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…a mio nonno Francesco 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

“…It is not of volcanic origin… 

It is composed of rocks, unlike any which I have met with,  

and which I cannot characterize by any name, and must therefore describe…” 

 

 

[Darwin, February 16
th
, 1832] 

 

 

 

 

 

 

 

 



Riassunto 

I 

 

Le isole oceaniche possono essere suddivise, sulla base della loro origine, in vulcaniche e 

tettoniche. Le isole vulcaniche si formano per eccesso di magmatismo legato ad anomalie termiche 

o composizionali del mantello. Le isole non-vulcaniche, o “tettoniche”, sono sopratutto il risultato 

di grandi movimenti verticali della litosfera oceanica lungo le faglie trasformi lente ed ultralente. La 

causa principale di questi movimenti tettonici verticali è da attribuire ad una riorganizzazione della 

geometria dei limite di placca trasforme, con il passaggio da una tettonica puramente trascorrente, 

ad una di tipo transtensivo e/o transpressivo. In entrambi i casi si ha la formazione di un’anomalia 

topografica positiva del fondale marino, chiamata “rilievo trasversale”. I rilievi trasversali hanno 

generalmente un profilo asimmetrico e sono formati da rocce di crosta oceanica inferiore e/o da 

rocce di mantello superiore. Quando raggiungono o superano il livello del mare essi formano 

un’isola oceanica di origine non vulcanica. Le isole tettoniche possono trovarsi anche 

all’intersezione dorsale - trasforme, costituendo il cosiddetto “alto interno”. In questo caso il 

sollevamento della litosfera è da attribuire al movimento delle faglie di dislocamento localizzate 

lungo i fianchi della dorsale. Un esempio attuale di alto interno vicino al livello del mare è il 

seamount “Anna De Koningh”, situato all’intersezione tra la dorsale oceanica sud occidentale e la 

faglia trasforme Dutoit (Oceano Indiano). 

Rilievi batimetrici e profili di sismica a riflessione mono e multicanale hanno identificato 

quattro paleoisole tettoniche in Atlantico Equatoriale. La paleoisola “Vema” costituisce la sommità 

del rilievo trasversale dell’omonima faglia trasforme, e si trova oggi circa 450 m sotto il livello del 

mare. Vema è composta da una piattaforma carbonatica spessa circa 500 metri, lunga circa 50 km e 

larga solo 5 km. Datazioni 
87

Sr/
86

Sr sui carbonati di Vema hanno permesso di porre la formazione 

dell’isola a circa 10 Ma, età che corrisponde ad un cambio cinematico della placca Sud-Americana 

e alll’instaurazione di una tettonica di tipo transtensivo che ha causato la flessurazione della 

litosfera oceanica e la formazione del rilievo trasversale. Tuttavia, il ritrovamento del foraminifero 

“Miogypsina” all’interno di alcuni campioni dragati in prossimità della non-conformity basamento 
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– piattaforma carbonatica, campioni che non è stato possibile datare, testimonia una precedente 

emersione dell’isola durante il Miocene inferiore, quando l’isola si trovava al lato interno 

dell’intersezione dorsale - trasforme. Altre tre paleoisole tettoniche, “Romanche A, B and C”, 

costituiscono le sommità del rilievo trasversale orientale della megatrasforme Romanche, e si 

trovano attualmente circa 1000 metri sotto il livello del mare. Profili di sismica a riflessione 

multicanale mostrano un riflettore orizzontale ad alta impedenza acustica alla profondità di circa 

1200 metri. Sopra questo riflettore, per ogni isola, si individua un’unità sismica stratificata, potente 

circa 250-300 metri. Anche queste tre isole, come quella di Vema, sono costituite da carbonati di 

acque basse datati con 
87

Sr/
86

Sr al Miocene superiore, tra 11 e 6 Ma. In Oceano Indiano Sud-

Occidentale, lungo la faglia trasforme Atlantis II, si trova un’altra isola annegata (“Atlantis Bank”), 

oggi circa -700 m sotto il livello del mare. L’isola non presenta una piattaforma carbonatica, ma era 

al livello del mare quando si trovava all’intersezione dorsale – trasforme. 

L’unico esempio attuale d’isola tettonica è l’Arcipelago di San Pietro e Paolo (Atlantico 

Equatoriale), lungo l’omonima faglia trasforme. L’Arcipelago costituisce la sommità di un 

massiccio peridotitico che si allunga in direzione della faglia trasforme attiva ed è soggetto 

attualmente a transpressione. Datazioni di markers del livello del mare con il 
14

C hanno permesso di 

stimare un tasso di sollevamento di circa 1,5 mm/a per gli ultimi 6000 anni. 

Durante il dottorato, uno studio multidisciplinare ha portato allo sviluppo di un modello di 

origine ed evoluzione delle isole tettoniche. A differenza di quelle vulcaniche, caratterizzate da una 

rapida crescita e dalla successiva subsidenza termica che porta all’annegamento, le isole tettoniche 

possono avere uno o più episodi di emersione legati agli effetti della tettonica verticale e del 

raffreddamento litosferico lungo le grandi zone di frattura oceanica. 



Abstract 

III 

 

Oceanic islands can be divided, according to their origin, in volcanic and tectonic. Volcanic 

islands are due to excess volcanism caused by mantle melting anomalies. Non-volcanic islands, or 

"tectonic", are mainly formed due to vertical tectonic motions of blocks of oceanic lithosphere 

along transverse ridges flanking transform faults at slow and ultraslow mid-ocean ridges. Vertical 

tectonic motions are due to a reorganization of the geometry of the transform plate boundary, with 

the transition from a transcurrent tectonics to a transtensive and / or transpressive tectonics. The 

formation of a positive topographic anomaly called "transverse ridge", often strongly asymmetric, 

may result from the establishment of either a transpressive and transtensive regime. Transverse 

ridges are formed by uplifted lower oceanic crust and/or upper mantle rocks. When they are at sea 

level, they form an oceanic non-volcanic island. Tectonic islands can be located also at the ridge – 

transform intersection, being the “inner corner high”. In this case the uplift is due by the movement 

of the long-lived detachment faults located along the flanks of the mid-ocean ridges. A modern 

example of inner corner high near the sea level is the “Anna De Koningh” seamount, located at the 

intersection between the Southwest Indian Ridge and the Dutoit transform fault (Indian Ocean). 

Bathymetry data and multichannel seismic reflection profiles have identified four tectonic 

sunken islands in the equatorial Atlantic. The "Vema" sunken island is at the summit of the 

transverse ridge adjacent to the Vema transform fault; it is now about 450 m below sea level. It is 

capped by a carbonate platform about 500 m-thick, 50 km-long and only 5 km-wide. Samples of 

Vema’s carbonates dated by 
87

Sr/
86

Sr indicate that the formation of the island occurred about 10 

Ma. The same age corresponds to a kinematic change of the ridge – transform geometry and the 

establishment of transtensive tectonics, with flexure of the oceanic lithosphere and uplift of the 

Vema transverse ridge. However, the discovery of "Miogypsina" in samples dredged at the non-

conformity boundary between the basement and the carbonate platform suggest a stage of 

emergence of the island during Early Miocene, when the island was an inner corner high at the 

ridge – transform intersection. Three tectonic sunken islands, "Romanche A, B and C", are on the 
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summit of the eastern transverse ridge flanking the Romanche megatrasform; they are now about 

1,000 m below sea level. Multichannel seismic reflection profiles show a strong horizontal reflector 

at a depth of about 1200 m. Above this reflectors we observed stratified seismic units about 250-

300 m-thick representing carbonate platforms consisting of shallow-water carbonates dated by 

87
Sr/

86
Sr, between 11 and 6 Ma. Another sunken tectonic island, the “Atlantis Bank," today about 

700 m below sea level, is located in the South-Western Indian Ridge, along the Atlantis II transform 

fault. This island does not have a carbonate platform but it was at sea level when it was located at 

the ridge-transform intersection. 

