed above (Table 1). 
These data should be interpreted with caution, es-
pecially in the case where few plutonic rocks were 
found. The amount of plutonic rocks in the footwall 
is generally higher than that estimated from dredg-
es, as basalts and diabases constitute a  significant 
part of the haul. Whereas the peridotites, gabbros 
and some diabases underwent greenschist facies 
or higher-temperature alteration, the basalts are 
generally weathered, but otherwise unaltered, con-
taining fresh plagioclase and olivine phenocrysts. 
This demonstrates a very different origin and these 
are best interpreted as hanging wall debris or even 
products of off-axis volcanism, as may have oc-
curred at the Kane Megamullion (Dick et al., 2008). 
Diabases are more indeterminate as they could have 
come from either the hanging wall or the footwall 
where they may represent inliers of the dyke-gab-
bro transition in the footwall, or as fragments of the 
extrusive-dike transition in the overlying hanging 
wall (e.g., Dick et al., 2008; MacLeod et al., 2009; 
Wilson, 2010). 

7.2.	Percentage of peridotites in the footwall

Although minor inliers of the dyke-gabbro 
have been found in two (Atlantis Bank; Dick et al., 
2000; Kane Megamullion; Dick et al., 2008) of three 
best-sampled OCCs, the available data (see Table 1; 
Sections 7.1 and 7.4; Escartín & Canales, 2011) show 
that OCC detachment footwalls are composed large-
ly of plutonic rocks. Therefore, we find it useful to 
examine the ratio of peridotites to gabbroic rocks. 
For this reason, we have compiled data on total 
weight (when provided) or number of peridotites 
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and gabbroic rocks in all OCCs sampled. Plutonic 
rocks were found in 35 of the 39 OCCs sampled. 
The percentage of peridotites varies from 0 to 100% 
(Fig. 7). Considering only the well-sampled OCCs 
(see caption to Fig. 7), the range is not significantly 
lower, being between 4 and 99%. The broad range 
we find shows that OCCs represent very different 
crustal architectures. We can identify at least five of 
them. At one extreme, crustal rocks are virtually ab-
sent (Fig. 1D), similar to those from the western 53° 
OCC (Zhou & Dick, 2013; Table 1). Three interme-
diate cases include 1) peridotites overlain by pillow 
lavas with relatively few associated dykes, as rep-
resented by the central domes of the Kane Megam-
ullion (Dick et al., 2008), 2) plum-pudding of small 
gabbro bodies intruded into peridotite, overlain by 
dykes and pillow lavas, as to the north and south of 
the Fifteen-Twenty fracture zone (Cannat & Casey, 
1995; see Fig. 1C), 3) small plutons capped by dykes 
and pillow lavas intruding laterally into massive 
peridotite, as at the Atlantis Massif (Blackman & 
Collins, 2010; Blackman et al., 2011; see Fig. 1B). At 
the other extreme, there are large plutons that ex-
tend virtually over the full length of a second-order 
ridge segment, as at Atlantis Bank. A full cover of 
sheeted dykes and pillow basalts occurs here, rep-
resented by inliers of the dyke-gabbro transition, 
and abundant pillow basalt in hanging wall debris 
(Fig. 1B). 

Our compilation suggests that the majority of 
OCCs represent either the plum-pudding model 
(Fig. 1C) or nearly amagmatic spreading (Fig. 1D). 
We observe that 77% of all OCCs, and 73% of high-
ly sampled OCCs, contain more peridotites than 
gabbro (Fig. 7). At 4 of 11 highly sampled OCCs, 
at least 90% of the plutonic rocks are peridotites 
(Fig.7). These observations imply that the model 
of Dick et al. (2003) for magmatic segments on at 
ultraslow-spreading ridges might even be applied 

to some ridge segments at slow-spreading ridges. 
However, this has to be treated with caution. First-
ly, strongly oblique segments, characteristic of such 
spreading on ultraslow-spreading ridges, have not 
been described at slow-spreading ridges. Second-
ly, the proportion of gabbroic rock might be higher 
than calculated from the distribution of lithologies 
in the dredges. Unless there are large cross-faults or 
land-slips that cut down into the detachment foot-
wall, serpentinite and talc-serpentinite fault gouge 
intruded laterally along the active fault plane may 
mask an underlying gabbro body, as at the Kane 
Megamullion (Dick et al., 2008; Xu et al., 2009) and 
the 15°45’ OCC (Escartín et al., 2003). This is relat-
ed to the common presence of mantle peridotite in 
detachment fault regions. Furthermore, although it 
is often assumed that detachment fault root shal-
lowly in the crust (Section 7.4), probably in the 
gabbro-dike transition zone (Escartín et al., 2003), 
given the abundance of peridotite mylonites, and 
crystal-plastically deformed amphibolitic gabbro 
mylonites in many OCCs (e.g., Kane Megamullion; 
Dick et al., 2008; Atlantis Bank; Dick et al., 1991, 
2000), it would seem evident that detachment fault 
roots more deeply, passing through the dyke-gab-
bro transition. In this case, a significant part of gab-
bros could be cut and moved away with the hang-
ing wall. Last but not least, massive gabbros are 
notoriously hard to dredge, but this refers to slow- 
as well as ultraslow-spreading ridges.

7.3.	The origin of peridotites (fault gouge vs 
inside of the footwall)

As discovered in some OCCs, peridotites are 
very common rocks at the surface of detachment 
faults. However, the proportion of peridotites ap-
pears to be smaller under the surface of the footwall 

Fig. 7. The axis showing the percentage of peridotites among all plutonic rocks (peridotites + gabbroic rocks) for various 
OCCs. Peridotites predominate in most OCCs, as indicated also by the green colour. The empty circles show the de-
gree of sampling. The largest circle (left) indicates very extensive sampling (725–1,908 kg). The smaller circles (right) 
correspond to moderately high sampling (40–68 kg or 24–73 samples), moderately low sampling (5.5–10 kg or 4–15 
samples) and very low sampling (single sample or a general description), respectively. The western 53° OCC, with 
817 kg of collected rocks, has been moved to the second group as the amounts of gabbro and peridotite within the 
dredges are not strictly constrained (see text). About 250 kg of plutonic rocks were collected in the eastern 53° OCC 
along the SWIR and the Rainbow Massif along the MAR. The former was classified in the moderately low-sampled 
group as one gabbroic block made up the haul. The latter was assigned to the moderately high-sampled group as 
only pie diagrams have been published to date (Andreani et al., 2014) which lowers the precision of our estimates
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(Dick et al., 2001, 2008; Escartín et al., 2003). We ob-
serve such a peculiar distribution of peridotites, be-
cause some of them are associated only with the de-
tachment fault, related to the fact that serpentinised 
peridotites may easily lubricate a  fault, relieving 
stress along the fault zone. Such serpentinised peri-
dotites may originate from where the detachment 
fault roots into massive peridotite, either vertical-
ly where the crust is thin, or laterally, as in mantle 
peridotite emplaced into a transform zone, and mi-
grate as a  fault gouge up or along the fault. They 
are usually highly deformed and often consist of 
100% alteration phases (serpentine plus talc; Dick et 
al., 2001, 2008; Morishita et al., 2009). Due to the ex-
treme alteration, these peridotites have very limited 
use for evaluation of igneous petrogenesis. The re-
maining peridotites, however, are largely massive 
protogranular and porphyroclastic peridotites simi-
lar to those exposed in large peridotite massifs such 
as Table Mountain in the Bay of Islands Complex 
in Newfoundland, or in the Josephine Peridotite in 
the US states of Oregon and Washington. Where 
these occur in abundance, multiple dredges show 
that they are exposed over large regions, constitut-
ing large massifs exposed by detachment or block 
faulting onto the sea floor. As our data compilation 
shows, at least 18 of 32 OCCs in which peridotites 
were sampled contain massive peridotites (Table 
1). We expect that the massive peridotite will be 
documented, at least locally, in most of the other 16 
OCCs in the future. 

7.4.	What do massive peridotites represent?

When the lower crust is present, it is believed 
that the detachment faults root in gabbroic crust 
and not in the mantle (Dick et al., 2000; Escartín et 
al., 2003; Zhou & Dick, 2013). This is the case for 
the majority of OCCs, since gabbro plutons and 
gabbroic veins in peridotites are common through-
out them (e.g., Karson et al., 2006; Dick et al., 2008; 
Morishita et al., 2009; Sections 6 and 7.2). Elsewhere, 
peridotite mylonites, representing the high temper-
ature (600°C plus; Jaroslow et al., 1996) detachment 
faults where they rooted into upwelling mantle. Al-
though these have not been found at all peridotite 
massifs, such fault zones are likely very narrow and 
easily missed by relatively few scattered dredges. 
Due to a strong contrast in physical properties with 
the underlying partially serpentinised peridotite, 
they are also easily removed by mass wasting. For 
example, while not previously reported from 14° to 
17°N on the Mid-Atlantic Ridge, they have recently 
been found in the central and northern regions of 

the 16.5°N detachment fault system by Smith et al. 
(2014). Thus, the massive peridotite outcrops rep-
resent direct emplacement of crystalline peridotite 
onto the sea floor on faults that rooted up to several 
kilometres into the mantle beneath the spreading 
axis or adjacent transform.

The massive peridotites are sampled by drilling, 
dredging or diving in landslip headwalls or talus 
ramps, or along high-angle faults that crosscut the 
detachment fault surface. These scarps and faults, 
by simple geometry, expose only a  few hundred 
metres depth below the detachment footwall, and 
thus we can assume that the peridotites represent 
only the few hundred upper metres of the mantle 
emplaced along the plate boundary.

7.5.	What is the typical degree of partial 
melting of abyssal peridotites?

The degree of partial melting of peridotites is 
reflected in spinel composition (Hellebrand et al., 
2001). We checked available publications for spi-
nel analyses in massive peridotites, and found five 
data sets. Assuming that the mantle major element 
source composition is uniform (this is not always 
the case, as shown by Dick & Zhou, 2015), the de-
gree of mantle partial melting calculated for these 
data vary within a  range of 11.3–18.3% (Table 1). 
Melting under ridges is subadiabatic, driven by the 
difference between the adiabat and the solidus de-
pression with decreasing depth. Therefore, the de-
gree of melting increases during magma upwelling, 
reaching the highest value at the top of the melting 
column. In this light, the 11.3–18.3% partial melting 
range represents the highest degree of partial melt-
ing under the ridge where they were sampled. 

Considering the decreasing degree of melting 
from the centre to the ends of segments (Niu & 
Batiza, 1994) and the fact that only spinels coming 
from locations far from the segment ends are includ-
ed in the calculations mentioned above, we might 
interpret the value ~18% as being at the high end of 
melting along slow-spreading ridges. For compari-
son, Dick et al. (2010) suggested 8% partial melting 
for the Kane Transform and Wang et al. (2013) not-
ed a similar value (~7.9%) for the Gallieni and Ga-
zelle fracture zones, using the same method (Hel-
lebrand et al., 2001). One example, where a higher 
degree of partial melting is observed at a segment 
end, is at the Vema Transform (11°N, MAR, full 
spreading rate 27.2 mm/year) where a  successive 
section of peridotite, gabbro, dykes and overlying 
basalts occur along the transform wall (Auzende et 
al., 1989). The peridotites located between 9.5 and 
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6 Ma isochrones display a range of 9–13.5% partial 
melting in their upper part, up to 1 km from their 
boundary with gabbros. However, the degree of 
partial melting throughout the older intervals os-
cillated between 5 and 10% (Bonatti et al., 2003). 
This range in the degree of partial melting is also 
displayed by peridotites in the Owen fracture zone 
and the Romanche fracture zone (Choi et al., 2008).

7.6.	Plagioclase-bearing peridotites as 
indicators of interaction with trapped 
melt

The OCC peridotites are typically spinel 
harzburgites (Section 6), which can be explained 
by the relatively high degree of partial melting 
in the OCC peridotites (Section 7.5). On the other 
hand, they are relatively rarely plagioclase bearing 
in comparison to the abyssal peridotites from the 
transform valleys, where 38% of all peridotites con-
tain plagioclase (Dick, 1989). Plagioclase in abyssal 
peridotite is usually interpreted to have resulted 
from interaction with transient trapped melt (Dick 
1989; Bonatti et al., 1992; Rampone et al., 1997). Ad-
ditional evidence for such interaction is a relative-
ly low olivine and pyroxene Mg# (Coogan, 2013). 
The relatively small amount of plagioclase-bearing 
peridotites among the OCC peridotites facilitates 
the investigation on partial melting in the mantle, 
as original Cr# in spinels can be preserved, whereas 
reaction with late impregnating melts generally el-
evates the Cr# as Al goes into the plagioclase (Dick 
et al., 2010). On the other hand, the percentage of 
plagioclase in the plagioclase-bearing peridotites 
allows us to estimate the amount of trapped melt. 
For example, assuming a normative percentage of 
plagioclase in MORB as high as 50–55% (Wilkinson, 
1986), we can estimate that ~2% of plagioclase indi-
cates ~4% of trapped melt.

Careful mineral mode estimation in the OCC 
peridotites has revealed that plagioclase-bearing 
peridotites occur in every OCC where the estima-
tion was made (Table 1). This is the case for the Kane 
Megamullion (Dick et al., 2010), the Atlantis Massif 
(Tamura et al., 2008) and the 25°S OCC (Morishi-
ta et al., 2009). Only interstitial clinopyroxenes and 
no plagioclase are reported by Dannovski et al. 
(2010) for 22°19’N at the MAR. However, the sam-
ples were 100% altered. Thus, the presence of pla-
gioclase cannot be excluded even there. Plagioclase 
only ever occurs in part of the peridotites. This is 
the case for the Atlantis Massif and 25°S OCC. The 
plagioclase-bearing peridotites make up ~14% of 

the mantle rocks in the most representative set of 
data, which is the Kane Megamullion.

In most specimens from the Kane Megamullion, 
the Atlantis Massif and the 25°S OCC, plagioclase 
constitutes less than 1% of plagioclase-bearing 
peridotite, although only in several samples ap-
proaching more than 5%. The average olivine and 
clinopyroxene Mg# is significantly lower in plagi-
oclase-bearing peridotites than in spinel peridotites 
in the Kane Megamullion and the Atlantis Massif, 
while it is similar in the 25°S OCC (Table 1). How-
ever, the plagioclase also occurs as an interstitial 
phase in the latter. To summarise, it seems that 
many abyssal peridotites interacted with a MORB-
like melt. The irregular distribution of plagioclase 
(see also Section 6) indicates a non-uniform flow of 
melt.

As mentioned above, plagioclase-bearing perid-
otites occur more frequently in the transform peri-
dotites than the peridotites originating from OCCs. 
In addition, they show higher modal amounts of 
plagioclase, because the average volume of plagi-
oclase exceeds 2% in the most plagioclase-bearing 
transform peridotites (Dick, 1989). The highly var-
iable plagioclase contents indicate that the flow of 
transient melt was also non uniform (Dick, 1989). 
However, the greater abundance of plagioclase and 
the frequency of plagioclase-bearing peridotites 
suggest a more intensive late-stage melt impregna-
tion in the transform peridotites than in the peridot-
ites originating from OCCs.

7.7.	Peridotite-hosted hydrothermal fields

Analysis of the literature (Table 1) shows that 
active hydrothermal fields have been found at 12 
of 39 sampled OCCs, which suggests these pro-
vide exceptionally favourable conditions for their 
generation. Tivey et al. (2003), McCaig et al. (2007) 
and Tucholke et al. (2013) recognised the important 
role of active detachment faults as main conduits 
for hydrothermal circulation. The root zone of such 
a circulation can be located up to 11 km below the 
sea floor (Silantiev et al., 2009a, b). Thus, hydrother-
mal fluids extensively react with ultramafic rocks 
during ascent, buffering vent fluid chemistry, as in 
the case of the Lost City hydrothermal field at the 
Atlantis Massif (Kelley et al., 2001). It influences the 
composition of the ore minerals generated to those 
fluids. For example, massive sulphides hosted in 
peridotites at the Logatchev Massif display a pecu-
liar composition (Petersen et al., 2009). Other hy-
drothermal fields hosted in peridotites have to be 
investigated in order to determine whether or not 
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they generate a new class of ore deposit, different 
from basalt-hosted deposits. 

8.	 Conclusions

1.	 Oceanic core complexes are common features in 
the oceanic crust architecture of slow-spreading 
ridges. At least 172 oceanic core complexes have 
been identified on the basis of bathymetry and 
geophysical data. Most were discovered during 
the last decade. They occasionally occur as iso-
lated massifs, but it is usual for them to occur in 
groups of up to 39 OCCs in one extended seg-
ment. Thus, we can expect to discover dozens 
of new OCCs as more detailed mapping occurs 
along slow-spreading mid-ocean ridges. Un-
doubtedly, there are also many hidden beneath 
the sedimentary cover far from active rifts. 
Therefore, detachment faulting is a  common 
and not an anomalous mode of crustal accretion 
at slow-spreading ridges.

