
La Rivista del Nuovo Cimento
https://doi.org/10.1007/s40766-022-00035-0

ORIG INAL ART ICLE

Generation and evolution of the oceanic lithosphere
in the North Atlantic

Marco Ligi1 ·Marco Cuffaro2 · Filippo Muccini2,3 · Enrico Bonatti1,4

Received: 3 February 2022 / Accepted: 19 April 2022
© The Author(s) 2022

Abstract
Half a century ago, our view of the Earth shifted from that of a Planet with fixed con-
tinents and ancient stable ocean basins to one with wandering continents and young,
active ocean basins, reviving Wegener’s Continental Drift that had rested dormant for
years. The lithosphere is the external, mostly solid and relatively rigid layer of the
Earth, with thickness and composition different below the oceans and within the con-
tinents. We will review the processes leading to the generation and evolution of the
Earth’s lithosphere that lies beneath the oceans. We will discuss how the oceanic litho-
sphere is generated alongmid-ocean ridges due to upwelling of convecting hot mantle.
Wewill consider in particular lithosphere generation occurring along the northernMid
Atlantic Ridge (MAR) from Iceland to the equator, including the formation of trans-
form offsets. We will then focus on the Vema fracture zone at 10°–11° N, where a
~ 300 km long uplifted and exposed sliver of lithosphere allows to reconstruct the
evolution of lithosphere generation at a segment of the MAR from 25 million years
ago to the Present. This axial ridge segment formed 50 million years ago, and reaches
today 80 km in length. The degree of melting of the subridge mantle increased from
16 million years ago to today, although with some oscillations. The mantle presently
upwelling beneath the MAR becomes colder and/or less fertile going from Iceland to
the Equator, with “waves” of hot/fertile mantle migrating southwards from the Azores
plume. Scientific revolutions seem to occur periodically in the history of Science; we
wonder when the next revolution will take place in the Earth Science, and to what
extent our present views will have to be modified.
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1 Introduction

The community of Earth scientists, particularly in America, rested more or less com-
fortably up to the middle of last century with the idea of a relatively “quiet” Earth,
with the continents maintaining a permanent position on the Globe, and with ancient,
stable ocean basins.Movements of the Earth’s crust were thought to bemostly vertical,
consistently with the idea of a cooling, shrinking planet. Wegener’s [1] “Continen-
tal drift” was nothing more than a weak whisper that, after a first burst of curiosity,
few took seriously. However, starting around the nineteen fifties, the systematic scien-
tific exploration of the floor of the oceans (accompanied by technical advances such as
acoustic echosounding stimulated by First and SecondWorldWar submarine warfare),
produced a series of unexpected results, that startled the Earth Science community.

It was found that the ocean basins are dissected by a nearly continuous ~ 60,000 km
long “active” ridge [2], locus of intense shallow-focus seismicity [3, 4] and of high heat
flow [5, 6]. The axial zone of ridges is marked by a strong positive magnetic anomaly;
stripes of alternating positive and negative anomalies were detected parallel to the
axial anomaly [7–9]. In addition, the axial zone of ridges was found to be sediment
free and covered by fresh basalts, with sediment thickness increasing with distance
from the ridge.

Parallel to the edges of the oceans, particularly around the Pacific, deep trenches
were found [10] characterized by intense deep-focus seismicity and associated with
belts of andesitic volcanism (Fig. 1). These and other unexpected results contrasted
with the widely accepted model of ancient stable, permanent ocean basins. They
became the focus of intense debate around the nineteen sixties, resulting in the wide
acceptance of the hypothesis of sea floor spreading first, and then of the theory of Plate

Fig. 1 Global plate boundaries and seismicity. Mid ocean ridges and transforms (red solid lines), trenches
(black solid lines), earthquake epicenters (events with magnitude > 3 for the period 1972–2021 from
the Internation Seismological Centre Bulletin. Black circles), age of oceanic lithosphere [227], and land
elevation shape the major tectonic plates of Earth and their evolution
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Tectonics. This major shift of our views on how our Planet works occurred in just a
few years.

Within the new paradigm, it was assumed that mid-ocean ridges are where new
oceanic lithosphere is generated (Figs. 1, 2), with the lithosphere defined as the Earth’s

Fig. 2 Satellite gravity imagery (CryoSat-2 and Jason-1) over the central and northern Atlantic. Free air
gravity data derived from satellite altimetry [161] are from the global grid, version 30. Note the prominent
Iceland and Azores swells separated by the large Charlie Gibbs transform, and the traces of the long-offset
equatorial transforms extending from South America to Africa. The numbered white boxes refer to other
figures of the MAR presented in this paper
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external layer including the basaltic crust and a portion of upper mantle. Mid ocean
ridges mark the location of diverging plates and upwelling mantle. The rising man-
tle undergoes partial melting, producing liquids of basaltic composition that upon
cooling give rise to the crust, i.e., to the upper part of the oceanic lithosphere. The
lithosphere then moves away from the ridge axis, where it is replaced by new litho-
sphere (Fig. 3). Half spreading velocities, derived mainly from well-dated magnetic
anomaly stripes parallel to ridge axis, range from 50 to 75 mm/year at the East Pacific
Rise to 10–30 mm/year at the Mid Atlantic and Indian ridges. Even lower velocities
have been detected in portions of the South West Indian Ridge and in the Gakkel
Ridge, located in the Arctic. These are defined as “ultraslow ridges” [11].

Fig. 3 Dependence of mid ocean ridge processes on spreading rate. The degree of melting of the upwelling
mantle depends on whether plate separation is: a slow; or b fast. Streamlines show a schematic passive
corner flow in the asthenosphere. The shaded triangles indicate the fraction of melt generated across axis,
including the effect of water on peridotite solidus. Assuming a small H2O content in nominally anhydrous
minerals of the subridge upper mantle, the peridotite solidus is lowered causing partial melting in a subridge
mantle region wider and deeper than in a dry mantle [37, 38, 134, 135]. The faster the mantle rises, the
shallower melting stops. As a result, additional mantle melts, creating a thicker basaltic crust [37]
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Data on near zero-age variations of ridge topography and gravity, as well as of
thickness and composition of the basaltic crust and of composition of the lithospheric
mantle, became gradually available, particularly in the North Atlantic. These data
imply regional variations of thermal structure and /or composition of the modern
subridgemantle.Wewill review these data focusing on theMidAtlantic Ridge (MAR)
from Iceland to the Equator, offering first a short synthesis on what is known about the
modern MAR. Poorly known, however, is how mid-ocean ridges varied in the past.
For instance, what was the topographic profile of the northern MAR 10 or 20 million
years ago, and how were the corresponding thermal properties and composition of
the upwelling mantle different from the present? Answers to this type of questions
would help us understand temporal patterns of suboceanicmantle’s properties and how
ocean basins evolve through time. In order to tackle this question, we will concentrate
on a unique area of the Mid Atlantic Ridge around 10°–11° north of the equator
(Fig. 2), where the ridge is offset by the 320 kmVema transform. A 300 km long sliver
of lithosphere uplifted and exposed along the transform gave us the opportunity of
reconstructing the temporal evolution of processes of generation of oceanic lithosphere
at a single ridge segment throughout the last 25 million years of Earth history.

We will finally discuss ideas suggesting that the mantle presently upwelling below
the MAR becomes colder and/or less fertile going from Iceland to the equator; and
consider the possibility of “waves” of hot and/or fertile mantle flowing southward
along the MAR from the Azores North Atlantic plume starting over 60 million years
ago. Alternatively, we consider long-wavelength cycles of ridge activity not caused
by material derived directly from North Atlantic mantle plumes. A third possibility is
that the MAR migrated laterally above mantle regions with different composition and
fertility.

2 TheMid Atlantic Ridge

The first hints that the floor of the Atlantic is dissected by a major N–S relief were
expressed already by Thompson [12] in The Reports of the 1872–1873 Challenger
expedition. Based on differences in bottom water temperature measured in the eastern
and western Atlantic it was suggested that a more or less continuous ridge must sep-
arate the two basins. Half a century later, an expedition by the German vessel Meteor
(1925–1926) confirmed the different bottom water temperatures of the eastern and
western Atlantic basins, and obtained some bathymetric data supporting the idea of
a N–S ridge separating them [13]. Meanwhile the development of more and more
sophisticated methods of acoustic echosounding and the start in the 1950s of the sys-
tematic exploration of the oceans led to the gradual realization that a nearly continuous
ridge system extends throughout the three major oceans (Fig. 1). Today, thanks also to
satellite gravity data, the topography of the ocean floor, including mid-ocean ridges,
can be imaged at high resolution (Fig. 2).

We consider here the stretch of ridge from Iceland to the equator (Fig. 2). We note
that, in addition to several minor (< 20 km) offsets, the ridge is affected by a number
of major transform/fracture zones. Moving from north to south, we have the Charlie
Gibbs system at around 52°–53° N, consisting of two transform segments joined by

123



M. Ligi et al.

a short (~ 50 km) spreading center, for a total offset of 340 km. The Charlie Gibbs
includes an aseismic fracture zone system that extends to both continental margins,
suggesting that this system was active since the early stages of opening of the North
Atlantic. Moving south along the ridge (Fig. 2) we have the Oceanographer 148 km
transform offset at 35° N; the Atlantis 66 km offset at 30° N; the Kane 150 km offset
at 24°N and the Fifteen Twenty 195 km offset at ~ 15° N. Further south, we find at 11°
N the 320 km Vema transform offset, that, as mentioned above, will be the focus of
a major section of this paper. Moving toward the equator we encounter the Doldrums
transform system at 7°–8° N consisting of five transforms separated by four short
intra-transform spreading centers for a total offset of 630 km. Further south, close
to the equator, we have the largest transforms of the entire mid-ocean ridge system,
i.e., the St. Paul, the Romanche and the Chain megatransforms (Fig. 2). St. Paul is a
structurally complex feature, with a 570 km total offset and evidence of intense vertical
tectonics that led to the emergence of the St. Peter-Paul mantle protrusion [14, 15].
The Romanche megatransform systemmaymark a subridge mantle thermal minimum
[16, 17]. It has an offset of over 900 km, and displays a broad (~ 100 km) deformation
zone within two major faults, one of which is presently active, the other dormant [18];
and with intense vertical tectonics leading to the formation of transverse ridges and to
a transform valley with depth of over 7800 m. The basaltic crust is thin or absent along
the transform deformation zone, where mantle ultramafics outcrop extensively. The
Romanche fracture zone trace extends to the South American and African continental
margins, that also show corresponding offsets (Fig. 2), indicating that this boundary
was active since the separation of Africa and South America.

2.1 NorthernMid Atlantic Ridge: zero-age variability

Near zero-age axial properties of the MAR from Iceland to the equator display some
regular patterns that can be summarized as follows.

2.1.1 Segmentation of the Mid Atlantic Ridge axis

In between the large transform offsets, the axis of theMid Atlantic Ridge is segmented
each 40–50 km by non-transform discontinuities. An example is provided by the
800 km long Ridge stretch between the Atlantis and the Kane transforms studied by
Sempere et al. [19]. The axial segments are offset from each other by a few kilometers
(Figs. 2, 4). They generally show off-axis traces, with orientation that may reflect a
southern migration of the spreading segments relative to an underlying asthenospheric
reference frame at an average velocity of ~ 2 mm/year [19]. We will further discuss
the origin of this axial segmentation.

2.1.2 Topography and gravity

The elevation of the MAR axial zone (excluding transform valleys) decreases from
Iceland (above sea level) to the equator (> 4 km below sea level), although large and
small oscillations are superimposed on this general trend (Fig. 5a). The two most
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Fig. 4 Mid Atlantic Ridge segmentation. Topography of the Mid Atlantic Ridge between Kane and Atlantis
transforms. Red arrows mark along-axis discontuities of MAR [19]. Bathymetric data are from GEBCO
2021 global grid (15 arc-second interval grid; GEBCO Compilation Group, 2021)

prominent swells are centered in Iceland and in the MAR stretch to the west of the
Azores islands (38°–40° N). Smaller positive topographic anomalies can be found
along-axis, for instance at 14°–15° N and at 3°–4° N. The topographic level reached
by the ridge depends on density of the subridge asthenospheric upper mantle column
(under condition of isostatic equilibrium) as well as on dynamic factors. Ridge topog-
raphy depends on crustal thickness, on temperature of the upwelling mantle and on its
composition. Fertile, volatile-rich mantle melts more, producing a thicker crust and a
shallower ridge.

The topography–crustal thickness relationship can be tested from satellite and ship-
board gravity data, that can be used to calculate the mantle Bouguer anomaly along
the axial zone of the MAR. The axial mantle Bouguer anomaly is related to crustal
thickness variations [20]. It increases steadily moving south from the 40° N Azores
swell [21] towards the equator (Fig. 5b), suggesting a decrease of crustal thickness in
the same direction. Crustal thickness is minimal in the equatorial MAR region, which
may mark a thermal minimum in the Atlantic subridge mantle [16, 22].
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Fig. 5 Along axis MAR variability from Iceland to the equator. a Topography. Along axis elevation and
bathymetric data are from the GEBCO 2021 global grid. b Mantle Bouguer anomaly. Along axis MBA
values are from aMBA grid (1 km interval grid) calculated according to the technique depicted in Appendix
1 and using the GEBCO global bathymetric grid, the GlobSed-V3 sediment thickness grid [228], and the
satellite-derived free air gravity anomaly grid, version 30 altimetry [161]. c Distribution of Na8 in MORB
glasses. dDistribution of Cr-number (Cr#) in spinels from peridotites. e Single-clinopyroxene temperatures
of equilibration of peridotites estimated according to Nimis and Taylor [31]. Geochemistry data of along-
axis rocks are from our own unpublished results and from the Petrological Database of the Ocean Floor
(PETDB) of Lamont Doherty Earth Observatory (www.earthchem.org/petdb) [229]. Gray shaded areas
mark the MAR regions strongly influenced by the Iceland, Azores and 15° 20′ mantle plumes
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Fig. 6 Shear-wave tomography. Horizontal cross sections through the tomographic model by multimode
inversion of surface and S-wave forms of Schaeffer and Lebedev [230] at the depths of: a 56 km (approxi-
mately the bottom of the drymelting region); b 110 km (the bottom of the wet melting region); and c 200 km
in the North Atlantic upper mantle. Sv velocity perturbations from the reference velocities of 4.42, 4.38 and
4.45 km/s, respectively, are indicated in percentage, overimposed to the North Atlantic seafloor morphology

2.1.3 Seismic tomography

3D, S-wave velocity models for the upper mantle, obtained from travel time of long-
period Love and Raleigh waves, have revealed low velocity zones below the northern
MAR (Fig. 6) extending to the deep mantle below Iceland, but limited to ~ 300 km
depth below the Azores swell [22, 23]. The low velocity zone tips southward from the
Azores swell and disappears in the equatorial region, fitting the hypothesis that the
subridge upper mantle becomes cooler moving from the Azores plume to the equator.