The only modern example of oceanic tectonics island is the Saint Peter - Paul Archipelago 

(equatorial Atlantic), located along the active zone of the St. Paul transform fault. This archipelago 

is the top of a peridotitic massif that extends in the direction of the active transform fault and it is 

now a left overstep undergoing transpression. Markers of sea level dated by 
14

C estimate a rate of 

uplift of the St. Paul Massif of about 1.5 mm/a for the last 6000 years. 

During my PhD, a multidisciplinary study led to a model to explain the origin and evolution 

of oceanic tectonic islands: oceanic volcanic islands are characterized by rapid growth and 

subsequent thermal subsidence and drowning; in contrast, oceanic tectonic islands may have one or 

more stages of emersion related to vertical tectonic events along the large oceanic fracture zones. 
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Thesis Outline 

1 

My PhD thesis consists of seven chapters and a final conclusion. In the first chapter I described the 

geodynamic of tectonic islands in three paragraphs, with a description of the main features of mid-

ocean ridges, of oceanic core complexes and of oceanic transform faults. The second chapter 

includes the article “Seismicity of Equatorial Mid-Atlantic Ridge and its Large Offset Trasnforms”, 

published in the journal “InterRidge News” (2012) and written during cruise AT21-03 (equatorial 

Atlantic Ocean), aboard of the R/V Atlantis II, of Woods Hole Oceanographic Institution (WHOI). 

The third chapter consists of an article submitted to the journal, “InterRidge News” (2013). This 

article, “Development of different modes of detachment faulting, 16.5°N at the Mid-Atlantic 

Ridge”, describes the vertical movements along detachment faults; it was written during cruise 

KN21-05 (central Atlantic Ocean), aboard the R/V Knorr, of WHOI. The fourth chapter is a portion 

of a future article on megatransform faults. In this chapter, I describe the geological setting of 

Romanche, Andrew Bain and St. Paul transform faults. This article will be submitted to the Journal 

“Earth Science Review”. The fifth chapter is composed by the article “Non-volcanic tectonic islands 

in ancient and modern oceans”. This article reports most of the results of the work that I did during 

my PhD and it is published in the Journal “Geochemistry, Geophysical, Geosystems”. The chapter 

sixth includes an article will be submitted to the Journal “Palaeogeography, Palaeoclimatology, 

Palaeoecology”, where I describe the possible causes of the presence of rhodalgal-foramol facies in 

equatorial carbonates of the sunken tectonic islands at the equatorial latitude. Finally, in the seventh 

chapter I described the only known example of non-volcanic “oceanic” islands: St. Paul Rocks 

(Penedos de São Pedro). Studying its biology and zoology, I observed that actually these islets do 

not have a carbonate platform, but there are some species of corals and green algae that live in the 

Caribbean Sea. The absence of a carbonate platform is probably due to the continuous uplift of the 

islets and to their morphology characterized by flanks with steep slope.  
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Geodynamics of oceanic tectonic islands  

3 

Oceanic islands can be divided, according to their origin, in volcanic and tectonic. Volcanic 

islands are due to excess volcanism caused by mantle melting anomalies either along mid-ocean 

ridges, (Iceand in the Atlantic Ocean), or within oceanic plates (Society Islands in the Pacific 

Ocean). Volcanic islands can also be formed by volcanism caused by suprasubduction “wet” mantle 

melting (Tonga islands in the Pacific Ocean). Tectonic islands are formed not by excess volcanism, 

but are due to vertical tectonic motions of blocks of oceanic lithosphere along transverse ridges 

flanking slow and ultraslow transform faults.  

Sunken tectonic islands have been identified with bathymetric surveys and multichannel 

seismic reflection profiles in the equatorial Atlantic Ocean. A “Vema” sunken island has been 

identified on the summit of a transverse ridge at Vema transform fault; it is now ~ 450 m below sea 

level. Three other sunken islands are located along the summit of a transverse ridge at the 

Romanche transform fault; they are now between 900 and 1100 m below sea level. The only 

modern example of oceanic tectonic island is the Archipelago of St. Peter and St. Paul Rocks, 

located along the St. Paul transform in equatorial Atlantic Ocean. It is formed by five bigger islands 

and many small rocks, all composed of peridotitic rocks. 

Vertical motions of blocks of oceanic lithosphere take place along slow mid-ocean ridges, 

where we have uplift due to extensional movements along long-lived detachemtents faults. They 

exume lower crust and upper mantle creating positive topographic anomalies called oceanic core 

complexes. It is now recognized that the 50% of the extension of the oceanic crust along slow and 

ultraslow mid-ocean ridges is due to the action of long lived detachment faults that form oceanic 

core complexes. The sunken tectonic island “Atlantis Bank”, located along the transverse ridge at 

the Atlantis II transform fault (South-West Indian Ocean), is an example of oceanic core complexes. 

It is a gabbroid massif exumed by a long lived detachment fault. “Atlantis Bank” was a tectonic 
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islands when it was an inner corner high at the ridge – transform intersection, and now it is ~ 700 m 

below sea level. 

In the first chapter of my PhD thesis I will discuss the geodynamics of oceanic tectonic 

islands, describing mid-ocean ridges, the formation and the evolution of oceanic core complexes, 

and oceanic transform faults, including a new class of transform faults called “megatransforms”. 

 

1.1 Mid-Ocean Ridges 

In the middle of twentieth century, Bruce C. Heezen and Marie Tharp (Figure 1.1a) created 

a famous world map of the ocean floor [Figure 1.1b; Heezen and Tharp, 1968]. This map was the 

first to show a giant submarine mountain chain running along the middle of the oceans: in the 

modern “Theory of Plate Tectonics”, it has been called mid-ocean ridge (MOR), and it is the place 

where two different lithospheric plates move apart and new oceanic crust is formed. 

Figure 1.1 a) Bruce C. Heezen and Marie Tharp in the 1977 [image from Wikipedia Commons]; b) Heezen and 

Tharp’s world maps of the ocean floor [Heezen and Tharp, 1968]. 
 

The global system of mid-ocean ridges (Figure 1.2) constitutes the longest mountain chain 

on Earth (~ 67.000 km); it is site of intense volcanism and seismicity. It is characterized by 

hydrothermal circulation with temperatures exceeding 300°C, by metallogenesis with the deposition 

of Fe-sulfides and Fe-Mn hydroxides, hosting extraordinary biological activity (mainly bacteria), 

and playing an important role in the chemical exchange with sea water. 
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Figura 1.2 Global system of Mid-Ocean Ridges [Rundquist and Sobolev, 2002]. 

 

Mid-ocean ridges are characterized by a topographic relief that lies at a rather constant depth 

of about 2500 m below sea level respect to ocean basins (abyssal plain), that lie ~ 5000-6000 m 

below sea level. They present an axial valley characterized by intense volcanism and seismicity, 

with a neovolcanic zone where new oceanic crust is formed (Figure 1.3). Melt rises below the axial 

valley, from the underlying asthenosphere to subsequently solidify becoming part of lithospheric 

plates, creating new oceanic crust. According to MacDonald [1982], the velocity with which the 

lithospheric plates diverge from each other (spreading rate) allows to classify mid-ocean ridges in:  

• fast (spreading rate between 80 and 180 mm/a, like the East Pacific Rise); 

• intermediate (spreading rate between 55 and 80 mm/a, like the Juan the Fuca Ridge); 

• slow (spreading rate between 22 and 55 mm/a, like the Mid-Atlantic Ridge); 

• ultra-slow [Dick et al., 2003], (spreading rate < 22 mm/a, like the Artic Gakkel 

Ridge). 