2.	 Only 39 of 172 OCCs have been sampled so 
far. However, as 32 of them contain peridot-
ites, they are clearly common in their footwall. 
Moreover, peridotites predominate in the plu-
tonic footwall of the majority of them. The high 
number of OCCs and their relatively large di-
mensions compared to other settings of ocean-
ic crust where peridotites are involved allow 
earth scientists to focus on sampling of a com-
plete section of the upper mantle and lower 
crust by extensive dredging, diving and drilling 
in megamullion systems. 

3.	 Massive OCC peridotites represent the very top 
of the melting column beneath ocean ridges. 
They are typically spinel harzburgite and show 
11.3–18.3% partial melting, assuming a  prim-
itive upper mantle source composition, in the 
segment centres, generally representing the 
maximum degree of melting along a segment. 
The degree of melting is lower in the segment 
ends and presumably in the lower part of the 
melting column. 

4.	 The OCC peridotites often contain plagioclase, 
which together with low pyroxene and olivine 
Mg#s generally indicates a  late-stage impreg-
nation with MORB-like melt. The pattern of the 
plagioclase distribution suggests a non-uniform 
flow of melt.

5.	 Based on the above, OCC peridotites away from 
segment ends and transforms can be treated as 
a new class of abyssal peridotites. These differ 
from the transform peridotites by higher de-
grees of partial melting and lower interactions 

with subsequent transient melts. At the same 
time, we are aware that not enough sampling 
and analysis have been performed on OCC 
peridotites, and this distinction requires further 
substantiation. Therefore, we wish to emphasise 
that OCC peridotite samples represent an op-
portunity, not yet fully exploited, to investigate 
partial melting, melt transport, ultramafic-host-
ed hydrothermal processes and both large- and 
local-scale mantle heterogeneity.
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ABSTRACT: 

Primary and secondary transport of chalcophile metals through the oceanic lithosphere 

control the formation of seafloor massive sulfide (SMS) deposits. Although, chalcophile 

elements have been investigated in the upper oceanic crust, little work has thoroughly examined 

their migration through the lower oceanic crust due to scarcity of drilled material. In 2016, 

International Ocean Discovery Program (IODP) Expedition 360 drilled the 810-m-deep U1473A 

hole into the gabbroic lower crust of the Atlantis Bank ocean core complex (OCC) at the 

Southwest Indian Ridge (SWIR; 32°42’S, 57°17’E). We selected 101 evenly distributed samples 
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representing the range of rocks in the drill hole to analyze their metal and S contents along with 

the S and Sr isotopes. Sulfides throughout the hole are almost exclusively pyrrhotite-

chalcopyrite-pentlandite grains. This paragenesis along with a consistent trace element 

composition throughout the hole as well as the mantle-derived S and Sr isotope signatures 

indicate the predominant role of magmatic processes in the transport of chalcophile metals. 

Downhole Cu, S, Fe2O3, MnO, Co and P2O5 upward-decreasing trends matching Mg-number 

trends and shipboard-defined magmatic units suggest dominant role of fractional crystallization. 

Sulfide are closely associated with oxides and we observe high correlation coefficients between 

S, MnO, TiO2, and Fe2O3. Based on textural features, we show that oxides crystallize first 

immediately followed by sulfides. The crystallization of sulfides after oxides is achieved by 

lowering the level of sulfide concentration at sulfide saturation (SCSS) in the portion of melt 

suffered by loss of iron and decreased oxygen fugacity after oxide precipitation. As sulfides and 

oxides fractionate early they tend to accumulate at the lower part of gabbroic bodies, which are 

by ~50% enriched in Cu and by ~100% enriched in S with respect to the upper parts. In addition, 

gabbro bodies located deeper in the crust are enriched in metals with respect to shallower gabbro 

bodies. Deep position of sulfide-rich interval in the stratigraphic column hampers their 

penetration by hydrothermal fluids, and may be the reason why SMS deposits have not been 

found at Atlantis Bank although they are common in OCCs. 

1. INTRODUCTION 

Sulfide ores on land are plummeting due to the high demand of the industry. Shrinking on-

shore resources have led to combing the ocean floor (Boschen et al., 2013; Hoagland et al., 

2010). The average Cu grade of seafloor massive sulfide (SMS) deposits is from 2 to 25 times 

higher than the average Cu grade of active land-based mines (Hein et al., 2013). Therefore, 

chalcophile element transport through the oceanic crust has been of major scientific interest in 

the last three decades.  

Chalcophile elements have been investigated in the holes drilled into the upper fast-spread 

oceanic crust (Alt et al., 2010, 1989; Bach et al., 2003). However, SMS deposits preferentially 

occur along the slow-spreading ridges (86%) with respect to intermediate spreading ridges (12%) 

and fast-spreading ridges (2%) (Hannington et al., 2011). This is also reflected in the distribution 

of International Seabed Authority (ISA) sulfide exploration areas. Among seven ISA contractors, 
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China, Russia, France, and Poland operate on ultra-slow and slow-spreading ridge sections with 

Korea, Germany, and India operating on slow-to-intermediate-spreading ridge sections. In 

addition, the SMS deposits with the highest metal grades occur on top of oceanic core complexes 

(OCC) (Hannington et al., 2010). OCCs are exposures of the lower crust and mantle moved to 

the seafloor along detachment faults, which occur along the ultraslow-to-intermediate spreading 

ridges. The plutonic rocks may thus be a key to understand magmatic processes crucial for 

metal-rich SMS deposits.  

Although several important studies have been dedicated to sulfides (Miller and Cervantes, 

2002; Natland et al., 1991) and sulfur (Alt and Anderson, 1991; Bach et al., 2001; Delacour et 

al., 2008) in the slow-spread oceanic lower crust, the scarcity of available material has not fully 

allowed to thoroughly examine the transport of chalcophile and siderophile metals. As a result, 

the source and processes leading to the formation of large SMS deposits on top of the slow-

spread oceanic crust are yet not fully understood. The character of magmatic processes at the 

slow-spread lithosphere may depend on the rate of local magma supply (Ciazela et al., 2015). 

Recently, we studied how magmatic processes control metal migration in a slow-spread lower 

oceanic lithosphere with low magma supply, and highlighted the crucial role of melt-mantle 

reaction in there (Ciazela et al., 2017). To study metal transport at a slow-spread oceanic 

lithosphere with a high magma supply three of us took part in the International Ocean Discovery 

Program (IODP) Expedition 360, which drilled the 810-m-deep U1473A hole into the gabbroic 

lower crust of the Atlantis Bank OCC at the Southwest Indian Ridge (SWIR). We selected 101 

evenly distributed samples representing the range of rocks in the drill hole to analyze their metal 

and S contents and S isotopes. This study allowed us to demonstrate a high role of magmatic 

transport with limited role of hydrothermal transport in the lower oceanic crust. In addition, we 

have shown that fractional crystallization is a principal mechanism of sulfide and oxide 

differentiation in the local crust. 

2. GEOLOGICAL SETTING AND SAMPLE COLLECTION 

2.1. Geological setting 

The Atlantis Bank is a well-studied OCC (Dick et al., 2015 and references therein) located at 

~100 km south of the axial valley of the ultraslow-spreading section of SWIR (32°40′ S and 

57°15′ E) and close to the Atlantis II Transform fault. The bank consists of a raised dome about 
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40 by 30 km in size, and rising from 5700 m water depth at the base of the transform wall to 

about 750 m on a ~25 km
2
 large flat-topped platform (Fig. 1). The platform is part of a 

continuous gabbro massif, which was emplaced ~12 Myr ago (Baines et al., 2009) and is 

exposed throughout the dome. Gabbro overlies granular mantle peridotite that forms the lower 

slopes of the eastern wall of the Atlantis II Transform. Mapping shows that the basement on the 

wave-cut platform largely consists of shallow dipping gabbro mylonite generated by detachment 

faulting (Dick et al., 2015). The predominance of gabbro in the platform basement has been 

confirmed by four IODP expeditions during which three holes have been drilled (Fig. 1), 

including the 1508-m deep but inactive Hole 735B from 1997 (Dick et al., 2000). 

2.2. Sample Collection 

Expedition 360, which was finished in January 2016, drilled 2 km northeast from 735B 

resulting in the 789-m deep Hole U1473A (Dick et al., 2016). In July 2016, the hole was cleaned, 

deepened to 810 m and reinforced with cement to maintain the hole in good condition before the 

next scientific expedition (MacLeod et al., 2017). The ultimate goal is to drill through the crust-

mantle boundary (Ciazela et al., 2016; Dick et al., 2016; MacLeod et al., 2017). Preliminary 

assessment of the drilled lithology indicates repeated intrusions of the ~300-m scale olivine 

gabbro (76.5 vol.% of the recovered rocks) and gabbro (14.6 vol.%) cumulate into the crust. 

Minor oxide gabbro layers and patches (7.4 vol.%) occur within the olivine gabbro (Dick et al., 

2016). Gabbroic rocks are occasionally cut by felsic veins (remaining 1.5 vol.%). A highly 

fractured carbonate cemented zone has been encountered between 170 and 570 mbsf with a 

recovery rate of 44%. This zone likely represents a system of late high-angle normal faults. 

Below 570 mbsf, drilling conditions were excellent with a 96% recovery (Dick et al., 2016). A 

total of 97 gabbroic samples and 4 felsic veins have been selected for whole-rock analyses in this 

study (Fig. 2). The samples are distributed in relatively equal intervals to provide a representative 

downhole profile. However, the bottom part of the hole where most sulfides occurred has been 

sampled more densely (Fig. 2). Gabbroic samples are typically 150-200 g large, 1 cm thick, 6 cm 

wide, and 10 cm long slabs cut out from the core.  

3. METHODS 

3.1. Major elements 
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Major elements (Table S1 Supplementary Material) were determined using X-ray 

Fluorescence (XRF) spectroscopy at the Bundesanstalt für Geowissenschaften and Rohstoffe, 

Hannover, Germany. To form tablets for the analyses, 1 g of sample powder and 5 g LiBO2 were 

mixed and melted for 20 minutes at 1200°C. The tablets were analyzed with a wavelength 

dispersive PANalytical AXIOS X-ray spectrometer equipped with a Rh X-ray tube. To calibrate 

the XRF measurements, several international standards were used. The relative uncertainty is 

between 1 and 2%. Loss-on-ignition (LOI) method was used to determine the total volatile 

concentrations. To evaporate volatiles, samples were heated in a muffle furnace at 1030°C for 10 

min. 

3.2. Trace elements 

Trace elements (Table S2 Supplementary Material) were determined with Instrumental 

Neutron Activation Analysis (INAA) and Inductively Coupled Plasma Mass Spectrometry 

(ICPMS) at the Activation Laboratories Ltd., Ontario, Canada with the Ultratrace 5 package (see 

the Ultratrace 5 - Total Digestion - ICPMS, INAA subsection of the Methods section of the 

Actlab website www.actlabs.com for detailed description). For the ICPMS analysis, 0.25 g per 

sample were digested in a sequence of four acids (perchloric, hydrofluoric, hydrochloric and 

nitric). For INAA measurements, 30 g of sample powder were used to minimize nugget effect for 

Au. The powders were encapsulated in polyethylene vials. Samples and internal standards were 

irradiated with flux wires at a thermal neutron flux of 7 x 10
12

 n cm
-2

s
-1

. After seven days needed 

for 
24

Na decay, elemental concentrations in samples were counted on a high purity Ge detector. 

3.3. Sulfur concentrations 

ELTRA CS 800 (Institut für Mineralogie, Leibniz Universität Hannover) and CS 580 

(Institut für Geologie und Paläontologie, Westfalische Wilhelm Universität Münster) 

carbon/sulfur Analyzers were used to determine the sulfur concentrations (Table S3 

Supplementary Material). Sample powders (60 to 150 mg) were placed in a porcelain crucible, 

combusted in an O2-atmosphere at 1350°C, and detected using infrared. Detailed analytical 

procedure is provided by Lissner et al. (2014). 

3.4. Sulfur isotopes 
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Sulfur extraction and isotopic analyses were carried out at the Institut für Geologie und 

Paläontologie, Westfalische Wilhelm Universität Münster, Germany. Acid volatile sulfides 

(AVS) and Cr-reducible sulfur (CRS) were sequentially or together (Table S3 Supplementary 

Material) extracted to Ag2S using a modified method of Canfield et al. (1986). The 
34

S/
32

S ratios 

are reported as δ34
S related to Vienna Canyon Diablo Troilite (V-CDT) and measured using a 

Thermo Finnigan Delta Plus MS. IAEA-S1, IAEA-S2, IAEA-S3 and NBS 127 were used as 

reference materials. To determine the Δ
33

S, defined as ln(δ
33

S + 1) – 0.515 x ln(δ
34

S + 1), and 

Δ
36

S, defined as ln(δ
36

S + 1) – 1.90 x ln(δ
34

S + 1) (Ono et al., 2012), multiple sulfur isotopes (32, 

33, 34, 36) were measured using a ThermoScientific Mat 253 MS. For this scope, the Ag2S’s 

were at first fluorinated in Ni reactors at 300 °C to form SF6, which were then cryogenically and 

chromatographically purified, and introduced to the MS. IAEA-S1 was used as a reference 

material. The δ34
S obtained by this method match well the δ34

S values obtained with the Thermo 

Finnigan Delta Plus MS (Fig. S1 Supplementary Material). In all these cases where δ34
S values 

are obtained by both methods (Table S3 Supplementary Material), the averages of the two are 

plotted (Fig. 3).  

3.5. Strontium isotopes 

Strontium digestion, separation and analysis were carried at Institut für Mineralogie, 

Westfalische Wilhelm Universität Münster, Germany. At first, 50 mg of fine powder were 

digested with HF-HNO3 followed by HCl. Strontium was separated by using standard cation 

exchange procedures, loaded on W filaments, and measured on a Finnigan-Mat Triton 

multicollector MS. The NBS 987 standard measured along with the samples gave 
87

Sr/
86

Sr 

0.710234±7 (2 SD; n=7) during the measurement period, which agrees well with the long-term 

reproducibility of 0.710240.  

4. RESULTS 

4.1. Petrographic characteristic of sulfide and oxide assemblages 

Sulfides occur almost exclusively as polysulfide grains (Fig. 4) composed of pyrrhotite (~80 

vol.%), chalcopyrite (~15 vol.%), and pentlandite (~5 vol.%). This proportion is rather consistent 

throughout the hole although the abundance of pentlandite varies from ~10 vol.% at the bottom 

of the hole to ~2-3 vol.% at the top. Pentlandite generally occur as small crystals dispersed 
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throughout the pyrrhotite, whereas most of the chalcopyrite form massive crystals, often on the 

rims of the pyrrhotite (Fig. 4b). Exsolutions of pentlandite in pyrrhotite imply they formed from 

a monosulfides solid solution upon cooling. Exsolutions of troilite in the pyrrhotite (Fig. 4c) are 

also observed throughout the hole. Some of the sulfides form up to 200 μm large globules, which 

are often enclosed in clinopyroxene (Fig. 4a). In addition, we found associated inclusions of 

clinopyroxene in the pyrrhotite. The sulfides typically occur with more abundant Fe-Ti oxides. 

These are titanomagnetites or exsolutions of titanomagnetite and ilmenite (Fig. 4a). Sulfides are 

usually fresh or slightly weathered. Only in Sample 9R-3 116/123 (74.8 mbsf) we found pyrite 

partially replacing pyrrhotite. 

4.2. Bulk-rock compositions 

Our gabbroic rocks are on average slightly less altered than all the U1473A rocks (Fig. S2 

Supplementary Material). They are slightly (3-9%, rank 1) to moderately (10-29%, rank 2) 

altered with an average rank of 1.6 (Table S4 Supplementary Material). Our felsic veins are 

extensively (rank 4, 60-89%) to completely (5, ≥90%) completely with an average rank of 4.7. 

The gabbroic rocks always contain olivine, and are mostly classified as olivine gabbro (>5% 

modal olivine, Table S4 Supplementary Material). This is reflected in their high Mg-number (72) 

and low SiO2 content (50.2 wt%; Table S1 Supplementary Material). A low average LOI of 0.5 

wt% confirms low alteration intensity (Table S1 Supplementary Material). Felsic veins are more 

evolved with an average Mg-number of 62 and an average SiO2 content of 68.0 wt%. Higher 

average LOI (1.1 wt%) of felsic veins is consistent with their stronger alteration (Table S1 

Supplementary Material). 

