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Abstract

We present a study of the magnetic properties of a group of basalt samples from the Saldanha Massif (Mid-Atlantic Ridge — MAR — 36° 33/
54" N, 33° 26’ W), and we set out to interpret these properties in the tectono-magmatic framework of this sector of the MAR. Most samples
have low magnetic anisotropy and magnetic minerals of single domain grain size, typical of rapid cooling. The thermomagnetic study mostly
shows two different susceptibility peaks. The high temperature peak is related to mineralogical alteration due to heating. The low temperature
peak shows a distinction between three different stages of low temperature oxidation: the presence of titanomagnetite, titanomagnetite and
titanomaghemite, and exclusively of titanomaghemite. Based on established empirical relationships between Curie temperature and degree of
oxidation, the latter is tentatively deduced for all samples. Finally, swath bathymetry and sidescan sonar data combined with dive observations
show that the Saldanha Massif is located over an exposed section of upper mantle rocks interpreted to be the result of detachment tecton-
ics. Basalt samples inside the detachment zone often have higher than expected oxidation rates; this effect can be explained by the higher

permeability caused by the detachment fault activity.

Introduction

The Mid-Atlantic Ridge (MAR) south of the Azores
Triple Junction has been extensively studied in recent
years through the FARA (French American Ridge At-
lantic) program, and by several international research
programs focused on hydrothermal research, includ-
ing MARFLUX/ATJ (Bougaultet al., 1996, 1998) and
AMORES (Fouquet et al., 1997). The non-transform
offset (NTO) between the AMAR and FAMOUS seg-
ments (see Figure 1 for location) was mapped during
the FARA-SIGMA cruise in 1991 by EM12 swath ba-
thymetry (Needham et al., 1992), and hydrothermal
activity in the water column was first detected during
the FAZAR cruise in 1992 (Langmuir et al., 1993;
Klinkhammer et al., 1992, Charlou et al., 1993). These
data were later confirmed by dynamic hydrocasts dur-
ing the HEAT cruise (German et al. 1996; Bougault
et al., 1998).

The FLAME cruise (German et al., 1998) contin-
ued geochemical exploration and three dives with the
NAUTILE submersible were made along the floor of

the NTO during the FLORES cruise (Fouquet et al.,
1997). These dives failed to detect a discrete hydro-
thermal plume source, but provided the first geological
exploration of the seafloor and confirmed that CHy
anomalies were derived from upper mantle rocks.

In 1998, the SALDANHA cruise on N/O Nadir
(Barriga et al., 1999), conducted a series of
five NAUTILE dives on the eastern sector of the
FAMOUS-AMAR NTO over a dome structure, there-
after designated as the Saldanha Massif. This cruise
enabled geological exploration and confirmation that
the seafloor in the dome and its vicinity is composed
of serpentinites. Additionally, the expedition identified
a small area 50 x 50 m wide, where weak, diffuse
discharges of clear, gas-bearing fluid were observed.
During the submersible exploration, seafloor rocks
were systematically sampled, and relevant tectonic
and structural information was acquired.

In this work we present a study of 30 basalt
blocks (see Figure 2 for sample locations) collected
on dives from the FLORES and SALDANHA cruises,
and we use their magnetic properties to character-
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Figure 1. Shaded bathymetric map of the FAMOUS-AMAR non-transform offset. Illumination from the west. Dashed white box corresponds
to the area shown in Figures 3 and 4, where a 20 x 20 m bathymetric grid was produced. Wiggles (thick black lines) are sea-surface anomalies
plotted along ship tracks (thin black lines) resulting from the merging of SudAzores (Cannat et al., 1999) and SIGMA cruise (Needham et al.,
1992), with positive anomalies to the north and negative to the south. Wiggle scale 2500nT/cm. X — Y, location of the topographic profile
presented in Figure 14C). Inset: Location of the study area in the North Atlantic. Black star signals the FAMOUS-AMAR discontinuity. EU,

NA and AF are respectively Eurasian, North-American and African plates.

ize the tectono-magmatic processes that affected the
genesis of the Saldanha Massif. We discuss the im-
plications of this data for the observed geological
and morphostructural characteristics of the Saldanha
Massif.