 



Chapter 1 

6 

 

Figure 1.3 Near-axial structural profiles across accreting ridge systems with different spreading rates showing the 

variable sizes of their axial rift valleys [Choukroune et al., 1984]. 

 

1.1.1 Morphology of mid-ocean ridges 

The morphology of the global system of mid-ocean ridges can be described analyzing the 

“spreading rate classification”. 

Slow MORs, like the Mid-Atlantic Ridge (MAR) in the Atlantic Ocean (Figures 1.2 and 

1.4), are characterized by rugged faulted block topography, 20-30 km wide axial median valley, ~ 

1-2 km deep and floored by many small volcanic edifies [Smith and Cann, 1993], with faults 

occurring along the flanks of the ridges, ~ 20-40 km from the axis, at crustal age ~ 1.5 Ma (Figure 

1.4) [Escartin and Cannat, 1999; Smith et al., 2003]. Dick et al. [2003] recognized mid-oceanic 

ridges with spreading rates <12 mm/a as a distinct ‘ultraslow’ class. Ultra-slow MORs, like the 

Southwest Indian Ridge (SWIR) in the Indian Ocean, show a rugged median valley which in places 

exceeds 2 km deep, with a depth at the axis of over 4 km. All faults mapped at slow and ultraslow 

spreading centers dip toward the axis: according to many authors, these faults form during periods 

when no magma is available and the total slip on faults depends on the time interval between 

magma events. Although the flanks of slow and ultraslow MORs are cut by high-angle normal 
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faults, there is another type of fault that affects the morphology of slow spreading centers. They are 

low-angle faults, called detachment faults, that form characteristic features termed oceanic core 

complexes. These features have been likened to continental metamorphic core complexes, where 

rocks from depths of ~ 10 km are exposed at the surface. More details about the oceanic core 

complexes will be discussed in the second paragraph of this chapter. The axial region of fast mid-

ocean ridges, like the East Pacific Rise in the Pacific Ocean (Figures 1.2), are smoother and 

generally lack a median valley, having instead an axial high some 1-2 km wide (Figure 1.4). Along 

the fast spreading centers the magmatic activity is more continuous and the faults propagation along 

the flanks of the ridge is minor respects slow and ultraslow MORs. Mid-ocean ridges with 

intermediate spreading rate, like the Juan de Fuca Ridge in the Pacific Ocean, can have either fast or 

slow type topography.  

The morphology of the axial region along MORs depends on the thermal state and 

composition of the subridge upwelling mantle, linked also to spreading rate and vicinity to long 

offset transforms. Other factors that control the morphology of the axial region of a volcanic ridge 

are the tectonic strain and the magma supply; for example, much of the slow-spreading Reykjanes 

Ridge does not have a median valley, and in some location, the fast-spreading East Pacific Rise has 

a shallow axial valley. We can compare the morphology of the axial valley of the different MORs 

looking the Figure 1.4. This figure shows three different bathymetric profiles acquired along the 

East Pacific Rise (EPR), the Southeast Indian Ridge (SEIR) and the Mid-Atlantic Ridge (MAR). 

The morphology of the rift valley is completely different: the EPR presents a positive bathymetry 

and a low presence of faults along the flanks of the ridge; instead, the other two bathymetric profiles 

show a negative profile and intense tectonics due to high-angle faults. 
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Figure 1.4 a) Shaded relief images of bathymetry over three contrasting sections of the mid-ocean ridges. Each image shows ,40 km along the ridge axis and ,110 km across the 

axis [Buck et al., 2005]. V.E.= vertical exaggeration. b) Bathymetric profiles of East Pacific Rise (EPR), Southeast Indian Ridge (SEIR) and Mid-Atlantic Ridge (MAR). Results 

for buoyancy-dominated ridge models (EPR). Half the bending faults dip towards the axis and half away. Two results for stretching-dominated ridge models (SEIR and MAR). 

for different values of M, but with the same lithospheric structure [Buck et al., 2005].  
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1.1.2 Oceanic crustal structure 

The oceanic crustal structure has been inferred by seismic reflection and refraction methods 

(Figure 1.5). The oceanic crust is considerably thinner than the continental crust; it is formed by a 

typical lithological succession made, from top to bottom, by a layer of sedimentary material, then 

effusive basaltic rocks, a dyke complex and finally gabbros (Figure 1.6).  

The thickness of the sediments (Layer 1) increases with the age and distance from the mid-

ocean ridge system; it also depends upon sediment supply and is thus variable. The thickness varies 

generally from a few centimeters (or absent) in neovolcanic zones to an average of 500 meters in 

the ocean basins; in the valleys of oceanic fracture zone, like the Vema and the Romanche 

transform valleys (equatorial Atlantic), it is possible to have also ~ 1000 m of sediments. The 

velocity of sound in the first layer is usually slightly higher than the velocity of sound in sea water 

(~ 1.5 km/s), but it increases rapidly with depth as the sediments consolidate. Layer 2 is 

heterogeneous in both depth and age (Figure 1.6). When the velocity of sound reaches ~ 2.5 - 2.8 

km/s, we are on the top of the Layer 2 [White et al., 1992], formed by few hundred meters of 

volcanic oceanic basalt basement. The change of lithology from basalts to dikes is marked by an 

increase of speed of seismic P-waves (from ~ 5.8 of the basalts to ~ 6.4 km/s of the dikes). A further 

increase of P-wave velocity (~ 6.5-7.2 km/s) marks the transition to the deepest part of the oceanic 

crust, essentially formed by gabbro (Layer 3). The rapid increase of velocity in the Layer 3 is also 

due to the decrease in porosity resulting from secondary mineralization and filling of cracks, 

fissures and pores.  

The layer of gabbros is more uniform of Layers 1 and 2; however, in the basal part of the 

gabbro’s layer the seismic velocities are higher (about ~ 7.2-7.7 km/s) due probably to the presence 

of ultramafic serpentinized material of the upper portion of the mantle. The transition from the crust 

to the peridotitic mantle (Moho) is marked by a sharp increase in seismic velocity which reaches ~ 

7.9-8.0 km/s in the upper part of the mantle [White et al., 1992]. 
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The average thickness of the oceanic crust is ~ 7 km, but variations occur for closer spacing 

of transform faults along slow and ultraslow-spreading centers, and the resultant difference in 

distribution of melt along slow and fast ridges. 

 

Figure 1.5 Shaded area shows stacked velocity-depth determinations for Pacific and Atlantic oceanic crust from 

seismic profiles constrained by synthetic seismic modeling and with a residual depth anomaly less than 0.5 km [after 

White et al., 1992]. Ligth grey: young oceanic crust (Pacific, 0.2-2 Ma; Atlantic 0-7 Ma). Dark grey:mature oceanic 

crust (Pacific, 29-140 Ma; Atlantic, 144-170 Ma). 