Felsic veins are on average depleted in major (1.7 wt% Fe2O3, 0.19 wt% TiO2, 0.03 wt% 

MnO; Table S1 Supplementary Material) and trace siderophile and chalcophile metals (63 ppm 

Cu, 27 ppm Zn, 29 ppm Co; Table S2 Supplementary Material) with respect to gabbroic rocks 

(7.3 wt% Fe2O3, 0.67 wt% TiO2, 0.13 wt% MnO; 84 ppm Cu, 46 ppm Zn, 49 ppm Co; Tables 

S1-2 Supplementary Material). In gabbroic rocks, metal concentrations decrease upwards the 

hole. This is the case both for chalcophile (Figs. 3, 5 and 6a) and siderophile elements (Fig. 6a-

c). The metal concentrations drop not linearly but in discrete intervals, which boundaries 

correspond to the large-scale (Fig. 5) or medium-scale gabbroic bodies (cf. Figs. 2 and 6). The 

Cu and S concentrations scatter but seem to follow the general large-scale igneous differentiation 
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trends defined by Mg-number (Fig. 5). Cu and S decrease from ~110 to ~50 ppm, and from ~900 

to ~450 ppm, respectively in the lower large-scale gabbroic body (Fig. 5). At ~300 mbsf, the 

upper large-scale gabbroic body starts, which contains ~100 ppm Cu and 950 ppm S at its 

bottom and only ~55 ppm Cu and ~400 ppm S at its top. Interestingly these trends for sulfide-

related elements are mirrored by the apatite-related P2O5 (Fig. 6d). Siderophile elements, which 

scatter less then chalcophile elements, allow for their correlations also with medium-scale 

gabbroic bodies distinguished in Fig. 2. For example, the bottom Unit VIII is characterized by 

decreasing concentrations of Co, MnO and Fe2O3 from ~50 ppm, ~0.12 wt%, and ~6.5 wt% to 

~40 ppm, 0.10 wt%, and 5.2 wt%, respectively. Similar decreasing trends are clear for the 

following Units VII, VI, and V but not obvious for Units IV to I, which were less densely 

sampled.  

The correlation matrix (Table S5 Supplementary Material) of various major and trace 

elements reveals high correlations between sulfide-related (S, Cu, Pb, Ag, Co, Zn, Fe2O3), oxide-

related (Fe2O3, TiO2, MnO, Zn, Co, Ga, V), and apatite-related elements (P2O5), whereas 

correlation is scares in other cases. One major exception is Ni; although being often chalcophile 

and siderophile, here it seems to be majorly controlled by olivine or pyroxenes as it correlates 

with Cr. The highest correlation coefficients (R; 0.82-0.93) is found for oxide-forming major 

elements (Fe2O3, TiO2, MnO; Table S5 Supplementary Material and Fig. 7b). This trio correlates 

well with siderophile metals such as Ga (0.36-0.48; Table S5 Supplementary Material and Fig. 

7e), Zn (0.76-0.92; Table S5 Supplementary Material and Fig. 7g), Co (0.61-0.75; Table S5 

Supplementary Material and Fig. 7h), and to a lesser extent Cu (0.22-0.32). The moderately high 

correlation with Cu unlikely results from incorporation of Cu. Copper partitions highly into 

sulfides as confirmed by high Cu-S correlation coefficient (0.56), and sulfides often co-occur 

with oxides in U1473A (Section 4.1 and Fig. 7a). This is confirmed by high correlation of sulfur 

with the oxide-forming major elements (0.71-0.77) and inherent trace elements like Zn (0.65) or 

Co (0.62) or Ga (0.41) (Table S5 Supplementary Material and Fig. 7a). Interestingly, the 

correlation coefficient between the S and metals seems to be the highest in S-rich samples (Fig. 

7a). P2O5 correlates well with the oxide forming-elements (0.44-0.59; Table S5 Supplementary 

Material and Fig. 7b) and moderately with S (0.27; Table S5 Supplementary Material). 

4.2.1. Sulfur speciation and isotopic composition 
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Sulfur, in addition to its concentration discussed in Section 4.2, was further analyzed for its 

speciation forms and isotopic composition. Nearly entire S in our rocks is sulfide-S, with sulfate-

S being >10% in only 4 of 101 rocks (Fig. 8). The highest sulfate-S content approaches ~24% 

(Fig. 8). Sulfate-S seems to slightly increase towards the ocean floor (Fig. 8).  

The sulfide-S was analyzed for their AVS and CRS contents in the top 450 m of the hole. 

Here, the AVS-S content in the sulfide-S seems to gradually decrease upwards the hole although 

this data scatters significantly (Fig. 9).  

Sulfur isotopes have been analyzed either in bulk sulfide-S or separately in CRS-S, and 

AVS-S which also can yield sulfide-S when summed up together. Where, the δ
34

S values for 

CRS-S and AVS-S are obtained, δ
34

S is consistently higher by ~0.5 ‰ in CRS-S than in AVS-S. 

The sulfide-S δ
34

S values are between -1‰ and 1 ‰ in 54 of 58 analyzed samples (Table S3 

Supplementary Material and Fig. 3). These samples contain only pyrrhotite-chalcopyrite-

pentlandite sulfide grains (e.g., Fig. 4a-b) and show relatively low scatter of S and Cu contents 

(Fig. 3). They predominate throughout the hole with two exceptions. First exception is the 

aforementioned Sample 9R-3 116/123 located 75 mbsf, which contains the secondary pyrite 

(Section 4.1) and shows a δ
34

S of 3.8‰. Notably most other samples from this interval (0-200 

mbsf) display slightly enhanced δ
34

S signatures between 0.5‰ and 1.0‰ (Fig. 3). The second 

exception is found at the bottom of the highly fracture carbonate cemented zone (530-570 mbsf), 

where one sample displays a δ
34

S of 4.8%, and other two between 0.5‰ and 1.5‰ (Fig. 3). In 

addition, Sample 25R1 127/133 shows a highly negative value of -25.0‰. This result was 

repeated in two analytical sessions to exclude that was an error (Table S3 Supplementary 

Material). The Δ
33

S values range from -0.035‰ to -0.012‰ in the upper part of the hole (Table 

S3 Supplementary Material). In the lower part, this range is slightly shifted towards lower values 

(-0.041‰ to -0.020‰).  

4.2.2. Strontium isotopes 

Strontium isotopes have been measured in 12 samples equally distributed throughout the 

hole (Table 1). The range of 
87

Sr/
86

Sr values obtained in this study (0.70275-0.70313) overlaps 

with 0.70281 reported for SWIR N-MORBs (Ito et al., 1987). This far from the values of 

0.70884 and 0.70915 reported for 12 Ma and modern seawater (McArthur et al. 2012). The 

87
Sr/

86
Sr values increase upwards the hole (Table 1).  
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5. DISCUSSION 

5.1. Magmatic versus hydrothermal metal transport 

Regardless whether the alteration intensity of our samples is slight (3-10%) or moderate (10-

29%; Table S4 Supplementary Material and Fig. 9), its impact on sulfur and metal cycle seems to 

be negligible (Figs. 3, 5-7). Pyrrhotite-pentlandite-chalcopyrite assemblages that exsolved from a 

sulfide liquid, which are typical sulfides throughout the hole (Fig. 4) are found in many 

magmatic sulfide deposits (Ballhaus and Sylvester, 2000; Dare et al., 2010; Song et al., 2009) 

and are commonly interpreted as magmatic in the lower oceanic crust (Miller and Cervantes, 

2002). The magmatic origin of our sulfides is also reflected in their sulfide-S δ
34

S values. Sulfur 

isotopes allow to distinguish between the mantle- and seawater-derived sulfur. While mantle δ
34

S 

is 0±2‰ (Oeser et al., 2012; Peters et al., 2010; Tostevin et al., 2014), seawater δ
34

S is ~21‰, 

which elevates δ
34

S in hydrothermal sulfides to higher values (typically 2 to 9‰, Peters et al., 

2010). We found signature matching hydrothermal sulfides in only two samples. Potentially, also 

the aforementioned Sample 25R1 127/133 with the highly negative value of -25.0‰ (Section 

4.2.1) could have had a hydrothermal signature before, and later be altered to -25.0‰ through 

microbial reduction (cf., Alt and Shanks, 2011; Oeser et al., 2012). Normally, a portion of 

hydrothermal sulfur is enclosed in sulfates as revealed for the lower crust in the Oman ophiolite 

(Oeser et al., 2012). Amon our samples, sulfates are scarce, however, as we documented by the 

comparison of the obtained total sulfur (TS) and sulfide-S values (Fig. 9 and Section 4.2.1).  

The negative Δ
33

S signatures (Section 4.2.1) also seem to confirm magmatic and not 

seawater S source. The seawater Δ
33

S signature is +0.050 (Ono et al., 2012; Tostevin et al., 

2014), which is far from the slightly negative range of values obtained in our study (-0.041‰ to -

0.012‰). Although even some MORBs show higher, close to neutral Δ
33

S values, such as 

+0.001±0.017‰ (2σ; one East Pacific Rice (EPR) sample; Ono et al., 2012) or -0.008‰ (two 

MAR samples; Peters et al., 2010), Labidi et al. (2012) reported negative Δ
33

S values (-

0.020±10‰, 2σ) for 13 MORB samples from the MAR, EPR and SWIR ridges, which well 

overlap our range. The range of Δ
33

S signatures (-0.041‰ to -0.020‰) found in the lower crust 

of the Oman ophiolite (Oeser et al., 2012) is also close to our Δ
33

S values. In contrast, higher 

Δ
33

S values are displayed by the overlying sheeted dikes (-0.036‰ to -0.013‰) and pillow 

basalts (-0.004‰ to +0.002‰; Oeser et al., 2012). 
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Slightly higher Δ
33

S values at the upper part of the hole (Section 4.2.1 and Table S3 

Supplementary Material) seem to indicate that flux of seawater-S is enhanced at the upper part of 

the hole. Although this is not visible by the general alteration rank in our and shipboard samples 

(Fig. 9), it seems to be supported by enhanced δ
34

S (Fig. 3) and to some extent by enhanced 

sulfate-S (Fig. 8) and the occurrence of pyrite in the top 200 m of the hole. The increased values 

of 
87

Sr/
86

Sr, Δ
33

S and δ
34

S at the top of the hole could either result from a direct effect of 

hydrothermal alteration or from assimilation of hydrothermally altered crust by the gabbro-

forming magma. This latter hypothesis could explain no increase in the alteration rank at the 

upper part of U1473A with respect to what is downwards. On the other hand, this could be also 

explained by the fact that S addition during low-temperature alteration is often not 

commensurate with the alteration grade expressed in percent of secondary minerals (Fig. 7 in 

Bach et al. 2001). 

Our observations are consistent with those found in other two long IODP Holes drilled into 

the lower oceanic crust, 1508-m-deep 735B Hole into Atlantis Bank, and 1415-m-deep U1309D 

Hole into Atlantis Massif along the MAR. The Cu concentrations in the lower part of Hole 735B 

is likely fully controlled by magmatic processes. The Cu and Ni trends are stable and clear in this 

part of the hole (Miller and Cervantes, 2002) as is typical for fresh rocks. In addition, the major 

magmatic boundary at 960 mbsf is clearly visible in the downhole Cu and Ni profiles. In contrast 

to that, a hydrothermal overprint probably occurred in the upper part of the hole. There, the least 

altered rocks contain 610 ppm S contrasting with <100 ppm S in the most altered rocks (Alt and 

Anderson, 1991). This is further confirmed by enhanced 
87

Sr/
86

Sr in the top 500 m of the hole 

with respect to the fresh MORB 
87

Sr/
86

Sr signature deeper in the hole (Bach et al., 2001). 

Similarly in Hole U1309D, high δ
34

S signatures (6 to 13‰) in the upper section indicate strong 

hydrothermal overprint, whereas moderate δ
34

S signatures (-1 to 1‰ in 9 of 10 samples) from 

the lower part of the hole are linked to magmatic processes (Delacour et al., 2008).  

On the whole, the consistent mineral composition (Section 4.1), metal (Figs. 3, 5-7) and S 

concentrations (Table S3 Supplementary Material and Fig. 3), Sr (Table 1), and S isotope 

signatures (Table S3 Supplementary Material and Fig. 3), and S speciation patterns (Figs. 8 and 9) 

throughout Hole U1473A indicate the predominant role of magmatic processes in the transport 

of chalcophile metals at the lower oceanic crust with only minor hydrothermal overprint at the 

top 200 m. This contrasts with the upper oceanic crust known from long ODP Holes 504B (Bach 

55 of 109



12 

 

et al., 2003; Teagle et al., 1998) and 1256D (Alt et al., 2010; Alt and Shanks, 2011), where 

hydrothermal fluids play an important role in the transport of metals. These observations are 

consistent with data reported for the Oman ophiolite, where the entire section of the upper 

lithosphere encompassing the upper and the lower crust is available and was investigated for S 

isotopes. Here, the sulfide-S of the lower crust consistently shows the mantle δ
34

S signature (-2 

to +2‰), whereas pillow lavas, sheeted dikes and dike-gabbro transition zone all display 

enhanced (>2‰) δ
34

S values (Oeser et al., 2012). In Atlantis Bank, the upper crust was removed 

during detachment faulting, subsequent tectonic uplift and erosion (Baines et al., 2003; Dick et 

al., 2000). The pre-erosional high-temperature seawater circulation was likely limited to the 

upper crust, and later low-temperature fluids did not significantly affect the S and metal 

distribution. 

5.2. Fractional crystallization controls magmatic metal transport 

Downhole Cu and S (Figs. 3 and 5), Fe2O3, MnO, Co and P2O5 (Fig. 6) trends matching 

magmatic units and Mg-number trends (Figs. 2 and 5) indicate dominant role of fractional 

crystallization in the magmatic transport of metals and S. Similar Fe and Ti upward decreasing 

trends explained by fractional crystallization of oxides are known from many layered intrusion 

complexes (Charlier et al., 2008; Namur et al., 2012; Zhang et al., 2012). This is further 

supported by decreasing mode of pentlandite in our sulfide grains upwards the hole (Section 4.1) 

associated with decreasing whole-rock Ni content which correlate with decreasing Mg-number 

upwards the hole (Ciazela et al., 2016; Dick et al., 2016; MacLeod et al., 2017). 

Our results revealing that metals are involved in fractional crystallization on a large- and 

medium-scale are consistent with the model of the slow-spread lower oceanic crust proposed by 

Coogan (2014), which is majorly based on the lower crust of Atlantis Bank (Dick et al., 2000). In 

his model, Coogan suggests magma bodies of 500-m height which differentiate in isolation from 

each other (cf. our Fig. 5). Smaller-scale chemical variations (cf. our Figs. 2 and 6) may in return 

record shorter timescale episodic inflation of the large magma bodies by sill-shaped intrusions 

emplaced into a crystal mush.  

In addition, Coogan proposes that felsic veins form when an almost solid mush fractures and 

the last increments of interstitial melt are sucked into the fractures. In this view, felsic veins are 

products of fractional crystallization products of most evolved melt. Considering that metal 

56 of 109



13 

 

content always decrease with progressive fractional crystallization (Figs. 3, 5, and 6), this is 

consistent with our felsic veins being yet more depleted in Co, Zn, Cu, S and Fe, and Mn than 

the most evolved gabbros (Section 4.2 and Table S2 Supplementary Material). In fact, the major 

element composition of the felsic vein match trends obtained by extrapolation of major element 

compositions in U1473A (MacLeod et al., 2017) and Hess Deep gabbros (Gillis et al., 2014). 

The prominent role of fractional crystallization for metal differentiation does not exclude an 

auxiliary role of other processes. Dick et al. (1991) and Natland et al. (1991) suggest that some 

oxides in the Atlantis Bank gabbro form as a result of disequilibrium between the melts that 

precipitated them and the silicate phases. In fact, we found examples of a similar process at 

igneous layer boundaries where late melt likely intruded mush zone. Here modal oxides and 

sulfides are enriched with respect to the background gabbro causing largely enhanced Cu and S 

concentrations (Pieterek et al., 2017). Three samples collected from such boundaries (13R-1 

26/33; 13R-1 67/75; 18R-1 18/25; see Table S2 Supplementary Material) are visible as spikes in 

our Cu and S profiles (110 and 159 mbsf in Figs. 3 and 5, compare also to Table S2 

Supplementary Material).  

5.3. Coupled oxide-sulfide fractionation 

Coexistence of sulfides with oxides documented using ore microscopy (Fig. 4a) along with 

high correlation coefficient between S, MnO, TiO2, and Fe2O3 (Fig. 6c and Table S5 

Supplementary Material) provide strong evidence that sulfides and oxides crystallize nearly 

simultaneously. Sulfide globules show a flat side at the contact with oxides (Fig. 4a), which 

indicates that oxides crystallize first and trigger immediate precipitation of sulfides aside. This 

fact and the common occurrence of sulfide-oxide parageneses both in the oceanic (Natland et al., 

1991) and the continental gabbro (Augé et al., 2017) suggest that precipitation of oxides lowers 

sulfur concentration at sulfide saturation (SCSS) of a given melt.  