Cartographic sources of information used in this
work consist of two E-W TOBI (Towed Ocean Bottom
Instrument) tracks made during the HEAT cruise (Ger-
man et al., 1996) that were used to produce 231 km? of
imagery of the study area, with 6 m pixel size and 256
levels of backscatter. Another source of morphological
information comes from the high-resolution bathymet-
ric survey made during the FLORES cruise (Fouquet
et al., 1997). This survey allowed the computation of a
20 m resolution bathymetric grid, which was coupled
with the TOBI data to provide a more detailed picture
of the Saldanha’s morphology and geology. Outside
this area a lower resolution bathymetric grid (100 x
100 m) was used, obtained from the SIGMA (Need-
ham et al., 1992) and SUD-AZORES (Cannat et al.,
1999) cruises. Seafloor geology observations were re-

trieved from three dives from the FLORES cruise and
all of the dives from the SALDANHA cruise in the
area.

Geological Setting

The study area lies within a second order NTO zone
that separates the AMAR spreading segment to the
south from the FAMOUS segment to the north. The
NTO is characterized by a series of cross-cutting dis-
continuous faults that define an oblique en-echelon
pattern. The fault systems within the NTO strike E-
W, NNW-SSE and E-W (Gracia et al., 2000; Parson
et al., 2000). In the non-transform area, two main
structures can be recognized: the first is a narrow fea-
ture, trending 025°, and defining the eastern flank of
the AMAR segment, designated as FAMMAR ridge
by Bougault et al. (1998). The second is the subject of
this study, the Saldanha Massif. Ship-borne magnetic
profiles (Figure 1), crossing the FAMMAR ridge, dis-
play consistently high positive amplitudes suggesting
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Figure 2. Saldanha Massif bathymetric map with sample and dive locations. Contour interval is 50 m.

a volcanic origin for this ridge. Over the Saldanha
Massif, a clear decrease in amplitude is observed in
the magnetic profile, which is attributed to cropping
out of serpentinized mantle.

Bathymetric expression of the FAMOUS valley
western wall is still traceable within the FAMOUS-
AMAR NTO domain up to 36°30° N parallel.
Here it terminates against shallower AMAR-generated
abyssal hill topography. In plan view the FAMOUS
western wall displays a structure with NNE-SSW sec-
tions alternating with others oriented in a WNW-ESE
direction which correspond to areas of depressed ba-

thymetry. The Saldanha Massif is located north of one
of these intersections (Figure 1).

The Saldanha Massif is a 100 m high (between
—2300 m and —2200 m deep) semi-circular dome that
is slightly elongated in the NNE-SSW direction. Its
eastern flank extends towards the FAMOUS spreading
segment to a water depth of —3200 m. The Massif
itself lies in a 32 km? area of smooth topography, de-
tached from the FAMOUS segment western wall, with
slopes dipping from 010° to 020°. Detailed analysis of
the dome structure from TOBI and high resolution ba-
thymetric images (Figures 3, 4 and 14) reveal that this
surface is disrupted by high angle normal faults strik-
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Figure 4. TOBI Sidescan sonar data. Dive tracks are also shown for reference. Note the acoustic signature of depression AA, and the WNW-ESE
lineations on the top and eastern flank of the massif.



ing NE-SW, sub-parallel to the dome’s major axis. The
dome surface presents a series of low amplitude steps
and ridges (Figures 3 and 4), striking approximately E-
W to WNW-ESE. These structures are clearly defined
on the dome, and become gradually less traceable to-
wards the northern flank. Nevertheless they seem to
be confined to the area where serpentinized mantle
outcrops are documented from dive observations.

The geographical limits of this exposed mantle
section can also be tentatively constrained from
morpho-structural data. The western limit is delin-
eated by a sharp NNW-SSE trending linear depression
70 to 150 m deep (AA in Figures 3, 4, and 14). This
depression is interpreted in TOBI images from two
aligned segments with a dull acoustic tone, probably
due to a high degree of sedimentation. To the east,
abundant serpentinite outcrops were observed from
dives S7 and S9 at —2900 m water depth, and hence
in the vicinity of the FAMOUS valley axis. In the
FAMOUS valley floor adjacent to this domain, TOBI
images show predominantly volcanic textures (hum-
mocks, seamounts and flows), together with minor
faulting and fissuring (Parson et al., 2000), suggest-
ing that the transition between mantle outcrops and
crust generated by seafloor spreading should be loc-
ated around the —3100 m isobath. The northern limit
of the Massif is unclear. It should probably be set
at the intersection between the AA depression with a
series of E-W elongated basins, showing a left-lateral
en-echelon pattern at the base of the northern NTO
edge (Figure 1). South of the Saldanha Massif, the
limit should be located near the 36°32’ N parallel (Fig-
ure 15), at the tip of the AA depression. Here the relief
steepens and a set of NNE-SSW faults is observed.