 

 

Figure 1.6 Seismic velocity–depth model fromthe East Pacific Rise correlated with DSDP hole 504B in 6.6 Ma oceanic 

crust that was formed at the Costa Rica Rift with a half-spreading rate of 30–34 mm/a [modified from Bratt and Purdy, 

1984; Vera and Diebold, 1994]. 
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1.1.3 Thermal structure of the oceanic lithosphere 

New melt rises below the axial valley of mid-ocean ridges through a process of adiabatic 

decompression of the mantle; it then comes into contact with sea water. It cools, solidifies, acquires 

the magnetization of the earth’s magnetic field and begins to migrate laterally and symmetrically on 

both sides of the ridge, following the divergent relative movement of lithospheric plates. The 

temperature and composition of the mantle are the main control on the melting process below 

MORs; they also control variations in crustal thickness and chemistry.  

In the 1977, Parsons & Sclater found a relation between a gradual deepening of the seafloor, 

a decrease of the heat flow and a gradual increase of the age of the oceanic crust from the ridge axis 

to the abyssal plain (Figures 1.7 and 1.8). In the oceans, the surface heat flow is related to the age of 

seafloor: the gradual deepening of the seafloor from the axial valley is due to the progressive 

cooling of oceanic lithosphere with its age: h= 320 * √a, where h is the depth of the oceanic crust, 

320 is a costant and “a” is the age of the oceanic crust. 

 

Figure 1.7 a) Comparison of measured ocean floor heat flows (mean and standard deviation) and those predicted using 

the instantaneous cooling model, as a function of age [Sclater et al., 1980]; b) Depth of ocean floor below the level of 

the ridge crest as a function of the sea floor [after Parson and Sclater, 1977]. The solid line shows the theoretical result 

for an instantaneous cooling model. 
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Figure 1.8 a) Distribution of heat flows on the earth [Bird et al., 2008]; b) Age of oceanic lithosphere along the oceans 

[Muller et al., 1997]. 
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In order to infer the age of the rocks along mid-ocean ridges, we study and correlate the 

magnetic anomalies that are the expression of the direction and magnitude of magnetic field at the 

earth’s surface. Magnetic anomalies are attributed to thermal remaining magnetization of the 

basaltic oceanic crust and their value varies both in space and in time. They can be represented by 

an alternation of elongated continuous zones (magnetic anomalies) tens of kilometers long. These 

zones generally lie parallel to ocean ridges and are symmetric with respect to the ridge crest, as 

shown in Figure 1.9. Black or positive zones indicate the actual/normal Earth’s magnetic field; 

white or negative zones indicate the old/reverse Earth’s magnetic field. The use of magnetic 

anomalies to deduce the age of the ocean floor can be difficult along slow-spreading centers, where 

the magmatic activity is intermittent. It is easier in fast MORs, along which the anomalies occupy 

large areas interspersed with clear boundaries. 

 

Figure 1.9 a) Striped pattern of magnetic anomalies parallel to the Mid-Atlantic Ridge [Heirtzler et al., 1966]; b) 

Spreading rates of mid-ocean ridges, based on identification of linear magnetic anomaly bands [Bird et al., 2008]. 
 

1.1.4 Seismicity associated with mid-ocean ridges 

Slow and ultra-slow spreading centers have a deep tectonized axial valley. Faulting on the 

walls of the valley creates a intense seismicity, with earthquakes hypocenters located at depths 

exceeding even at 8 km [Tommey et al., 1985] and Magnitude < 6. Fast spreading centers, instead, 

are characterized by a large dome, with earthquakes hypocenters not exceeding 3 km depth. Figure 
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1.10 shows the distribution and kinematics of “normal-faulting” earthquakes along the global 

MORs system. 

Multichannel seismic reflection profiles, acquired perpendicular to the axes of fast spreading 

centers, show a reflector (AMC – Axial Magma Chamber, Figure 1.11). A low seismic velocity 

zone, possibly due to partially melted material, is present below (Figure 1.11); it represents the top 

of a magma chamber [Toomey et al., 1990]. This area of low velocity is not commonly observed 

below slow spreading centers, where magmatic activity is not continuous over time. 

 

Figure 1.10 ‘Spreading’ normal-faulting earthquakes along divergent plate boundaries, 1977–1998. Inset, Arctic 

region. Solid lines, ridgeaxis [from Bird et al., 2002]. 

 

Figure 1.11 ‘EastPacific Rise at 9°30’N, migrated CDP reflection profile. Seabed reflection is at 3.5–3.9 s (water depth 

2.6–2.9 km). The high-amplitude signal at the ridge axis is interpreted as the reflection from the lid of an axial magma 

chamber (AMC). It extends weakly onto the flanks of the ridge, perhaps representing the top of a frozen chamber or the 

change from extrusives to dykes and gabbros. Reflections with the correct time for Moho reflections extend to within 2–

3 km of the ridge axis [Detrick et al., 1987]. 
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1.2 Oceanic Core Complexes 

It is now recognized that long-lived low-angle faults (detachement faults) are common along 

slow mid-ocean ridges, where the magmatic supply is intermittent over time and seismicity and 

vertical tectonics are intense [Cann et al, 1997]. Detachement faults account for 50% of the 

extension along slow MOR’s, and they can form geological features called oceanic core complexes 

(Figure 1.12). Oceanic core complexes are massifs where lower crust and upper mantle rocks 

(gabbros and serpentinized peridotites) are exposed at the sea floor [Smith et al., 2006]; in some 

cases, the core complexes get close to sea level, forming an oceanic tectonic island. The name for 

OCCs was given by analogy to metamorphic core complexes (metamorphic cores), located in core 

(inner) parts of orogens on continents. In essence, such complexes are represented by exposed 

metamorphosed deep-crustal rocks, which underwent by viscous-plastic and brittle deformation. 

The same situation is typical for OCCs, which are outcrops of tectonized and altered deep-seated 

crustal and mantle rocks in the axial parts of mid-oceanic ridges.  

Figure 1.12 Scheme of oceanic core complex with oceanic detachment fault [Sharkov, 2012]. 
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A classic example of oceanic core complex is the Atlantis Massif, located in the Atlantic 

Ocean (Figure 1.13). The Atlantis Massif was formed within the past 1.5–2 Ma at the intersection of 

the Mid-Atlantic Ridge, 30◦ N, and the Atlantis Transform Fault. The corrugated, striated central 

dome prominently displays morphologic and geophysical characteristics representative of an 

ultramafic core complex exposed via long-lived detachment faulting [Blackman et al., 2002]. 

Geophysical data indicates that the footwall is composed predominantly of serpentinized peridotite; 

in contrast, the hanging wall is composed of volcanic rock [Blackman et al., 2002]. 

 
Figure 1.13 Bathymetry of the Atlantis transform fault at 30°N on the Mid-Atlantic Ridge (Central Atlantic Ocean); 

black box is A 3D view of the inside corner of the Atlantis transform fault. Corrugated slip surface are shown [Cann et 

al., 1997]. 

 

The typical surface corrugations can help to identify a core complex along slow-spreading 

centers, although their origin is still enigmatic. Corrugated slip surfaces have a wavelength of 

hundreds of meters, an amplitude of ten of meters, and can be seen on shaded relief maps of 

multibeam surveys (Figure 1.14). Evidence for active detachment faulting can be searched in the 

associated seismic activity at the MOR segment. 
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Figure 1.14. a) Multibeam bathymetry showing detachment faults and core complexes in the 13N segment. The dashed 

line indicates the spreading axis [Smith et al., 2006]. The box indicates the location of the image in b and c; b) Three-

dimensional perspective view of oceanic core complex ‘2’ [Smith et al., 2006]; c) Three-dimensional perspective view 

of oceanic core complex ‘2’[MacLeod et al., 2009]. 

