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INTRODUCTION

The Vema Fracture Zone (VFZ) is the northern-

SUMMARY

We carried out in January-March 1998 a geological-geopbysical cruise
to the Vema Fracture zone that offsets by 320 km the Mid Atlantic
Ridge in the central Atlantic. This expedition (S19) was part of PRI-
MAR (Russian-ltalian Mid Atlantic Ridge Project). The field work
aimed at obtaining geophysical and petrological data from a promi-
nent transverse ridge that runs on the southern side of the transform
valley and constitutes a major topographic anomaly relative to the
depth/square root of age relationship. Previous work had shown that
a relatively undisturbed section of oceanic lithospbere is exposed on
the northern side of the transverse ridge for roughly 270 km along a
seafloor spreading flow line. Given an average spreading half rate of
16 mm /y, this length corresponds to over 16 My. One of the objectives
of our expedition was to sample at close-spaced (~ 5 km) horizontal
intervals the mantle ultramafic basal unit, in order to detect temporal
variations of mantle composition and of accretion processes at ridge
axis. Preliminary observations on ultramafic rock samples obtained
at 35 sites suggest strong temporal variations of mantle structure and
composition. Multichannel seismic reflection profiles were carried out
in order to understand the processes that uplifted the transverse ridge
and exposed the sliver of oceanic lithosphere. Magnetometric proliles
were made to better constrain spreading rates.
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place the Mid Atlantic Ridge (MAR) in the equa-
torial region (Fig. 1). These fracture zones are
characterized by long offsets, slow slip rates and

most of a set of major transform faults that dis-
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Fig. 1 - Free air satellite gravity anomaly map (Sandwell and Smith, 1997) of the Central Atlantic Ocean and Vema fracture zone.

Figure 1. .

rugged bathymetry, with deep transform valleys
flanked by prominent transverse ridges. The Vema
VFZ is located at a latitude of 10:50’ N and off-
sets by 320 km the MAR. The transform valley, 15
to 22 km wide, trends mostly E-W and displays a
flat floor on the north-facing wall of the VTR at

longitude of 42:42’ W, (Auzende et all[1989).

This section includes from bottom to top:
1) upper mantle peridotites (~ 1lkm thick), 2)
lower crustal gabbros (~ 500m thick), 3) sheeted
dike complex (~1 km thick), and 4) upper basalt
layer (200-800 n[igfzhdick). Geophysical experiments
Robb & Kand ) - —]

; 1980;
ILouden et all [1986; Potts et all [1986) and mor-
phobathymetric data (Kastens et all[1998) suggest
that the exposed sliver of oceanic lithosphere ex-
tends continuously on the VTR for over 270 km
along a seafloor spreading flow-line. Assuming an
average half spreading rate of 16 mm/y for the
last 30 My (Cande et all [1988) this uplifted sec-
tion corresponds to over 16.8 My. Therefore, the
VTR gives us the opportunity to explore temporal
variations of processes of accretion of the oceanic
lithosphere such as composition, thermal proper-
ties and processes of melt extraction and injec-
tion in a slow spreading ridge. Determining tem-
poral variations of ridge activity, as recorded in
the structure and composition of the upper man-

tle rocks of different ages, was the main target
of cruise S19. Accordingly, we carried out close-
spaced rock sampling along the base of the VTR
north-facing wall, where ultramafic rocks were ex-
pected. We also carried out seismic reflection pro-
files in order to detect variations of the thick-
ness of the basaltic layer. These variations might
be related to alternating cycles of magmatic and
amagmatic accretion at the MAR. Seismic reflec-
tion profiles were collected to analyze transform-
related tectonic deformations across the principal
displacement zone of the Vema transform valley.
We also obtained magnetometric data in order to
determine spreading rates and ages of the oceanic
crust along the Vema FZ.