Geology from dives

Diving was used both to study the spatial distribution
of lithologies and to describe the nature of the E-W
lineations in the sonar images on the dome.

Despite the high reflectivity that can be ob-
served on the TOBI imagery, submersible observa-
tions showed high degrees of sedimentation cover
(generally between 80% and 100%), the only observed
exceptions being the base of NE-SW high angle fault
scarps, which are covered with fresh talus deposits
suggesting a more recent genesis for these structures.
Scattered exposures were composed not of in situ out-
crops but rather of talus deposits of varying types. The
succession of lithotypes observed during dives over
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the Saldanha Massif does not correspond to a typical
layout of oceanic crust.

In Figure 5, we present three geological cross-
sections from dives inside (S11 and S9) and outside
(F11) the Massif. We generalize the observations over
the Saldanha Massif flanks using two major units:
serpentinite-dominated tectonic breccias and volcanic-
dominated tectonic breccias. The latter are composed
of volcanic breccias, pillow lavas and massive lava
fragments. We should emphasize, however, that the
definition of these units is mainly based on the ana-
lysis of samples retrieved from the seafloor and thus
subject to biasing in the sampling process, because of
the compositional heterogeneity of outcrops and the
degree of pelagic sedimentation. Other lithologies can
therefore be present but not sampled.

The upper surface of the Saldanha Massif was
intensively covered by dives that found a highly het-
erogeneous tectonic mélange, with metagabbros, pil-
low fragments and volcanic breccias, serpentinites and
talc-bearing serpentinites, affected heterogeneously
by metasomatic processes, and indurated sediment.

The SE flank, surveyed during dives S7 and S9
(Figure 5), displays serpentinite breccias at the base
of the slope (~—2900 m). At —2700 m a sharp trans-
ition to a series of highly brecciated, reworked and
oxidized, basaltic blocks was documented on dive S9.
About 600 m further upslope, serpentinites again be-
come the dominant lithotype, frequently occurring in
ridges along isobaths. In the sub-parallel S7 dive track
at the same water depth interval only serpentinites
were sampled. Between —2550 m and —2440 m water
depth (Figure 5) basaltic dikes were observed in both
dives S7 and S9. Their relation with underlying ser-
pentinites is not clear and we are unable to distinguish
them as upper crustal volcanic feeders. From 2440 m
water depth to the top of the Massif at 2200 m wa-
ter depth, the main lithologies are oxidized volcanic
breccias, sometimes in scattered blocks, and minor
fragmented pillow basalts.

Dive S11 (Figure 4) performed an E-W transect
to the top of the Saldanha Massif. Unlike dives S7
and S9, the base of the dive, between —2700 m
and —2400 m water depth, is composed of volcanic-
dominated tectonic breccia. Outcrops of serpentinites
are documented at higher levels, between —2300 m
and the top of the Massif. Confirming the somewhat
random occurrence of different lithologies, it should
be pointed out that dive F12, following a track located
very near dive S11, sampled metagabbros, whereas
S11 did not yield any occurrence of this lithology.
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Figure 5. Schematic geologic cross sections obtained from representative dives with sample locations along each dive track.




Dive S10 provided a N-S transect from —2360 m
water depth up to the top of the Massif. Despite almost
100% sediment cover during the dive all the rocks
sampled in the first 600 m of the dive track are talc-
bearing serpentinites, confirming the assessment that
mantle rocks are not confined to the dome itself and
crop out in a broader area.

To evaluate the structural significance of depres-
sion AA we used data provided by dives F11 (Fig-
ure 5) and S6. Dive F11 dive was performed west of
depression AA. All the observed outcrops are volcanic
in nature, and represent dominantly lava facies. Little
tectonization is observed, and the style of outcropping
suggests that these volcanic units are in situ. The end
of dive F11 is made over depression AA, and confirms
a high degree of sedimentation. Dive S6 displayed a
drastic change in the seafloor geology prior and sub-
sequent to depression AA. The beginning of dive S6
revealed geology similar to that seen during dive F11.
However, as the dive track crossed depression AA, the
outcropping style became dominated by the same het-
erogeneous volcanic and serpentinite-dominated tec-
tonic breccias observed in the other dives over the
Massif. These observations strongly suggest that de-
pression AA is a significant tectonic boundary, which
separates a crustal domain to the west from the ser-
pentinized mantle outcrops of the Saldanha Massif to
the east.