 

Smith et al. [2006] reconstructed the evolution of core complexes from initiation to maturity 

to inactivity (Figure 1.15): “…In the first stage is the subsidence of a basin within the axial valley 

floor, coupled with the emergence of a narrow basaltic ridge. The basin lies immediately behind the 

ridge, and probably forms by outward footwall rotation as a new fault initiates. The inner (eastern) 

side of the basin (and hence the outer side of the ridge) has the volcanic morphology of the axial 

valley floor, tilted at 15°-25°. As the ridge evolves, the tilt of the outer slope increases to 20°-30°. A 

fault scarp dipping at 15°-25° emerges on the inner side of the ridge. The next stage is the 

emergence of a domal corrugated fault surface that intersects the valley floor along a line convex 

towards the spreading axis. The corrugated surface dips at ~15° where it plunges into the valley 

floor. The dip of the surface gradually flattens as it emerges due to flexure of the footwall, and by 
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~5 km from its emergence the crest is nearly horizontal. Below the median valley floor, the 

detachment fault may continue at a low angle, but the early rotation of the footwall to form the 

basin suggests that the fault curves and steepens below the seafloor, so that the tip of the fault may 

lie several kilometers down. The resulting mature core complex becomes extinct when it is cut off 

by a normal fault”. 

Figure 1.15 Schematic three-dimensional oblique view of the evolution of a core complex by detachment faulting [from 

Smith et al., 2006]. Gray lines: seafloor (except for the detachment surface). Black lines: surface of the detachment 

fault and steeper normal faults, both exposed on the seafloor and below it. A. A breakaway ridge with a basin behind it. 

The basin is floored by volcanic sea floor, tilted up towards the breakaway ridge.  The initially steep subsurface normal 

fault at the breakaway has already rotated to a shallower angle. A downward-curved detachment has started to form 

linked to the breakaway fault. Both faults are below the seafloor. B. The detachment has emerged. Dashed line: line of 

emergence. The fault has warped into a dome, the ridge has become arched, and little further rotation of the initial 

ridge has occurred. C. The detachment fault has been cut off by a later normal fault, perhaps of the breakaway of the 

next detachment. The dome has flattened, and the detachment fault is inactive. 
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1.3 Oceanic Transform – Fracture Zones 

In the 1965 Tuzo Wilson introduced the concept of the transform fault, defined them as a 

vertical fault plane between two lithospheric plates that slide horizontally past each other. Mid-

ocean ridges systems are not continuous accretional margins; rather, they consist of a series of ridge 

segments offset by transform faults. The ridge segments lie nearly perpendicular to the spreading 

direction, whereas the transform fault lie parallel to the spreading direction, as it is shown in Figure 

1.16, where the Clipperton and the Siqueiros transform faults offset the East Pacific Rise (Pacific 

Ocean). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.16 Bathymetric map of a portion of East Pacif Rise and of its transform faults Clipperton and Siqueiros [Key 

et al., 2013].TF= transform fault. 

 

The distribution of earthquakes along the fault plane makes the difference between a 

transform fault and a strike-slip fault [Sykes, 1967]. In a transform fault that offsets a mid-ocean 

ridge, earthquakes are recorded only in the active zone; in a strike-slip fault seismic activity occurs 

instead over the entire length of the fault plane (Figure 1.17). 

Oceanic transforms differ from continental transform systems because the first have a 

narrow deformation zone and shallower earthquakes hypocenters. The maximum depth of 
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earthquakes generated by oceanic transform faults corresponds roughly to the 400° C isotherm 

[Rutter and Brodie, 1987] (Figure 1.18); in constrast, the upper limit of the hypocenters of 

earthquakes in continental transform zones and intraplate strike-slip faults is 750° C [Weins and 

Stein, 1983].  

Figure 1.17 Differences between transforms and transcurrent faults [modified from Wilson, 1965] and location of 

earthquakes along a transform faults [Rundquist and Sobolev, 2002]. 

 

 

Figura 1.18 Distribution of earthquakes along intraplate zone and transform faults [Engeln et al., 1986]. 

 

1.3.1 Morphology  

Oceanic fracture zones represent large topographic irregularities of the ocean seafloor. They 

are composed by a seismically active zone located between the two segments of ridge, called 

transform fault, and by two older seismically inactive areas called fossil zones (Figure 1.17). 

The morphology of an oceanic transform [Fox and Gallo, 1984] fault is characterized by 

different structural elements (Figure 1.19). The main morphological feature is the transform valley. 

It is a narrow and elongated valley, flanked by a steep slope towards the valley and a more gentle 
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slope outwards and it continues in the fossil zones. Generally, the transform valley is filled by 

sediments transported by the oceanic currents, and in some cases, their thickness reaches 1 km as in 

the Vema and in the Romanche fracture zones (equatorial Atlantic). 

Figure 1.19 a) Morphology of an oceanic transform fault [Fox and Gallo, 1984]; b. 3D bathymetric image of the Vema 

transform fault (central Altantic Ocean) [Cipriani et al., 2004]. 

 

In the transform valley is located the principal transform displacement zone (PTDZ). This is 

an area of variable width in which lies the strike-slip fault system associated with the main 

transform motion. Generally it is not easy to identify the strike-slip fault in the bathymetric images, 

while it is possible in seismic profiles, thanks to the deformation that occurs in the sediments filling 

the transform valley. Multibeam bathymetry show a progressive deepening of the bottom of the 

valley near the ridge-transform intersection, in an area called nodal basin (Figure 1.19). The depth 

of the nodal basins is mainly related to the length of the offset of the transform fault [Fox and 

Gallo, 1984]. 

Most morphological and seismic profiles perpendicular to the direction of transform valley 

show a strong asymmetry. The asymmetry is generally common along the slow and ultraslow 

transform faults and is due to a greater development of one of the two flanks of the valley: it takes 

the name of transverse ridge (Figures 1.19 and 1.20). Transverse ridges are among the most 

important positive topographic anomalies of the ocean floor: they are one or more kilometers 

shallower than the adjancent “normal” crust of equivalent age and frequently they are shallower 

than axial spreading ridges in the same area. Geophysical and petrographical data acquired from 

different oceanic fracture zone suggest that transverse ridges are not the result of excess volcanism, 
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but rather of tectonic uplift of upper mantle and crustal blocks [Bonatti, 1978]. The discovery of 

powerful thickness of carbonates on the summit of some transverse ridges shows how, during their 

geological history, the tops of some of these were first above and then at sea level. 

 

Figure 1.20 a) Main features of an oceanic transform valley [Fox and Gallo, 1984]; b) Seismic reclection profile 

across the Shackleton transverse ridge [Livermore et al., 2004]; c) Seismic reclection profile VEMA-06 across the 

Vema transverse ridge [Bonatti et al., 2005]. 

 

Some transform faults show a morphological high similar to a large seamount in the inner 

corner of the ridge/transform intersection. This relief is called inner corner high and it is, in many 

cases, the highest point along the flanks of the valley of the mid-ocean ridge (Figure 1.21) 

[Severinghaus and MacDonald, 1988]. Inner corner highs expose ultramafic and gabbroic rocks, 

high values of gravity anomalies and a strong seismic activity. The inner corner high is a 

morphological feature characteristic of slow and ultra-slow MORs. Indeed, slow transform faults 

with long offset make possible the contact of two lithospheres with different ages. For example, the 

difference of age between South American plate and the African plate in the western 

ridge/transform intersection of the Romanche (equatorial Atlantic), is ~ 50 Ma. The heat transfer 

from an hot - young lithosphere to a cold - old lithosphere cause a thermal expansion that may allow 

the formation of an inner corner high. In constrast, fast MORs do not present inner corner highs 

mainly because of a minor age difference between the plates in MOR-transform fault intersections. 
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Figure 1.21 a) Classification of a slow spreading – transform intersection region [Severinghaus and MacDonald, 

1988]; b) Bathymetric image of the SWIR – Dutoit transform intersection [GEBCO_08 grid]. 
 