Keith et al. (2017) who observed similar oxide-sulfide couples in oceanic basalts suggest the 

sulfides formed due to decreasing oxygen fugacity upon oxide crystallization. On the other hand, 

we recently proposed that the crystallization of sulfides from slow-spreading ridge magmas is 

often achieved due to loss of iron (Ciazela et al., 2017). SCSS strongly decreases with the 

decreasing iron content of the melt, especially in the range of 5–15 wt% FeO (Ariskin et al., 

2013; Haughton et al., 1974; O’Neill and Mavrogenes, 2002). In the case of oxide precipitation, 
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sulfide crystallization could thus result from a synergetic effect of decreasing oxygen fugacity 

and iron loss. Such a synergetic effect could explain (Fig. 4a) the discussed textural features (Fig. 

4a) and the excellent correlation between the sulfur and siderophile metals (Fig 6c, e-h). 

5.4. Role of magma supply for fractional crystallization in slow-spread oceanic ridges 

Slow-spread oceanic crust is thinner and more heterogeneous than fast-spread oceanic crust. 

(Blackman et al., 2011; Blackman and Collins, 2010; Cannat, 1996; Cannat et al., 1997; Ciazela 

et al., 2015; Dick et al., 2008). These features of the slow-spread oceanic crust affect how 

sulfides differentiate during magmatic processes and how metals are transported between the 

mantle and the ocean floor. Where magma supply is low, sulfides typically differentiate through 

melt-mantle reaction (Ciazela et al., 2017, 2015). Melt-mantle reaction leads to high sulfide 

enrichment at the contacts of gabbro and peridotite (Ciazela et al., 2017). In Atlantis Bank, 

where the magma supply is high (Ciazela et al., 2015; Dick et al., 2000), sulfides differentiate 

mostly through fractional crystallization. Although melt-rock reaction may occur within crust 

(Lissenberg et al., 2013; Lissenberg and Dick, 2008), and affect sulfides and oxides (Dick et al., 

1991; Natland et al., 1991), this is only a local process. A disequilibrium strong enough to drive 

sulfide precipitation can occur only at layer boundaries where two distinct lithologies meet such 

as olivine gabbro and gabbro (Section 5.3 and Pieterek et al. 2017).  

Interaction between mantle and melt although strongly affecting sulfides (Ciazela et al., 

2017) can occur only at the rims of magmatic plutons, and these extend over many kilometers in 

Atlantis Bank (Dick et al., 2015). This stands in contrast with other OCCs as Kane Megamullion 

(Dick et al., 2010, 2008) or even Atlantis Massif (Blackman et al., 2011; Blackman and Collins, 

2010) where gabbroic bodies are much thinner. As a consequence, sulfides in Atlantis Bank are 

mostly controlled through gravitationally driven fractional crystallization with oxides and 

sulfides crystallizing and separating early and therefore tending to accumulate at the lower part 

of gabbroic bodies. The lower parts of gabbroic bodies are by ~50% enriched in Cu and by 

~100% enriched in S with respect to the upper parts (Fig. 3). In addition, gabbro bodies located 

deeper in the crust are enriched in chalcophile elements with respect to shallower gabbro bodies. 

Both facts are consistent with MORBs having sulfur concentrations above sulfide saturation 

during their ascent through the slow-spread lower crust with high magma supply. 
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5.5. Implications for seafloor massive sulfides 

Where magma supply is low, sulfides typically differentiate through melt-mantle reaction, 

and melt-mantle reaction leads to high sulfide enrichment at the contacts of gabbro and peridotite 

(Ciazela et al., 2017). These zones are often located shallow under the seafloor and are easy to 

penetrate by hydrothermal circulation (Ciazela et al., 2017). These zones of magmatic 

enrichment related to melt refertilization might be one of the reasons why massive sulfide 

deposits form mostly at the slow spreading ridges and not at the fast spreading ridges 

(Hannington et al., 2011). Many SMS deposits in the recent oceans, including those largest and 

with the highest Cu grade (Petersen and Hein, 2013; Hein et al., 2013), are hosted in the 

peridotite-dominated lithosphere with a thin and heterogeneous crust (Andreani et al., 2014; 

Ciazela et al., 2015; Petersen et al., 2009; Tucholke et al., 2013), where melt-mantle reaction is 

likely more enhanced (Ciazela et al., 2017). This peculiar distribution of SMS deposits seems to 

reflect the style of magmatic differentiation determined by magma supply, although not 

necessarily the spreading rate (cf. Hannington et al. 2011). Atlantis Bank with its low spreading 

provides a primary example of that. In spite of the low local spreading rate of 14.6 mm (Zhou 

and Dick, 2013), the local magma supply is relatively high, and no seafloor massive sulfides 

have been found on the Atlantis Bank ocean floor to date (Dick et al., 2015). In contrast, SMS 

deposits are abundant towards southwest (Dragon Flag OCC; Ciazela et al., 2015; Tao et al., 

2014, 2012, 2011) and northeast (53°E OCC; Ciazela et al., 2015; Tao et al., 2014, 2012; Zhou 

and Dick, 2013) where lithosphere is thinner and more melt-mantle reaction occur.  

6. CONCLUSIONS 

1. The consistent mineral, trace element, and S and Sr isotope compositions throughout the 

hole indicates the predominant role of magmatic processes in the transport of chalcophile 

metals through the lower oceanic crust. Downhole Cu and S, Fe2O3, MnO, Co and P2O5 

trends matching magmatic units and Mg-number trends indicate dominant role of fractional 

crystallization in the magmatic transport of metals and S. Similar Fe and Ti upward-

decreasing trends explained by fractional crystallization of oxides are known from many 

layered intrusion complexes. 

2. Coexistence of sulfides with oxides and high correlation coefficient between S, MnO, TiO2, 

and Fe2O3 indicate that sulfides and oxides crystallize nearly simultaneously. Based on 
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textural features, we have demonstrated that oxides crystallized first and triggered 

immediate sulfide precipitation. The crystallization of sulfides during melt-mantle reaction 

can be achieved by lowering the level of sulfide concentration at sulfide saturation in the 

portion of melt suffered by loss of iron and decreased oxygen fugacity after oxide 

precipitation. 

3. Due to high magma supply in Atlantis Bank, sulfides differentiate mostly through fractional 

crystallization. Sulfides fractionate early and thus tend to accumulate at the lower part of 

gabbroic bodies. The lower parts of gabbroic bodies are by ~50% enriched in Cu and by 

~100% enriched in S with respect to the upper parts. In addition, gabbro bodies located 

deeper in the crust are enriched in chalcophile elements with respect to shallower gabbro 

bodies. Both facts are consistent with MORBs having sulfur concentrations above sulfide 

saturation during their ascent through the slow-spread lower crust with high magma supply.  

4. Most seafloor massive sulfides, especially with the highest Cu-grades, occur along slow-

spread oceanic lithosphere with relatively low magma supply. In Atlantis Bank where 

magma budget is high and the crust was fully developed, zones of the highest sulfide 

enrichment show lower degree of metal concentrations (up to ~130 ppm Cu) than analogical 

zones in the slow-spread crust with a low magma supply (up to ~300 ppm Cu). In addition, 

the former are emplaced at the bottom of gabbroic bodies where hydrothermal fluids have 

only limited access. This is likely the reason why seafloor massive sulfides have not been 

found at Atlantis Bank although they are common in oceanic core complexes.  
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TABLES 

Table 1. Isotopic signatures and contents of Sr in the U1473A gabbros 

Sample δ
87

Sr Sr (ppm) 

2R-1 37/46 0.70290 144 

3R-3 120/128 0.70302 119 

5R-1 121/129 0.70285 103 

7R-2 33/40 0.70313 159 

23R-2 130/134 0.70287 161 

36R-3 23/30 0.70284 184 

49R-1 84/96 0.70285 179 

51R-5 48/57 0.70282 179 

59R-3 0/10 0.70282 173 

75R-1 83/91 0.70275 135 

76R-1 13/23 0.70275 180 

83R-9 88/98 0.70276 161 

Standard 

  NBS 987  0.710234 ± 7 (2 SD; n=7) 

Reference 

  N-MORB from SWIR 0.70281 (Ito 1987) 

Modern seawater 0.70915 (McArthur 2012) 

12 Ma seawater 0.70884 (McArthur 2012) 

SD - standard deviation; n- number of measurements 
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FIGURES  

 

Fig. 1. Bathymetry map showing the flat-topped platform of the Atlantis Bank at a depth of 700-

800 meters below sea level (see the contour lines). The blue dot marks the location of a recent 

IODP Hole U1473A. The black dots represent two previous holes. The inset shows Atlantis 

Bank’s location along the Southwest Indian Ridge (SWIR) in the Indian Ocean. CIR – Central 

Indian Ridge, SEIR – Southeast Indian Ridge. Modified from Ciazela et al. (2016). 
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Fig. 2. Lithostratigraphy of IODP Hole U1473A. Relative rock abundances are averaged over 20 

running meters. The right column shows relative abundances in drilled material. Note that 

recovery rate is ~45% in the upper part of the hole and close to 100% in the lower part of the 

hole. A 30-m long interval in the middle part was drilled without coring. Mostly olivine gabbro 

were recovered. Gabbro and a variety of oxide gabbros are minor but occur throughout the hole. 

Diabase is present only locally, for example in veins. The axis on the right side shows the 

distribution of 101 samples (red diamonds) studied in this paper. Units I-VIII were distinguished 

based on the shipboard macroscopic core description (MacLeod et al., 2017). Modified from 

Dick et al. (2016) and Ciazela et al. (2016). 
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Fig. 3. IODP U1473A downhole profiles of the Cu and S contents along with the δ
34

S signatures. 
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Fig. 4. A) Globular sulfides (yellow) in sample U1473A-75R-1 83/91-CIAZ. The left globule is 

enclosed in clinopyroxene (dark grey). Note that the sulfides are associated with the iron-

titanium oxides (bright grey). Reflected light. B) Pentlandite (Pn) exsolutions in pyrrhotite (Po) 

in Sample U1473A-80R-7 90/100-CIAZ. Ccp is chalcopyrite. Reflected light. C) Troilite (bright 

bands) exsolved from pyrrhotite (dark bands) in sample U1473A-82R-6 43/53-CIAZ. Back-

scattered electron (BSE) image. 
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Fig. 5. IODP U1473A downhole profiles of the Cu and S contents along with Mg-numbers 

(Mg#). Note that two large-scale gabbroic bodies can be distinguished based on Mg#s, and that 

Cu and S contents correlate with the Mg#s trends in both of these bodies. The enhanced Mg#s in 

the top 60 m might result from hydrothermal alteration (see Section 4.1), and therefore neither 

Cu-Mg# nor S-Mg# correlation can be observed there. Adapted from Dick et al. (2016). 
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Fig. 6. IODP U1473A downhole profiles of the Co (A), MnO (B), Fe2O3 (C), and P2O5 (D) 

contents. 
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Fig. 7. A) Cu, Co, Zn and Ga versus S contents of the U1473A (Atlantis Bank, Southwest Indian 

Ridge) rocks. B) MnO and TiO2 versus Fe2O3 contents of the U1473A rocks. C-H) MnO, TiO2, 

and Fe2O3 versus S, P2O5, Ga, Cu, Zn, and Co contents of the U1473A rocks. 
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Fig. 8. IODP U1473A downhole profile of sulfide-S/TS (total sulfur). By the ratio of 1, only 

sulfide and no sulfate occur. Some scatter may result from powder inhomogeneity. Note that 

sulfate content slightly increases towards the ocean floor and the maximum sulfate content is 

~24% (Sample 5R-1 121/129). 
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Fig. 9. Percentage of Acid Volatile Sulfides (AVS)-sulfur in the total sulfide (TS)-sulfur at the 

upper part of IODP Hole U1473A. The three-sample-based running average (pink line) 

illustrates that the AVS content grows downwards the hole, with a major boundary at ~200 mbsf, 

where the style of alteration changes (Figure S2 Supplementary Material). 
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SUPPLEMENTARY MATERIAL 

Table S1. Major element contents (wt%) and Mg-numbers of the U1473A gabbros and felsic veins 

Sample Rock Depth (mbsf) SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI Total Mg# 

2R-1 37/46 Gabbroic 9.9 49.8 0.35 16.5 5.4 0.10 11.1 13.7 2.2 0.03 0.013 0.5 99.7 80 

3R-3 120/128 Gabbroic 16.8 50.2 0.35 14.0 5.5 0.11 11.8 14.9 2.0 0.03 0.005 0.9 99.7 81 

5R-1 121/129 Gabbroic 33.2 40.4 8.13 8.5 23.0 0.34 7.2 9.9 2.2 0.07 0.015 0.0 99.7 38 

7R-2 33/40 Gabbroic 53.1 49.0 0.30 19.1 6.4 0.08 7.2 11.7 2.7 0.10 0.040 3.2 99.9 69 

7R-2 74/80 Gabbroic 53.5 50.0 0.27 19.0 7.8 0.13 8.4 10.9 3.2 0.03 0.009 0.2 99.9 68 

8R-4 140/147 Gabbroic 66.7 49.7 0.59 16.5 7.0 0.12 9.5 12.6 2.9 0.06 0.025 1.0 99.8 73 

9R-3 116/123 Gabbroic 74.8 49.7 0.33 15.5 6.4 0.11 10.8 13.3 2.5 0.05 0.004 1.2 99.8 77 

12R-4 48/57 Gabbroic 104.7 52.2 0.42 17.8 7.7 0.14 7.0 10.4 4.0 0.06 0.020 0.2 99.9 64 

13R-1 26/33 Gabbroic 109.8 50.5 0.50 16.4 8.8 0.16 8.7 11.4 3.2 0.06 0.035 0.1 99.8 66 

13R-1 40/50 Gabbroic 109.9 50.2 0.56 16.1 9.4 0.17 8.7 11.5 3.0 0.06 0.112 0.1 99.9 65 

13R-1 67/75 Gabbroic 110.2 51.1 0.65 14.2 7.9 0.16 8.9 13.8 2.7 0.04 0.020 0.3 99.8 69 

13R-1 75/83 Gabbroic 110.3 50.4 0.55 15.7 8.3 0.15 9.2 12.4 2.8 0.04 0.057 0.3 99.8 69 

18R-1 18/25 Gabbroic 158.2 50.9 0.45 15.5 8.2 0.16 9.0 12.5 2.8 0.05 0.006 0.3 99.8 68 

20R-2 17/23 Gabbroic 179.0 50.7 0.67 15.5 7.8 0.15 8.8 12.6 2.8 0.08 0.022 0.7 99.8 69 

23R-2 130/134 Gabbroic 199.6 50.3 0.44 16.3 5.7 0.11 10.0 13.8 2.3 0.09 0.013 0.7 99.8 78 

24R-2 39/46 Gabbroic 208.4 49.8 0.77 15.6 9.0 0.16 8.1 11.5 3.2 0.10 0.115 1.6 99.8 64 

25R-1 127/133 Gabbroic 217.5 52.2 0.44 18.3 4.4 0.09 6.4 14.2 3.2 0.08 0.017 0.6 99.8 74 

26R-1 81/88 Gabbroic 226.7 52.1 0.48 16.4 8.2 0.16 7.3 10.6 3.5 0.10 0.014 0.9 99.9 64 

26R-2 23/28 Gabbroic 227.6 52.1 0.62 17.0 7.2 0.14 6.7 10.9 4.0 0.08 0.017 1.2 99.9 65 

28R-4 111/121 Gabbroic 250.8 50.0 0.42 16.4 7.2 0.13 10.2 12.5 2.6 0.05 0.028 0.4 99.9 74 

30R-2 25/35 Gabbroic 266.5 51.1 0.64 15.7 8.4 0.16 8.3 12.3 2.9 0.05 0.018 0.3 99.9 66 

30R-2 44/52 Gabbroic 266.6 50.1 0.48 15.2 8.7 0.16 9.7 12.6 2.6 0.05 0.015 0.3 99.8 69 

30R-3 26/33 Gabbroic 267.8 49.7 0.35 17.7 8.5 0.14 8.8 11.4 2.9 0.05 0.015 0.3 99.8 67 

32R-6 134/141 Gabbroic 292.7 50.8 0.58 15.2 7.0 0.14 9.3 13.2 2.7 0.11 0.027 0.7 99.8 72 

33R-2 64/72 Gabbroic 295.7 50.3 0.36 15.8 6.2 0.12 10.6 13.8 2.4 0.03 0.006 0.3 99.8 77 

34R-2 12/21 Gabbroic 304.6 51.0 0.43 15.6 6.5 0.13 9.6 13.5 2.6 0.05 0.012 0.4 99.9 74 

36R-3 23/30 Gabbroic 326.0 51.1 0.63 16.0 8.4 0.16 8.5 11.7 3.1 0.05 0.012 0.2 99.9 67 
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Sample Rock Depth (mbsf) SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI Total Mg# 

38R-2 58/66 Gabbroic 343.9 51.2 0.42 18.0 6.4 0.12 8.0 12.2 3.1 0.06 0.019 0.4 99.9 71 

40R-1 73/78 Gabbroic 362.4 51.8 0.52 17.4 6.2 0.12 7.8 12.5 3.2 0.06 0.021 0.2 99.9 71 