2.1.4 Crustal and upper mantle composition

The concentration in basalt of incompatible elements such as Na, corrected for the
effects of differentiation during ascent of the melt (Na8), can provide information on
the degree of melting of the mantle that generated the basaltic crust [24]. The Na8
content of MAR basaltic glasses suggests a steady decrease of the extent of melting
of the subridge mantle from Iceland to the equator with superimposed second order
oscillations (Fig. 5c). Maxima in the degree of melting correspond to maxima in
topography and in crustal thickness.

Ratios of compatible to incompatible elements in mantle-equilibrated phases of
oceanic peridotites, such as the Cr-number [100Cr/(Al + Cr)] in orthopyroxene and
spinel and the Ti/Zr in clinopyroxene, can provide information on the degree ofmelting
undergone by the peridotite and, therefore, by the upwelling subridge mantle [25–28].
This information is complementary to (but independent from) that obtained from
basalts. Mantle peridotite geochemistry indicates a decrease of the mantle extent of
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melting moving towards the equator (Fig. 5d), in agreement with basalt chemistry and
gravity data.

2.1.5 Geothermometry

Equilibration temperatures were calculated on the MAR peridotites with three dif-
ferent geothermometers, using either coexisting and equilibrated opx–cpx pairs [29,
30], or a single cpx [31]. Values obtained by the different geothermometers correlate
well, except at “low” temperatures where the Wells [29] method tends to overestimate
temperatures relative to Taylor [30] and Nimis and Taylor [31]. Equilibration temper-
atures calculated according to Nimis and Taylor [31] along the MAR from the Gibbs
fracture zone (FZ) at 52° N to the equator show a weak tendency towards decreasing
T from N to S (Fig. 5e). Calculated equilibration temperatures mark the closure of
chemical exchanges in the peridotite system [32] and can be interpreted as providing
a relative estimate of the subridge mantle ascending velocity. The preservation of high
equilibrium temperatures would require fast transport from depth, i.e., fast cooling
rates, and vice versa.

The Iceland swell may result from a large mantle thermal–compositional anomaly
that gave rise to exceptionally abundant basaltic magmatism starting probably around
55 Ma [33]. The Reykjanes ridge, that runs SW from Iceland (Fig. 2), may mark the
flow of hot mantle away from the Iceland “hot spot” [33], a suggestion supported
by elemental and isotopic geochemical gradients detected in Reykjanes Ridge basalts
[34]. The oblique Reykjanes ridge is separated by the small (~ 15–17 km offset) Bight
transform from the N–S Mid Atlantic Ridge (Fig. 7), that continues south up to the
Charlie Gibbs transform [35]. This may act as a barrier against the alleged southern
motion of the Iceland hot spot mantle. We have then the Azores swell at 38°–40° N,
representing probably a mantle thermal and/or compositional anomaly shallower and
weaker than the Iceland anomaly [36–38].

2.1.6 Summary

Axial topography; crustal thickness estimated from gravity data; mantle temperatures
assessed from seismic tomography; and mantle degree of melting estimated from
basalt and peridotite chemistry, all tend to decrease along the Mid Atlantic Ridge
from Iceland to the equator, although this trend is interrupted by a few “hot spots”.
These results suggest that either the temperature of the mantle that upwells below the
northern MAR decreases from N to S, or that mantle composition becomes less fertile
from N to S, or both.

2.2 NorthernMid Atlantic Ridge: temporal variability

Data summarized in the previous section dealt with near zero-age variability along
the northern Mid Atlantic Ridge. We will attempt now to see how ridge properties
changed through time.

To reconstruct temporal variations of properties of the mantle that upwelled below
the ridge, we have tomonitor the properties of the lithosphere generated at ridge axis at
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Fig. 7 Shaded relief map of the Reykjanes Ridge, Bight and Charlie Gibbs transforms, and flanking North
Atlantic basins. Topographic data are from the GEBCO 2021 global grid

different times in the past, presently located at increasing distances from ridge axis. Of
the approaches we used to assess MAR zero-age spatial variability (i.e., topography;
gravity-derived crustal thickness; mantle extent of melting derived from basalt and
peridotite chemistry), those depending on basalt and peridotite chemistry are generally
not applicable. The reason is that older lithosphere becomes coveredwith sediment and
is not easily accessible for systematic, close-spaced sampling. However, we were able
to combine the geophysical approach with the basalt/peridotite geochemical approach
taking advantage of the exposure along the southern edge of the Vema Transform
valley at 11° N of a relatively undeformed ~ 300 km long lithospheric sliver (Vema
Lithospheric Section orVLS) covering a 26Ma time interval of lithospheric generation
at a single ridge segment. We will next present some background information on the
Vema Transform.

123



M. Ligi et al.

2.2.1 The Vema transform

The Mid Atlantic Ridge is offset between 10° and 11° N by 320 km at the E–W Vema
transform (Fig. 8a). We have focused much research on this feature, because it allows
us to reconstruct the 26–2 Ma temporal evolution of a MAR axial segment.

Heezen et al. [39] were the first to describe this feature based on few scant bathy-
metric soundings; they named it after the research vessel Vema. When Heezen et al.
[39] described the Vema fracture zone, the concept of transform fault [40] had not been
introduced yet in the scientific debate. Van Andel et al. [41] presented a first bathymet-
ric map of the entire Vema transform. Since then additional topographic data and an
ample coverage of seismic reflection and magnetometric profiles have been obtained

Fig. 8 TheVema transform region. a Shaded relief image based on a compilation of ourmultibeamdata (60m
grid interval) [43, 45, 49, 187] combined with GEBCO 2021 global bathymetric grid. Mercator projection
at 11° N and illumination from the northwest. b Sediment isopach map based on our multichannel seismic
reflection profiles (black lines) [43, 188] complemented by single-channel data described in Prince and
Forsyth [41]. Reflection times were converted to depths assuming uniform P-wave velocity of 2 km/s
throughout the sedimentary column. Bathymetric contours (interval, 100 m) mark the position of fracture
zones and rift valleys. Filled circles indicate location every hundred shots. Numbered red box and red circles
refer to other figures in this paper
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Fig. 9 The Vema Transverse Ridge viewed from northeast. Figure is based on bathymetry data of Fig. 8a.
The Vema lithospheric section (VLS) is clearly visible. Location of magnetic chrons C5 and C6 (dotted
white lines), of the Nautile submersible profiles (red solid lines), and of the rocks sampled along the VLS
(red circles), are indicated

[42–46]. In addition, a series of dives with the Nautile submersible (Fig. 9) explored
the southern edge of the Vema transform valley as well as the eastern ridge/transform
intersection [47]. Extensive rock sampling was carried out by dredging in several
expeditions and also by submersible in the axial southern ridge segment, and in the
northern and southern sides of the transform valley. Leg 39 of the Deep Sea Driving
Project did some coring at the Vema FZ [48]. Some highlights of this field work are
summarized below.

1. A strong topographic asymmetry has been found between the northern and the
southern side of the transform valley. Starting about 140 km west of the southern
ridge/transform intersection, a prominent transverse ridge (Vema transverse ridge
or VTR) rises up to 3 km above the thermal contraction versus age level (Fig. 10).
Direct observation and sampling by the submersible Nautile [47] and extensive
dredging and geophysical surveys, indicate that the VTR is the exposed edge of a
flexured and uplifted slab of oceanic lithosphere (Fig. 9) generated at an axial ridge
segment (EMAR) that today is 80 km long [44, 49]. Based on satellite gravimetry
this ridge segment started to develop about 40 Ma (Fig. 11) and increased its
length at an average rate of 1.6 mm/year [44]. This confirms that ridge segments
can change their length through time.

2. The Vema transverse ridge rises abruptly in ~ 10-Ma-old crust ~ 140 km from the
eastern Ridge-Transform intersection (RTI); it extends for ~ 300 km as a narrow
asymmetric topographic feature parallel to the Vema Transform, reaching over
3 km above the crustal thermal contraction level; it then drops abruptly in ~ 26Ma
lithosphere (Fig. 10). The crest of theVTR tends to become shallowerwith distance
from the RTI. Seismic reflection profiles revealed that the western shallowest ~
50 km long portion of the VTR is capped by a carbonate platform up to 500 m
thick (Fig. 12). The reflector at the base of the carbonate cap is nearly horizontal,
suggesting that the top of the VTR reached above sea level; it was then eroded and
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Fig. 10 Predicted thermal subsidence/age curve (thick red solid line), topographic profile (A–A′, location
in Fig. 8a) along the Vema Transverse Ridge crest (dark gray shaded) and topography along a seafloor-
spreading flow-line (B–B′, location in Fig. 8a) starting at mid-point of the eastern MAR segment (light
yellow shaded profile). Ages are calculated from Euler vectors of Shaw and Cande [55] and geomagnetic
timescale of Cande and Kent [202]. Ages at magnetic chrons 5 and 6 are indicated as black boxes

Fig. 11 Satellite-derived gravity image of the Central Atlantic [161], where the Vema fracture zone (FZ),
the transverse ridge and the long-lived EMAR segment can be identified

capped by Pliocene to mid Miocene shallow-water carbonates during subsidence
[50, 51].

The northern slope of the VTR exposes all the units of the oceanic lithosphere: one
km thick mantle peridotite unit overlain by a several hundred meters thick gabbroic
unit; by awell-formed dyke complex and by an upper layer ofmassive basalts (Fig. 13).
We defined this as the “Vema Lithospheric Section” (VLS), that represents the edge
of a lithospheric sliver created steadily by an 80 km long MAR axial segment (EMAR
segment, Fig. 8a). A first study of the VLS detected a steady increase of crustal
thickness and ofmantle degree ofmelting from ~ 18 to 5Ma [49]. Additional sampling
of the VLS, carried out in 2005, extended the coverage of the mantle peridotites
sampled along the VLS from crustal ages 26–2 Ma [52].
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Fig. 12 Portion of the multichannel seismic profile VEMA-02 M running along the Vema Transverse Ridge
crest (post-stack finite-difference depth migrated section). A P-wave velocity profile is shown in the middle
of the section. Note a prominent horizontal reflector (reflector B), interpreted as the eroded top of the basaltic
crust, overlain by a carbonate platform. Reflector A marks a major unconformity within the shallow-water
carbonate sedimentary sequence. Profile location is indicated in Fig. 8b

In contrast to the VLS exposed along the northern scarp of the transverse ridge, the
southern slope exposes mostly basalts, suggesting that the transverse ridge represents
the edge of a flexured slab of oceanic lithosphere (Fig. 13).

An intensive program of rock sampling focused on the VLS shed light on 26million
years of evolution of its lithospheric composition and thermal state.Mantle ultramafics
at the base of the VLS were sampled at over 40 sites (Fig. 10) covering crustal ages
from 26 to 2 Ma [49, 52].

They can be separated in two different suites: an “older suite” from lithospheric age
26–18.5 Ma, and a “younger suite” from 16.5 to 2 Ma [52]. The older (26–18.5 Ma)
mantle peridotites have amajor element composition different from that of the younger
(16–2 Ma) peridotites: the Ca/Al ratio of mantle-equilibrated cpx is for a given spinel
Cr# higher in the younger than in the older group [52]. This suggest that the mantle
source for the VLS sequence modified between 18 and 16.5 Ma not only its thermal
structure but also its composition. The low cpx Ca/Al ratio of the older suite may be
due to a higher proportion of melting in the garnet stability field, where cpx would
melt ~ 10 times faster than garnet, depleting the residue of Ca [53]. Alternatively,
the source of the younger suite might contain a higher garnet/cpx ratio, or a lower
pyroxenitic component [54] than the source of the older suite.

VLS ultramafics show a trend of increasing degree of partial melting from ~ 16.5 to
2 Ma, together with an increase of crustal thickness inferred from the mantle Bouguer
anomaly calculated from satellite gravity. Superimposed on this trend some 3–4 Myrs
oscillations were observed (Fig. 14). This general trend is interrupted by a 1.4 Myrs
long ultramafic mylonite interval from 18.2 to 16.8 Ma, possibly due to a relatively
cold and/or highly depleted mantle source causing nearly amagmatic tectonic litho-
spheric accretion [52]. The oldest portion of this mantle sequence, from 26 to 18 Ma,
shows a steady or slightly decreasing degree of melting up to the short mylonitic
interval (Fig. 14); a possible explanation is the presence in the source of a low-solidus
pyroxenitic component, that subtracts latent heat from the system during melting and
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Fig. 13 N–S multichannel seismic reflection profile VEMA-06 M running perpendicular to the Vema trans-
form and above the Nautile submersible sections (~ 42° 42′ W). a post-stack finite-difference time migrated
section. b Interpreted line drawing. Lithology of the VLS is based on submersible observations and sam-
pling. A reflector roughly parallel to the southern slope of the Vema transverse ridge (layer 2A), about 0.5 s
(two-way travel time, TWT) below the sea floor, can be traced to the northern slope, where the boundary
basalt/dyke complex was observed by submersible. The principal transform displacement zone (PTDZ)
is marked by a furrow with recent deformation affecting the sedimentary sequence in a wide area on the
southern side of the fault

cools the peridotitic mantle [54]. Thus, the mylonitic thermal minimum separates the
older 26–18 Ma sequence from the younger 16.5–2 Ma sequence.

3. Spreading half rate of the lithosphere south of the transform, estimated from plate
motion reconstructions of Shaw and Cande [55] (1988), varied from 13.6 mm/year
between 0 and 10Ma; to 16.9mm/year between 10 and 19Ma and to 17.2mm/year
between 19 and 26 Ma (Fig. 10). These estimated rates are in line with absolute
ages obtained from zircon extracted from gabbros [56] and from 40Ar/39Ar ages
of basalt (Cipriani pers. comm.), both exposed on the VLS (Fig. 10). We note that
spreading rates decrease towards younger crustal ages, although mantle degrees
of melting increase towards younger crustal ages.
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Fig. 14 Temporal variations of crustal accretion. a Residual Mantle Bouguer Anomaly (black solid line) and
inferred variations of crustal thickness �H (dotted gray line) as measured along flow line B–B′ (location
in Fig. 8a) starting from the mid-point of EMAR segment. Black dashed line refers to a linear regression
fit of RMBA showing thickening of the crust moving towards the ridge axis, while half spreading rates,
indicated at the bottom of the diagram, decrease toward younger ages. b Lateral variations of Cr# in spinel
of mantle-derived peridotites (black hollow diamonds) and milonites (gray filled diamonds) sampled along
the VLS [52]. c Temporal variations of single-cpx temperature of equilibration of peridotites estimated
according to Nimis and Taylor [31]. The temporal variation curve of crustal thickness (a) is shifted by ~
34 km (~ 2.2 Ma) with respect to the mantle degree of melting curve (b)

4. The transform valley is floored about 5200 m below sea level by nearly horizontal
sedimentary deposits up to 1 km thick (Fig. 8b); they are probably Pleistocene
turbiditic sediments derived from the South America’s shelf [57], with also a local
contribution from detrital and biogenous components derived from the walls of
the transform valley [58]. The nearly horizontal sediment surface is interrupted
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by an E–W narrow disturbance running along the active part of the transform
(Fig. 8a), interpreted as marking the trace of transform motion [59, 60], i.e., the
principal displacement fault zone (PDFZ). Limited stretches of this transform trace
are marked by linear narrow basaltic intrusions surfacing from the sediment cover
(Fig. 8a).