2 METHODS AND
INSTRUMENTATION

NAVIGATION AND POSITIONING
SYSTEM

The ship’s position was determined by means of
a Trimble 4000AX GPS receiver, with an accu-
racy of + 25 m, An integrated positioning system
was employed during the cruise: the R/V Strakhov
main navigation system, NAVOS, interfaced with
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Fig. 2 - Contour map (each 200 m) of the Vema fracture zone bathymetry (data compiled from French and Italian surveys). The major morphostructural elements
are indicated. MAR: Mid Atlantic Ridge; PTDZ: principal transform displacement zone; nb: nodal basin; avz: axial volcanic zone. Geophysical profiles Vema-15 S
and Vema-07M discussed in the text are indicated. Dashed lines indicate seismic reflection profiles acquired during S19 and previous cruises of the PRIMAR

project.

Figure 2. .

GPS, gyro and echo doppler, during the petrolog-
ical sampling, in conjunction with a multibeam
echosounder.

Multibeam morphobathymetry

Although the investigated area was, for the most
part, already covered by multibeam data, we em-
ployed the on-board multibeam system to fill the
gaps and to drive dredging operations. The multi-
beam system installed on the R/V Strakhov is
an HOLLMING ECHOS 625, consisting of 15
(12.5 kHz) beams covering a swath of seafloor
roughly 2/3 of the water depth in width. Multi-
beam data obtained during LDEO cruise EW93U5
(Kastens et all [1998) with a Hydrosweep (Atlas-
Krupp) system, were filtered and processed at
IGM-CNR. The resulting detailed morphobathy-
metric maps of the Vema area were used during
cruise S19.

Dredging

Dredging was performed hy standard methods
with a 10 tons hydraulic winch and steel wire, 17
to 12 mm in diameter. Dredges were made of iron
barrels 2 cm thick, 70 cm in diameter and 1.4 m in
length.

Multi-and single channel seismic reflection

Multichannel seismic reflection data were obtained
using as seismic source an array of two G.I. guns
(Sodera) towed at a depth of 6 m. Each gun has a
capacity of 105 in® for the generator chamber, as
well as for the injector; they operated at a pres-
sure of 2000-3000 PS1 in harmonic mode, The re-
ceiving streamer (Teledyne) employed 24 channels

(with 20 hydrophones each), spaced 25 m apart.
The nearest channel was located 150 m 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 ac-
tivated by the navigation software, NAVMAP, con-
nected to GI gun controller system
). Single channel lines were run at a speed
of 7-8 knots using as seismic source a modified
Bolt air gun and a high speed, towing single chan-
nel streamer designed by the Russian geophysical
team of GIN (Moscow).

Magnetic

The Vema FZ is located close to the magnetic
equator, causing the magnetic anomalies to be very
weak relative to ambient noise. Corrections for di-
urnal variations are important in this area because
they reach the same order of magnitude as the sea-
bottom anomalies. We deployed one magnetome-
ter based on the Overhauser effect, at a distance of
230 m from the GPS antenna. All magnetic pro-
files are located south of the Vema transform in
the S.American plate. The data sampling was per-
formed at rate of 6 sec by the navigation system.

The initial processing of magnetic data
showed that the the use of a single transducer con-
figuration did not hamper the usefulness of the
data. Fig. 5 shows part of magnetic profile VEMA-
15 S, low-cut filtered (wavelength > 6 hours, as
an attempt to correct diurnal variations), after
IGRF-95 removal, compared with its synthetic
profile obtained by forward modeling based on
[Cande & Kentl (1995) time scale, assuming 1 km
magnetized layer. We note a general agreement be-
tween the two curves for a spreading rate at 15.5
mm/y, averaged over the last 5 Ma.
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Fig. 3 - Shaded relief map of the Vema transverse ridge (VTR) multibeam bathymetry (illumination from 70°).
These data, acquired by an Hydrosweep multibeam system during cruise EW9305, are gridded here at 100m steps.
Location of the dredging sites during cruise S-19 are indicated. a, VTR western sector; b, VTR eastern sector and

location of Nautile profiles in Fig. 4.

Figure 3. .