Finally, Dive F13 was used to study the southern
limit of the Saldanha Massif. Dive F13 followed a
path from the nodal deep at the end of the FAMOUS
segment, westward over the valley wall into a series
of NNE-SSW abyssal hills associated with the AMAR
segment. This dive documented in-sifu volcanic mater-
ial that was less sedimented, and no ultramafics were
reported.

Anisotropy of Magnetic Susceptibility (AMS)
Study

From the SALDANHA and FLORES dives we were
able to recover a group of 30 basalt blocks from
the Saldanha Massif and surrounding area, obtain-
ing a total of 60 drilled cylindrical samples (2.5 cm
in diameter by 2.1 cm high), which were used for
rock-magnetism studies.

Most samples have bulk susceptibilities ranging
from 2 x 1073 to 10 x 1073 SI. A single group of ana-
lyses, from sample S9-13, displays slightly higher val-
ues, ranging from 10x 1073 to 20 x 10~ SI (Figure 6).
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Jelinek’s (1981) diagram for all basalt samples (Fig-
ure 7) shows that the values of P’ (corrected degree
of anisotropy) are very low, less than 1.015, and that
the susceptibility ellipsoid has no preferential shape.
The only exception once again is found in sample S9-
13, where P’ reaches 1.03-1.045 with a well-defined
oblate shape of the susceptibility ellipsoid.

The magnetic fabric was studied for all recovered
basalts of sufficient size to allow drilling of standard
samples in the laboratory. Samples were oriented with
respect to an imaginary axis, fixed to each sample, and
their AMS measured with a KLY-2 Kappabridge.

Only oriented samples from sample S9-13 showed
significant magnetic fabric, with the maximum and in-
termediate axes distributed along a great circle, and
very well clustered minimum axis (Figure 8). No other
samples show any coherent magnetic fabric.

To determine whether the lack of coherent mag-
netic fabric is the consequence of measurement uncer-
tainty or actual incoherence, in Figure 9 we present the
size of the 95% confidence interval for the principal
axes of all samples (Jelinek, 1977). Samples with P’
values lower than 1.015 exhibit large confidence inter-
vals, particularly for the lowest anisotropies, while S9-
13 samples have low measurement uncertainty values.
However, for at least some of the samples, the meas-
urement uncertainty appears insufficient to explain the
lack of a coherent magnetic fabric. In contrast to lava
flows, which mostly show relatively regular magnetic
fabric (see for example Canon-Tapia et al., 1995),
Saldanha Massif basalts have no coherent AMS, prob-
ably indicating fast cooling without well organized
flowing.

Magnetic Mineralogy

The compositional variability of magnetic minerals
included in basalts depends mainly on magma com-
position, magmatic gas composition, cooling rate and
subsequent chemical interactions with the environ-
ment, in particular the effects of seawater circulation.
The main magnetic carrier for submarine basalts is
usually the Fe-Ti oxide titanomagnetite. The chem-
ical equation of titanomagnetites can be represented as
Fe3_TixO4, where x is a parameter varying between
0 and 1, characterizing the molar proportion of Ti**+
(x=1 corresponds to ulvospinel and x =0 to mag-
netite). Recent work (e.g., Xu et al., 1997a, b; Zhou
et al., 1997, 2000, 2001) has used high-resolution
electron microscopy to identify the composition and



306
1.05

¢ BASALT 89-13

- & ALL OTHER BASALTS A
> 1.04
2] L 2
kS| ]
0
g
5 1.03 1 o o
[0)]
0 ]
o
J0)
O 1.02
e
2
8 E
£ o oo o
C 1.01- o & o
o N: 8% 3%
8&%‘% o
1.00 S SR 2D N — :
1000 10000

K - Magnetic Susceptibility (1O'GSI)

Figure 6. Magnetic susceptibility K versus corrected degree of anisotropy P’ P’ = exp \/2[(n1 —nm)? + (ny — nm)? + (n3 — ny)?], where
n; = In Kj, Kj being the principal susceptibility values K| > Ky > K3 and Ky, the geometric mean of the principal susceptibility values). The
five samples that display higher values of susceptibility and anisotropy belong to sample S-09-13.