2.2.2 Gravity-derived crustal thickness

Calculation of the mantle Bouguer anomaly from satellite and ship-board gravity data,
corrected for lithospheric cooling with age, led to a residual mantle Bouguer anomaly
(RMBA) versus time curve (Fig. 14a) and to an estimate of temporal variations of
crustal thickness [52]. This crust, generated at the center of the EMAR segment, has
a nearly constant average thickness from 26 to 20 Ma; it then increases steadily in
thickness from ~ 20Ma to present (Fig. 14a). Superimposed on this trend we observed
3–4 Myr oscillations of crustal thickness (Fig. 14a), interpreted as due to secondary
convection in the subridge, H2O-containing low-viscosity mantle that underlies a high
viscosity, H2O-poor residual mantle [49].

2.2.3 Upper mantle peridotite composition

100Cr/(Cr + Al) ratios of mantle-equilibrated spinel and orthopyroxene in VLS peri-
dotites increase steadily fromabout 16.5Ma (crustal age) towards ridge axis, indicating
a steady increase through time of the degree of melting of the mantle upwelling below
the EMAR axial segment. Oscillations in the degree of melting were detected, with
wavelengths (3–4 Myr) similar to those observed in the RMBA profile, although off-
set spatially. Extending this curve to older ages thanks to the newly obtained samples
shows that between ~ 26 and 19 Myr the mantle degree of melting underwent a weak
tendency toward decreasing with time [52] (Fig. 14b).

Two pyroxene equilibration temperatures [30] reflect closure temperatures of chem-
ical exchanges between pyroxenes within the peridotite system during ascent and
cooling. Low velocity of ascent allows better equilibration under decreasing temper-
atures [32]. Thus, high equilibration temperature may reflect high upwelling velocity
of the mantle, and vice versa. The calculated temperatures tend to decrease slightly
from ~ 26 to 18.5 Ma along the VLS (Fig. 14c) but then increase from 16.5 to ~ 2 Ma,
in parallel to the increase of mantle degree of melting.

2.2.4 Summary

The results summarized above suggest that temperature and/or fertility of the mantle
that ascended below the EMAR segment at 10°–11° N decreased slightly from 26 to
18 Ma but then increased steadily from ~ 16.5 to 2 Ma. As noted by Bonatti et al.
[49], the 16.5–2 Ma temporal increase of mantle temperature and/or fertility does not
correlate with spreading velocity of that stripe of South American plate generated at
the EMAR segment: spreading rate appears not to have increased, but rather to have
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decreased slightly along the VLS during the last 20 Myr (Fig. 10), as was discussed
in Sect. 4 above.

The gradual increase of mantle temperature/fertility from ~ 16.5 to ~ 2 Ma at
the 10°–11° N EMAR segment is paralleled by similar increases observed in zero-age
MAR segments to the north, up to theAzores swell. Residual mantle Bouguer anomaly
profiles oriented normal to ridge axis across segment midpoints between 28° and 31°
30′ N suggest an increase of crustal thickness from ~ 10 Ma to the present ridge axis;
superimposed on this trend 2–3 Myr wavelength oscillations were detected [61–63].
Across-axis profiles between 20° and 24° N also hint at an increase of crustal thickness
from ~ 8 Ma to present [64]. These data suggest that the increase of subridge mantle
temperature and/or fertility may have been a general feature of the MAR between
the Azores swell and the equator, although it was not accompanied by an increase in
spreading rate.

Trends of temporal increase ofmantle’s degree ofmelting from~ 16.5Ma to present
at 11° N, combined with trends of zero-age decreasing degree of melting from Iceland
to the equator (Fig. 5) lead to different possibilities. One is that the asthenospheric
mantle presently upwelling below the Mid Atlantic Ridge becomes colder and/or less
fertile moving from Iceland to the equator. We consider the possibility of “waves”
of hot and fertile mantle flowing southward along the MAR from the Iceland and
Azores plumes.We speculate that this south flowing zero-age hot/fertilemantlemay be
somehow connected with the temporal increase of hot/fertile mantle that we observed
in the last 16 Ma at the 11° N. MAR segment.

Plate divergence and the formation of new lithosphere along oceanic spreading cen-
ters involves a variety of complex and interrelated processes: the asthenosphericmantle
upwells beneath spreading centers; melt generated by partial melting of the upwelling
mantle segregates from the deforming solid matrix and migrates toward the ridge axis;
the extraction and solidification of melt creates the oceanic crust; and the cooling of
the crust and upper mantle, away from ridge axis, forms the oceanic lithosphere. These
processes are controlled mainly by the thermal state of the lithosphere beneath mid
ocean ridges, which is influenced by the relative velocity between spreading plates,
and by the occurrence of major ridge discontinuities, such as transform faults.

2.3 NorthernMid Atlantic Ridge: geology and evolution

Plate boundary geometry, seafloor spreading andmelt productivity determine the geol-
ogy and the tectonic setting of mid ocean ridge segments and transforms. Changes in
plate kinematics can induce changes in plate boundary geometry that will tend toward
a new equilibrium both by triggering new tectonics and by rejuvenating previous
structures.

2.3.1 Geology of ridge segments

Two modes of lithospheric accretion (symmetric and asymmetric) characterize slow
spreading ridges such as the MAR. The first mode generates a symmetric seafloor
morphology on both side of the ridge axis, fitting the classic mid ocean ridge model.
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Fig. 15 Topography of the Vema eastern ridge–transform intersection. Note the prominent median ridge that
rises more than 1000 m above the transform valley seafloor. Geological observations from Nautile dives
suggest an extensional origin for the median ridge [110]. Numbered white circles and red lines indicate
locations of Nautile dives [47, 110]. White solid line marks location of the transform fault plane

Seafloor spreading is accommodated along a ridge segment by the interplay between
short-offset high-angle normal faults dipping toward ridge axis, and lava flows fed
by dikes intruding the axial zone and forming a layered magmatic crust and linear,
ridge-parallel abyssal hills (Fig. 15). Seismicity is prevalent at segment ends in the
proximity of ridge–transform intersections (RTIs) where nodal basins form bounded
by high-angle normal faults [65] (Fig. 15). In addition, a large topographic high occurs
in RTIs at the active inner corner of the plate boundary, called “high inside corner”,
while the “outside corner” across the spreading center, is often anomalously low [66].

At slow spreading ridges, where large long-lived faults may develop parallel to
ridge axis, seawater penetrating deep along the fault zone chemically alters the rocks
and weakens the fault. Continued extension and slipping along the weakened fault
zone allows flexural rotation of a large block of seafloor forming an enormous domal
mountain, named “oceanic core complex” (OCC) that can expose deep seated crust
and mantle rocks [67–71]. In this model of lithosphere accretion, oceanic detachment
faults initiate as high-angle normal faults at depth, and turn into shallow low angle
extensional faults through rotation of the footwall. This type of seafloor spreading
may represent a distinct mode of lithosphere accretion at slow mid ocean ridges that
does not fit the classical “Penrose” model of oceanic crustal accretion [72]. Diking
and volcanism at ridge axis are lower than in more normal, symmetrically seafloor
spreading [73, 74], withmelt intrusions in the footwall of the detachment fault forming
gabbro bodies [75, 76]. Thus, seafloor spreading becomes asymmetrical, with large
tectonic blocks exposing lower oceanic crust and mantle on one side of the ridge
segment, andwith reducedmagmatic crust on the other side. OCCs commonly develop
at the inside corner of ridge–transform intersections; examples include Charlie Gibbs
(MAR 52.5° N) [25], Atlantis Massif (MAR 30° N, Fig. 16a) [67, 77–80], and the
Kane OCC (MAR 23° N) [80]. However, core complexes have been identified in the
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Fig. 16 Oceanic core complex. a 3D view of the Atlantis Massif bathymetry from southeast. The OCC
develops at the inside corner of the eastern intersection between MAR and Atlantis Transform. b High-
resolution 3D view from southeast of the 13° 20′ N OCC investigated by Escartin et al. [231] with AUV
microbathymetry. High-resolution bathymetry reveals details of the main morphological features of an
OCC, i.e., corrugated surface, breakaway and termination zones. This OCC has been identified in the mid
zone of a spreading segment

mid zone of spreading segments (Fig. 16b), where adjacent OCCs may have resulted
frommovement along a single detachment fault [68, 69, 82, 83]. Large fields of OCCs
have been also observed off-axis along the MAR, probably formed by the persistence
for several million years of conditions suitable for the formation of detachment faults
[68, 69, 83–85].

Processes that control lithospheric accretionmode (symmetric or asymmetric) along
slow ridges remain not fully understood, although they differ significantly even as
far as the geochemistry of associated rocks [72]. Basalts from symmetrical segments
show lower compositional variability and lower eruption temperatures than those from
asymmetrical segments with more primitive compositions and lower crystal fraction-
ation, higher Na2O and FeO and lower CaO [72]. It is not yet clear why a fault should
continue to extend and to roll over for several million years to form an OCC, while
another stops after having extended for a relatively short time. Long-lived detachment
faults with large-scale corrugations have been identified on magma-poor mid ocean
ridges; however, recent studies and numericalmodels simulating lithospheric accretion
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at a ridge segment including melt productivity and lithosphere faulting suggest that
detachment faults form when magma supply is relatively low, i.e., when ~ 30–50% of
total extension is accommodated by magmatic accretion and when there is significant
magmatic addition in the fault footwalls [71–74, 76, 82–85].

2.3.2 Transform-related tectonics

Transform faults consist commonly of a single narrow strike-slip zone (a few kmwide)
offsetting two mid ocean ridge segment and following a small circle path relative to
the plate Euler pole location [40]. Oceanic transform faults, especially those with
large-offset, are complex plate boundaries that can deform under the influence of far
field stresses, especially changes in plate motion [44, 60, 86–93].

Not all transforms react equally to equivalent stress changes, suggesting the influ-
ence from offset length, spreading rates and mantle heterogeneities [15, 49, 94, 95].
The strike-slip movement is accommodated mainly along a shear zone a few hun-
dred meters wide, called the “Principal Displacement Fault Zone” (PDFZ), where the
stress may be partitioned locally, caused by a non-straight transform boundary due
to bends of the fault trace and/or to restraining stepovers leading to local transpres-
sion or transtension, particularly at slow-slip long-offset transforms such as Vema, St
Paul and Romanche. The Vema PDFZ is marked by a furrow, probably the trace of
a sub-vertical fault affecting the entire sedimentary sequence (Fig. 17). Although the
PTDZ appears to be very narrow at the sea floor (~ 0.5 km), we observe a wider and
older deformation zone (~ 2.5 km) within the sediments south of the PTDZ. It con-
sists of a gentle asymmetric fold draping a topographic high of the acoustic basement,
suggesting a vertical or horizontal overstep related to local transpression (Fig. 17).

Transverse ridges are elongated reliefs parallel and adjacent to transform zones and
their fracture zone extensions, i.e., normal to the axis of mid ocean ridges (Fig. 18).
They are particularly well developed in slow-slip transforms, such as those offsetting

Fig. 17 Depth migrated close-up of the portion of the seismic reflection profile VEMA-06 M (Fig. 13) that
crosses the transform valley
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Fig. 18 3D view of the Vema western ridge–transform intersection from northwest. Multibeam reflectivity,
superimposed on the bathymetry, shows a high backscatter within the nodal basin, suggesting recent lava
flows from the ridge axis that flood the nodal basin floor

the Mid Atlantic Ridge. Transverse ridges constitute major topographic anomalies
relative to the “depth/square root of age” relationship [96]. They are a dominant fac-
tor in determining rough topography in wide regions of the ocean floor, such as the
equatorial and northern central Atlantic.

A number of hypotheses have been put forward concerning the nature and origin of
transverse ridges; most involve vertical movements of slivers of oceanic lithosphere,
under the influence of buoyancy or tectonic forces: (a) thermal expansion and isostatic
uplift of the old plate near the RTI induced by heat conduction from the young/hot
side to the old/cold side of the transform [97, 98]; (b) thermal expansion and uplift
of the lithosphere adjacent to the transform caused by shear heating due to friction
along the active transform fault [99]; (c) uplift of the inside corner of the RTI due to
frictional drag along the strike-slip fault that, decreasing with depth, triggers a twisting
moment to the plate [99]; (d) extension across the transform fault induced by horizontal
thermal contraction of the cooling plates causes upwelling of asthenospheric material
into the resultant void flexing up both edges of the transform fault into transverse
ridges [100]; (e) the old side of the fracture zone subsides slower than the young
side, leading to flexure across the locked, aseismic part of the fracture zone [101]; (f)
seawater penetrates deeply into the shattered lithosphere along the transform fault and
hydrates uppermantle rocks, forming low-density serpentinite,which rises diapirically
[86]; (g) upwelling of asthenospheric material along the spreading axis drags up the
bounding walls of the conduit, including the wall formed by the edge of the old plate
across the RTI [102, 103]; (h) the top of the lithosphere cools less than its bottom as the
lithosphere ages causing a bendingmoment in the plate that flexures the unconstrained
lateral edges of the transform fault [104]; (i) small changes in the direction of plate
motion introduce an extensional or compressive component in the stress field along
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the transform that can cause vertical motions [64, 86, 95, 105, 106]; (j) strike-slip
motion along a non-linear transform boundary causes either compression (with uplift)
or extension (with pull-apart basins and subsidence) at bends in the boundary [86].