1.3.2 Vertical tectonics  

As previously described, the transverse ridge, when it is present, is an uplifted structure that 

is shallower than the surrounding displaced lithospheric plates. It is the results of large vertical 

uplift caused by vertical tectonics along slow and ultraslow oceanic fracture zones (Figure 1.20).  

A transform fault is a plate boundary along which the relative motion of the two plates is 

parallel to the strike of the fault and it is geometrically described by the position of a virtual 

geometric point (Eulerian pole) and an angular velocity. Where their position changes over time 

there will be a riorganization of the geometry of the plate boundary; in particular, the segment of 

MORs tends to adapt rapidly to the new conditions, while the transform requires more time, 

especially in the case of long offsets [Bonatti, 1978]. A ridge-ridge transform boundary will change 

from a purely strike-slip regime to a “transpressional” or a “transtensional” regime [Pockalny et al., 

1996] (Figure 1.22 A). The formation of a topographical anomaly, often strongly asymmetric, may 

result from the establishment of both a transpressive or a transtensive regime. As an example, the 

increased presence of the Intra-transform ridges (ITRs) in fast-spreading centers could be due to the 

reorganization of the geometry of the plate boundaries and of the thermal structure of the 

lithosphere much hotter (Figure 1.24). 
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Although the tectonic deformation is the only accepted mechanism that can explain the total 

range of the uplift of the transverse ridges, several other mechanisms have been proposed: 

a) Lateral heat transfer. According to model calculations [Chen, 1988; Louden and Forsyth, 1976], 

the thermal anomaly beneath the young tectonic plate at the ridge-transform intersection heats the 

cold and old plate across the transform causing uplift (Figure 1.22 B). This model is supported by 

the observation that the large uplifts in the Romanche and Vema transform faults are located close 

to ridge - transform intersections. Moreover, this model does not explain the vertical movements in 

the fracture zones beyond the region of contact with active rift segments, and the formation of 

transverse ridges on one side of the fault only.  

b) Viscodynamic forces. The uplift of lithospheric and of asthenospheric material at the transverse 

ridge is hypothesized as due to the isostatic compensation of the deficit of mass represented by the 

transform valley [Collette, 1986]. This model is not able to explain the development of a large uplift 

on one side of the transform valley only (Figure 1.22 C). 

c) Thermal stress. The thermal stress induced in the oceanic lithosphere by the thermal cooling in 

the course of their motion away from the spreading centers results in reduction of their linear sizes 

(horizontal contraction). The size reduction of a plate segment 150 km long can be as large as 300 

m for a cooling of 200° C [Collette, 1986; Turcotte et al., 1974]. During the displacement along the 

transform fault, marginal parts of the plate experience alternating compression and extension 

(Figure 1.22 D). The maximal stress is observed near axial parts of rift valleys. The near-surface 

part of the lithosphere is subject to compression, while the lithosphere proximal to the Moho 

discontinuity is subject to extension [Turcotte et al., 1974]. As a result, the rising stress bends the 

lithosphere. The thermal stress caused by cooling and compression of the lithosphere 20 Ma old 

results in its bending and in uplift of the transverse ridge by 150 m [Parmentier and Haxby, 1986]; 
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d) Erosion of a lithosphere plate. Basile & Allemand [2002] propose that the erosion of a 

lithospheric plate along the transform boundary may be an alternative mechanism to explain uplift 

of the walls of the transform valley and the formation of the transverse ridge (Figure 1.22 E). 

Moreover, this mechanism is always present in all geodynamic settings. The uplift of the 

lithosphere block does not exceed 35% -40% of the height difference (h) between the levels of the 

lithosphere plate and transform valley (Figure 1.22 E). The structure of the transform fault would 

provide for a certain step in topography. Since the vertical surface does not remain stable for a long 

time, the uplift will be subject to erosion that results in the unloading and rising due to isostatic 

compensation. This mechanism is not ubliquitous but can reinforce other mechanisms. The 

difference in height within most of the oceanic transform faults amounts to 60% (sometimes even 

more than 100%). This model does not explain the origin of the initial scarp across the strike of a 

transform (Figure 1.22 E). Furthermore, the origin of the transform valley itself is not quite clear. 

This phenomenon is probably related to a strip of the anomalously thin crust that formed at those 

ends of rift valleys where dry spreading is prevalent. Extension perpendicular to a transform fault 

may result in formation of a valley, while tectonic unloading may lead to the rise of fracture zone’s 

wall. The erosion related unloading explains only an additional rise: the shallower the fault valley, 

the greater the contribution of tectonic unloading. 

e) Differential thermal subsidence. The contact between two lithosphere with different ages along 

the fossil zone of a transform fault can generate bathymetric gradients of 2-4 km between the two 

edges of the fault (Figure 1.22 F). Sandwell and Schubert [1982] showed that even for the fracture 

zones, as well as for subduction zones, flexure of the lithosphere is an important process (Figure 

1.22 F). Lithospheric flexure is a function of the elastic thickness, which is a function of the thermal 

state of the lithosphere, or of its age, and it is also function of the load’s subsidence, related to the  
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Figure 1.22 Models of vertical movements with formation of transverse ridges [modified from Peive, 2005]. A. Tectonic factors; B. The thermal effect; C. Longitudinal melt flow; 

D. Thermal stress; E. Erosion of the lithospheric plate; F. Differential thermal subsidence.
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load of crustal thickness. Therefore, the morphology of the inactive fracture zones is a direct 

function of the flexural deformations acquired by the lithosphere within the active area. 

f) Friction – related heating. The movement along extended faults is accompanied by friction and 

release of thermal energy that can generate a temperature rise along the fault plane by 200–400°C 

[Chen, 1988]. The thermal energy resulting from the relative displacement of the northern and 

southern walls of the Romanche transform fault can provide an uplift of no more than 200 m in the 

transverse ridge. In this case, the area subjected to heating and uplifting would be about 5 km wide 

on both sides of the fracture zone’s axis. 

g) Ultramafic diapirism. As indicated from dredged samples, ultramafic rocks can be abundant 

among the rock types recovered from transverse ridges. Their serpentinization can result in a 

significant volume increase (up to 40%) and a decrease in density (from 3.3 to 2.6 g / cm ³), with a 

consequent uplift of a transverse ridge [Komor et al., 1985; Bonatti, 1978; Cannat, 1996;]. 

Complete serpentinization of a 5-km-thick peridotite block may result in a rise of its upper 

boundary by 2 km. The intensity of serpentinization depends mostly on the permeability of rock to 

seawater and the process can be the mantle/crust interface. Fracture zones, being highly brecciated, 

are easily permeable to seawater. Deserpentinization accompanied by subsidence of the transverse 

ridge may occur during its drift across the “hot” ridge - transform intersection area. Serpentinization 

of ultramafic rocks begins as the temperature drops below 500° C, whereas deserpentinization may 

takes place as the temperature rises above 500° C. In the Romanche transform, the isotherm at 500° 

C may have subsided below 10 km [Bonatti et al., 1994]. Near the eastern intersection with the rift 

valley, the thickness of the crust, which may be involved in dehydration, is 6 km. Despite the 

significant contribution of serpentinization to the vertical component of transverse ridge movements 

and considering that this process usually affects no more than 50 – 80% of the ultramafic rocks, it is 

difficult to explain anomalous topography with an amplitude up to 4 km without involving other 

mechanisms. In a recent work of Ligi et al. [2013], the rise of the volume of the ultramafic rocks at 
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the Vema transform fault (equatorial Atlantic) was estimated as relatively minimum, to confirm that 

this mechanism, alone, cannot explain the large anomalous topography of the transverse ridges. 