3 MAJOR STRUCTURAL ELEMENTS
OF THE VEMA FRACTURE ZONE

The Vema FZ is a rigth-lateral slow-slipping trans-
form fault which displace the North America and
African plates at 32 mm/y full rate

[1988). The Vema offsets the MAR axis by 320 km
(Fig. 1), causing a maximum lithospheric age con-
trast across the transform fault of about 20 My
at the RTI. The transform fault is located in an
approximately E-W trending tranform valley. The
valley is 25-40 km wide as defined by the crests
of the northern and southern walls, while the val-
ley floor (defined by 5000 m contour) is 15-20
km wide (Fig. 2). The transform valley floor is
covered by up to 1.5 km thick turbidites trans-
ported from the Amazon cone (IM] [1970;
Perch-Nielsen et al![1977). The transform valley is
bounded by 2-4 km high E-W walls. The southern
wall is also the northern side of a major transverse
ridge (VITR) (Fig. 2) more than 270 km long and
up to 4.5 km high relative to the valley floor.

Seismic reflection data give evidence of a
narrow (j 2 km wide) zone of deformation in
the turbidite deposits of the transform val-
ley (Eittreim & Ewing[1977; Kastens et all[1986).
The disturbed zone has been interpreted as the
active trace of the transform fault, or a principal
transform displacement zone (PTDZ) (Fig. 2).

The transform valley, near the eastern RTT is
divided into a northern and a southern trough by
a median ridge (Fig. 2 ), which rises up to 1200

m above the valley floor. Seismic data show no
active tectonics in the northern trough, but give
evidence of at least 800m of undisturbed layered
sediments, probably turbidites
l@) In contrast, the southern trough is tecton-
ically active, relatively free of sediment (less than
2 m) and covered by pillow basalt and sheet flow
(Macdonald et all[1986). Moving west the median
ridge becomes buried by sediments; however, be-
tween 41:55’W and 41:45’W, it sticks out above the
sediments by about 500m (Vema mound) (Fig. 2).
It is approximately 8 km wide and 18 km long.
There is no evidence that the Vema mound has
undergone recent vertical tectonics. The northern
side of the Vema mound was dredged and the
following lithologies were recovered: gabbros and
metagabbros 55%; serpentinized peridotites 25%;
volcanoclastic 15%; basalt 5% (E. Bonatti, unpub-
lished data).

At the Vema eastern RTT the MAR axial val-
ley is covered by fresh and glassy pillow lavas
(Macdonald et all [1986). The axial neovolcanic
zone extends into the nodal basin splitting it in
two smaller subsidiary basins (Fig. 2). Two other
fossil neovolcanic zones lie east and west of the
nodal basin; they have a sediment cover (10-20
cm) and abundant fresh talus on their flanks, in-
dicating that their constructional morphology has
been affected by fault activity and mass wasting

(Macdonald et all[1986). Submersible observations
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Fig. 4 - Topographic profiles of the VTR in correspondence of the Nautile dives (Auzende et al., 1989). For
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Fig. 5 - a, solid line: observed magnetic anomaly profile of Vema-15S (located in Fig. 2); dashed line: synthetic
magnetic anomaly profile based on Cande and Kent (1995) time scale; b, 2D geological model assuming an oceanic
magnetized layer 1 km thick and variable spreading rates. The best fitting between observed and synthetic anomalies
is obtained with the following spreading rates: 15.5 mm/y (from 0 to 0.9 Ma, Chron 1) and 14.5 mm/y (from 0.9 to 1.7
Ma, Chron 1); 16.0 mm/y (from 1.7 to 2.5 Ma, Chron 2); 21.5 mm/y (from 2.5 to 3.5 Ma, Chron 2A); 12.0 mm/y (from

3.5 to 5.3 Ma, Chron 3).

Figure 6. .

confirm that nodal deep is sediment-free and cov-
ered by fresh pillow basalt flows.