Multibeam data show that theMAR-parallel seafloor fabric south of the VTR shifts
its orientation by 5°–10° clockwise in ~ 10–12 Myr-old crust (Fig. 8a), indicating a
change at that time of the orientation of the MAR axis and of the position of the Euler
rotation pole. Spreading half rate of the crust south of the transform decreased from
17.2 mm/year between 26 and ~ 19 Ma (chron c6n) to 16.9 mm/year between ~ 19
and 10 Ma (chron c5n), to 13.6 mm/year from ~ 10 Ma to present. Slowing down of
spreading occurred close in time to the change in ridge/transform geometry, suggesting
that the two events are related. This change caused extension normal to the transform,
followed between 12 and 10 Ma ago by flexure of the edge of the lithospheric slab,
uplift of the VTR at a rate of 2–4 mm/year, and exposure of the VLS at the northern
edge of the slab, parallel to the Vema transform (Fig. 13). Ages of pelagic carbonates
encrusting ultramafic rocks sampled at the base of the VLS at different distances from
the MAR axis suggest that the entire VTR rose vertically as a single block within the
active transform offset [107]. A 50 km long portion of the crest of the VTR rose above
sea level, subsided, was truncated at sea level and covered by a carbonate platform
[51, 64]. Subaerial and submarine erosion has removed material from the top of the
VTR and has modified its slopes. A numerical model relates lithospheric flexure to
extension normal to the transform, suggesting that the extent of uplift depends on the
thickness of the brittle layer, consistent with the observed greater uplift of the older
lithosphere along the VTR [44].

Median ridges are prominent topographic features located within transform val-
leys. They are found only in some RTIs along the MAR; in particular, at the RTIs of
the Charlie Gibbs and Vema transforms [35, 108–110], of the Doldrums, St Paul and
Romache transform systems [15, 18, 45] and of the Chain transform [111]. Little is
known about the geology and deep structure of median ridges; however, recent studies
have shown that they may be related to changes in plate boundary geometry leading
to transpression or transtension within the transform domain. Median ridges due to
transpression along the MAR consist of serpentinized and mylonitized upper mantle
rocks, such as the Atoba ridge near the western RTI of the northern St Paul transform
(Fig. 19a) [15, 112] and the median ridge near the Chain eastern RTI (Fig. 19b) [111].
Transtension related median ridges represent commonly slivers of uplifted oceanic
lithosphere [110], such as the median ridge at the eastern RTI of Vema (Fig. 15),
intensely investigated by Nautile dives [110, 113]. It is the main transform-parallel
topographic feature of the Vema transform valley, rising up to ~ 1000 m above the
adjacent seafloor and dividing the transform valley into a northern and southern val-
ley (Fig. 15). It is an E–W elongated continuous ridge (~ 80 km long, 8 km wide)
bounding to the North the present-day PDFZ from 41° 20′ W to the nodal basin (40°
52′ W) and ending at 40° 40′ W East of the RTI, outside the active fault zone. It
reaches a minimum depth of 3755 m at 40° 58′ W. Immediately to the north of the tip
of the EMAR axis, the crest of the median ridge is shallower and shows an arcuate
shape (Fig. 15). Direct observations and samples recovered by Nautile dives from both
flanks of the median ridge indicate that this uplifted sliver of oceanic lithosphere is
covered by sedimentary deposits consisting of polymictic breccias, sandstones and
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Fig. 19 Compressive features within transform valleys. a Bathymetry of the St. Peter and St. Paul’s Massif,
called Atoba ridge. Data are from Gasperini et al. [232]. Atoba Ridge forms a sigmoidal relief within the
northern transform valley of the St Paul transform system culminating at St Peter and St Paul rocks [15, 51].
These islets are formed by variably serpentinized and mylonitized peridotites and are currently uplifting at
rates of 1.5mm/year [233]. The left overstep of the right-lateral St. Paul transform fault implies transpression
in the St. Peter and St. Paul Rocks area. It has been recently suggested that the Atoba Ridge is caused by
a long-lived transpression resulting from ridge overlap due to the propagation of the northern Mid Atlantic
Ridge segment into the transform domain that induced migration and segmentation of the transform fault
creating restraining stepovers [15]. b Bathymetry of the eastern sector of the Chain transform. Within the
active transform fault zone, transpressive features with several en échelon fault scarps have been observed
[111]

siltstones composed of basaltic, doleritic, and gabbroic clasts, that underwent green-
schist facies metamorphism prior to their disaggregation and sedimentation. [110].
The rapid emplacement of detrital gravitative deposits on the valley floor suggests that
the median ridge emplacement is related to the major tectonic event that led to the the
transverse ridge formation 12–10 Ma [44, 110].
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3 The subridgemantle below theMid Atlantic Ridge

3.1 Mantle flow beneathmid ocean ridge segments

The velocity of mantle advection below ridge axis affects the subaxial temperature
distribution, that in turn determines mantle melting and crust formation. Mantle flow
andmelting at spreading centers have been studied with fluid-mechanical calculations,
including models where mantle flow is a response to the motion of overriding plates
(passive flow), and models where the mantle flow is also driven by local buoyancy
forces (dynamic flow).

3.1.1 Passive mantle flow

Passive flow models suggest mantle flow patterns shaped dominantly by viscous drag
from rigid moving apart plates; they predict that melt is generated in a broad upwelling
region (> 100 km across).Mantle flow velocities depend on spreading rate and on plate
thickness geometry close to ridge axis. In models where plate thickness is constant,
upwelling is less focused and the maximum vertical velocity is lower than the half
spreading rate [114, 115]. In models where plate thickness increases rapidly with age
upwelling is narrowly focused and its maximum vertical velocity can exceed the half
spreading rate by up to ~ 30% [116, 117]. These models require mechanisms, such
as viscous-stress-induced pressure gradients [118]; anisotropic permeability [119];
and local pressure gradients due to melt freezing near the bottom of the subsolidus
lithosphere [120]. These mechanisms drive the melt laterally toward ridge axis. Melt
concentration may be low (< 1–2%) throughout the entire melt production region if
melt is efficiently extracted by porous flow. The upwelling flow pattern is mostly 2D
except close to ridge–transform intersections where it becomes 3D.

3.1.2 Dynamic mantle flow and segmentation

Dynamic flow models may fit situations of low viscosity in the melting region, com-
binedwith buoyancy forces due to thermal and compositional density variations related
to mantle depletion and melt retention [121–123]. These models require melt reten-
tion of at least several percent to provide buoyancy and reduce viscosity [124]. Mantle
upwelling is then focused toward the spreading axis in a region as narrow as few kilo-
meters; the upwelling velocity is much greater than the half spreading rate and melt
transport is primarily vertical, driven simply by buoyancy. Numerical modeling of
three-dimensional mantle upwelling along the MAR shows that buoyant mantle flow
driven by temperature and compositional variations, including the effects of a small
retained melt fraction (< 2%), generates instabilities that give rise to long-wavelength
(> 150 km) segmentation [125–127]. Discontinuities and thermal perturbations inher-
ited from the initial stages of spreading play a key role in focusing three-dimensional
melt migration at the base of the lithosphere away from the discontinuities and toward
segment centers. Thicker crust beneath the center of spreading segments requires
either larger rates of melt production or the focusing toward segment centers of melt
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produced more uniformly along the axis. Three-dimensional melt migration model-
ing shows that even a moderate amount of along-axis melt focusing can produce the
observed magmatic segmentation (30–100 km) [127, 128].

Diapiric upwelling from a layer of melt distributed uniformly at depth along the
axis has been also suggested as a possible focusingmechanism [129, 130]. Our gravity
inversion results from the Vema transform show that the inferred across-axis crustal
thickness variations havewavelengths (40–60 km) similar to those observed along-axis
at the MAR [19, 131–133] and they are strictly related to variations in melt production
at ridge axis. In addition, the pattern of degree of melting increasing slowly in time
followed by a rapid fall, as shownby numerical results for lowmantle viscosity of Sotin
and Parmentier [123], both suggest a dynamic mantle flow origin for short wavelength
magmatic segmentation rather than an origin due purely tomeltmigration.On the other
hand, our estimated vertical velocity of the upwelling mantle (as discussed below),
similar to the half spreading rate, suggests that most of mantle flow is driven by plate
motion. Therefore,we have the paradox that the observed temporal variations of crustal
production are related to dynamic mantle flow, and the estimated mantle upwelling
velocity to passive flow.

3.1.3 Velocity of mantle upwelling

The exposure of the Vema transverse ridge (Fig. 8a) has allowed us to dredge up
and analyze rocks that would normally be deeply buried [49, 52]. These peridotites
formed at the ridge–transform intersection and are all from the top of the melting
column; therefore, they represent the highest extent of melting of the column that lies
below each of them. At slow spreading segments, melt production beneath RTIs can
be reduced [134, 135] and melt pooling in segment centered magma chambers may
be laterally transported in dykes to segment ends [136, 137]. However, this should not
affect the offset between the peridotite melting curve and the crustal thickness curve.
We have therefore been able to measure an apparent time delay between changes
in crustal thickness, as estimated from gravity, and changes in residual peridotite
chemistry (i.e., degree of melting) over a ~ 26-million-year timescale. Our chain of
logic derives from the following observations. The signals indicating crustal thickness
and the extent of peridotite depletion show oscillations with a wavelength of about
60 km (corresponding to a 3–4-million-year frequency), superposed on an overall >
16-million-year trend of increasing peridotite depletion and crustal thickness (Fig. 14).
The variations seen in the two signals are correlated, but there is a phase lag of 34 km (or
some 2.2 million years of spreading time) between the signals. What is the meaning of
the 34 km offset between the signals denoting residual peridotite degree of melting and
crustal thickness? Melt migration is much faster than solid flow through the melting
region, so there must be a time delay between melt extraction from a given parcel
of peridotite to create basalts, and the eventual emplacement of that same residual
peridotite at the base of the lithosphere. In other words, the oscillation signals carried
by the melt volume and by peridotite chemistry propagate upwards at different speeds
and are recorded at different times, being spatially offset by the plate spreading rate
(Fig. 20). Thus, the phase lag between extent-of-melting signals from peridotite and
from crustal thickness (assuming that the bulk of the melt separates at a depth of
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Fig. 20 Cartoon showing how basalt (generated by partial melting of mantle peridotite during ascent below
the ridge) becomes separated horizontally from its parent peridotite. If we can estimate the depth where
melting occurs, the horizontal distance between basalt and its parent peridotite, translated as time, allows
us to calculate the velocity of the rising solid mantle. a Melt is generated within the melting region in the
subridge mantle. b Melt migrates upward faster than the mantle. c Melt is extracted and accretes crust at
ridge axis. d Formed crust has moved away from ridge axis when the parent residual mantle rises toward
the surface to be included in the upper oceanic lithosphere

35 km and that melt velocity can be taken as infinite) can be used to calculate a solid
upwelling rate of 16.1 mm/year [52]. This is similar to the rate at which the plate is
moving away from the ridge (14–17 mm/year), hence it is consistent with upwelling
rates predicted by passive flow models.

Water in the upper mantle can play an important role in governing melt generation
and melt transport paths beneath spreading centers [138, 139]. The amount of water
present in the oceanic upper mantle [140, 141] is sufficient to deepen the peridotite
solidus and allow partial melting in a region wider and deeper than what is expected
for an anhydrous mantle [142] (Fig. 3). Geochemical analyses constraint depth of
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initial melting and melt productivity along an adiabatic ascending path. Trace element
ratios, as Hf/Lu and U/Th, indicate that melting begins in the garnet–peridotite stabil-
ity field, while MORB major element composition shows that melting occurs where
spinel is a stable phase. These observations are compatible with a fractional melting
model wheremelting initiates at a "water influenced" solidus.Melt productivity during
hydrous melting (garnet–peridotite region) is scarce, due to the mantle low water con-
tent. A small melt fraction (1-2%) is produced before complete exhaustion of water,
after which melting proceeds above a “dry solidus” (spinel–peridotite region) with a
higher production rate [138, 142]. Experimental studies on olivine single crystals and
on olivine aggregates [141–145] have shown that water reduces the creep strength of
mantle rocks. Reduction of upper mantle viscosity, due to water in olivine, is at least
two orders of magnitude lower than in dry conditions [138]. The solubility of water in
olivine is much lower than in basalts; therefore, partial melting can increase the solid-
matrix viscosity depleting water from olivine [144]. Numerical models, including the
effects of non-uniform upper mantle rheology and of pressure-dependent melt produc-
tion rate, permit 3D upwelling as a possible mechanism for magmatic segmentation at
slow spreading ridges [146]. These numerical models, that include thermal and com-
positional buoyancy, predict melting and consequently crustal thickness oscillations
with frequency and amplitude depending on mantle viscosity [123, 146].

The short-term oscillations of melt production (3–4 Myr) observed at the Vema
transform can be explained if we assume a subridge rheological mantle stratification
due to extraction of H2O from the upwelling mantle in the deeper part (> 60 km)
of the melting interval, resulting in a higher viscosity layer (~ 1020 Pa s) overlying
a low-viscosity zone (~ 1018 Pa s) (Fig. 21). Following water loss, the solid flow
of the high-viscosity residue that undergoes “dry” melting within the upper layer, is
mostly driven by plate separation (passive flow), because high viscosity precludes
dynamic mantle flow [123]. The low-viscosity mantle within the “wet” melting region
upwells following a compositional and thermal buoyant flow [123, 146]. As themantle
moves away from ridge axis, it becomes denser due to cooling and to its decreasing
melt content, because of the melt’s upward migration, thus overcoming compositional
buoyancy. According to numerical models, a dense plume forms and sinks periodically
into the deeper mantle, giving rise to intermittent convective rolls, periodic enhanced
upwelling and increased temperature at the top of the low-viscosity layer (Fig. 21).
This increases melting below a ridge axis.

3.2 N–S propagation of subridge hot mantle waves

The combination of (a) decrease from N to S of temperature and/or fertility of the
mantle that upwells below the MAR, and (b) increase from ~ 16 Ma to today of
the same parameters along the MAR south of the Azores swell, leads to a number of
alternative hypotheses.One is that a hot (asthenospheric)mantlewave has beenflowing
southward below the MAR from the Azores plume since over 20 Ma. Another is that
both plume and mid-ocean ridge activity have been fluctuating in intensity with long
(over 10 Myr) temporal wavelength. A third possibility is that the MAR has migrated
in the central Atlantic over mantle regions with different thermal properties and/or
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Fig. 21 Model of mantle upwelling and crustal accretion consistent with the observed variations of extent of
melting and crustal thickness at the MAR eastern segment of Vema (EMAR). Crustal accretion results from
mantle upwelling induced by non-uniform subridge mantle rheology, with a low-viscosity layer between
two layers with higher viscosities. Blue and red arrows show direction of mantle flow. The viscosity profile
(right panel) describes the effects of dehydration, of melt in the matrix, and of change in creep mechanism.
High viscosity precludes compositional and thermal buoyant flow in the drymelting region, where solid flow
is mostly driven by plate separation (corner flow). The low-viscosity layer favors intermittent plume-like
enhanced upwelling and melting

composition. Let us consider if any of these hypotheses is consistent with available
data.

3.2.1 Subridge asthenospheric flow

Variousmodels have been attempted to explain the longitudinal flow of asthenospheric
material below ridge axis [147, 148]. According to Yale and Morgan [149] a low-
viscosity asthenospheric channel located between a high viscosity asthenospheric lid
above and a high-viscosity “mesosphere” below, can be fed by hot “plume” material
at various locations both on and off mid-ocean ridges.