 

1.3.3 Megatransform faults 

“Megatransforms” are a class of oceanic transform boundaries which differs from a single, 

narrow (a few kilometers wide) strike-slip seismic zone linking two mid-ocean ridge segments [Ligi 

et al., 2002]. Megatransoforms faults are broad complex multifault zones of deformation, similar to 

some continental strike-slip systems (North Anatolian transform fault). Examples are the Romanche 

transform, where the Mid-Atlantic Ridge is offset by a lens-shaped, about 900-km-long, 100-km-

wide sliver of deformed lithosphere bound by two major transform valleys (Figure 1.23a), and the 

750-km-long, 120-km-wide Andrew Bain transform on the Southwest Indian Ridge (Figure 1.23b). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.23 a) The upper image is a shaded relief map from Romanche transform fault multibeam data [Ligi et al., 

2002], equatorial Atlantic. Depth ranges from 7800 m (dark blue) to 1000 m (light gray). The central image is a map of 

maximum topographic slopes; structural sketch of area is superimposed. Spreading direction and small circle path 

have been computed using Africa–South America Eulerian vector of DeMets et al. [1994]. The lower image is the 

predicted bathymetry of equatorial area [data from Sandwell and Smith, 1997] and distribution of earthquakes in the 

area; b) Shaded relief map from Andrew Bain transform fault multibeam data [Sclater et al., 2005], SW Indian Ocean 

and distribution of focal mechanisms in the area. 
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Numerical modeling predicts the development of wide multiple transform boundaries (i.e., 

of megatransforms) when the age offset is above a threshold value of ~ 30 Ma, i.e., in extra-long (> 

500 km) slow-slip transforms [Ligi et al., 2002]. Assuming an average spreading rate of about 12 

cm/a, their length would exceed 12 km for a million of year: this is the reason because 

megratransforms are not found along fast and/or intermediate mid-ocean ridges. 

 

1.3.4 Gravity anomalies  

Crustal thickness can be estimated by combining bathymetry with gravimetry, and obtaining 

the Mantle Bouguer Anomaly (MBA). The MBA is obtained removing the effect of the crust, 

assumed 5-6 km thick, and the effects due to the water and to the thickness of sediments. It is now 

possible to observe deviations from the initial assumed constant crustal thickness. The MBA mainly 

reflects the variations of thermal structure of the mantle and the thickness / density of the crust. The 

gravimetric anomaly due to varation in the thermal structure can be estimated through the solution 

of the equation for heat transport and for heat conduction, including three-dimensional models of 

passive uplift of the mantle. Subtracting this component from the MBA, we obtain the Residual 

Mantle Bouguer Anomaly (RMBA), that allows to estimate the thickness and density variations of 

the oceanic crust [Lin & Morgan, 1992]. 

Some segments of slow mid-ocean ridge which are in the vicinity of the transform 

boundaries show thin crust due to a low grade of melting of the mantle; in constrast, fast mid-ocean 

ridges show a thick crust due to an high extent of subridge mantle melting (Figure 1.24). The 

different thicknesses of oceanic crust involve different values of residual gravimetric anomalies 

[Gregg, 2007]. Slow transform faults are characterized by values RMBA more positive than those 

present along segments of mid-oceanic ridge. In constrast, along fast and intermediate transform 

faults, values of RMBA are more negative than those present along segments of mid-oceanic ridge 

(Figure 1.24). The distribution of RMBA along fast and intermediate transform faults show an 
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excess of mass along the fault zones, which could reflect some factors such as: an increase in the 

porosity of the rocks, serpentinization of mantle and / or thick crust. The negative values of RMBA 

correspond to bathymetric high along the flanks of transform valleys, due to a thick crust. 
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Figure 1.24 A. Bathymetric map for the Siqueiros transform with geologic interpretation. Solid black lines indicate the seafloor fabric, circles show locations of seamounts, and 

dashed black lines show the locations of the fracture zones and transform fault. The solid white line indicates the location of the plate boundary used in the 3D thermal model. 

ITSCs are labelled A, B, C and D16. NVZ, neo-volcanic zone; OSC, overlapping spreading centre; B. Bathymetric map for the Atlantis transform. The solid black line indicates 

location of the plate boundary used in the 3D thermal model, and the dashed portion indicates the Atlantis transform fault; C. Slow-spreading ridges exhibit focused mantle 

upwelling at segment centres and crustal thinning towards segment ends and transform faults; D. Calculated RMBA map for the Siqueiros transform fault with geologic 

interpretation overlaid from a; E. Calculated RMBA map for the Atlantis transform fault; F. Fast-spreading ridges have relatively uniform mantle upwelling [Gregg et al., 

2007]. 
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Abstract 

The equatorial Mid-Atlantic Ridge is distinctive for its long-offset transforms and an inferred 

mantle thermal minimum south of Romanche fracture zone, resulting in overall low melt 

production. In addition, the North America-South America-Africa triple junction has migrated 

through the region. Consequentially, the equatorial Atlantic provides an ideal laboratory for testing 

ideas about modes of spreading, short-term earthquake predictability, and triple junction dynamics 

at slow-spreading ridges. The centerpiece of this project is an autonomous hydrophone array, which 

will obtain a two-year, continuous record of seismicity at the equatorial Mid-Atlantic Ridge. The 

temporal and spatial patterns in seismicity will be exploited to answer questions regarding the role 

of detachment faults in plate accretion, earthquake nucleation in oceanic lithosphere, and 

deformation associated with triple junctions. Here we present the regional multibeam bathymetric 

dataset, collected on the transit legs of Cruise AT21-03 in June/July 2012 (Figure 2.1), during 

which two hydrophones were deployed and maintenance carried out on a third instrument.  We also 

suggest that in the future, the community could benefit from the opportunistic acquisition of 

valuable multibeam data through sharing information on the planned routes of upcoming cruises. 
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Figure 2.1 Map showing route of Cruise AT21-03. Blue line: cruise shiptrack; red stars: hydrophone deployment 

locations; black stars: existing hydrophones; black dots: teleseismic earthquakes; black boxes: location of map in 

Figure 2.2 (boxes labelled a and b), in Figure 2.3 (box c) and in Figure 2.4 (box d). 

 

2.1 The hydrophone instrument and mooring 

Autonomous hydrophones continuously record data, sampling at 250 Hz with a 110 Hz cut-

off and a 16-bit analog/digital  resolution. The hydrophone element is a single ceramic hydrophone 

attached to a titanium pressure case, with a pre-whitening filter to reduce the effects of ambient 

noise.  Timing is constrained with a Q-Tech crystal oscillator clock (accurate to <1 s/yr) that is GPS 

synchronized before deployment and after recovery. All data are processed by logging computer, 

and then written to industrial hard drives rated to -20°C. A total of 164 standard alkaline D-cell 

battery packs provide the power required for up to 24 month deployments. 