Morphology and lithology of the southern
Vema transverse ridge The multibeam bathymetry,
acquired by the R/V Ewing during cruise EW9305
LDEO (Kastens et al! 11998), gives a detailed im-
age of the VTR morphology (Fig. 3a and b). The
VTR develops 140 km west of the RTT. Ocean floor
morphology between the VIR and the eastern RTI
is characterized by abyssal hills, which rise, bend-
ing few hun- dred meters, toward the fracture zone.
The VTR abruptly shoal from 3400 m to 2000 m
below sea level through a sharp N-S wall, probably
fault controlled. The VIR extends for over 270 km
that correspond to 16.8 My (from 6.8 Ma to 23.6
Ma) assuming an averaged half spreading rate of
16 mm/y (Cande et alll198R).

The morphology ofthe VTR is not homoge-
nous (Fig. 3a and b). N-S cross sections are mostly
asymmetric, with a steeper northern side and a
gentler southern side; however, some portions of
the VTR are nearly symmetric. The northern side
shows generally a bench or terrace along the mid-
dle part of the scarp. The upper slope ofthe VTR
is cut by gullies and canyons and is steeper (>20°)
than the lower slope (< 2°). Fan shaped deposits,
probably resulting from mass wasting and gravi-
tative instability are observed at the base of both

the northern and southern slopes, particularly on
the western, presumibly older part of the VTR.

The western end of the VIR (Fig. 3a) has
the shallowest summit, cresting at 450 m below
sea level, Here the transverse ridge is capped by
a ~ 500m thick shallow water limestone platform
(Bonatti et alll1983; ?; ?7; [Kastens et alll1998). To
the east (~ 100 km) another ~ 80m thick car-
bonate platform has been found on the VTR crest
between 1000-1200 m below sea level (Fig, 3a)
(?Kastens et all[1998).

Rocks dredged from the VTR include sam-
ples from all the the lithologies that char-
acterize major units of the oceanic crust
(Bonatti & Honnorez [1971; IMelson & Thompson
1971; Bonatti & Honnore 11976; [Honnorez et al.
1984). Nevertheless, the stratigraphic relationships
among the different units exposed on the north-
ern side of thc VIR were determined only after
direct observation and sampling with the Nautile
submersible (Auzende et alll1989). Two dive tran-
sects (Fig. 4), 5 km apart, located around 42:41’
W, revealed the exposure of a complete sequence of
oceanic lithosphere, consisting from bottom to top:
mantle derived ultramafics, gabbros, dyke com-
plex, basaltic upper crust.

Mantle derived ultramafics: serpentinized
peridotites (1 km in thickness). The outcrops
are massive or in part tectonically disrupted and



brecciated. Most of the rocks have porphyro-
clastic texture, some are mylonitic. Peridotites
are highly serpentinized but contain relicts of
olivine, orthopyroxene, clinopyroxene and spine],
suggesting P-T equilibration under spine| peri-
dotite facies. Some samples contain amphiboles
(Cannat & Seyler 1995).

Gabbros: are generally massive and predomi-
nantly Fe- and Ti- rich, Their thickness is about
500 m.

Dyke complex: it outcrops almost continu-
ously for a thickness of 700-1100 m, interrupted
only by a few sub-horizontal or chaotic lava flows.
The dykes are vertical and they are oriented par-
allel to the strike of the present MAR axis.

Basaltic upper crust: it consists of brecciated
rather altered basalt (thickness of up to 800m).

One the objectives of cruise S19 was to sample
at close horizontal intervals the lower, ultramafic
unit exposed on the northern side of the VFR, as
described in the next section.

3.1 Rock sampling during cruise S19:
lateral variation of the ultramafic
rocks composition

From the lower part of the northern scarp of the
VTR thirty five dredge stations were carried out.
They were spaced about 3 nautical miles apart
along a sea floor spreading flow line, with the
main goal of recording temporal variations in up-
per mantle composition. Sampling was done both
west and east of the Nautile sections, i.e., west of
42:50'W and east of 42:30°'W (Fig. 3a and b).

The western area include a set of 22 dredge
stations, located between 43:35'W and 42:52’W, a
stretch of 87 km equivalent to a time intewal of 3.9
My (from |Cande & Kent (1995) time scale).