41R-3 30/32 Felsic 374.6 75.9 0.08 12.5 0.5 0.01 0.5 2.3 5.4 1.31 0.007 1.4 99.9 67 

41R-4 11/20 Gabbroic 375.7 50.0 0.90 14.7 8.1 0.15 10.0 13.2 2.4 0.05 0.015 0.3 99.8 71 

41R-4 38/45 Gabbroic 376.0 50.5 0.68 15.2 7.0 0.14 9.7 13.9 2.4 0.04 0.024 0.2 99.8 73 

41R-4 84/93 Gabbroic 376.5 51.2 0.59 16.8 5.8 0.12 8.7 13.7 2.7 0.04 0.025 0.3 99.9 75 

41R-4 97/103 Gabbroic 376.6 50.6 0.39 17.2 6.5 0.12 9.0 13.2 2.7 0.04 0.016 0.1 99.8 73 

43R-6 53/59 Gabbroic 397.6 50.9 0.60 16.2 6.6 0.13 9.4 12.9 2.9 0.05 0.131 0.2 99.9 74 

47R-2 108/113 Gabbroic 423.1 51.9 0.80 16.5 7.3 0.14 7.6 12.1 3.4 0.05 0.016 0.2 99.8 67 

49R-1 84/96 Gabbroic 440.7 50.8 0.38 17.6 6.3 0.12 8.9 12.8 2.8 0.03 0.012 0.2 99.8 74 

50R-2 38/47 Gabbroic 451.5 51.1 0.35 16.7 6.2 0.12 9.3 13.2 2.7 0.03 0.003 0.2 99.9 75 

51R-1 32/42 Gabbroic 459.6 50.4 0.33 17.8 7.5 0.13 9.0 11.6 2.9 0.03 0.006 0.2 99.9 70 

51R-5 48/57 Gabbroic 460.7 50.5 0.31 17.2 7.1 0.12 9.8 11.6 2.9 0.08 0.012 0.3 99.9 73 

51R-1 141/146 Gabbroic 465.3 46.1 0.26 19.8 6.6 0.10 4.3 14.7 3.2 0.07 0.046 4.5 99.8 57 

57R-1 4/7 Gabbroic 519.2 51.6 0.64 14.2 8.2 0.16 8.6 12.1 3.0 0.20 0.061 1.0 99.8 67 

59R-3 0/10 Gabbroic 531.9 51.0 0.32 17.8 5.3 0.10 8.8 13.3 2.8 0.03 0.007 0.5 99.9 77 

59R-5 79/85 VEIN Felsic 535.4 68.3 0.21 14.1 2.4 0.04 3.6 3.5 6.2 0.22 0.039 1.3 99.8 75 

59R-5 79/85 Gabbroic 535.4 50.4 0.36 16.9 5.2 0.10 9.6 13.7 2.5 0.06 0.025 0.8 99.7 78 

60R-2 61/69 Gabbroic 540.5 51.0 0.40 16.5 6.1 0.12 8.8 13.4 2.7 0.05 0.008 0.7 99.8 74 

60R-2 106/111 Gabbroic 540.9 49.7 0.41 16.6 5.5 0.12 8.8 13.2 2.8 0.13 0.015 2.6 99.8 76 

60R-5 40/48 Gabbroic 544.2 49.7 0.47 15.6 6.5 0.12 9.9 13.0 2.6 0.06 0.012 1.9 99.9 75 

61R-1 21/31 Gabbroic 548.6 50.7 0.37 17.5 7.0 0.12 8.6 12.0 2.9 0.05 0.015 0.6 99.9 71 

62R-4 55/61 Gabbroic 562.4 51.5 0.41 16.6 6.5 0.12 8.0 12.7 3.0 0.06 0.005 0.9 99.9 71 

63R-1 75/84 Gabbroic 568.6 50.7 0.40 16.3 6.5 0.13 9.1 13.1 2.6 0.06 0.013 1.0 99.8 73 

64R-3 66/76 Gabbroic 579.7 50.7 0.31 17.3 6.0 0.11 9.5 13.1 2.7 0.04 0.006 0.2 99.9 76 

64R-5 45/52 Gabbroic 581.7 50.9 0.29 18.8 5.6 0.10 8.3 12.6 3.0 0.05 0.009 0.3 99.9 75 

64R-6 0/9 Gabbroic 582.1 52.7 0.41 15.6 5.6 0.11 8.9 12.8 3.1 0.07 0.011 0.7 99.8 76 

65R-1 99/110 Gabbroic 588.2 50.9 0.41 15.1 6.0 0.13 10.6 14.2 2.3 0.03 0.014 0.3 99.8 78 

65R-7 15/26 Gabbroic 596.0 50.6 0.35 16.5 6.0 0.11 10.3 13.2 2.5 0.03 0.008 0.3 99.9 77 

66R-4 2/10 Gabbroic 601.4 53.0 0.30 15.0 6.0 0.11 9.2 11.9 3.2 0.14 0.008 1.2 99.8 75 
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Sample Rock Depth (mbsf) SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI Total Mg# 

67R-4 8/19 Gabbroic 610.8 50.5 0.31 16.2 5.7 0.11 10.8 13.0 2.5 0.03 0.005 0.7 99.8 79 

68R-1 58/67 Gabbroic 616.9 51.0 0.38 16.6 5.4 0.11 9.3 14.0 2.5 0.05 0.012 0.5 99.8 77 

68R-3 7/17 Gabbroic 619.2 50.2 0.32 17.0 5.7 0.11 9.9 13.8 2.4 0.03 0.009 0.4 99.8 78 

69R-2 116/127 Gabbroic 628.4 50.9 0.45 16.2 6.1 0.12 9.0 14.1 2.5 0.04 0.009 0.3 99.8 75 

69R-3 90/98 Gabbroic 629.5 50.7 0.46 17.6 6.3 0.12 8.7 12.9 2.8 0.04 0.013 0.2 99.8 73 

70R-4 86/92 Gabbroic 640.4 49.6 0.46 15.5 6.4 0.13 9.9 13.5 2.5 0.05 0.048 1.8 99.9 75 

70R-6 92/101 Gabbroic 642.9 50.3 0.48 16.2 6.8 0.12 10.2 13.3 2.3 0.04 0.015 0.2 99.8 75 

72R-2 0/9 Gabbroic 649.7 50.5 0.44 15.9 5.9 0.12 10.3 14.2 2.3 0.04 0.013 0.2 99.8 78 

73R-1 88/97 Gabbroic 652.8 50.6 0.47 15.2 6.7 0.13 10.0 14.3 2.3 0.03 0.010 0.2 99.8 75 

74R-7 72/81 Gabbroic 662.7 50.4 0.43 15.6 7.0 0.14 9.7 13.8 2.4 0.04 0.008 0.3 99.8 73 

74R-8 126/135 VEIN Felsic 664.5 71.7 0.25 15.7 1.3 0.02 0.7 2.5 6.9 0.36 0.051 0.4 99.8 50 

74R-8 126/135 Gabbroic 664.5 50.3 0.36 17.0 6.4 0.12 9.4 13.1 2.7 0.08 0.014 0.3 99.8 74 

75R-1 44/52 Gabbroic 664.7 48.9 0.34 14.4 8.4 0.14 12.4 12.8 2.1 0.04 0.016 0.3 99.8 75 

75R-1 83/91 Gabbroic 665.1 48.0 2.00 12.9 14.8 0.24 10.1 9.4 2.3 0.07 0.049 0.0 99.8 58 

75R-2 70/79 Gabbroic 666.1 50.4 0.37 17.0 5.3 0.10 9.7 14.1 2.4 0.04 0.012 0.4 99.8 78 

75R-3 0/9 Gabbroic 666.2 50.4 0.35 16.3 5.3 0.11 10.1 14.3 2.4 0.04 0.014 0.5 99.8 79 

75R-8 19/29 Gabbroic 673.5 50.9 0.63 15.5 7.3 0.15 9.3 13.4 2.6 0.05 0.015 0.1 99.8 72 

76R-1 13/23 Gabbroic 674.1 51.1 0.34 17.7 4.7 0.09 9.2 13.9 2.6 0.03 0.014 0.3 99.9 79 

76R-3 86/93 Gabbroic 677.2 50.4 0.34 16.4 5.7 0.11 10.2 13.9 2.5 0.03 0.009 0.2 99.8 78 

77R-1 100/110 Gabbroic 681.7 51.9 0.53 16.3 8.1 0.16 7.8 11.7 3.4 0.09 0.024 0.1 99.9 65 

78R-5 101/110 Gabbroic 689.9 51.3 0.34 16.4 5.4 0.11 9.4 14.2 2.5 0.04 0.007 0.2 99.9 77 

79R-2 55/63 Gabbroic 695.4 50.8 0.40 15.4 5.3 0.11 10.0 15.3 2.1 0.03 0.014 0.2 99.8 79 

80R-2 125/133 Gabbroic 705.3 50.1 0.30 18.1 5.2 0.10 9.3 14.0 2.5 0.04 0.008 0.2 99.8 78 

80R-4 127/137 Gabbroic 707.8 50.0 0.40 16.8 5.6 0.11 10.0 14.1 2.4 0.06 0.018 0.3 99.8 78 

80R-7 90/100 VEIN Felsic 711.0 56.0 0.22 22.9 2.5 0.05 1.6 9.4 5.8 0.20 0.011 1.1 99.9 56 

80R-7 90/100 Gabbroic 711.0 49.3 0.51 14.0 8.7 0.16 11.8 13.0 2.1 0.05 0.015 0.1 99.8 73 

80R-8 18/24 Gabbroic 711.7 38.2 4.89 12.6 27.8 0.27 4.8 8.8 2.7 0.12 0.244 0.0 100.4 26 

81R-1 35/43 Gabbroic 713.2 51.3 0.45 16.7 5.0 0.11 8.6 14.8 2.5 0.07 0.016 0.3 99.8 77 

81R-3 97/107 Gabbroic 716.7 40.4 5.87 8.3 24.0 0.31 8.3 10.2 1.8 0.11 0.134 0.2 99.6 41 

81R-4 78/88 Gabbroic 718.0 50.4 0.68 14.6 7.5 0.14 10.1 13.7 2.3 0.06 0.141 0.2 99.7 73 
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Sample Rock Depth (mbsf) SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI Total Mg# 

82R-5 56/66 Gabbroic 726.8 50.3 0.39 17.2 5.5 0.11 9.7 14.1 2.4 0.02 0.019 0.2 99.8 78 

82R-6 43/53 Gabbroic 728.0 49.9 0.44 15.9 7.5 0.14 10.3 13.1 2.4 0.05 0.023 0.0 99.8 73 

82R-6 74/84 Gabbroic 728.3 50.3 0.51 15.8 7.2 0.13 9.8 13.6 2.4 0.05 0.030 0.0 99.8 73 

82R-7 14/24 Gabbroic 729.1 50.1 0.61 13.5 7.9 0.15 11.0 14.4 2.1 0.05 0.024 0.0 99.8 73 

83R-9 88/98 Gabbroic 740.8 50.1 0.32 17.4 5.3 0.10 9.9 13.9 2.4 0.02 0.012 0.3 99.8 79 

85R-2 101/111 Gabbroic 752.9 49.8 0.36 15.8 6.4 0.12 10.5 13.8 2.3 0.06 0.011 0.7 99.8 76 

86R-2 43/53 Gabbroic 757.9 48.2 2.31 14.2 12.0 0.19 8.1 12.0 2.7 0.08 0.009 0.0 99.8 57 

87R-2 0/10 Gabbroic 761.3 50.6 0.45 16.1 6.2 0.12 9.8 14.0 2.4 0.06 0.010 0.1 99.8 76 

87R-5 0/10 Gabbroic 764.6 50.5 0.49 15.3 6.4 0.12 10.3 14.2 2.3 0.06 0.021 0.1 99.8 76 

87R-7 32/42 Gabbroic 767.1 50.4 0.44 17.1 6.3 0.12 9.5 13.3 2.6 0.06 0.016 0.1 99.8 75 

87R-7 115/125 Gabbroic 768.0 50.4 0.45 15.7 6.4 0.12 9.9 14.2 2.4 0.06 0.014 0.2 99.8 76 

88R-6 85/89 Gabbroic 776.3 51.1 0.80 16.3 9.0 0.17 8.9 10.6 2.8 0.10 0.032 0.0 99.8 66 

89R-4 8/19 Gabbroic 783.6 50.3 0.40 16.2 6.5 0.12 9.9 13.6 2.5 0.05 0.009 0.2 99.8 75 

89R-4 88/98 Gabbroic 784.4 50.4 0.45 16.5 6.6 0.12 9.4 13.5 2.7 0.07 0.021 0.2 99.8 74 
mbsf – meters below seafloor. Fe2O3* = Total Fe as Fe2O3. LOI – loss-on-ignition. Mg# = [molar Mg/(molar Mg + molar Fe)] x 100
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Table S2. Trace element contents (ppm) of the U1473A gabbro and felsic veins 

Sample Depth
a
 Cu Cd Pb Bi Ga Ge Tl Au Ag Zn As Sb Se Ni Co Cr V Mo Sr Zr Y 

2R-1 37/46 9.9 55 < 0.1 < 0.5 < 0.02 10.1 0.7 < 0.05 0.008 < 0.05 27 < 0.5 2.5 < 0.1 193 52 917 124 0.23 144 15 8.0 

3R-3 120/128 16.8 47 0.2 < 0.5 < 0.02 9.1 1.0 < 0.05 < 0.002 < 0.05 23 < 0.5 7 < 0.1 192 51 870 166 0.12 119 12 9.4 

5R-1 121/129 33.2 141 0.2 < 0.5 < 0.02 17.3 0.1 < 0.05 < 0.002 < 0.05 134 < 0.5 2.3 < 0.1 60 88 21 100 < 0.05 103 4 28.5 

7R-2 33/40 53.1 42 1.4 < 0.5 < 0.02 12.1 0.1 < 0.05 < 0.002 < 0.05 58 < 0.5 2.6 < 0.1 165 39 166 118 0.28 159 14 12.9 

7R-2 74/80 53.5 40 < 0.1 < 0.5 < 0.02 12.9 < 0.1 < 0.05 < 0.002 < 0.05 48 < 0.5 3.2 < 0.1 98 58 91 97 0.14 200 11 6.1 

8R-4 140/147 66.7 12 1.5 < 0.5 < 0.02 12.0 0.2 < 0.05 < 0.002 < 0.05 29 2.5 3.4 < 0.1 142 52 326 135 < 0.05 156 26 15.6 

9R-3 116/123 74.8 15 0.4 < 0.5 < 0.02 10.3 0.7 < 0.05 < 0.002 < 0.05 28 < 0.5 1.7 < 0.1 152 44 447 126 0.22 153 13 8.5 

12R-4 48/57 104.7 31 < 0.1 < 0.5 < 0.02 16.4 0.1 < 0.05 < 0.002 < 0.05 45 < 0.5 5.9 < 0.1 42 56 14 149 0.05 211 20 10.6 

13R-1 26/33 109.8 361 0.2 22.3 0.02 13.5 0.5 < 0.05 < 0.002 0.22 62 < 0.5 16.7 < 0.1 73 80 39 156 0.20 179 30 11.9 

13R-1 40/50 109.9 72 0.1 1.5 < 0.02 13.8 0.6 < 0.05 < 0.002 < 0.05 67 < 0.5 1.1 < 0.1 68 57 43 138 0.16 180 45 20.4 

13R-1 67/75 110.2 170 0.1 2.8 < 0.02 13.4 1.0 < 0.05 < 0.002 < 0.05 53 < 0.5 1.9 < 0.1 68 51 68 218 0.14 161 39 21.9 

13R-1 75/83 110.3 119 0.1 2.7 < 0.02 12.7 0.7 < 0.05 < 0.002 < 0.05 48 < 0.5 11.2 < 0.1 73 56 76 179 0.24 163 47 13.2 

18R-1 18/25 158.2 197 0.1 10.6 0.02 13.1 0.8 < 0.05 < 0.002 0.09 51 0.6 7.7 < 0.1 74 55 47 189 1.27 167 16 11.3 

20R-2 17/23 179.0 81 0.1 1.0 0.02 13.4 0.2 < 0.05 < 0.002 < 0.05 50 4.4 18.7 < 0.1 79 54 82 190 0.21 168 36 20.0 

23R-2 130/134 199.6 89 < 0.1 0.6 0.02 11.8 0.1 < 0.05 < 0.002 < 0.05 39 < 0.5 3.8 < 0.1 129 47 639 143 0.49 161 25 12.3 

24R-2 39/46 208.4 31 0.1 1.2 < 0.02 16.3 0.4 < 0.05 < 0.002 < 0.05 66 < 0.5 0.9 < 0.1 86 48 113 158 0.12 157 42 34.5 

25R-1 127/133 217.5 65 < 0.1 0.6 < 0.02 13.7 0.2 < 0.05 < 0.002 < 0.05 22 < 0.5 < 0.1 < 0.1 61 29 286 158 0.26 192 27 11.7 