In the equatorial Atlantic, the hydrophones have been deployed about 300-500 km away 

from each side of the ridge axis, typically in water depths of 4000-5000 m. The instrument package 

is moored at a water depth of approximately 850 m, which is appropriate for surface-reflected sound 

propagation in the Sound Fixing and Ranging (SOFAR) channel. The hydrophone is suspended 50 

m below a 37” syntactic foam flotation package, and the pressure case is attached to a seafloor 

anchor via ¼” Vectran and low stretch 5/16” Yalex mooring cable. The design is intended to reduce 

strumming noise from the cable that can be generated by local currents. After deployment, an 
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accurate anchor location is obtained by ranging on the acoustic release transponder. The entire 

mooring is recovered via an acoustic release attached to a degradable iron anchor.  

Additional information on the hydrophone moorings, instruments, and data processing can be found 

at: http://www.pmel.noaa.gov/vents/acoustics/haru_system.html. 

 

2.2 AT21-03 multibeam bathymetry 

Transit legs between the three hydrophone deployment sites provided an excellent 

opportunity to map regions of the equatorial Atlantic Ocean and MAR axis previously unexplored. 

During the 18 day cruise, over 110,000 km
2
 of multibeam bathymetry and associated acoustic 

backscatter data were acquired using a Kongsberg EM122 echosounder, operating at 12 kHz. The 

multibeam data collected during the expedition have provided new insights into crustal accretion 

and evolution and argue for having multibeam echosounder systems operating during all 

expeditions whenever possible. In future, with information on upcoming cruises and proposed ship 

tracks published prior to sailing, valuable multibeam data could be collected in areas of interest to 

the community. In the following sections we describe some of the observations made from our 

newly collected multibeam bathymetry. 

 

2.3 Off-axis Oceanic Core Complexes (OCCs) 

OCCs are massifs in which lower-crustal and upper-mantle rocks such as gabbros and 

serpentinized peridotites are exposed at the seafloor on long-lived faults known as detachment 

faults [Blackman et al., 1998; Tucholke et al., 1998; Smith et al., 2008]. We now understand that 

detachment faults, which involve significant fault rotation and the formation of core complexes, 

may account for close to 50% of the extension at the northern MAR between 12° and 35°N. 

Smith et al. [2006, 2008] and MacLeod et al. [2009] described the 13°N segment of the 

MAR in which a number of detachment faults extend for 75 km along the western flank of the 
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spreading axis, and a field of extinct core complexes extends westward away from the axis for at 

least 100 km. What was not known was how far off-axis extinct detachment faulting could be 

found, nor whether the east flank had a similar history dominated by detachment faults and core 

complex formation. We took advantage of our transit to collect additional multibeam data in the 

region in order to answer these questions. 

Based on the multibeam data alone, we identified extinct OCCs on the eastern and western 

flanks of the MAR near 13°N (Figure 2.2). The characteristics used to identify these features 

included one or more of the following: a domed surface dipping gently toward the ridge axis; 

corrugations on the domed surfaces oriented parallel to the spreading direction [Cann et al., 1997]; 

outward facing scarps created by the flexural rotation of an originally steep inward facing fault 

[Buck, 1988], and narrow linear ridges, which are produced at the detachment fault breakaway as 

the top of the fault rotates. Two extinct core complexes were identified on the western flank of the 

MAR about 220 km from the axis (Figures 2.1 and 2.2a). The OCC at 47.05°W has distinctive 

linear ridges associated with it, as well as corrugations parallel to the spreading direction. The 

feature at 46.85°W is backed by a characteristic outward-facing fault and looks to be the southern 

section of a larger feature to the north, similar to others OCCs seen closer to the axis. On the eastern 

flank of the axis, a series of three extinct core complexes was identified about 75 km from the axis.  

In addition, a similar set of OCCs was identified farther off axis, about 220 km east of the axis 

(Figures 2.1 and 2.2b). Although no corrugations were identified, the three features shown in Figure 

2b have steep slopes of between 20° and 25° facing away from the axis and slightly domed, gently 

dipping surfaces facing west towards the axis. 
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Figure 2.2 Examples of extinct OCCs located more than 200 km off-axiS. a) OCCs on the western flank of the MAR. 

Note the corrugations (labelled) on the western core complex. Linear ridges marking the tops of rotated faults are also 

abeled; b) three extinct OCCs located in the eastern flank of MAR. These core complexes were active at 13°N segment 

and indicate that detachment faulting has been common on both side of the MAR in this region.  

 

The occurrence of OCCs east of the MAR at the 13°N region indicates that core complex 

formation is not limited to the western side of axis and may have been occurring on both sides of 

the spreading center simultaneously. The identification of core complexes as far as 220 km from the 

MAR on both sides of the axis suggests that detachment faulting has been occurring at this section 

of the MAR axis for the past ~20 Myrs. 
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2.4 Intra-trasform spreading center, 7°40’N 

Segmented transform systems consist of several faults offset by short axial rifts referred to 

as intra-transform spreading centers (ITSCs) [Menard and Atwater, 1969; Searle, 1983; Pockalny et 

al., 1997], where active seafloor spreading and crustal accretion are occurring [Fornari et al., 1989; 

Hekinian et al., 1992; Perfit et al., 1996]. Intra-transform spreading centers are believed to result 

from plate motion changes over the last few million years that has caused extension within the 

transform. The spreading centers may have begun as 'leaky' transforms and later evolved into 

organized spreading centers with continued extension [Pockalny et al., 1997]. 

We mapped the western portion of the spreading center which joins two transform valleys 

within the Doldrums FZ near 7.3°N, 34.7°W (Figure 2.3).  

 

 

Figure 2.3 Intra-transform ridge located at 7°N. a) Multibeam bathymetry data. Black circles: teleseismic earthquakes; 

ITR: Intra-Transform Ridge. An axial volcanic ridge is observed on the eastern edge of the data; b) sidescan 

backscatter image derived from multibeam data. The high backscatter of the axial volcanic ridge indicates that the ITR 

is magmatically avtive. 

 

The axial valley is oriented NW-SE, and is about 30 km in length. Hummocky terrain on the 

valley floor forms an axial volcanic ridge with high backscatter as seen in the sidescan data derived 

from the EM122 and suggests recent volcanic activity in this short spreading segment. The northern 
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intersection of the axis and transform fault contains a nodal basin about 5000 m in depth, which 

curves to the west. The southern nodal basin, which is only partially imaged, reaches depths of 5600 

m. The western rift mountain at 7.3°N rises to a height of ~2.5 km above the axial valley floor, and 

has a NW-SE trending crest. Teleseismic earthquakes in this ridge segment (Figure 2.3) are mostly 

located off-axis although a small number of events are located in the axial valley itself.  Since 

teleseismic earthquakes error locations are large, we will have to wait for the hydrophone-recorded 

seismicity to know if these earthquakes are associated with movement on the transform faults or 

some other process at the spreading center. 

 

2.5 Mid-Atlantic Ridge, 5°N 

          Data were acquired over the ridge axis in the region of 5 °N, approximately 90 km of which 

is shown in Figure 2.4. High backscatter, hummocky terrain and circular features are indicative of 

widespread present day volcanism in the axial valley. Between 5.2 and 5.4°N, the center of the 

axial valley is dominated by a ~35 km-long ridge, which rises to a height of ~200 m above the 

valley floor. The symmetrical shape of its flanks and the hummocky texture suggest the ridge is 

volcanic in origin, although the sidescan data are inconclusive since the ridge is directly beneath the 

ship centerbeam.  To the west of the axial valley, we have noted two features, ~10 km in length, 

which may indicate active detachment faulting.  They show a curved geometry in plain view, and 

their smooth backscatter signature suggests they are not hummocky and thus, not volcanic in origin. 