The injection of hot “plume” material into the asthenosphere creates pressure gra-
dients that may induce “dynamic” asthenospheric flow. Plate-driven shear flow should
be added to pressure-driven flow in a plate spreading direction. The velocity profile
vx within asthenosphere flowing along ridge is given by:

vx �
(∇P(z2 − hz)

2μ

)
, (1)

where ∇P is the pressure gradient, z is the distance from the base of the astheno-
sphere, h is the thickness of the asthenospheric channel and μ is the viscosity of the
asthenosphere. Integrating the velocity profile over the thickness of the asthenosphere
gives the asthenospheric flux qx [149]:
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qx �
∫ h

0
vxdz � −h3∇P

12μ
. (2)

Note that the flow of hot mantle material below the ridge depends strongly on the
distribution of viscosity with depth. The extent to which transforms offsetting the
ridge axis can hinder subridge mantle flow has been studied particularly along the
Southwest Indian Ridge (SWIR) where large transform systems affect the flow of
material from the Marion and Bouvet plumes [150, 151]. A transform offset has two
main effects on the flow of shallowmantle along the ridge [151]: one, deflection of the
flow; two, reduction of the flow, or even its complete stop. These effects are strongly
dependent on the length of the transform offset and on slip rate along the transform,
both of which influence subridge thermal structure and viscosity as the transform is
approached. The flux reduction occurs not only downstream from the transform, but
also upstream, because the cooling effect of the transform offset reduces the subridge
low-viscosity channel as the transform is approached.

3.2.2 Mantle flow below the Mid Atlantic Ridge

The Iceland and the Azores plumes, i.e., the two major thermal/compositional man-
tle anomalies of the North Atlantic, may be the source of unusually hot/fertile
asthenospheric mantle flowing along the Mid Atlantic Ridge. Vogt [33] first pro-
posed hot plume mantle flowing southwards from Iceland below the Reykjanes
Ridge, a suggestion supported by elemental and isotopic geochemical gradients in
the Reykjanes basaltic crust [34, 152]. Based on the angle of south-pointing V-
shaped topographic/structural patterns (Figs. 2, 7) and on spreading rate, a velocity
of 100–200 mm/year has been estimated by Vogt [33] for the southward flow of the
subridge mantle along the Reykjanes Ridge: this is one order of magnitude higher than
spreading rate. This model has been refined and elaborated upon by more recent stud-
ies [153–155]. The ~ 300 km Charlie Gibbs transform offset at 52° N may constitute
a major barrier to the southward flow of Iceland plume material, and to the northward
flow of Azores plume material.

The Azores mantle plume differs significantly from the Iceland plume. It is charac-
terized by: (a) high degree of melting of the subridge upwelling mantle as estimated
both from themineral chemistry of peridotites [36] and from the Na8 content of basalts
[38]; (b) low mantle equilibration temperatures determined by 2 px geothermometry
of peridotites [36]; (c) low quenching temperature of erupting basalt, estimated with
an olivine-glass thermometer [156]; (d) low 3He/4He ratio of MORB glasses [157];
(e) high concentrations of CO2, H2O and halogens in MORB glasses [158, 159]; (f)
high 87Sr/86Sr of MORB glasses [160]. These data suggest that the Azores plume, in
contrast to the Iceland plume, does not have a deep mantle origin, and may represent
a melting anomaly due to fertile, “wet” mantle sources of relatively shallow origin. Its
source might contain enriched, ancient continental mantle blobs recycled through the
upper mantle [36, 158]. Regardless of its ultimate origin, the Azores plume constitutes
a melting anomaly linked to a hotter and/or more fertile than normal mantle that has
the capacity of being entrained and of flowing along the Mid Atlantic Ridge.
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A number of observations point to the possibility of a hot mantle flux from the
Azores swell southward along theMid Atlantic Ridge. Satellite gravity imagery of the
North-Central Atlantic [161] displays a V-shape pattern centered on the Mid Atlantic
Ridge axis and pointing southward, suggesting south propagation of mantle thermal
and/or compositional anomalies that cause swelling of the crust. The V-angle south of
the Azores swell is roughly 18° (Fig. 22). If we assume an average spreading rate of
20 mm/year for the ridge at ~ 40° N since 10 Ma, the average velocity of propagation
of the anomaly is ~ 60–65 mm/year.

Thibaud et al. [133] found evidence of N–S propagation along the MAR from 40°
N to 26° N, supporting mantle flow south from the Azores swell, that transform offsets
such as Pico, Oceanographer, Hayes and Atlantis, were unable to prevent. A pulse of
along-axis southward flow of Azores plume mantle was proposed by Vogt [162] and
Cannat et al. [163] to have traveled at 60 mm/year in Miocene time, causing excess
volcanism and anomalously thick crust. If the Azores plume material first reached
the surface about 36 Ma [164] and assuming that it traveled south at ~ 100 mm/year,

Fig. 22 The Azores swell. a Satellite-derived gravity image of the Azores region [161]. bMagnetic anoma-
lies. Data are from the EMAG2 Earth Magnetic Anomaly grid (2 arc-minute resolution) [234]. V-shaped
features indicate propagating ridges along the Mid Atlantic Ridge axis south of the Azores due to ridge–hot
spot interactions producing temporal and spatial variations in melt supply to the ridge axis. Yellow arrow
indicates spreading direction. White solid lines mark location of pseudofaults
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it would have reached 10°–11° N, i.e., the latitude of the exposed VLS, roughly
between 6 and 8 Ma. However, 10°–11° N is where we documented an increase of
temperature and/or fertility of the subridge mantle starting ~ 16Ma [49, 52]. It appears
unlikely, therefore, that the mantle increasing temperature and/or fertility at 10°–11°
N was caused exclusively by Azores plume-derived flow. However, the MAR has
probably interacted with plume-like mantle thermal/compositional anomalies in the
central north Atlantic for ~ 85 Myr [164]. The Great Meteor seamount system on the
African plate and conjugate structures on the North American plate as well as the
New England seamount chain suggest plume-like activity in the region preceding the
Azores plume.

3.2.3 Westward migration of the Mid Atlantic Ridge

Present-day absolute plate motion models suggest that most mid-ocean ridges are
migrating relative to the stable deep mantle, with a plate moving faster than the other
diverging plate [165–169]. These models predict that the slow spreadingMAR system
is migrating westward relative to the deep mantle. As a consequence, mantle upwells
asymmetrically beneath spreading segments with higher upwelling rates beneath the
plate that moves faster (North and South America) compared to the slower moving
plate (Europe and Nubia) [170, 171]. This causes a contrasting melt supply at the
tips of ridge segments offset by transform faults, and consequently, different axial
morphologies on opposing RTIs [172–174]. Another possible consequence of ridge
migration is that the MAR system has moved above mantle regions with different
thermal regime and/or composition.

The observed long-term temporal variations of the degree of mantle melting esti-
mated from spinel Cr# of the peridotites along the VLS [49, 52] anti-correlate with the
degree of melting derived from basalt Na8, although they converge to a common value
in the youngest stretch of the VLS [54]. In agreement with thin crust inferred by the
gravity inversion (Fig. 14), the older mantle peridotites record a relatively low extent
of melting; in contrast, the genetically associated and isotopically enriched basalts
display the lowest Na8 values of the entire VLS, suggesting that they were gener-
ated by a higher degree of melting of their mantle source. An explanation of these
contrasting proxies for mantle partial melting at mid ocean ridges may be a subridge
variably veined mantle that hosts fertile and chemically enriched pyroxenites [54]. In
fact, melting of low-T-melting components present in a mantle source subtracts heat
from the surrounding matrix by incorporating it as latent heat of melting, lowering the
extent of melt of the host peridotite [175–179]. The pyroxenites melt first, generat-
ing isotopically enriched melts with Na8, and cooling the host mantle, thus lowering
the degree of fusion of the peridotitic matrix in proportion to its pyroxenite content,
similarly to what happens by varying the mantle potential temperature [54].

We conclude that the creation of new oceanic lithosphere along the Mid Atlantic
Ridge may involve different mantle mechanisms: (1) a steady mantle convection; (2) a
more episodic activity of mantle plumes; and (3) a ridge systemmigrating over mantle
regions with different composition or thermal properties.
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3.3 Temporal cycles of mid-ocean ridge activity

Over 40 years ago Vogt [162, 180] remarked that world-wide plume magmatism
appears to have gone through alternating periods of enhanced and waning activity:
for instance, the Hawaii, Iceland, Canary and Azores plumes were all highly active in
the Tertiary roughly between 20 and 10 my ago and then again during the last couple
million years. The Afar plume also peaked in the 20–10 my interval [181]. Vogt [162]
argued that “if …. hot spots recorded global episodes (of enhanced activity), why not
also the mid ocean ridges?”. We find Vogt’s question pertinent to our problem: mantle
plume activity may not be independent of plate tectonics and may influence upper
mantle thermal structure and convection [182], triggering enhanced mid ocean ridge
activity even in areas far from plumes, where the ridge may not be directly affected by
plume-derived material. For instance, an interval of increased mid ocean ridge activity
occurred in upper Cretaceous times (~ 110–85 Ma) when a pulse of rapid spreading
has been documented at most mid ocean ridges, particularly at the East Pacific Rise
and in the central and southern Mid Atlantic Ridge [183–185].

4 Conclusions

The data reviewed in this paper confirm that the Earth’s oceans are carpeted by a solid,
relatively rigid butmobile lithosphere, underlain by hot less viscous convectingmantle
asthenosphere. This scheme reflects essentially concepts injected in our culture half a
century ago with the theory of “Plate Tectonics”. The large majority of Earth scientists
up to about 1960 believed in a relatively fixed and stable position of the continents
on the Globe, and in very ancient, relatively “quiet” ocean basins. However, about
10 years later the large majority of the scientific community had changed their mind,
and believed in continents modifying continuously their position on the Globe (i.e.,
continental drift) and ocean basins being relatively young, “hot” and active features of
the Earth. The amazing rapidity of this major paradigm shift in our view of the Earth
gives support to the ideas of Kuhn [186], who suggested that progress in the sciences
occurs bymeans of short “scientific revolutions”, with long periods of relative stability
in between. The “Plate Tectonics” revolution of 50 years ago was followed by a period
of relative stability, during which the theory has been refined, also thanks to new data
and interpretations, as illustrated in this paper.

However, let us not relax, let us keep alert, because the next revolution may arrive
while we least expect it!
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Appendix 1: The Vema transform: data andmethods

The Vema FZ data discussed in this paper were obtained by a number of research
vessels, starting with the R/V Vema that in early sixties first identified this feature
[39]. Concerning more recent work involving the authors of the present paper, we can
mention the following:

(a) Cruise S45 carried out in 2019 with R/V N. A. Strakhov of the Russian Academy
of Science. Multibeam bathymetry, magnetics and seafloor sampling [45];

(b) Cruise S22 carried out in 2000 with R/V N. A. Strakhov. Multibeam bathymetry,
magnetics and seafloor sampling [49].

(c) Cruise S19, in 1998 with R/V N. A. Strakhov. Multibeam bathymetry, multichan-
nel reflection seismic and magnetics, seafloor sampling [43].

(d) Cruise EW9305, in 1993 with R/V M. Ewing of Columbia University’s Lam-
ont Doherty Earth Observatory. Multibeam bathymetry, gravity and magnetics,
seafloor photographs and sampling [187].

(e) Cruise VEMA92, in 1992 with R/V OGS Explora of Istituto Nazionale di
Oceanografia e Geofisica Sperimentale. Multichannel seismic reflection survey
and magnetics [188].

(f) Cruise VEMANAUTE carried out in 1988 with French submarine Nautile, obser-
vation and sampling of VLS, and eastern median ridge and RTI [47, 110, 113].

(g) Deep Sea Drilling Project (DSDP) Leg 4 of the R/V Glomar Challenger (1969),
drilling site 26A [57].
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Bathymetry

Multibeam coverage of much of the investigated area was achieved during our cruises
using different multibeam systems: (1) during cruise S45 we used a RESON SEABAT
7150 system [45], that operated at a frequency of 12 kHz and consisted of 256 beams
across a 150° swathwidth (i.e., ~ 7 times thewater depth); (2) during cruiseS22weused
a KONSBERG EM12S system, that operated at a frequency of 13 kHz and consisted
of 81 beams covering a swath width of 2 times the water depth; (3) during cruise S19,
we used a HOLLMING ECHOS 625 system [43], consisting of 15 (12.5 kHz) beams
covering a swath of seafloor roughly 2/3 of the water depth; (4) during LDEO cruise
EW9305 [187] we used a Hydrosweep HS-DS (Atlas-Krupp) system operating at
12 kHz and consisting of 59 beams across a 90° swath width (2 times the water depth).
Multibeam data were merged with raw data extracted from the NGDC Bathymetry
Database (cruises:KN162L07,KN162L08andKN192-04,R/VKnorr, 2002 and2007)
and with those from cruise SO181 (R/V Sonne, 2018) [46]. They were filtered and
processed at ISMAR-CNR by the Kongsberg Neptune/Poseidon packages; spatial
analysis and mapping were performed using the PLOTMAP [189] software. Digital
terrain models and reflectivity images were produced down to a horizontal resolution
of 60 m (Figs. 8a, 18).

Gravity

Gravity data were collected with a Bodenseewerks KSS-30 sea gravimeter during
cruise EW9305, navigated by Global Positioning System [187]. Gravity values were
recorded at 6-s intervals and smoothed with mean value every 60 s corresponding to an
average distance of 250 m between data points registered during geophysical profiling
(speed 7–8 knots).

Gravity reference points were obtained at the beginning and the end of the expedi-
tion. The normal field, Eotvos correction and an estimated time dependent field (related
to drift of the gravimeter) have been separated from the gravity data to obtain residu-
als. The normal gravity field has been calculated using the 1980 Geodetic Reference
System [190] according to:

γ0 � γe

[
1 + k1 sin

2(φ) − k2 sin
2(2φ)

]
(3)

with coefficients k1 � 0.005302357, k2 � 5.869 10–6 and γ e � 978,032.7 mGal, γ 0
the normal gravity and φ the geographical latitude. The internal consistency based on
statistics at 172 cross-over points gives an accuracy estimate of 1.15 mGal (Fig. 23a).
These data have been complemented by those of Prince and Forsyth [41] and by those
extracted from the NGDC database (Fig. 24a), to produce the free air gravity map.
A total of 31,872 gravity measurements was used. The overall statistics at 755 cross-
over points give a mean and standard deviation of 4.7 and 11.6 mGal, respectively
(Fig. 23b). These data were collected over a 20-year period, during which recording
instruments and navigation systems greatly improved. To integrate these different data
sets before merging, the ship gravity for each line was adjusted in a least-square sense
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Fig. 23 Cross-over errors of gravity data from the Vema transform region. a Histogram showing cross-
over differences of marine gravity profiles collected during the EW-9305 expedition before leveling and
adjustments. b Frequency distribution of cross-over errors among gravity profiles of all cruises before and
c after leveling and adjustments

by applying a series of corrections aimed at reducing the errors at cross-over points
and at matching the satellite-derived marine gravity field (Appendix 2).