1.0 ” .

0.8 - *

1 % *
0.6 -
1 00

o 0.4
g ] <><> © ©
g 024 &0 (O]
o 1 o
S 0040 T
© ]
2 024 8, <8
g0 o0, o
D044 B o

-0.6 4

.o <
08l1°8 °s & BASALT 59-13
o o & ALL OTHER BASALTS
-1.0 v T v T v T v T T
1.00 1.01 1.02 1.03 1.04 1.05

P' - Corrected Degree of Anisotropy

Figure 7. Jelinek’s (1981) diagram: Corrected Degree of Anisotropy (P’) versus Shape Parameter (T = [2(ny — n3)/(ny — )] — 1).

magnetic mineralogy and to

ation effects in oceanic basalts. Zhou et al. (2000)
classified two distinct groups from the point of view of
magnetic mineralogy. The first group is characterized
by larger grains, displaying an average composition

better understand oxid-

x=0.6 within a narrow range (x between 0.55 and
0.69) and corresponds to the interior of pillow lavas
(i.e., >3 cm from the pillow rim); these results are
similar to those already determined by Irving (1970),
Johnson and Hall (1978), Peterson et al. (1979) and



Figure 8. Stereographic projection in the lower hemisphere dis-
playing the magnetic fabric of the S9-13 basalt sample: maximum
(square), intermediate (triangle) and minimum (circle) susceptibility
axes for each sample (open symbols) and for the mean tensor (filled
symbols) with the associated 95% confidence intervals. N indicates
an imaginary North for the sample.

Smith-Daignieres (1984). The second group is char-
acterized by tiny grains embedded within quenched
interstitial glass, with a compositional variation that
ranges across almost all the solid solution spectrum,
with an average molar Ti** value of x = 0.45.

Titanomagnetites from oceanic basalts undergo
to a low-temperature oxidation process known as
maghemitization. This process is characterized by
the diffusion of Fe’t ions to the surface of
the crystal, resulting in the cation-deficient spinel
titanomaghemite (Dunlop and Ozdemir, 1997):
Fefz+ 22 /3)Fefl+_z)m(Z /3)03_, where z is the oxidation
parameter varying between 0 and 1, and [ indicates a
lattice vacancy. The processes associated with oceanic
basalt oxidation are very complex and can develop on
different scales, mainly related to the permeability of
the oceanic crust on the regional or local scale, poros-
ity of the rocks (Alt et al., 1986; Honnorez et al.,
1996), and oxygen fugacity and granularity (Gallagher
et al., 1968). The rate at which oxidation develops
is different for the two groups of magnetic minerals
already mentioned. While large grains tend to oxid-
ize gradually with age, tiny grains tend to preserve
their original properties as long as the interstitial glass
remains (Zhou et al., 1999).
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Magnetic grain size distribution

The grain size distribution of magnetic minerals was
studied in 30 samples of basalts with hysteresis
loop measurements, using a translation inductometer
within an electromagnet. The analysis of hysteresis
parameters (Day et al., 1977; Dunlop, 1986a, 1986b)
reveals predominantly single domain grain size (SD
in Figure 10), typical of basalts with rapid cooling,
emplaced in oceanic conditions. The only exception to
this result is found for sample S9-13, which is charac-
terized by higher coercive ratio values (H/H.), cor-
responding to pseudo-single domain grain size (PSD
in Figure 10).

Thermomagnetic curves

Peaks of susceptibility on thermomagnetic curves
(magnetic susceptibility in low field K as a function
of temperature) can be related to the Hopkinson ef-
fect (due to superparamagnetic behavior of magnetic
grains close to the Curie point) or to mineralogical
alteration. A similarly steep decrease of susceptibility
indicates Curie temperature as well as mineralogical
alteration. The occurrence of mineralogical alteration
is shown by the difference between heating and cool-
ing curves. Curie temperatures (T.) are determined
from the inflection point of the curve (Chevallier and
Pierre, 1932). Thermomagnetic curves for 30 basalt
samples were studied in an argon controlled atmo-
sphere, up to a maximum temperature of 700 °C.
Partial curves with lower maximum temperature were
made in order to reveal possible mineralogical altera-
tions by irreversible curves.