The eastern area included a set of 13 dredge
stations, carried out between 42:36° W and 42:08’
W, a stretch of 55 km corresponding to 2.5 My
(from (Cande & Kent (1995) time scale).

A shipboard description of the dredge hauls is
reported in Tab. 1.

Serpentinized peridotites are the main rock
type recovered at all sites deeper than 4000 m.
They make up about 60% (by weight) of the to-
tal material recovered from all sites. Othet com-
mon lithotypes are gabbros (10%), dolerites (10%),
basalts (5%), limestones and breccias (15%). FE-
Mn films and crusts often cover the different litho-
types.

A preliminary decsription of the samples sug-
gests systematic lateral variations in the struc-
ture and composition of the ultramafic unit ex-
posed on the VTR. Some domains of the VTR
basal unit are dominated by relatively undeformed
porphyroclastic peridotites. In the other domains
strongly deformed, mylonitic peridotites prevail,
frequently containing amphiboles. These differ-
ent domains reflect probably different processes
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of lithosphere emplacement (”magmatic” accretion
versus “amagmatic” extension) at ridge axis at
different times. In addition preliminary electron
probe analysis of mantle equilibrated relict min-
erals (olivine, opx, cpx, and spinel) suggest varia-
tions in composition that may reflect variable de-
grees of depletion.

These preliminary data confirm our assump-
tions that the VTR will release important infor-
mation on the temporal variations of processes of
formation of the oceanic lithosphere at the axis
of the Mid Atlantic Ridge. Analytical work is in
progress with the aim of achieving this task.

3.2 Seismic reflection profiles acquired in
S19 cruise: the image of VTR and
PTDZ tectonics

Four N-S seismic reflection profiles were acquired
across the Vema transform to investigate the struc-
tural style of the VTR and PTDZ (Fig. 2). Our
seismic lines were ex- tended to a roughly E-W
oriented scarp, which runs 65 km south of the
Vema trans- form. This stmcture named (”Lema”
FZ (Kastens et all 1998) is markedly asymmet-
ric and probably marks a former transform plate
boundary. We will describe the major features ob-
served along one of these seismic sections (Vema-
07M, for location see Fig. 2) that runs S-N within
the S. American plate, from the Lema FZ to the
Vema transform valley. A seismic image of Lema
FZ is visible between shot 200 and shot 750 (Fig.
6a): the north-facing flank bounds a small sedi-
mentary basin. The basin infilling appears to be
undisturbed, and onlapping the fault scarp and
the oceanic crust. The sea floor to the south of
this structure (the hanging-wall) lies about 1000
m above the oceanic crust on the northern side
(foot-wall). Moving northward (from shot 800 to
shot 1300, Fig. 6b) a series of mounds are present.
They may represent sedimentary deposits derived
from slope instability along the southern wall of
VTR. The complex geometry of the reflections, the
chaotic seismic faeies and scoop-shaped reflectors
suggest that slumpings and/or mega-slumpings
may have occurred on the southern wall of VTR.
The VTR rises between shot 1300 and 1750 (Fig.
6¢) reaching here a minimum depth of about 1500
m below the sea level. The northern flank is ter-
raced with a major slope break at shot 1590.
The seismic profile shows, between shots 1410 and
1490, a southward dipping reflector; it could rep-
resent the base of basaltic layer 2a. The middle
scarp terrace represents the top of the gabbro se-
quence (Auzende et alll1989). Rugged topography
is present at the base of VTR slope, suggesting ac-
tive phenomena of gravity instability along low an-
gle detachment surfaces. These deposits pass lat-
erally to the Vema valley sedimentary sequence,
between shot 1850 and shot 2250 (Fig. 6d). The
transform valley infilling shows fine layering, al-
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ternated by regularly spaced stronger reflectors,
Tectonic deformation is concentrated in a 4 km
wide sector at the transform valley center (Fig. 6d)
where the PTDZ is located. Here evidence of com-
pressive deformations can be observed throughout
the sediment column down to the valley basement.
The median ridge is visible buried below 0.5 sec of
sediments.