Altimetric satellite data, collected since the eighties, have been used to produce
geoid height and free air gravity anomalies over all the ocean basins, allowing a
global coverage up to high latitudes with high accuracy and resolution. Compar-
ing altimetric-derived and ship gravity data has shown that significant information
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Fig. 24 Combining shipborne and satellite gravity data. a Interpolated bathymetry and gravity lines in the
study area. Solid red lines indicate EW9305 coverage; black lines indicate data fromPrince and Forsyth [41].
b Free air satellite-derived gravity anomalies [161]. c Combined ship-borne and satellite-derived gravity
field. d Residuals between (c) and (b)

is absent in the 20–40 kmwavelength range of the satellite-derived gravity field, limit-
ing the usefulness of the satellite data to determine local variations in crustal thickness
[191–193]. Blending multi-satellite and ship-borne gravity data allows merging of
short wavelength components in the marine gravity field. Thus, when ship gravity
data are available in addition to altimetric data, these heterogeneous data have to be
combined in an optimal way, to determine the gravity field with the best possible
coverage and resolution. Figure 25a shows a comparison between ship and satellite-
derived gravity anomalies interpolated onto the same ship track from the gravity field
computed by Sandwell et al. [161] on a 1′ × 1′ grid (release 30). The observed min-
imum DC offset is − 1.9 mGal (cruise K020A), while the maximum is 19.1 mGal
(cruise EW9305). The large DC component of the EW9305 data reflects the error
due to the tie point correction, probably referred to Postdam 1930 Datum. The largest
differences were recorded along the shallowest portion of the Vema transverse ridge
where the difference at the crest reaches about 80 mGal, probably due to lack of short
wavelength components in the satellite-derived gravity.

The resolution of the satellite data has been estimated thorough the spectral coher-
ence between the satellite and the ship-board gravity profiles, defined as

γ 2
�ga�gs (k) �

∣∣P�ga�gs (k)
∣∣2

P�gs�gs (k)P�ga�ga (k)
, (4)

where P�gs�gs and P�ga�ga are the power spectral densities and P�gs�ga is the cross-
spectral density of data series. Spectral coherence estimates measure the degree to
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Fig. 25 Comparison of ship-borne and satellite gravity data. a Black solid line indicates ship-borne free air
anomaly, while the red dashed line indicates the satellite-derived gravity data along the same ship track.
b Spectral coherence between satellite-derived and ship-board free air anomalies

which ship-borne and satellite gravity data are linearly related at a givenwave-number.
Because ship-board profiles are relatively short and dominated by long-wavelength
anomalies, power spectral densities have been estimated on a single line for each survey
obtained by tapering and linking the individual profiles. The spectral estimates were
obtained using the discrete Fourier transform of the auto and cross-correlation func-
tions, as discussed in Jenkins andWatts [194]. The spectrum is smoothed using Parzen
window to reduce the variance of the spectral estimates. The coherence estimates, with
95% confidence, are shown in Fig. 25b. The confidence intervals for coherences < 0.5
are not plotted. The coherence between satellite and ship-board gravity stays close to
one at wavelengths greater than 80 km, but it falls off sharply at higher frequencies,
falling down to 0.5 at wavelengths of 22–24 km and close to zero at wavelength shorter
than 15 km.

Systematic errors account for some of the differences between satellite and ship-
board gravity; in fact, as shown in Fig. 25a, ship gravity is offset from satellite gravity
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and the offset varies with time.We reduced these differences adjusting the ship gravity
data in order to predict a combined gravity field. The deviation δg between the ship
gravity and satellite gravity anomalies, at wavelengths greater than a given λc, can be
related to the use of different reference ellipsoids and to the long-wavelength errors
affecting ship data, such as non-linear mechanical drift of gravimeter, incorrect ties
to base stations and off-leveling [195]. It has been shown that a combined model of
general and trigonometric polynomials is more advantageous to describe the change
of systematic error [196]. We assume that the deviation δg can be characterized by a
constant correction for each surveying line [41] and by a time function for successive
lines of a survey [197] as:

δig(t) � xi0 +
N∑

k�1

x j
k t

k+
M∑
k�1

[
x j
2k+N−1 cos

(
kω j t

)
+ x j

2k+N sin
(
kω j t

)]
, (5)

whereN and M are positive integers; t is time from the beginning of the jth survey;
ω � 2π/(te − tb) is the angular frequency; t

j
e and t jb are the end and beginning times

of the survey; xi0 and xik are the unknown model parameters for the ith line of the jth
survey. The unknown parameters of the error model describing changes of systematic
error that affects ship gravity data (Eq. 5), were evaluated based on a least-squares
estimate (see Appendix 2). The compensation of systematic errors outlined above has
a twofold effect: it reduces the cross-over differences and it adjusts ship gravity to the
satellite-derived gravity field. After adjustment, themean and rms differences between
ship and satellite gravity are 0.4 and 7.1mGal, and the overall cross-track discrepancies
are reduced to zeromean and standard deviation of 3.7mGal, equivalent to an accuracy
of 2.6mGal (Fig. 23c). The adjusted ship gravity is then includedwith satellite-derived
gravity to derive a second gravity field (Fig. 24). Different techniques were developed
during the last few years to combine ship-borne and satellite-derived gravity data, such
as least-squares collocation [195], least-squares adjustment in the frequency domain
[198], and input–output system theory [199, 200]. Studies on simulated [200] and real
data [201] have shown that the best results are obtained by the input–output system
theory (IOST)method,mainlywhen the power spectral densities are estimated directly
from the data. The use of IOST requires the field of observables be given on the same
grid with known error power spectral densities. Ship gravity anomalies were computed
on the same grid of Sandwell et al. [161] (release 30) satellite-derived global gravity
for the area of interest. We assume gravity anomalies affected by a Gaussian random
noise with zero mean and variance of 6.76 mGal2 and 25 mGal2 for ship-board and
satellite-derived gravity data, respectively. The IOST estimated values for the free air
anomalies are given by:

(6)

F
{
�ĝ

} � F {�gs}
[
1 +

E�gs�gs

P�gs�gs

(
P�ga�ga + E�ga�ga

)
E�ga�ga

]−1

+ F {�ga}
[
1 +

E�ga�ga

P�ga�ga

(
P�gs�gs + E�gs�gs

)
E�gs�gs

]−1

,
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whereF is the 2DFourier transformoperator, P�gs�gs , P�ga�ga , E�gs�gs and E�ga�ga
are the power spectral densities of ship-board and satellite-derived gravity data and
noise, respectively. Figure 24 shows the result of the procedure we have applied;
although the signature of the satellite only (Fig. 24b) and the combined gravity field
(Fig. 24d) appear to be quite similar overall, much of the detailed structures along the
Vema transverse ridge have come from the ship data (Fig. 24c).

Magnetics

The Vema Fracture Zone is located close to the magnetic equator where the geomag-
netic field is horizontal causing magnetic anomalies to be very weak (some tens or a
few hundred nT) relative to the ambient noise. Furthermore, diurnal variations of the
magnetic field may reach peaks of hundreds of nT due to the effect of the equatorial
electroject, an electric current which travels around the E region of the Earth’s iono-
sphere. In addition, in the vicinity of a transform offset, where differently magnetized
blocks may face each other, further complexity is introduced, because location, strike,
and polarity of crustal magnetic anomalies are distorted relative to their source bodies.
However, careful processing of the magnetic data can help obtain useful information
to deduce the tectonic evolution of the area.

We merged all the magnetic lines available from the Marine Trackline Geophysical
Data (NOAA, 1977) with those acquired during R/V Strakhov S19 and S22 cruises in
1998 and 2000 [43, 49] where a magnetometer, based on the Overhauser effect, was
deployed at a distance of 230 m from the GPS antenna. Most of the magnetic lines
are oriented E–W, parallel to seafloor spreading, others are aligned N–S, crossing the
fracture zone perpendicularly, while the oblique lines are few. We combined a total of
88,567 measurements of the total magnetic field acquired over a time span of 33 years
(1967–2000) and over an area extending from 10° to 12° N and 45° to 38° W. The
magnitude of the magnetic field varies from 30,700 nT to 34,800 nT (Fig. 26).

The initial processing of magnetic data showed that the use of a single transducer
configuration did not hamper the usefulness of the data. Figure 27 shows part of
magnetic profile VEMA-15 S, low-cut filtered (wavelength ≥ 6 h, as an attempt to
correct diurnal variations), after IGRF-95 removal, compared with its synthetic profile
obtained by forward modeling based on Cande and Kent [202] time scale, assuming
1 km magnetized layer. We note a general agreement between the two curves for
a spreading rate at 15.5 mm/year, averaged over the last 5 Ma. Because the total
field magnetic data is the sum of several contributions, processing is aimed at iso-
lating crustal-related anomalies. External field contributions can be recorded using
magnetic base stations, e.g., magnetic observatories. Nowadays, the most complete
network of permanent magnetic observatories is the International Real-timeMagnetic
Observatory Network (INTERMAGNET, www.intermagnet.org) that, however, has
only been active since the early 90 s. Furthermore, even if magnetic observatories data
were available, stations are not located close enough to our survey area to obtain the
required precision. Therefore, we estimated the external field contributions by using
the Comprehensive Model 4 (CM4) proposed by Sabaka et al. [203]. This model has
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Fig. 26 Compilation ofmagnetic data in the Vema transform region collected during the geophysical surveys
carried out in the area from 1967 to 2000. a Total field (raw data). Magnetic profiles are superimposed (gray
lines). b Magnetic anomalies after IGRF removal, diurnal variations correction, filtering and leveling.
c Analytical signal; the amplitude of the analytic signal is defined as the square root of the squared sum
of the vertical and two horizontal derivatives of the magnetic field. d Horizontal gradient; it requires the
calculation of the two first-order derivatives of the magnetic field and a horizontal gradient filter; the main
advantage of using horizontal gradient is that it is less affected by noisy data

the necessary temporal coverage (from 1960 to July 2002) and it has been proven to
be a reliable tool in processing marine magnetic data [204].

Finally, magnetic anomalies were obtained removing the last International Geo-
magnetic Reference Field (IGRmodel 12) [205]. Different sources of errors in marine
magnetic data are difficult to estimate, so they remain in the dataset, i.e., impre-
cise ship positions (some data are older than the modern GPS), residual ship-related
noise, approximation in diurnal corrections, instrumental drifts and offsets. We take
into account these errors by applying a symmetrical filter to the anomaly grid. The
cross-over analysis demonstrates the improvement of the quality of the data set; we
calculated the cross-over error over 195 crossed points: the mean value decreases from
− 605 nT (std 985.3 nT) for the raw total field to 4.4 nT (std 44.7 nT) after only IGRF
removal, and to 0.6 nT (std 6.4 nT) after correction for the diurnal variations and
filtering (Fig. 28).

Final grid was obtained by using theminimum curvature algorithm [206], 1 km grid
cell size and 5 km blanking distance function. The resulting magnetic anomaly ranges
from − 282 to 163 nT (Fig. 26b). To verify the accuracy of the results, we extracted
from the interpolated grid a magnetic profile along a flowline starting from the center
of the eastern ridge segment, running for about 450 km and parallel to the sampling
sites along theVLSwhere absolute datings were carried out on gabbros [56].Magnetic
modeling was performed assuming a magnetization intensity of 12 A/m on-axis and 7
A/m off-axis, and a constant source layer thickness of 0.5 km parallel to the seafloor
with present-day declination and inclination from the IGRF model. The best fitting
between observed and calculated anomaly is obtained using a full spreading value
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Fig. 27 2D forward modeling of magnetic data along profile C–C′ of Fig. 26a. Red lines, synthetic magnetic
anomaly profiles; black line, observed magnetic anomaly profiles. Modeling is based on time scale of
Cande and Kent [202] assuming: a bathymetry of the ocean floor predicted by the half-space cooling
model. Redrawn after Fabretti et al. [43]; and b observed bathymetry (data from this study)

Fig. 28 Data analysis along profile D–D′ of Fig. 26b that follows a flowline from the mid-point of the
EMAR segment. It shows the three-step procedure we have adopted to process the magnetic data of the
Vema transform region. a Raw magnetic data, i.e., total magnetic field. bMagnetic anomaly, obtained after
IGRF removal. c Final magnetic anomaly after correction for the diurnal variations and filtering
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Fig. 29 2 D forward modeling of flowline E–E′ of Fig. 26d; blue line, observed magnetic anomaly; red
line, synthetic magnetic anomaly. a Magnetic anomalies. b Horizontal gradient. c Geological model used
to calculate synthetic anomalies assuming a 0.5 km thick magnetized layer parallel to the seafloor

increasing with time from 27.7 up to 32 mm/year, according to the spreading rates
inferred by the dated samples (Fig. 29). In addition, we included the topographic effect
in modeling the E–W 230 km-Vema-15S magnetic profile acquired in 1998 [43]. We
assumed a magnetized layer 0.5 km thick parallel to the seafloor; an on-axis and off-
axis magnetization of 10 A/m and 5 A/m, respectively; and a present-day magnetic
inclination of 18.4° and declination of -18.6° from the IGRF 13 model. Modeling
results shown in Fig. 27 provide variable full spreading rates of 32mm/year (0.78Ma),
28 mm/year (0.78–1.77 Ma), 26 mm/year (1.77–2.58), 27 mm/year (2.58–3.58 Ma),
29 mm/year (3.58–5.23 Ma).

Furthermore, we calculated the 3D distribution of magnetic susceptibility by divid-
ing the region into a xyz mesh of 2.5 × 2.5 × 2.5 km (272 × 118 × 15 cells) and
limiting the solution to the lower limit of 5 km below sea level. Figure 30 shows the
3D magnetic susceptibility distribution across the northern and the southern MAR
segments.