Complex shapes characterize the thermomagnetic
cycles from the Saldanha samples (Figure 11), sug-
gesting the presence of several magnetic phases. Par-
tial loops reveal that none of the curves are reversible
after heating to 300 to 400 °C, indicating mineralo-
gical alterations. The second susceptibility peak that
occurs during heating at higher temperatures corres-
ponds to the formation of new minerals with higher
magnetic susceptibility. This behavior is interpreted
as the result of titanomaghemite (original magnetic
phase) instability caused by heating, with inversion to
a multiphase intergrowth, such as magnetite, ilmen-
ite and other minerals (Readman and O’Reilly, 1972;
Ozdemir, 1987). In the following discussion, only the
temperature window corresponding to the reversible
portion of the curve will be considered.

Based on the shape of the thermomagnetic curves,
the cycles have been separated into three main groups
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(Table 1). Group I corresponds to those samples that
preserve their original magnetic phase after heating
(Figure 11; e.g., sample F11-1). In this case, the
same Hopkinson effect was observed on the heating
and cooling curves, but there are also mineralogical
alterations at high temperature. Unlike titanomag-
netite, titanomaghemite should alter to other minerals
for temperatures much lower than 600 °C. Because
700 °C was the maximum temperature reached before
cooling started, the presence of a Hopkinson effect
during cooling is interpreted as being related to the
original titanomagnetite.

Group II is characterized by the presence of two
magnetic phases, which we interpret as titanomag-
netite and titanomaghemite. In this case, a Hopkinson
effect was observed on both the heating and the cool-
ing curves, but with a different shape and sometimes
corresponding to slightly different temperatures (Fig-
ure 11; e.g., sample S11-8). The Hopkinson peak
on the heating curve is sometimes very large, per-
haps indicating the presence of two distinct magnetic
phases.

Group III does not display a Hopkinson effect
on the cooling curve. The mineral responsible for
the Hopkinson effect on the heating curve therefore

completely disappears during heating to 700 °C (Fig-
ure 11; e.g., sample S11-9). This is interpreted as the
expression of inversion of titanomaghemite to other
minerals. The T, for Group I is therefore related to
titanomagnetite and for Group III to titanomaghemite.
The samples that correspond to Group II display a
mixture of these two magnetic phases. It is therefore
not possible to determine which mineral is chiefly
responsible for the measured Curie temperature.

An exception is observed for sample S9-13. The
thermomagnetic cycle of this sample displays a sim-
ilar shape on the heating and cooling curves, although
for different magnetic susceptibility amplitudes (Fig-
ure 11). The different amplitudes could be related to
an atomic reorganization of the crystalline structure,
which may increase magnetic susceptibility values
during cooling without magnetic mineralogical trans-
formations (Bina, 1990). The rapid decrease of k
values that starts at ~ 560 °C with an inflection at
572 °C, is in agreement with the Curie temperat-
ure of magnetite (O’Reilly, 1984). In both curves,
a peak in magnetic susceptibility values is observed
for temperatures near 280 °C. This thermomagnetic
characteristic is consistent with the presence of titano-
magnetite, as this characteristic is maintained after the
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Table 1. Some magnetic properties of basalt samples. Group (see text); Tc — Curie temper-
ature (°C); z — oxidation degree determined for a composition parameter of x=0.6 (Dunlop
and Ozdemir, 1997); NRMy, — Natural Remanent Magnetization (1073 Amszg); NRMy —
Natural Remanent Magnetization (A/m); P-A, Pseudo-age (Ma).

Basalts  Lat. (°) Long (°) Group Tc Z NRM;; NRM, P-A
S6-1 N36.535 W33.446 10 261  0.16 3.7 10.1 0.6
S6-3 N36.547 W33.439 III 338 040 2.1 5.8 1.1
S6-4 N36.554 W33.434 1II 255 0.15 09 2.4 0.5
S6-8 N36.562 W33.435 1II 287 023 2.1 5.7 0.7
S7-12 N36.555 W33.433 1l 318 033 4.1 10.9 0.9
S7-14 N36.559 W33.437 1l 303 0.28 4.4 12.0 0.8
S9-10 N36.541 W33.423 1II 235 011 25 6.9 0.5
S9-13 N36.550 W33.423 572 0.02 0.06