4 CONCLUSIONS

1 The presence of a prominent transverse ridge is
typical of several fracture zone ( i.e., Romanche
FZ, Kane FZ, etc.). A number of factors may
have contributed to their formation. These
factors, as discussed in details by several

authors (Bonatti [1978; [Bonatti & Crand [1982;

include thermal rejuvenation of old lithosphere
near the RTI, frictional shear heating along the
transform, lithospheric flexure due to thermal
stresses, nonlinear viscoelastic deformation
of the lithosphere, hydration/dehydration
reaction of upper mantle rocks near the trans-
form igneous activity and transform-related
transpression transtension. Compressional or
extensional stresses, due to reorientation of the
transform fault and ridge axis following changes
in the direction of the plate motions, are able to
build up corrugation or flexural uplifted blocks,
respectively, with vertical motions comparable
to those observed in transverse ridges

2 The Vema transverse ridge is unique in so far
as it exposes a nearly undisturbed and complete
section of oceanic lithosphere with lateral con-

tinuity, it gives us the opportunity to study the
signature of temporal and spatial variations in
the activity of a slow spreading ridge such as
MAR. Following this main objective we sam-
pled ultramafic rocks, at sites 5 km apart, along
a 143 km long stretch of VTR northern wall,
in a depth range of 4300-5000 m. The VTR
can be interpreted as a continuous sector of
oceanic lithosphere, but characterized by sub-
domains coherent in lithology. Preliminary ob-
servations on these samples show systematic lat-
eral variations in the structure and composition
of the upper mantle, caused probably by tem-
poral variations in the processes of accretion
at ridge axis. Some intervals are made preva-
lently by coarse-grained, porphyroclastic peri-
dotites, while in other intervals strongly de-
formed, mylonitic peridotites are prevalent. In
addition, amphibole-rich ultramafics are com-
mon in some intervals.

3 Slide and slumping deposits are visible at the
base of the southern scarp of the VIR (Fig. 6).
Slope instability probably contributes, in this
area, to the symmetric profile of the VTR. The
seismic reflection data reveal the presence of two
listric slide planes at the base of the northern
wall of VTR. The origin of the mid-scarp ter-
race on the northern side of the VTR is proba-
bly related to selective erosion between massive
or slightly tectonized gabbros and the dyke com-
plex. There is no evidence of tectonic control on
the terrace.

4 The PTDZ has been subjected to recent com-
pressional movements.

5 The sedimentary rocks sampled along the lower
VTR scarp are mostly products of the physi-
cal and chemical disgregation of the transverse
ridge rock units. The upper VTR slope (Fig
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Fig. 6 - Vema-07M time mi-
grated section. The on-board
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hers;-brute stacking;-velocity
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ted section of «Lema» fractu-
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tion of chaotic facies at the
base of the VTR southern
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of Vema transverse ridge. The
dredged lithologies are repor-
ted; d, time migrated section
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3a e 3b) is a typical young active slope (>20°)
where intense mass wasting has occurred. It is
cut by scoop-shaped scarps leading to a distinct
gully and canyon topography. These gullies and
canyons cut into the basalt and dyke complex
unit, channeling debris transport downslope to-
ward a gentler slope (<20°). At the base of these
slopes or where the terrace is present, the gully
and canyon network leads to coalescing debris
fans. The sedimentary samples that we collected
at various locations along the VTR include sed-
imentary breccias, sandstones and limestones:
their matrix is rich of pelagic components such
as foraminifera that will allow age determina-
tions.

W eare very grateful to the Captain Leonid
Sazonov, to the officers and crew of the R/V
A.N. Strakhov for their skill and coopera-
tion in the field work. We are also grate-
ful to P.Dall’Olio, G.Gallerani, V. Landuzzi,
V.Landuzzi, M.Marani and M.Mengoli, who in
various capacities helped make the field work
possible. Contribution N. 1154 of the Istituto
per la Geologia MArina del CNR.
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