Seismic

In the summer of 1992, a multichannel seismic reflection survey was carried out at the
western RTI of the Vema transform with the ship OGS-Explora of the Osservatorio
Geofisico Sperimentalewith twomain targets: (1) first target, gain detailed information
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Fig. 30 3D magnetic susceptibility. a E–W vertical section across the northern MAR segment. b E–W
vertical section across the EMAR segment. Gray shaded bathymetry is shifted downward by 5 km for
clarity. Color palette in SI

about the crustal structure beneath the rift and fracture zone valleys, because OBS-
based refraction data [206–208] have shown that the transverse ridge is underlain
by a relatively normal oceanic crust with velocities and gradients typical for oceanic
layers 2 and 3, with a seismic Moho shoaling northward beneath the southern wall
of the transform valley; in contrast, the crust beneath the fracture zone valley has
an anomalous seismic structure with a crust generally thinner than normal oceanic
crust, a seismic layer 3 almost absent, and seismic velocities lower than normal; (2)
the second target focused on imaging the internal structure of the limestone cap at the
summit of the transverse ridge andmapping its lateral extent to constrain themagnitude
of subsidence, to determine whether the transverse ridge tilted north-to-south during
subsidence and whether the transverse ridge subsided as a whole or as several separate
blocks.

To address these goals, two different source configurations were used: during the
surveywithin the fracture zone valley (Figs. 13, 31), a sound source was usedwith four
strings of 8 guns (total capacity of ~ 60 l) placed at depth of 6 m and 11 m apart. The
distance between shots was 50 m, allowing a fold of 30; whereas, during the survey
on the summit of the transverse ridge (Fig. 12), we used a sound source composed
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Fig. 31 Pre-stack finite-difference time migration of seismic line VEMA-05 M acquired during the deep
penetration experiment of cruise VEMA-92. a Seismic section. b Instantaneous amplitude. Sesmic line
location is shown in Fig. 8b

by two strings of 8 and 6 guns (total capacity of 22.78 l) placed at depth of 3 m and
11 m apart. The distance between shots was 25 m, allowing a coverage of 6000%.
Working pressure was 140 bars. The receiving streamer was placed at a depth 8–10 m
and employed 120 channels spaced 25 m apart with a total active length of 3000 m.
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Fig. 32 Pre-stack finite-difference depth migration of high resolution seismic line VEMA-08 M acquired
during cruise VEMA-98. a Seismic section. b Instantaneous amplitude. Sesmic line location is shown in
Fig. 8b

High-resolution multichannel seismic reflection data were collected during cruise
VEMA98 in the Spring of 1998 (Fig. 32). We used as seismic source an array of two
GI–guns (SERCEL) towed at a depth of 6 m and operating in harmonic mode at a
pressure of 140 bar. Each gun has a capacity of 105 in3 for the generator chamber, as
well as for the injector. The receiving streamer (TELEDYNE) employed 24 channels
(with 20 hydrophones each), spaced 25mapart. The nearest channelwas located 150m
from the seismic source. The distance between shots was 50 m, allowing a coverage
of 600%. Positioning and gun synchronization for each shot station was activated
by the NAVMAP navigation software [209, 210], connected to a GI–gun controller
system. Single channel lines were run at a speed of 7–8 knots using as seismic source
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a modified Bolt air gun and a high-speed-towing single-channel streamer designed by
the Russian geophysical team of GIN (Moscow).

Thermal structure

A large fraction of the oceanic crust is generated by melting of upwelling mantle
beneath spreading centers. Plate divergence and the formation of new lithosphere
along oceanic spreading centers involve a variety of complex and interrelated pro-
cesses: asthenospheric mantle flow beneath spreading centers; partial melting of the
upwelling mantle and segregation of partial melt from the deforming solid matrix;
emplacement and solidification of melt to create the oceanic crust; and cooling of
the crust and mantle, away from ridge axis, to form the oceanic lithosphere. These
processes are controlled mainly by the thermal state of the lithosphere beneath mid
ocean ridges, which is strongly influenced by the relative velocity between spreading
plates, and by major discontinuities at the ridge axis, such as transform faults. The
long-term components of the mantle Bouguer anomaly provide an estimate of the
thermal structure underlying the Vema ridge–transform–ridge system.

Mantle Bouguer anomaly

The contributions to the gravity field of variations in crustal thickness or crustal and
upper mantle density anomalies have been calculated removing the predictable sig-
nals produced by density contrast between water and rock at the seafloor, and by
density variations associated with the temperature field. The gravity anomalies due to
topography, sediments and crust have been computed from the gridded bathymetry
and sediment thickness (Fig. 8a) by a FFT technique based on Parker’s [211] method
that uses a series expansion of the Fourier transformed powers of the given surface to
represent the Fourier transform of the gravity anomaly. The Bouguer correction was
obtained by replacing the water layer (density of 1040 kg/m3), sediments (density of
1900 kg/m3) and a 5 km constant-thickness crust (density of 2690 kg/m3) limited by
and parallel to the top of the basement topography, with a layer of mantle material
(density of 3330 kg/m3). The first nine terms of the series expansion were retained in
our calculation to account for the non-linear gravitational attraction of the large topo-
graphic relief in this region. The spatial resolution of the bathymetry grid (Fig. 8a) is
accurate enough to perform upward continuation also in the shallowest portion of the
Vema transverse ridge (depth range ~ 500 m).

The bathymetric grid was mirrored to avoid edge effects introduced by the implicit
periodic assumption of the FFT routine. The crustal interface attraction predicted
values, computed at bathymetry grid points, were interpolated onto the trackline posi-
tions and onto combined ship-satellite gravity grid points, then subtracted from the
corresponding free air anomalies. The new values were then regridded at 0.5 km to
obtain the complete mantle Bouguer anomaly (MBA). The zero level is arbitrary and
corresponds to the center of the range in anomaly amplitudes. The calculated Mantle
Bouguer anomaly shows a prominent negative circular zone centered on the EMAR
segment (Fig. 33a), consistent with the “bull’s eye” MBA pattern detected elsewhere
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Fig. 33 Gravity analysis results of the Vema transform region. a Mantle Bouguer anomaly. b Predicted
gravity anomalies due to density variations caused by the computed mantle thermal structure. c Residual
anomaly. d Inferred crustal thickness
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along the MAR [212, 213], reflecting thicker crust at the segment’s center. The MBA
increases with age of the seafloor due to changes in mantle density induced by cooling
of the lithosphere.

Residual Mantle Bouguer anomaly and crustal thickness

Assuming that compositional variations are negligible, the contribution of upper man-
tle density variations to local gravity can be inferred from the mantle temperature
field. The temperature field has been calculated by the steady-state advection–diffu-
sion equation:

κ∇2T � vs · ∇T + vs · α ẑ, (7)

where κ � mantle thermal diffusivity, 8.04 10–7 m2/s; vs � solid mantle velocity
vector; α � adiabatic temperature gradient, 0.0003 °C/m and z � unit vector along
z-axis. Mantle temperatures, through the 3D domain of mantle flow calculations, have
been computed by the over-relaxation upwind finite-difference method described in
Morgan and Forsyth [115], using a variable grid spacing (512 × 256 × 101) with
the highest grid resolution (1 km) in proximity of the plate boundaries. Temperature
solutionswere foundassumingconstant temperatures of 0 °Cat the surface and1350 °C
at 100 km depth. We considered a steady-state mantle flow induced by motion of
overlying rigid plates in an incompressible, homogeneous, isoviscous mantle beneath
a ridge–transform–ridge plate boundary geometry (offset of 310 km) and spreading
rate (13.7 mm/year) that duplicates the Vema transform (Fig. 34). We modeled the
corner flow induced by seafloor spreading in a computational frame 1024 × 512 km

Fig. 34 Mantle flow model geometries and boundary conditions. An incompressible and isoviscous mantle
flowswithin the half-space bymotion of overlying rigid platesmoving apart with a velocity of 13.6mm/year.
Plate boundaries duplicate theVema ridge–transform–ridge geometry and the base of rigid plates is assumed
to correspond to the depth of the 750 °C isotherm. It represents the upper boundary layer in our plate
thickening passive mantle flow model. It was obtained iteratively solving each time the mantle temperature
field, starting froma constant-thickness plate-flowmodel. The computed thickness of theAfrican lithosphere
at the EMARS ridge–transform intersection is ~ 35 km
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wide and 100 km deep (1 × 1 km spaced grid points for each 1 km depth increment)
adopting the model of plates that thicken away from the ridge [116]. The length of
256 km chosen for the western ridge axis, greater than the real length, was adopted
to evaluate how far the transform effect extends along axis, avoiding numerical edge
effects. We solved for the steady-state three-dimensional passive mantle flows via a
Fourier pseudo-spectral technique [214].

The predicted thermalmantle contribution (TGMA) to the gravity fieldwas obtained
stacking the gravity signals from all the horizontal layers defined by the finite-
difference grid (Fig. 33b). The gravity signal �gi from each layer was computed
converting the temperature field into density variations by a thermal expansion coeffi-
cient, then converted into the gravity signal observed at sea level employing the FFT
technique:

F{�gi (x, y, z0)} � −2πGe−kz0
(
ekzi − ekzi−1

)
F{ρ(x, y, zi )}/k, (8)

where z is positive upward, z0 � 100 km is the surface of observations, zi and zi-1 are

top and bottom depths of the ith layer, k �
√
k2x + k2y with kx and ky wavenumbers,

ρ(x, y, zi ) � ρM{1 − α[T (x, y, zi−1) + T (x, y, zi )/2]} (9)

is the horizontal density distribution, ρM is mantle density at 0 °C and α is the thermal
expansion coefficient.A thermal expansion coefficient of 3.25 10–5 °C−1 was chosen to
match theMBA, into a least-square sense, along a flowline from themiddle of theVema
southern ridge segment (Fig. 35). The TMGA is then subtracted from theMBA to cre-
ate the residual anomalies (RMBA). The computed residualmantleBouguer anomalies
(Fig. 33c) were downward continued to a depth of 9 km to detect crustal thickness vari-
ations (Fig. 33d). The main problem with downward continuation method of potential

Fig. 35 Mantle thermal expansion coefficient. MBA (thick solid line) obtained stacking fifteen MBA lines
(2 km apart each) around the flowline B–B′ (shown in Fig. 8a) from the middle of the Vema southern ridge
segment; and predicted TGMA profiles (black dashed lines) for different thermal expansion coefficient
values
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fields is the well-known inherent instability of the transformation defined by the down-
ward continuation frequency response operator. This implies control and stabilization
of amplitudes of high frequencies in the transformed field thorough high-cut filtering.
The chosen high-cut value (wavelengths shorter than 12 km were cut-off) is the mini-
mum to avoid anomalous enhancement of high-frequency amplitudes to infer crustal
thickness variations.

Assuming the computed thermal model correct, the RMBA should be caused only
by lateral variations in crustal thickness or density. The lateral density variations of the
oceanic crust may be considered negligible; therefore, the residual anomalies would
reflect the topography of the top of the lithospheric mantle. The range of the residual
gravity anomaly has been reduced to ~ 60 mGal from the ~ 120 mGal of the Bouguer
anomaly and from ~ 270 mGal of the anomaly in free air. Therefore, more than 75%
of the power of the free air anomaly has been predicted simply from knowledge of
the thermal structure of the mantle, from the bathymetry and from the thickness of the
sediments.

The axial valley of the eastern ridge segment is characterized by amaximumresidual
anomaly value at its center which decreases towards the nodal basin, indicating a
reduction in crustal thickness towards the ridge–transform intersection, as shown by
the refraction seismic surveys carried out in the western intersection [207]. A large
positive anomaly area oriented W–E dominates the transverse ridge and the southern
portion of the transform valley up to 42° W, indicating thinned crust. The maximum
of the anomaly does not correspond perfectly with the crest of the transverse ridge,
but is slightly shifted towards North. In the proximity of the western ridge–transform
intersection, positive values are found on both sides of the transform valley rather than
in its central part, as we would expect if the deeper part of the valley was in isostatic
equilibrium and the variations in crustal thicknesswere responsible for the topography.
The trend of the anomalies indicates that thin crust is present along both sides of
the transform valley with a relative thickening towards the PTDZ. Higher crustal
thickness along the center of the valley may be related to fracturing and circulation of
hydrothermal fluids with consequent serpentinization of the peridotites (serpentinites
have densities similar to those of the oceanic crust). Crustal thinning is not uniform
along the fracture zone and is maximum at the highest part of the transverse ridge, just
below the carbonate paleo-platform, suggesting that the horizontal surface marking
the base of the carbonates is erosive and that a good part of the basaltic crust has been
removed down to the dyke complex. The major residual anomalies lie west of the
active transform domain and therefore cannot be related to a dynamic support of the
transverse ridge caused by transform dynamics [215], but rather support a hypothesis
of flexural formation of the transverse ridge [44].

An across-axis-averaged RMBA profile obtained stacking 5MBA lines (2 km apart
each) around the flowline from the mid-point of the Vema southern ridge segment
(Fig. 9) shows: (1) a long-range steady increase of crustal thickness from ~ 20-Myr-
old crust to present; (2) 3–4 Myr long oscillations of crustal thickness, superimposed
on the steady thickening. Each oscillation in the RMBA signal can be interpreted as
reflecting a gradual increase of crustal thickness for ~ 3–4 Myr, followed by a rapid
decrease (Fig. 14).
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Crustal thickening patterns may be unconstrained when using RMBA techniques
to resolve long-wavelength crustal thickness variations across-axis because of uncer-
tainties in the assumed mantle thermal expansion value and in determining mantle
densities due to mantle compositional differences, and to pressure and temperature
variations [216]. Given that a long-term trend of increasing crustal production is clear
in the geochemical data, we chose to be as conservative as possible in determining
the mantle thermal structure beneath the Vema ridge–transform system in gravity data
processing. In fact, assuming steady-state spreading at the lowest rate (the present
spreading rate) implies that the thermal gravity contribution far away from the ridge is
over-predicted. Consequently, the RMBA variation is under-determined (because it is
obtained by subtracting the thermal gravity signal from the MBA). Therefore, crustal
thickness far away from the ridge axis has been over-estimated. In the young part
of the section, having neglected hydrothermal cooling close to ridge axis, the ther-
mal gravity signal has been under-predicted and crustal thickness under-estimated.
Therefore, if we were to take into account these two effects, the observed trend of
increasing crustal thickness toward ridge axis would be enhanced. Figure 36 shows
MBA, thermal gravity and RMBA profiles obtained combining the steady-state tem-
perature fields obtained at the higher spreading rate (17.2 mm/year) from 25 to 10Ma,
and at the lower rate (13.6 mm/year) from 10 to 0 Ma.

It is remarkable that the temporal variations of crustal thickness shown by the
RMBA correlate with the variations in the mantle’s degree of melting inferred from
the peridotites, provided the crustal thickness pattern is shifted eastward by ~ 34 km
along the VLS (Fig. 14).