S9-15 N36.551 W33.424 1II 356 047 4.5 12.6 1.3
S9-16 N36.553 W33.427 10 258 0.16 1.4 39 0.6
S9-18 N36.556 W33.432 11 214 007 1.8 54 0.4
S10-9 N36.562 W33.435 1l 330 037 1.8 43 1.0
S11-1 N36.564 W33.404 1II 248  0.13 1.2 3.1 0.5
S11-2 N36.565 W33.410 1I 184 0.02 26 6.6 0.4
S11-5 N36.564 W33.439 1l 330 037 19 5.1 1.0
S11-8 N36.563 W33.441 1I 196 0.04 34 9.0 0.4
S11-9 N36.564 W33.442 1II 216 0.07 4.8 13.2 0.4
F11-1 N36.523 W33.448 1 170 =0 1.9 4.9 ~0
F11-2 N36.583 W33.448 1 97 ~ 2.4 6.9 ~0
F11-3 N36.539 W33.45 1T 229  0.09 3.1 7.4 0.5
F11-8 N36.540 W33.460 11 236 0.11 82 22.2 0.5
F11-10 N36.554 W33.451 1 215 0.07 1.4 3.8 0.4
F12-2 N36.563 W33.404 11 321 034 3.2 8.7 0.9
F12-15 N36.559 W33.435 1l 309 030 26 7.1 0.8
F12-16 N36.562 W33.431 11 235  0.11 4.5 11.8 0.5
F13-2 N36.498 W33419 1 174 =~ 2.1 5.7 ~0
F13-3 N36.498 W33.428 1l 250 0.14 4.1 11.0 0.5
F13-5 N36.497 W33.433 1l 291 024 3.1 8.5 0.7
F13-7 N36.493 W33.438 11 199 0.04 6.7 18.1 0.4

maximum temperature of 700 °C. Although two mag-
netic phases coexist, the magnetic phase of magnetite
dominates the magnetic behavior because the variation
related to titanomagnetite is weak when compared to
the rapid decrease in magnetic susceptibility observed
for temperatures higher than 560 °C.

Determination of oxidation degree

The low-temperature oxidation of titanomagnetite to
titanomaghemite in oceanic basalts is one of the most
important factors explaining the fall in NRM intens-
ity (Irving, 1970; Marshall and Cox, 1972; Bleil
and Petersen, 1983; Johnson and Pariso, 1993) and
yielding information on the age of these basalts.

Microprobe techniques cannot be used to de-
termine the chemical composition of titanomagnetites
when the magnetic carriers are smaller than 5 pum
(Grommé et al., 1979; Kent and Gee, 1996; Horen and
Fleutelot, 1998). This problem is resolved by the use
of electronic microscopy (Shau et al., 1993; Xu et al.,
1997a,b; Zhou et al., 1997, 2000, 2001). Electronic
microscopy permits the determination of the chemical
composition of isolated titanomagnetite grains, which
may not be representative of the sample total volume,
given the possible variations of x between adjacent
grains (Zhou et al., 1997). An alternative approach
(Akimoto, 1962; Nishitani and Kono, 1983; Ozima
and Larson, 1970; Schmidbauer and Readman, 1982;
Uyeda, 1958) is based on the use of an empirical poly-



nomial fit of second order between x and T., given
by
Te = 575 — 552.7x — 213.3%, (1)

which allows the determination of x as a function of
T.. Once this methodology is based on T, which is
measured for the whole rock, we assume that x is
representative of the rock volume.

This polynomial adjustment was made for the
samples that belong to Group I, which include only ti-
tanomagnetite as magnetic carrier. The results provide
values for x ranging between 0.54 and 0.68, with an
average value near 0.6. These compositions are com-
monly found in oceanic basalts (e.g., Johnson and
Hall, 1978; Peterson et al., 1979; Smith and Baner-
jee, 1986; Bina and Prévot, 1990), and are within the
bounds proposed by Zhou et al. (2000) for the largest
titanomagnetite grains in the interior of pillow lavas.

Curie temperatures for Groups II and III, which
include titanomaghemites, are higher. We investigated
if this difference is related to a variation in the x para-
meter or to another factor. In fact, TiO content and
the oxidation of titanomagnetites are important factors
controlling the Curie temperature. With decreasing ti-
tanium content, the magnetic susceptibility values and
Curie temperatures increase. In contrast, when the ox-
idation degree increases, the magnetic susceptibility
values decrease but the Curie temperature increases
(Day et al., 1977; Smith, 1987). In our samples, the
decrease of susceptibility values correlates with a gen-
eral increase of T, (Figure 12). Variations of Curie
temperatures are therefore mainly related to the vari-
ation of oxidation. We can assume that the original
composition of titanomagnetites in all our samples is
near x = 0.6.