26R-1 81/88 226.7 92 0.1 1.4 < 0.02 15.0 0.4 < 0.05 < 0.002 < 0.05 49 1.7 4 < 0.1 30 50 < 2 153 0.07 196 24 12.1 

26R-2 23/28 227.6 24 < 0.1 0.7 < 0.02 15.3 0.2 < 0.05 < 0.002 < 0.05 41 < 0.5 1.4 < 0.1 31 45 < 2 120 < 0.05 220 23 14.9 

28R-4 111/121 250.8 79 < 0.1 < 0.5 < 0.02 11.6 0.7 < 0.05 < 0.002 < 0.05 46 < 0.5 1.8 < 0.1 138 57 175 141 0.14 164 35 12.3 

30R-2 25/35 266.5 103 < 0.1 < 0.5 0.02 14.1 0.7 < 0.05 0.010 < 0.05 48 < 0.5 1.2 < 0.1 79 49 143 199 0.06 184 27 13.7 

30R-2 44/52 266.6 121 < 0.1 < 0.5 < 0.02 12.4 0.5 < 0.05 < 0.002 < 0.05 53 < 0.5 0.4 < 0.1 120 58 158 178 0.06 162 20 11.8 

30R-3 26/33 267.8 81 0.1 < 0.5 < 0.02 12.8 0.2 < 0.05 < 0.002 < 0.05 52 < 0.5 0.2 < 0.1 103 56 87 126 0.21 190 15 7.6 

32R-6 134/141 292.7 191 0.1 2.4 0.03 13.4 0.5 0.09 < 0.002 < 0.05 58 < 0.5 7 0.2 115 42 187 132 0.25 147 19 20.6 

33R-2 64/72 295.7 85 < 0.1 < 0.5 < 0.02 10.7 0.5 < 0.05 < 0.002 < 0.05 32 < 0.5 8.5 < 0.1 151 47 379 159 0.07 152 16 9.4 

34R-2 12/21 304.6 101 < 0.1 < 0.5 < 0.02 12.3 0.6 < 0.05 < 0.002 < 0.05 38 < 0.5 2.8 < 0.1 128 45 293 165 0.3 159 17 19.7 

36R-3 23/30 326.0 62 0.1 1.0 < 0.02 14.8 1.0 < 0.05 < 0.002 < 0.05 51 < 0.5 11.3 < 0.1 68 51 43 200 0.23 184 23 13.4 
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Sample Depth
a
 Cu Cd Pb Bi Ga Ge Tl Au Ag Zn As Sb Se Ni Co Cr V Mo Sr Zr Y 

38R-2 58/66 343.9 66 < 0.1 < 0.5 < 0.02 14.5 0.5 < 0.05 < 0.002 < 0.05 43 < 0.5 4.8 < 0.1 81 47 67 137 0.09 200 31 16.1 

40R-1 73/78 362.4 45 < 0.1 0.8 < 0.02 14.2 0.9 < 0.05 0.003 < 0.05 37 < 0.5 6.1 < 0.1 52 42 33 170 0.25 201 26 12.9 

41R-3 30/32* 374.6 95 < 0.1 11.3 < 0.02 17.3 0.3 0.11 < 0.002 0.09 12 < 0.5 30.6 < 0.1 5 15 < 2 4 0.50 62.8 62 54.1 

41R-4 11/20 375.7 111 < 0.1 < 0.5 < 0.02 12.1 0.5 < 0.05 < 0.002 < 0.05 48 1.0 0.4 < 0.1 111 54 153 154 0.11 155 31 17.1 

41R-4 38/45 376.0 122 0.1 1.6 < 0.02 11.7 0.7 < 0.05 < 0.002 < 0.05 39 < 0.5 14.8 < 0.1 109 51 188 186 0.18 152 34 15.0 

41R-4 84/93 376.5 97 < 0.1 0.9 0.02 12.9 0.6 < 0.05 < 0.002 < 0.05 40 1.6 3.7 < 0.1 113 49 177 144 0.37 185 23 11.1 

41R-4 97/103 376.6 80 < 0.1 < 0.5 0.05 12.6 0.5 < 0.05 < 0.002 < 0.05 32 < 0.5 1.3 < 0.1 94 44 207 155 0.22 178 29 13.1 

43R-6 53/59 397.6 71 < 0.1 0.5 < 0.02 12.7 0.1 < 0.05 < 0.002 < 0.05 38 < 0.5 4 < 0.1 92 52 63 177 0.26 180 84 17.6 

47R-2 108/113 423.1 39 < 0.1 < 0.5 < 0.02 15.1 0.7 < 0.05 < 0.002 < 0.05 41 < 0.5 0.6 < 0.1 54 45 38 208 0.09 183 27 12.6 

49R-1 84/96 440.7 57 < 0.1 < 0.5 0.03 12.6 0.1 < 0.05 < 0.002 < 0.05 37 < 0.5 6 < 0.1 112 52 231 139 0.16 179 16 8.6 

50R-2 38/47 451.5 87 < 0.1 0.5 < 0.02 12.3 0.9 < 0.05 < 0.002 < 0.05 33 < 0.5 3.3 < 0.1 102 49 160 153 0.21 179 12 8.8 

51R-1 32/42 459.6 123 < 0.1 < 0.5 < 0.02 12.5 0.6 < 0.05 0.005 < 0.05 43 < 0.5 2.7 < 0.1 116 55 97 131 0.15 184 12 7.8 

51R-5 48/57 460.7 64 < 0.1 0.9 < 0.02 12.7 0.1 < 0.05 < 0.002 < 0.05 53 < 0.5 2.5 < 0.1 125 59 113 115 0.16 179 13 19.2 

51R-1 141/146 465.3 54 0.1 < 0.5 < 0.02 13.6 < 0.1 < 0.05 < 0.002 < 0.05 38 9.6 1.5 < 0.1 89 49 74 99 1.60 240 13 6.5 

57R-1 4/7 519.2 4 < 0.1 < 0.5 < 0.02 11.6 0.3 < 0.05 < 0.002 < 0.05 43 0.6 < 0.1 < 0.1 114 42 240 139 0.06 205 56 17.9 

59R-3 0/10 531.9 42 < 0.1 < 0.5 < 0.02 12.1 0.8 < 0.05 < 0.002 < 0.05 31 < 0.5 4.9 < 0.1 96 52 286 133 0.07 173 12 7.7 

59R-5 79/85 VEIN* 535.4 59 < 0.1 < 0.5 < 0.02 11.4 0.4 < 0.05 < 0.002 0.12 30 < 0.5 0.2 < 0.1 173 43 642 125 0.12 156 26 14.4 

59R-5 79/85 535.4 5 < 0.1 4.7 < 0.02 20.5 < 0.1 < 0.05 < 0.002 0.07 16 < 0.5 1.7 < 0.1 24 18 126 17 0.17 123 20 88.8 

60R-2 61/69 540.5 88 < 0.1 < 0.5 < 0.02 12.7 0.5 < 0.05 < 0.002 < 0.05 34 1.3 0.6 < 0.1 97 48 112 169 0.15 163 18 10.9 

60R-2 106/111 540.9 68 < 0.1 0.8 0.03 12.2 0.5 < 0.05 < 0.002 < 0.05 30 2.8 0.2 < 0.1 94 46 112 147 0.37 159 16 10.4 

60R-5 40/48 544.2 12 < 0.1 < 0.5 < 0.02 12.0 0.5 < 0.05 < 0.002 < 0.05 33 2.3 < 0.1 < 0.1 111 49 106 164 0.08 162 19 11.1 

61R-1 21/31 548.6 51 < 0.1 < 0.5 < 0.02 12.9 0.5 < 0.05 < 0.002 < 0.05 49 < 0.5 1.8 < 0.1 93 57 99 141 0.23 182 17 9.1 

62R-4 55/61 562.4 36 0.1 < 0.5 < 0.02 13.7 0.4 < 0.05 < 0.002 < 0.05 33 0.6 0.5 < 0.1 72 42 50 179 < 0.05 167 13 10.2 

63R-1 75/84 568.6 113 < 0.1 0.8 < 0.02 12.6 0.2 < 0.05 < 0.002 < 0.05 57 < 0.5 1.1 < 0.1 109 47 118 170 0.14 169 25 13.1 

64R-3 66/76 579.7 95 < 0.1 0.6 < 0.02 12.1 0.4 < 0.05 < 0.002 < 0.05 43 < 0.5 < 0.1 < 0.1 128 50 137 146 0.06 175 11 7.9 

64R-5 45/52 581.7 58 < 0.1 < 0.5 < 0.02 13.0 0.1 < 0.05 < 0.002 < 0.05 34 < 0.5 < 0.1 < 0.1 106 44 94 114 0.23 188 11 7.1 

64R-6 0/9 582.1 80 < 0.1 0.9 < 0.02 13.6 0.7 < 0.05 < 0.002 < 0.05 32 < 0.5 0.4 < 0.1 116 41 156 163 0.10 145 20 28.3 

65R-1 99/110 588.2 53 < 0.1 < 0.5 < 0.02 10.7 0.9 < 0.05 < 0.002 < 0.05 32 < 0.5 < 0.1 < 0.1 118 45 156 178 0.09 136 19 10.5 
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Sample Depth
a
 Cu Cd Pb Bi Ga Ge Tl Au Ag Zn As Sb Se Ni Co Cr V Mo Sr Zr Y 

65R-7 15/26 596.0 104 < 0.1 < 0.5 < 0.02 11.4 0.5 < 0.05 < 0.002 < 0.05 58 < 0.5 4.4 < 0.1 134 58 214 152 0.30 145 16 8.8 

66R-4 2/10 601.4 55 0.1 1.0 < 0.02 14.9 0.6 < 0.05 < 0.002 < 0.05 36 < 0.5 1 < 0.1 111 44 214 133 0.10 131 15 46.1 

67R-4 8/19 610.8 115 < 0.1 < 0.5 < 0.02 10.9 0.6 < 0.05 < 0.002 < 0.05 31 < 0.5 4.9 < 0.1 141 59 215 129 0.11 160 10 9.5 

68R-1 58/67 616.9 82 < 0.1 < 0.5 < 0.02 11.8 0.8 < 0.05 < 0.002 < 0.05 31 < 0.5 0.5 < 0.1 125 41 272 156 0.19 168 17 16.4 

68R-3 7/17 619.2 101 < 0.1 < 0.5 < 0.02 11.4 0.6 < 0.05 < 0.002 < 0.05 31 < 0.5 1.3 < 0.1 139 46 291 141 0.10 182 13 7.9 

69R-2 116/127 628.4 81 < 0.1 < 0.5 < 0.02 11.9 0.7 < 0.05 < 0.002 < 0.05 36 < 0.5 < 0.1 < 0.1 108 43 254 179 0.11 170 18 10.5 

69R-3 90/98 629.5 65 0.1 < 0.5 < 0.02 12.6 0.5 < 0.05 < 0.002 < 0.05 34 < 0.5 0.9 < 0.1 112 45 134 152 0.12 183 16 8.8 

70R-4 86/92 640.4 17 < 0.1 < 0.5 < 0.02 11.9 0.6 < 0.05 < 0.002 < 0.05 41 0.8 0.2 < 0.1 133 40 182 169 0.28 139 46 12.0 

70R-6 92/101 642.9 71 < 0.1 < 0.5 < 0.02 11.3 0.8 < 0.05 < 0.002 < 0.05 41 < 0.5 < 0.1 < 0.1 145 47 264 145 0.14 150 21 10.6 

72R-2 0/9 649.7 94 < 0.1 0.6 < 0.02 11.1 0.6 0.08 < 0.002 < 0.05 31 < 0.5 < 0.1 0.2 146 50 428 129 0.26 142 20 9.3 

73R-1 88/97 652.8 132 0.2 6.4 0.16 11.5 0.8 < 0.05 0.004 0.21 72 < 0.5 < 0.1 < 0.1 162 39 389 177 0.53 147 19 12.6 

74R-7 72/81 662.7 87 < 0.1 < 0.5 < 0.02 11.4 0.7 < 0.05 < 0.002 < 0.05 37 0.8 < 0.1 < 0.1 129 40 332 173 0.07 161 17 11.3 

74R-8 126/135 VEIN* 664.5 83 < 0.1 < 0.5 < 0.02 12.3 0.3 < 0.05 < 0.002 < 0.05 38 < 0.5 < 0.1 < 0.1 138 42 256 136 0.16 172 16 14.8 

74R-8 126/135 664.5 8 < 0.1 5.7 0.08 34.3 < 0.1 0.09 < 0.002 < 0.05 < 0.5 < 0.5 0.4 < 0.1 < 0.5 < 0.1 < 2 5 0.64 69.1 110 46.7 

75R-1 44/52 664.7 215 0.1 < 0.5 < 0.02 9.8 0.1 < 0.05 < 0.002 < 0.05 48 1.6 0.3 0.1 263 61 242 146 0.13 135 19 9.1 

75R-1 83/91 665.1 112 < 0.1 < 0.5 < 0.02 15.0 0.1 < 0.05 < 0.002 < 0.05 113 < 0.5 4.3 < 0.1 96 74 183 155 < 0.05 135 23 17.1 

75R-2 70/79 666.1 87 < 0.1 < 0.5 0.02 10.7 0.2 < 0.05 < 0.002 < 0.05 30 < 0.5 < 0.1 < 0.1 148 37 329 139 0.10 157 16 8.0 

75R-3 0/9 666.2 79 < 0.1 < 0.5 < 0.02 10.4 0.3 < 0.05 < 0.002 < 0.05 28 0.9 < 0.1 < 0.1 135 39 370 138 0.18 156 17 8.5 

75R-8 19/29 673.5 76 0.1 0.8 0.07 11.9 0.7 < 0.05 < 0.002 < 0.05 45 < 0.5 < 0.1 < 0.1 95 41 187 184 0.19 160 24 14.7 

76R-1 13/23 674.1 78 < 0.1 < 0.5 < 0.02 11.0 0.6 < 0.05 < 0.002 < 0.05 23 < 0.5 2.4 < 0.1 119 48 248 136 0.08 180 17 7.6 

76R-3 86/93 677.2 99 < 0.1 < 0.5 < 0.02 11.2 < 0.1 < 0.05 < 0.002 < 0.05 29 < 0.5 0.6 < 0.1 127 44 298 143 0.57 168 16 8.1 

77R-1 100/110 681.7 46 < 0.1 0.6 < 0.02 14.9 0.7 < 0.05 < 0.002 < 0.05 47 < 0.5 0.3 < 0.1 53 43 29 169 0.10 176 37 14.4 

78R-5 101/110 689.9 86 < 0.1 0.8 0.02 11.4 0.1 0.08 < 0.002 < 0.05 26 < 0.5 0.8 0.2 94 43 131 162 0.32 165 13 8.1 

79R-2 55/63 695.4 71 < 0.1 < 0.5 < 0.02 10.6 0.9 < 0.05 < 0.002 < 0.05 26 < 0.5 < 0.1 < 0.1 119 40 588 167 0.20 144 19 9.7 

80R-2 125/133 705.3 86 < 0.1 < 0.5 < 0.02 11.7 0.5 < 0.05 < 0.002 < 0.05 29 1.3 < 0.1 < 0.1 144 48 536 126 0.06 173 15 7.5 

80R-4 127/137 707.8 55 < 0.1 < 0.5 < 0.02 10.9 0.8 < 0.05 < 0.002 < 0.05 32 < 0.5 < 0.1 < 0.1 137 45 486 137 0.11 157 17 8.5 

80R-7 90/100 VEIN* 711.0 14 < 0.1 3.0 < 0.02 21.5 0.4 < 0.05 < 0.002 < 0.05 28 0.6 0.5 < 0.1 21 15 21 30 0.28 194 10 19.6 

80R-7 90/100 711.0 119 0.1 < 0.5 < 0.02 10.5 0.2 < 0.05 < 0.002 < 0.05 52 1.2 0.2 < 0.1 181 57 361 168 0.18 136 18 11.2 
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Sample Depth
a
 Cu Cd Pb Bi Ga Ge Tl Au Ag Zn As Sb Se Ni Co Cr V Mo Sr Zr Y 