Refine the thermal structure with numerical models

Mantle upwelling at theVema transform fault has been alsomodeled by finite elements
as a passive process due to divergent plate kinematics at the ridge–transform–ridge
plate boundary. Corner flow is driven by half spreading rates Vhsr and, as the plates
steadily move apart, thermal cooling affects both the mantle and the lithosphere so that
plates thicken along the transform fault, which represents a thermal boundary [116,
160, 214, 217, 218]. We also refer to the approximation used by Shen and Forsyth
[117], who solved a passive velocity field, adopting a temperature-dependent mantle
viscosity as the plates cool and become rigid. This variable viscosity is chosen as
ηT � 1019 − 1024 Pa s. Relative plate motion is used [219] assuming half spreading
velocities (Vhsr) of 15 mm/year with the plates moving away from fixed ridge axes.

If the lithosphere and themantle can be treated as fluids with high viscosity, then the
inertial term of the Navier–Stokes equations can be neglected [220], and a generalized
Stokes problem can be adopted under the Boussinesq approximation to compute the
velocity and pressure fields in a steady-state regime:

{−∇ p + ∇ · [
ηT(∇v + ∇v)T

] � −ρTg
∇ · v � 0,

(10)
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Fig. 36 Spreading rate dependence on residual mantle Bouguer anomaly. MBA, thermal gravity and RMBA
profiles obtained assuming higher spreading rate from 25 to 10 Ma and at a lower rate from 10 to 0 Ma.
aMBA (blue thick solid line) obtained stacking 15 MBA lines (2 km apart each) around the flowline B–B′
in Fig. 8a, and thermal gravity profiles predicted by a steady-state temperature field calculated assuming a
constant spreading rate of 13.7mm/year (black thick dashed line) and by a combination of temperature fields
obtained by the higher spreading rate (17.2 mm/year) from 25 to 10 Ma and by the lower (13.6 mm/year)
from 10 to 0 Ma (red thick solid line). b RMBA obtained subtracting the two thermal signals from MBA in
a. Regression lines and 95% confidence intervals are indicated

where v is the velocity, p is the pressure, g is the gravity acceleration, ηT and ρT
are the temperature-dependent mantle viscosity and density, respectively. The tem-
perature dependent mantle density is defined as in Eq. (9). Moreover, using the
Frank-Kamenetskii approximation and methods proposed by McKenzie [221] and
Solomatov [222], the temperature-dependent viscosity is defined as follow:

η � A′ exp
(

−C
T

TM

)
, (11)

where A′ � 1024 and C � 11.5129, as provided by Moresi et al. [223] to obtain a
mantle viscosity of 1024 for T � 0 and of 1019 for T � TM (temperatures at the top
and at the bottom of the model box, respectively).

123



Generation and evolution of the oceanic lithosphere in the North Atlantic

Thermal effects are coupled considering that the temperature field T is diffused and
advected by the transport field v in a steady-state regime:

ρMCp(v · ∇)T � ∇ · (k ∇T ), (12)

where Cp is the specific heat capacity and k is the thermal conductivity.
Model setup is shown in Fig. 37. We used a L × W × H domain, where L, W

and H are length, width and height respectively (Table 1), and ridge locations are
chosen far from the edges of the domain to avoid edge effects [171]. In particular,
for the Stokes problem we have: spreading velocities Vhsr at the top boundaries; a
normal stress at the bottom; a normal velocity profile at lateral boundaries (i.e., left
and right); free slip at back and front boundaries (Fig. 37). As for the thermal effects
we impose: temperatures T0 and TM at the top and the bottom; a zero thermal flux
on the lateral boundaries (i.e., left and right); thermal insulation at back and front
boundaries (Fig. 37). All values of model parameters are reported in Table 1.

In addition, we use here methods proposed by Chen [99] to evaluate the shear stress
and the shear heating due to friction along the transform fault. The heat flow (Qsh)

Table 1 Model and physical parameters

Parameter Description Value Units

L Domain length 1000 km

W Domain width 400 km

H Domain height 150 km

Vhsr Half spreading rate 15 mm year−1

ρM Mantle density 3300 kg m−3

η Variable mantle viscosity 1019–1024 Pa s

g Gravity acceleration 9.81 ms−2

Cp Mantle heat capacity 3.3 Wm−1 K−1

α Thermal expansion coefficient 3.25 × 10−5 K−1

T0 Surface temperature 0 °C

TM Mantle temperature 1350 °C

C Cohesion 0–60 MPa

μ Friction coefficient 0.6–0.85 –

λ Pore fluid pressure ratio 0.3 –

ǫ˙ Average strain rate 1.0 × 10−13 s−1

a Constant 1.79 × 10−6 –

b Constant 6.25 × 104 –

c Constant 4250 –

d Constant 3.9 × 10−3 –

e Constant 27.1 –
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generated by friction along the transform fault plane is defined as follows:

Qsh � 2Vhrsτ (13)

where Vhsr is half spreading rate and τ is the shear stress due to the brittle and plastic
zone. The shear stress (τ 1) due to brittle zone is defined as:

τ1 � C + μ(1 − λ)ρTgz (14)

where C is the cohesion, μ is the friction coefficient, λ is the pore fluid pressure ratio
and z is the depth. The shear stress (τ 2) due to the plastic zone is defined as:

{
τ2 � [

aε̇ exp
( b
T

)] 1
3 ∀τ2 ≤ 100MPa

τ2 � c
[
1 − d

√
(e − ln ε̇)T

] ∀τ2 > 100MPa
, (15)

where ε̇ is the average strain rate, T is the temperature field, and a, b, c, d, and e are
constants (Table 1). Shear stress and heat flow computed along the Vema transform
fault are shown in Fig. 38, where they both reach a maximum value at a depth of 20 km
corresponding to 328 MPa and 0.32 W m−2, respectively.

We evaluate the contribution of shear heating along the Vema transform fault by
integrating the quantity Qsh into the thermal governing equation, as follows:

ρMCp(v · ∇)T + Qsh � ∇ · (k ∇T ). (16)

Weassume that themaximumvalue for shear heating is along themain displacement
fault zone of the Vema transform, then we impose a linear decrease to zero for the

Fig. 37 Model setup of the Vema ridge–transform–ridge system for finite elements modeling. We used a
1000 × 400 × 150 km domain. Boundary conditions for the Stokes problem are: spreading velocities Vhsr
at the top boundaries; a normal stress at the bottom; a normal velocity profile at lateral boundaries (i.e., left
and right); free slip at back and front boundaries. Concerning the thermal effects, boundary conditions are:
temperatures T0 and TM at the top and the bottom; a zero thermal flux on the lateral boundaries (i.e., left
and right); thermal insulation at back and front boundaries. Figure not in scale
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Fig. 38 Shear heating due to friction at different locations along the Vema transform fault: x � 0, x � 50,
x � 100 and x � 150 km, being x � 0 km the transform center and x � 150 km the eastern ridge segment.
a Shear stress. b Shear heating. Note that they reach their maximum value at a depth of 20 km (328 MPa
and 0.32 W m−2, respectively)

Fig. 39 Vertical cross section of mantle temperatures along the fault plane of the Vema transform. a Model
without friction. b Model includes friction
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heat flux within a 1 km width on either side of the fault plane. Since we include shear
heating, we use an iterative procedure to find a stablemantle thermal structure solution.

Mantle thermal structure with no friction along the Vema fault plane is reported
in Fig. 39a. Isotherms rise beneath the ridge axes, whereas they stay deeper beneath
the transform center. With the inclusion of friction (Fig. 39b), the thermal structure
at Vema maintains the same geometry, with the exception of a general decrease of
the isotherm depth. We notice that the maximum shear stress is detected at a depth of
20 km, as well as the maximum shear heating (Fig. 38a), hence we evaluate mantle
thermal structure along the plane z � − 20 km (Fig. 40).

Temperatures with no friction (Fig. 40a) show a surface location beneath ridge
segments, whereas the isotherm 700 °C is observed in the transform center. On the
contrary, temperatures with friction (Fig. 40b) continue to show a surface location
beneath ridge segments, but, in this case, the 800 zC isotherm is detected in the trans-
form center. A comparison between the hypocenters from the Global CMT database
(www.globalcmt.org) and the computed temperature field without and with friction is
reported in Fig. 41. Figure 41a shows location and kinematics of the main recorded
seismic events, whereas Fig. 40b displays a comparison between the two thermal solu-
tions (i.e., without and with friction) together with the earthquake ipocenter depths.

Fig. 40 Horizontal cross section of the Vemamantle thermal structure at a depth z of 20 km. aModel without
friction. bModel includes friction
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Fig. 41 Earthquake depths and isotherms distribution along the Vema transform fault plane. a Epicenters and
focal plane solutions of themain recorded earthquakes from theGlobalCMTdatabase (www.globalcmt.org).
b Comparison between earthquake depths and isotherms from the two thermal models, i.e., without friction
(black thin lines) and with friction (red thin lines). The 600 °C and 1200 °C isotherms are highlighted by
thicker solid lines. At the transform center they reach a depth of 16 and 46 kmwhen friction is absent (black
lines), while they rise at a depth of of 12 and 43 km when friction is included in the thermal model (red
thick line)

The 600 °C and 1200 °C isotherms are highlighted, reaching at the center of the trans-
form a depth of 16 and 46 km in the no friction model and a depth of 12 and 43 km in
the model with friction.
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Appendix 2: Gravity data leveling and adjustment

Error analysis allows to split the ship free air gravity anomaly into:

�gs � �g0 + δg(t) + �s, (17)

where �g0 represents the gravity signal, δg(t) indicates the long-wavelength compo-
nent due to the systematic error and � is the random error. The satellite gravity “red”
spectrum results from the spectrum of sea-surface gravity further convolved with
smoothing filters used to interpolate the vertical deflection data. Thus, the altimetry
gravity signal can be represented by a low-pass filtered version of �g0:

�ga � hl ∗ �g0 + �a, (18)

where hl is the low-pass filter impulse response and the symbol * implies convolution.
The difference between ship and satellite gravity produces, at each observation point,
an error equation as:

(19)

�gs − �ga � �g0 + δg(t) − hl ∗ �g0 + �

⇒ �gs − �ga − (�g0 − hl ∗ �g0) � δg(t) + �.

The high-frequency contents (�g0 − hl ∗ �g0) can be assumed negligible after
low-pass filtering signals on both side of Eq. (19). Based on coherency analysis, we
chose a wavelength cut-off λc of 80 km. Moreover, by introducing the difference of
two observations at intersecting ship tracks we can define an additional error equation
as:

�gls − �gks � δgl (tl ) − δgk(tk) + �lk . (20)

where �gls − �gks is the discrepancy at the cross-over point between the lth and kth
surveying lines navigated at times tl and tk , respectively. The error Eqs. (19) and (20)
can be combined and expressed in matrix notation as follows:

b � Ax + e, (21)

where b ∈ �m is the discrepancy vector; A ∈ �mxn is the coefficient matrix, x ∈ �n

is the unknown parameter vector of error model and e represents the vector of random
error. The problem considered here is to estimate the vector x and the precision of
the estimate. Let A+ � (ATA)−1AT be the pseudoinverse of A. Then the vector
x̂ � A+c � x + A+e is an unbiased, linear estimate of x. Of all such estimates x̂
has minimum variance and is called a least-squares estimate because it minimizes
‖b − Ax‖22. The residual vector r � b−Ax̂ is independent of x̂ and E(‖r‖22) � (m −
n)σ 2, consequently the estimate variance V(x) � σ̂ 2(ATA)−1 can be used to evaluate
the precision of x̂,where σ̂ 2 � ‖r‖22/(m−n). The singular-value decomposition (SVD)
is a powerful technique to find the vector that minimizes the least-square residual for
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an overdetermined problem as in Eq. (21). The pseudoinverse A+ can be evaluated
through the singular-value decomposition of A:

A+ � VS−1UT, (22)

whereU ∈ Rm×n andV ∈ Rm×n are orthogonal matrices and S ∈ Rm×n is a diagonal
matrix with diagonal elements sj [224], where j � 1,…,min(m,n).

Let us look at how an error in the measurements eb results in an error in the fit ex:

x + ex � VS−1UT(b + eb). (23)

Since this is a linear equation, these random variables are related by:

ex � VS−1UTeb. (24)

The variance of one component of ex, assuming measurement errors uncorrelated
random variable with a fixed variance σ 2

b is then:

σ 2
x,i � σ 2

b

n∑
j�1

v2i j/s j . (25)

If we are given appropriate weighting schemes by positive-definite matricesWb ∈
Rm×n and Wx ∈ Rm×n the Eq. (21) can be converted to:

Dy � c, (26)

where

D � WbAWx , y � W−1
x x and c � Wbb. (27)

A pseudoinverse solution of Eq. (26) yields

ŷ � D+c or x̂ � WxD+Wbb (28)

The solution defined by Eq. (28) is the unique solution that minimizes ‖r‖wb�√
rTW2

br and ‖x‖wb�
√
xTW2

xx where r � b − Ax [225]. The pseudoinverse D+

in Eq. (27) has been calculated through the singular-value decomposition of D. The
diagonal elements of Wb, referred as weights of the observations, have been assigned
using as the criterion the normalized sum of squares of misties with other lines [226].
A weight is computed for each surveying line, as

wl � Kl/

Kl∑
k�1

[
�glk

]2
, (29)
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where �glk denote the kth cross-over error of lth line and Kl is the number of inter-
sections of lth line with other lines. The weights of each observation in Eq. (19) have
been assigned as follows

Wbi � wI L/mI

L∑
l�1

wl for each i ∈ I , (30)

where mI is the number of points of the Ith line and L is the total number of profiles.
The weights in Eq. (20) have been assigned by a linear combination of the weights of
lines i and j and computed as

Wb � (
wi + w j

)
L/

L∑
l�1

wl . (31)

Since it is impossible to know the magnitude of true errors before adjustment,
we used a posteriori estimates to determine the weights of the model parameters by
singular-value decomposition of matrix A. In this case Wx is diagonal with elements
scaling the unknown parameters inversely, as errors in measurements affect errors in
parameters.Wx has no effect for well-constrained solutions; however, it does tend to
improve numerical stability [225]. The weight of model parameter xi can be computed
by

Wxi � σ 2
0 /σ 2

x,i , (32)

with σ 2
0 being the covariance of random errors and corresponding to the unit weight

(taken to be 1) and σ 2
x,i as defined in Eq. (25). The statistical significance of adjustment

efficiency is measured by the F statistic which compares the sum of square deviation
in compensation with the sum of residual square deviation [196]. The statistic variable
is

F � Q1(m − n − 1)/(nQ2), (33)

where n is the number of parameters; m is the number of observed discrepancies;
Q1 � ∑

(d̂k − d̄)2 is the sum of square deviation in compensation; Q2 � ∑
(dk − d̂k)2

is the sum of residual square deviation; dk are the discrepancies before adjustment;
d̄ � ∑

dk/m and d̂k are the corresponding compensation values of systematic errors.
It has been found that the best compensation efficiency is given by the error model of
Eq. (5) corresponding to N � 1 and M � 1.
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