80R-8 18/24 711.7 109 0.2 0.9 < 0.02 35.4 < 0.1 < 0.05 < 0.002 < 0.05 312 1.7 < 0.1 < 0.1 83 62 170 216 0.20 146 19 51.0 

81R-1 35/43 713.2 78 < 0.1 0.5 < 0.02 12.1 0.3 < 0.05 < 0.002 < 0.05 27 < 0.5 1.3 < 0.1 107 40 540 164 0.27 164 21 12.3 

81R-3 97/107 716.7 163 0.2 0.8 0.02 23.3 < 0.1 0.07 < 0.002 < 0.05 205 < 0.5 0.1 < 0.1 133 101 207 334 0.11 82 9 41.2 

81R-4 78/88 718.0 67 < 0.1 0.5 0.02 11.2 0.6 0.05 0.026 < 0.05 41 < 0.5 < 0.1 < 0.1 109 45 651 133 0.12 145 18 12.5 

82R-5 56/66 726.8 99 < 0.1 < 0.5 < 0.02 11.1 0.6 < 0.05 < 0.002 < 0.05 30 0.5 1.2 < 0.1 163 46 662 137 0.68 169 19 9.0 

82R-6 43/53 728.0 85 < 0.1 0.7 0.04 11.1 0.3 0.18 < 0.002 < 0.05 37 < 0.5 < 0.1 0.2 148 51 670 151 0.45 151 16 8.8 

82R-6 74/84 728.3 84 < 0.1 < 0.5 < 0.02 11.5 0.2 < 0.05 < 0.002 < 0.05 39 < 0.5 < 0.1 < 0.1 134 48 511 156 0.41 156 23 10.5 

82R-7 14/24 729.1 94 0.1 < 0.5 < 0.02 10.8 0.8 < 0.05 0.003 < 0.05 43 < 0.5 < 0.1 < 0.1 146 51 641 194 0.10 127 29 15.4 

83R-9 88/98 740.8 108 < 0.1 < 0.5 < 0.02 11.3 0.3 < 0.05 < 0.002 < 0.05 30 < 0.5 0.9 < 0.1 172 48 899 136 0.17 161 17 8.2 

85R-2 101/111 752.9 116 < 0.1 < 0.5 < 0.02 10.6 0.1 < 0.05 < 0.002 < 0.05 33 1.1 0.7 < 0.1 161 48 436 141 0.09 147 16 8.4 

86R-2 43/53 757.9 106 < 0.1 < 0.5 < 0.02 15.8 0.1 < 0.05 < 0.002 < 0.05 74 1.7 < 0.1 < 0.1 98 58 171 106 0.06 161 7 16.7 

87R-2 0/10 761.3 88 0.1 < 0.5 < 0.02 11.5 0.8 < 0.05 < 0.002 < 0.05 32 1.1 < 0.1 < 0.1 120 44 273 162 0.19 166 19 10.8 

87R-5 0/10 764.6 59 < 0.1 < 0.5 < 0.02 10.9 0.8 < 0.05 < 0.002 < 0.05 34 < 0.5 < 0.1 < 0.1 115 48 321 166 0.10 156 21 10.5 

87R-7 32/42 767.1 91 < 0.1 < 0.5 < 0.02 12.1 0.6 < 0.05 < 0.002 < 0.05 36 < 0.5 < 0.1 < 0.1 126 46 212 145 0.07 168 20 9.1 

87R-7 115/125 768.0 100 < 0.1 < 0.5 < 0.02 11.2 0.5 < 0.05 < 0.002 < 0.05 33 < 0.5 < 0.1 < 0.1 124 44 269 169 0.06 157 20 10.4 

88R-6 85/89 776.3 87 < 0.1 0.5 < 0.02 14.6 0.7 < 0.05 0.004 < 0.05 70 < 0.5 < 0.1 < 0.1 103 50 131 145 0.21 173 28 17.0 

89R-4 8/19 783.6 117 < 0.1 < 0.5 < 0.02 11.8 0.2 < 0.05 < 0.002 < 0.05 35 < 0.5 < 0.1 < 0.1 150 48 296 155 0.27 169 17 10.1 

89R-4 88/98 784.4 81 < 0.1 0.6 < 0.02 12.0 0.3 < 0.05 < 0.002 < 0.05 36 < 0.5 0.6 < 0.1 128 44 270 149 0.15 168 25 10.3 
a
Depth in meters below seafloor.  

*felsic rock 
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Table S3. Sulfur geochemistry of the U1473A gabbros and felsic veins 

Sample 
TS 

ppm 

Sulfide-S 

AVS+CRS 
AVS CRS 

Measured as SO2
a Measured as SF6

b 

δ34S [‰] δ34S [‰] Δ33S [‰] Δ36S [‰] 

ppm /TS ppm % ppm % AVS CRS AVS+CRS AVS CRS AVS+CRS AVS CRS AVS+CRS AVS CRS AVS+CRS 

2R-1 37/46 443 453 1.02 134 30 319 70 -0.5 0.9 0.5 -0.4 0.8 0.5 -0.028 -0.029 -0.029 0.775 0.609 0.658 

3R-3 120/128 374 358 0.96 36 10 322 90 0.1 0.7 0.6 -0.1 0.7 0.6 -0.012 -0.016 -0.016 0.808 2.128 1.996 

5R-1 121/129 2804 2133 0.76 3 0 2130 100 

 

0.1 0.1 

 

0.0 

  

-0.007 

  

1.562 

 7R-2 33/40 34 

                  7R-2 74/80 432 423 0.98 61 14 362 86 

    

0.8 

  

-0.025 

  

0.899 

 8R-4 140/147 237 238 1.01 13 5 226 95 

    

3.1 

  

-0.020 

  

1.262 

 9R-3 116/123 409 401 0.98 18 5 383 95 4.3 3.8 3.8 4.8 3.9 3.9 -0.021 -0.024 -0.024 0.871 0.657 0.667 

12R-4 48/57 310 326 1.05 13 4 313 96 0.7 0.2 0.2 

 

0.0 

  

-0.027 

  

0.630 

 13R-1 26/33 1055 1113 1.05 261 23 852 77 -0.1 1.3 1.0 
         13R-1 40/50 494 585 1.18 109 19 476 81 -0.5 0.3 0.2 

 

0.1 

  

-0.017 

  

0.918 

 13R-1 67/75 884 907 1.03 286 31 621 69 -0.5 0.1 -0.1 

 

0.1 

  

-0.037 

  

0.437 

 13R-1 75/83 697 720 1.03 177 25 543 75 -0.6 0.6 0.3 

 

0.4 

  

-0.032 

  

0.785 

 18R-1 18/25 806 848 1.05 
      

0.6 
  

0.5 
  

-0.035 
  

0.769 

20R-2 17/23 596 612 1.03 42 7 570 93 0.9 0.7 0.7 0.8 0.7 0.8 -0.013 -0.027 -0.026 0.811 0.636 0.648 

23R-2 130/134 403 340 0.84 14 4 326 96 0.1 1 1.0 

 

1.0 

  

-0.034 

  

0.944 

 24R-2 39/46 34 

                  25R-1 127/133c 347 334 0.96 
 

50 
 

50 
   

-24.9 -25.0 -24.9 -0.034 -0.025 -0.030 0.789 0.673 0.731 

26R-1 81/88 29 

                  26R-2 23/28 34 

                  28R-4 111/121 557 562 1.01 59 11 503 89 -0.7 -0.2 -0.3 -0.6 -0.1 -0.1 -0.022 -0.012 -0.013 0.709 2.660 2.454 

30R-2 25/35 838 797 0.95 156 20 641 80 
   

0.2 
  

-0.029 
  

0.875 
  30R-2 44/52 975 

                  30R-3 26/33 716 

                  32R-6 134/141 1489 

                  33R-2 64/72 539 579 1.07 192 33 387 67 
   

-0.6 0.0 -0.2 -0.025 -0.023 -0.024 0.685 0.897 0.826 

34R-2 12/21 617 656 1.06 209 32 447 68 

   

-1.0 -0.5 -0.6 -0.019 -0.015 -0.016 0.710 0.527 0.585 

36R-3 23/30 489 474 0.97 179 38 294 62 -0.3 0.2 0.0 0.1 

  

-0.008 

  

3.370 

  38R-2 58/66 474 466 0.98 157 34 308 66 0.2 -1 -0.6 

         40R-1 73/78 306 320 1.05 56 17 264 83 -0.6 0.3 0.1 -0.9 0.3 0.1 -0.022 -0.026 -0.025 0.775 0.742 0.748 

41R-3 30/32* 135 

                  41R-4 11/20 878 

                  41R-4 38/45 809 
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Sample 
TS 

ppm 

Sulfide-S 
AVS+CRS 

AVS CRS 
Measured as SO2

a Measured as SF6
b 

δ34S [‰] δ34S [‰] Δ33S [‰] Δ36S [‰] 

ppm /TS ppm % ppm % AVS CRS AVS+CRS AVS CRS AVS+CRS AVS CRS AVS+CRS AVS CRS AVS+CRS 

41R-4 84/93 534 502 0.94 215 43 288 57 

   

-0.3 0.3 0.0 -0.027 -0.036 -0.032 0.715 0.809 0.769 

41R-4 97/103 512 

                  43R-6 53/59 503 491 0.98 88 18 403 82 -0.2 0.1 0.0 -0.5 0.0 -0.1 -0.027 -0.015 -0.017 0.957 1.048 1.031 

47R-2 108/113 402 395 0.98 
        

-0.3 
  

-0.021 
  

0.859 
 49R-1 84/96 496 434 0.88 100 23 334 77 -0.7 0.2 0.0 -0.8 0.2 0.0 -0.035 -0.005 -0.012 0.911 4.481 3.658 

50R-2 38/47 491 522 1.06 130 25 391 75 

   

-0.6 0.2 0.0 -0.019 -0.035 -0.031 0.672 0.829 0.790 

51R-1 32/42 736 771 1.05 

         

0.1 

  

-0.033 

  

0.805 

51R-5 48/57 448 490 1.09 
         

0.1 
  

-0.032 
  

1.064 

51R-1 141/146 76 

                  57R-1 4/7 28 

                  59R-3 0/10 238 252 1.06 

         

1.5 

  

-0.026 

  

0.766 

59R-5 79/85 VEIN* 66 
                  59R-5 79/85 415 

                  60R-2 61/70 543 598 1.10 

         

0.2 

      60R-2 106/112 23 

              

-0.035 

  

0.663 

60R-5 40/48 18 
                  61R-1 21/31 440 490 1.11 

         

0.6 

  

-0.035 

  

1.008 

62R-4 55/61 725 775 1.07 

         

4.8 

  

-0.022 

  

0.643 

63R-1 75/84 494 

           

-0.1 

  

-0.027 

  

0.727 

64R-3 66/76 543 577 1.06 
                64R-5 45/52 366 

                  64R-6 0/9 462 

                  65R-1 99/110 369 

                  65R-7 15/26 601 636 1.06 
         

0.0 
  

-0.023 
  

0.787 

66R-4 2/10 343 

                  67R-4 8/19 514 554 1.08 

         

-0.1 

  

-0.027 

  

0.753 

68R-1 58/67 467 

                  68R-3 7/17 476 579 1.22 
         

0.0 
  

-0.036 
  

0.702 

69R-2 116/127 667 

                  69R-3 90/98 553 568 1.03 

         

0.0 

  

-0.023 

  

0.886 

70R-4 86/92 92 

                  70R-6 92/101 534 591 1.11 
         

0.2 
  

-0.033 
  

0.859 

72R-2-W 0/9 629 
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Sample 
TS 

ppm 

Sulfide-S 
AVS+CRS 

AVS CRS 
Measured as SO2

a Measured as SF6
b 

δ34S [‰] δ34S [‰] Δ33S [‰] Δ36S [‰] 

ppm /TS ppm % ppm % AVS CRS AVS+CRS AVS CRS AVS+CRS AVS CRS AVS+CRS AVS CRS AVS+CRS 

73R-1 88/97 732 814 1.11 

         

0.0 

  

-0.026 

  

0.854 

74R-7 72/81 670 
                  74R-8 126/135 VEIN* 547 

                  74R-8 126/135 

                   75R-1 44/52 1830 1856 1.01 

      

0.1 

  

0.0 

  

-0.026 

  

0.624 

75R-1 83/91 1572 1643 1.05 

      

-0.1 

  

0.1 

  

-0.026 

  

0.732 

75R-2 70/79 634 625 0.99 

      

-0.2 

  

-0.1 

  

-0.024 

  

0.733 

75R-3 0/9 494 

                  75R-8 19/29 808 832 1.03 

      

0.1 

  

0.0 

  

-0.036 

  

0.720 

76R-1 13/23 396 427 1.08 
      

0 
  

-0.1 
  

-0.027 
  

2.002 

76R-3 86/93 515 

                  77R-1 100/110 428 493 1.15 

      

0.1 

  

0.1 

  

-0.026 

  

1.856 

78R-5 101/110 567 

                  79R-2 55/63 393 417 1.06 
      

0.1 
  

0.1 
  

-0.027 
  

0.803 

80R-2 125/133 424 

                  80R-4 127/137 348 358 1.03 

      

0.2 

  

0.1 

  

-0.036 

  

1.067 

80R-7 90/100 VEIN* 1079 

        

-0.1 

  

0.0 

  

-0.033 

  

0.861 

80R-7 90/100 157 139 0.89 
                80R-8 18/24 1733 1722 0.99 

      

0.3 

  

0.3 

  

-0.041 

  

0.857 

81R-1 35/43 493 516 1.05 

      

0 

  

0.2 

  

-0.032 

  

0.817 

81R-3 97/107 2680 

                  81R-4 78/88 762 
                  82R-5 56/66 526 575 1.09 

      

0.1 

  

0.0 

  

-0.024 

  

0.800 

82R-6 43/53 671 

                  82R-6 74/84 753 783 1.04 

      

-0.1 

  

0.1 

  

-0.039 

  

0.916 

82R-7 14/24 824 895 1.09 
      

0.2 
  

0.1 
  

-0.023 
  

0.623 

83R-9 88/98 569 596 1.05 

      

0.1 

  

-0.1 

  

-0.034 

  

0.765 

85R-2 101/111 710 

                  86R-2 43/53 1665 1789 1.07 

      

0.2 

  

0.2 

  

-0.038 

  

0.609 

87R-2 0/10 548 
                  87R-5 0/10 559 

                  87R-7 32/42 620 611 0.99 

      

-0.1 

  

0.1 

  

-0.025 

  

0.753 

87R-7 115/125 676 
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Sample 
TS 

ppm 

Sulfide-S 
AVS+CRS 

AVS CRS 
Measured as SO2

a Measured as SF6
b 

δ34S [‰] δ34S [‰] Δ33S [‰] Δ36S [‰] 

ppm /TS ppm % ppm % AVS CRS AVS+CRS AVS CRS AVS+CRS AVS CRS AVS+CRS AVS CRS AVS+CRS 

88R-6 85/89 935 975 1.04 

                89R-4 8/19 765 803 1.05 

      

0.1 

  

0.0 

  

-0.041 

  

0.630 

89R-4 88/98 636 656 1.03             0.3     -0.1     -0.027     4.294 

TS - total sulfur. AVS - acid volatile sulfide. CRS - chromium reducible sulfur.   
a 
isotopic data represent an average of two duplicates from two different analytical sessions. 

b 
ThermoFinnigan Delta Plus mass spectrometer. 

c
ThermoScientific MAT 253 mass spectrometer. *felsic lithology. 
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Table S4. Mineral modes (%) and alteration intensities (0-5) of the U1473A rocks 

Sample Rock 
Depth 

(mbsf) 
Ol Pl Cpx Opx Ox Sf Amp Qtz Total 

Alteration 

intensity 

2R-1 37/46 gabbro 9.9 3 52 45 0 0.1 0.1 0 0 100 1 

3R-3 120/128 olivine gabbro 16.8 16 42 42 1 0.0 0.4 0 0 100 2 

5R-1 121/129 oxide gabbro 33.2 3 62 25 0 9.3 0.7 0 0 100 2 

7R-2 33/40 olivine gabbro 53.1 10 46 43 0 1 0 0 0 100 2 

7R-2 74/80 olivine gabbro 53.5 10 46 43 0 1 0 0 0 100 1 

8R-4 140/147 olivine gabbro 66.7 10 50 40 0 0 0 0 0 100 1 

9R-3 116/123 olivine gabbro 74.8 12 48 40 0 0 0 0 0 100 1 

12R-4 48/57 olivine gabbro 104.7 5 55 40 0 0 0 0 0 100 1 

13R-1 26/33 olivine gabbro/gabbro 109.8 transitional between gabbro and olivine gabbro 
 

1 

13R-1 40/50 olivine gabbro 109.9 6 52 40 0 1 0.3 0.0 0.0 100 1 

13R-1 67/75 olivine gabbro/gabbro 110.2 transitional between gabbro and olivine gabbro 
 

1 

13R-1 75/83 gabbro 110.3 3 56 41 0 0 0 0 0 100 1 

18R-1 18/25 olivine gabbro 158.2 8 52 40 0 0 0 0 0 100 1 

20R-2 17/23 olivine gabbro 179.0 6 51 42 0 1 0 0 0 100 1 

23R-2 130/134 olivine gabbro 199.6 10 55 35 0 0 0 0 0 100 2 

24R-2 39/46 olivine gabbro 208.4 12 53 35 0 0 0 0 0 100 2 

25R-1 127/133 olivine gabbro 217.5 12 49.5 38 0 0 0 0 0 100 3 

26R-1 81/88 olivine gabbro 226.7 12 53 35 0 0 0 0 0 100 3 

26R-2 23/28 olivine gabbro 227.6 8 48.8 40 0 3 0.2 0 0 100 3 

28R-4 111/121 olivine gabbro 250.8 12 53 35 0 0 0 0 0 100 2 

30R-2 25/35 olivine gabbro 266.5 8 48.8 40 0 3 0.2 0 0 100 1 

30R-2 44/52 olivine gabbro 266.6 8 48.8 40 0 3 0.2 0 0 100 1 

30R-3 26/33 olivine gabbro 267.8 5 60 35 0 0 0 0 0 100 2 

32R-6 134/141
a
 olivine gabbro 292.7 12 47 42 0 0 0 0 0 101 2 

33R-2 64/72 olivine gabbro 295.7 9 52 39 0 0 0 0 0 100 1 

34R-2 12/21 olivine gabbro 304.6 8 60 32 0 0 0 0 0 100 2 

36R-3 23/30 olivine gabbro 326.0 7 52 41 0 0 0 0 0 100 2 
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Sample Rock 
Depth 

(mbsf) 
Ol Pl Cpx Opx Ox Sf Amp Qtz Total 

Alteration 

intensity 

38R-2 58/66 olivine gabbro 343.9 8 54.8 37 0 0 0.2 0 0 100 1 

40R-1 73/78 olivine gabbro 362.4 10 55 35 0 0 0 0 0 100 1 

41R-3 30/32 leucodiorite 374.6 0 95 0 0 0 0 5 0 100 5 

41R-4 11/20 olivine gabbro 375.7 10 55 35 0 0 0.2 0 0 100 1 

41R-4 38/45 olivine gabbro 376.0 10 55 35 0 0 0.2 0 0 100 1 

41R-4 84/93 olivine gabbro 376.5 10 55 35 0 0 0.2 0.0 0 100 1 

41R-4 97/103 olivine gabbro 376.6 10 55 35 0 0 0.2 0 0 100 1 

43R-6 53/59 olivine gabbro 397.6 5 55 40 0 0 0 0 0 100 2 

47R-2 108/113 olivine gabbro 423.1 7 50 42 0 1 0 0 0 100 1 

49R-1 84/96 olivine gabbro 440.7 8 52 40 0 0 0 0 0 100 1 

50R-2 38/47 olivine gabbro 451.5 8 52 40 0 0 0 0 0 100 1 

51R-1 32/42 olivine gabbro 459.6 12 53 35 0 0 0 0 0 100 1 

51R-5 48/57 olivine gabbro 460.7 12 53 35 0 0 0 0 0 100 4 

51R-1 141/146 olivine gabbro 465.3 12 53 35 0 0 0 0 0 100 1 

57R-1 4/7 cataclastite 519.2 n/a 4 

59R-3 0/10 gabbro 531.9 3 50 47 0 0 0 0 0 100 1 

59R-5 79/85 VEIN* trondhjemite 535.4 0 70 0 0 0 0 5 25 100 4 

59R-5 79/85 gabbro 535.4 2 53 45 0 0 0 0 0 100 1 

60R-2 61/69 olivine gabbro 540.5 7 55 38 0 0 0 0 0 100 1 

60R-2 106/111 olivine gabbro 540.9 7 55 38 0 0 0 0 0 100 4 

60R-5 40/48 olivine gabbro 544.2 7 55 38 0 0 0 0 0 100 4 

61R-1 21/31 olivine gabbro 548.6 6 55 38 0 1 0 0 0 100 1 

62R-4 55/61 gabbro 562.4 3 55 42 0 0 0 0 0 100 1 

63R-1 75/84 olivine gabbro 568.6 6 54 40 0 0 0 0 0 100 1 

64R-3 66/76 olivine gabbro 579.7 7 53 40 0 0 0 0 0 100 1 

64R-5 45/52 olivine gabbro 581.7 7 53 40 0 0 0 0 0 100 1 

64R-6 0/9 olivine gabbro 582.1 7 53 40 0 0 0 0 0 100 1 

65R-1 99/110 olivine gabbro 588.2 7 53 40 0 0 0 0 0 100 1 

65R-7 15/26 olivine gabbro 596.0 8 57 35 0 0 0 0 0 100 0 
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Sample Rock 
Depth 

(mbsf) 
Ol Pl Cpx Opx Ox Sf Amp Qtz Total 

Alteration 

intensity 

66R-4 2/10 gabbro 601.4 4 55 41 0 0 0 0 0 100 1 

67R-4 8/19 olivine gabbro 610.8 7 53 40 0 0 0 0 0 100 1 

68R-1 58/67 olivine gabbro 616.9 5 54 41 0 0 0 0 0 100 1 

68R-3 7/17 olivine gabbronorite 619.2 6 60 15 14 2.5 2.5 0 0 100 1 

69R-2 116/127 olivine gabbro 628.4 6 54 40 0 0 0 0 0 100 1 

69R-3 90/98 gabbro 629.5 3 50 46 0 0.3 0.8 0 0 100 2 

70R-4 86/92 olivine gabbro 640.4 6 54 40 0 0 0 0 0 100 4 

70R-6 92/101 olivine gabbronorite 642.9 10 45 38 5 0.4 1.6 0 0 100 2 

72R-2-W 0/9 olivine gabbro 649.7 7 51 42 0 0 0 0 0 100 2 

73R-1 88/97 olivine gabbronorite 652.8 10 44 38 5 0.6 2.4 0 0 100 1 

74R-7 72/81
b
 olivine gabbro 662.7 6 54 40 0 0 0 0 0 100 1 

74R-8 126/135 olivine gabbro 664.5 7 53 40 0 0 0 0 0 100 1 

74R-8 126/135 VEIN trondhjemite 664.6 0 60 0 0 0 0 0 40 100 5 

75R-1 44/52 olivine gabbro 664.7 20 35 40 0 1.0 4.0 0 0.0 100 1 

75R-1 83/91 olivine gabbro 665.1 6 54 39 0 1 0.5 0 0.0 100 2 

75R-2 70/79 olivine gabbro 666.1 9 53 38 0 0 0 0 0.0 100 2 

75R-3 0/9 olivine gabbro 666.2 9 53 38 0 0 0 0 0.0 100 2 

75R-8 19/29 oxide gabbronorite 673.5 1 43 43 5 7 1 0 0.0 100 2 

76R-1 13/23 olivine gabbro 674.1 7 53 40 0 0 0 0 0.0 100 2 

76R-3 86/93 olivine gabbro 677.2 6 53 41 0 0 0 0 0.0 100 2 

77R-1 100/110 oxide gabbronorite 681.7 1 49 30 8 7 5 0 0.0 100 3 

78R-5 101/110 olivine gabbro 689.9 6 54 40 0 0 0 0 0.0 100 2 

79R-2 55/63 olivine gabbro 695.4 7 53 40 0 0 0 0 0.0 100 2 

80R-2 125/133 olivine gabbro 705.3 9 51 40 0 0 0 0 0.0 100 2 

80R-4 127/137 olivine gabbro 707.8 9 51 40 0 0 0 0 0.0 100 2 

80R-7 90/100 VEIN felsic vein 711.0 n/a n/a 

80R-7 90/100 olivine oxide gabbro 711.0 5 46 41.3 0 7 0.7 0 0 100 2 

80R-8 18/24 olivine oxide gabbro 711.7 7 30 27 0 30 5 0 0 100 2 

81R-1 35/43 olivine gabbro 713.2 7 54 39 0 0 0 0 0 100 2 
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Sample Rock 
Depth 

(mbsf) 
Ol Pl Cpx Opx Ox Sf Amp Qtz Total 

Alteration 

intensity 

81R-3 97/107 olivine oxide gabbro 716.7 5 42 37 0 15.5 0.5 0 0 100 3 

81R-4 78/88 olivine gabbro 718.0 7 51 42 0 0 0 0 0 100 2 

82R-5 56/66 olivine gabbro 726.8 8 48 42.9 0 1 0.1 0 0 100 2 

82R-6 43/53 olivine gabbro 728.0 8 48 42.9 0 1 0.1 0 0 100 1 

82R-6 74/84 olivine gabbro 728.3 10 60 24 1 0.3 4.7 0 0 100 1 

82R-7 14/24 olivine gabbro 729.1 5 47 30 10 4 4 0 0 100 2 

83R-9 88/98 olivine gabbro 740.8 8 52 40 0 0 0 0 0 100 2 

85R-2 101/111 olivine gabbro 752.9 8 52 40 0 0 0 0 0 100 2 

86R-2 43/53 olivine gabbro 757.9 6 51 40 0 3 0 0 0 100 2 

87R-2 0/10 olivine gabbro 761.3 8 52 40 0 0 0 0 0 100 2 

87R-5 0/10 olivine gabbro 764.6 7 53 40 0 0 0 0 0 100 1 

87R-7 32/42 olivine gabbro 767.1 8 52 40 0 0 0 0 0 100 2 

87R-7 115/125 olivine gabbro 768.0 8 52 40 0 0 0 0 0 100 2 

88R-6 85/89 olivine gabbro 776.3 6 52 41 0 1 0 0 0 100 2 

89R-4 8/19 olivine gabbro 783.6 9 51 40 0 0 0 0 0 100 2 

89R-4 88/98 olivine gabbro 784.4 6 52 41 0 0.8 0.2 0 0 100 2 
a
contains also ~10% of fine-grained oxide gabbro, which is not considered in the reported average modes. 

b
composed of two domains (i.e., 75% coarse gabbro, 25% fine gabbro). The reported modes reflected the weight average of the two domains. 

Ol - olivine, Pl - plagioclase, Cpx - clinopyroxene, Opx - orthopyroxene, Ox - oxide, Sf - sulfide, Amph - amphibole, Qtz – Quartz 

mbsf - meters below seafloor; n/a - data not available 

Alteration intensity is defined as follows: 0 = fresh (<3%), 1 = slight (3%–9%), 2 = moderate (10%–29%), 3 = substantial (30%–59%), 4 = extensive (60%–

89%), 5 = complete (≥90%). 
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Table S5. Correlation matrix of δ
34

S and selected trace and major elements of the U1473A gabbro and felsic veins 

Cu Cd Pb Bi Ga Ge Ag Zn As Sb Ni Co Cr V Mo Sr Y TiO2 Fe2O3 MnO P2O5 S δ34S   

1 -0.29 0.66 -0.15 -0.09 -0.01 0.67 0.27 -0.13 0.28 0.16 0.49 -0.06 0.31 0.09 -0.15 -0.09 0.22 0.28 0.32 0.03 0.56 -0.16 Cu 

 

1 0.42 0.32 -0.07 -0.36 1.00 -0.05 -0.01 -0.11 0.27 -0.11 0.13 -0.23 -0.02 -0.06 -0.06 -0.03 -0.07 -0.20 -0.01 -0.21 0.43 Cd 

  

1 0.06 0.10 0.10 0.52 -0.04 -0.54 0.54 -0.27 0.10 -0.22 -0.23 0.40 -0.22 0.16 -0.12 -0.09 -0.13 -0.12 0.10 0.55 Pb 

   

1 0.17 0.43 0.44 0.04 0.18 -0.33 0.46 -0.30 0.16 -0.18 0.20 -0.27 0.16 -0.14 -0.14 -0.13 -0.23 -0.08 -0.40 Bi 

    

1 -0.18 -0.61 0.77 0.03 0.01 -0.53 0.15 -0.38 -0.16 0.12 -0.26 0.69 0.48 0.53 0.36 0.49 0.41 -0.03 Ga 

     

1 0.27 -0.19 -0.34 0.05 -0.02 -0.11 0.06 0.38 0.00 -0.07 -0.06 -0.18 -0.15 -0.05 -0.11 -0.14 0.04 Ge 

      

1 0.83 n/a 0.18 0.51 0.65 0.05 0.60 -0.22 0.51 -0.63 0.56 0.50 0.48 0.24 0.62 -0.02 Ag 

       

1 0.00 -0.08 -0.09 0.58 -0.20 0.40 -0.03 -0.23 0.37 0.79 0.92 0.76 0.71 0.65 -0.06 Zn 

        

1 0.25 -0.14 0.21 -0.29 -0.16 0.59 0.55 -0.07 -0.03 0.01 -0.08 0.10 -0.22 -0.15 As 

         

1 -0.30 -0.05 -0.12 -0.11 0.10 -0.19 0.17 -0.07 -0.13 -0.14 -0.06 -0.03 0.00 Sb 

          

1 0.16 0.66 0.15 -0.08 -0.28 -0.39 -0.14 -0.11 -0.14 -0.11 0.05 -0.06 Ni 

           

1 -0.14 0.47 -0.07 -0.12 -0.11 0.61 0.72 0.75 0.28 0.59 -0.03 Co 

            

1 -0.05 0.00 -0.36 -0.20 -0.15 -0.22 -0.27 -0.07 -0.13 0.02 Cr 

             

1 -0.19 0.06 -0.26 0.26 0.41 0.48 0.28 0.27 0.04 V 

              

1 0.06 0.01 -0.09 -0.07 -0.12 -0.01 -0.09 0.09 Mo 

               

1 -0.51 -0.35 -0.22 -0.18 -0.09 -0.40 -0.06 Sr 

                

1 0.33 0.30 0.19 0.36 0.21 -0.12 Y 

                 

1 0.89 0.82 0.45 0.77 -0.05 TiO2 

                  

1 0.93 0.59 0.73 -0.03 Fe2O3 

                   

1 0.44 0.71 -0.05 MnO 

                    

1 0.27 -0.08 P2O5 

                     

1 -0.08 S 

                                            1 δ34S 

The values are correlation coefficients (R) 
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Fig. S1. Results of δ

34
S obtained with two different analytical techniques. δ

34
S was measure as SO2 introduced to 

ThermoFinnigan Delta Plus mass spectrometer or SF6 introduced to a ThermoFinnigan Delta Plus mass 

spectrometer. The obtained results are similar as demonstrated by the low scatter of our data (purple crosses) around 

the 1:1 line (pink). 
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Fig. S2. Alteration intensity of our U1473A samples (purple circles) along with 11-sample running average of the 

entire U1473A core (pink line). Alteration intensity is defined as follows: 0 = fresh (<3%), 1 = slight (3%–9%), 2 = 

moderate (10%–29%), 3 = substantial (30%–59%), 4 = extensive (60%–89%), 5 = complete (≥90%). Mbsf – meters 

below seafloor. 
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SUMMARY AND CONCLUSIONS 

The slow-spread oceanic crust is thinner and more heterogeneous than the fast-spread 

oceanic crust (Chapter I).  In this work, we have shown the differences in lithosphere 

structure affect how sulfides differentiate during magmatic processes in slow-spreading ridge 

magmas and consequently how metals are transported between the mantle and the ocean 

floor. In addition, we demonstrated that the style of sulfide differentiation and metal transport 

depend on spreading rate and magma supply. 

Where magma supply is high sulfides differentiate mostly through fractional 

crystallization (Chapter II). As we reveal in our Atlantis Bank study, sulfides typically 

fractionate early and  therefore tend to accumulate at the lower part of gabbroic bodies. The 

lower parts of gabbroic bodies are by ~50% enriched in Cu with respect to the upper parts. In 

addition, gabbro bodies located deeper in the crust are enriched in chalcophile elements with 

respect to shallower gabbro bodies. Both facts are consistent with MORBs having sulfur 

concentrations above sulfide saturation during their ascent through the slow-spread lower 

crust with high magma supply. 

In contrast, MORBs at slow and ultraslow spreading ridges with low magma supply can 

become sulfur-undersaturated due to extensive subcrustal sulfide crystallization following 

melt reaction with the mantle (Chapter III). This process may be global, but it becomes 

increasingly significant at ridge segments with low magma supply and thin crust, where the 

melt-mantle reaction can proceed to very shallow depths.  

We show that the crust-mantle transition zone exposed in the Kane Megamullion OCC is 

highly enriched in chalcophile elements (Chapter IV). This enrichment is related to the 

crystallization of sulfides during extensive melt-mantle reaction throughout the transition 

zone. Our results, combined with numerous Cu deposits documented in the mantle-crust 
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transition zones of various ophiolites may indicate the metal enrichment, increased sulfide 

modes, and potentially formation of small sulfide deposits could be expected globally along 

the petrological Moho.  

These zones of magmatic enrichment related to melt refertilization might be one of the 

reasons why massive sulfide deposits form mostly at the slow- and not at the fast- spreading 

ridges (Chapter I and IV). Lower magma budgets at ultraslow and slow spreading ridges 

produce more heterogeneous lower crust and thicker lithosphere with enhanced melt-mantle 

reaction. This usually results in enhanced concentration of metals (up to 300 ppm Cu) at high 

level in the lithosphere where they can be mined by hydrothermal fluids (Chapters II and IV). 

In contrast, where magma budget is high and the crust is fully developed, sulfides are mostly 

controlled by fractional crystallization. This results in zones of enrichment with lower degree 

of metal concentrations (up to ~130 ppm Cu), and emplaced at the bottom of gabbroic bodies 

where hydrothermal fluids have only limited access (Chapter II). 
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