The variation in the magnetic properties of samples
from the Saldanha Massif is therefore mainly associ-
ated with maghemitization. To obtain a rough assess-
ment of the oxidation state of titanomagnetites from
basalts, the empirical relationship established by Oz-
demir and O’Reilly (1982) and Brown and O’Reilly
(1988) for x = 0.6 was used:

Te = 170 4+ 630%z — 657*2% + 324*7° )
where z is the degree of oxidation. Although the max-
imum obtained value of z is 0.47, most of the samples
display z-values lower than 0.3, corresponding to a

low degree of oxidation for most of the basalts (see
Table I).
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Correlation between degree of oxidation and Natural
Remanent Magnetization (NRM) intensity

NRM was measured with a Minispin Magneto-
meter (Molspin LTD). We found no clear correlation
between the degree of oxidation and NRM intensity
(Figure 13). One of the factors that influences NRM
intensity is magnetic grain size. The NRM of SD fer-
romagnetic minerals displays the highest stability and
intensity values (Day et al., 1977; Dunlop, 1981). In
Figure 13, we show that SD samples (Jrs/Js > 0.5)
correspond to the highest NRM intensities; therefore,
magnetic grain size has a significant effect on intens-
ity. Considering only samples with Jrs/Js > 0.5, there
is a decrease in NRM intensity with increasing of z,
and the relationship (INRM = 578-7.30 z) can be
obtained by linear regression. The variation in NRM
intensity is thus mostly related to both grain size and
oxidation degree.

Concerning the relation between NRM intensity
and oxidation degree, our data display similar over-
all behavior, e.g., decrease in NRM intensity with
low-temperature oxidation of titanomagnetites to ti-
tanomaghemites (Irving, 1970; Marshall and Cox,
1972; Bleil and Petersen, 1983; Johnson and Pariso,
1993). Recently, Zhou et al. (2001) based on elec-
tron microscopy and microprobe for the determination
of z, show the same tendency, although our data are
more clustered. This could be the result of the dif-
ferent methodologies utilized for the determination of
the oxidation degree or to the relative mineralogical
homogeneity of our samples. Although the methodo-
logies utilized by Zhou et al. (2001) are very accurate,
the value of z can vary considerably between adjacent
grains, explaining the large scatter of their data. The
methodology used to determine z for the samples from
the Saldanha Massif could be representative of data
from a much larger volume of rock.

Pseudo-ages

Zhou et al. (2001), based on electronic microscopic
observations and magnetic properties of oceanic
basalts, verified that z increases gradually with the
age (t) of the samples, obtaining an empirical re-
lation given by z = p + q log(t), with p~0.38,
q~0.38, and t being the age in millions of years for
t > 0.1 Ma. Considering this relationship, we can com-
pute ‘pseudo-ages’ for Saldanha Massif basalts. The
values obtained (Table I and Figure 15) show a max-
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imum age of 1.3 Ma, although most samples range
between 0.4-0.6 Ma.

Discussion and Conclusions

Marine magnetic anomaly profiles constitute the main
source of information on seafloor spreading kinemat-
ics. However, study of the magnetic properties of
seafloor rocks gives us additional information on the
mechanical and thermal processes that shaped the
oceanic crust. Here, we discuss the magnetic fabric
and the thermomagnetic properties of basalt samples
from the Saldanha Massif and interpret them in a
tectonic context deduced from bathymetry, sidescan
sonar data and direct dive information.

Magnetic mineralogy

Titanomagnetite appears to be the original magnetic
phase for the majority of basalt samples from the
Saldanha Massif, with an average Ti** mole pro-
portion of x~(0.6. Most basalt samples from the
Massif also contain titanomaghemite, the result of
low-temperature oxidation of titanomagnetite. Mag-
netic grains are predominantly single-domain, with
high NRM values and lack of magnetic fabric, typical
of rocks subjected to fast cooling, as is the case of
pillow lavas.

The NRM variation inside our study area shows
two distinct controlling factors for NRM intensity:
grain size and oxidation state (see Figure 13). Mag-
netic carriers with single-domain grain size display
higher NRM intensity values than samples with grain
size between the limits of SD and PSD, indicating
that SD carriers contribute significantly to the mag-
netic signature of the seafloor. Only minerals with
Jrs/Js > 0.5 (i.e., for the SD grains, see Figures 9 and
13) show an inverse linear relationship between NRM
intensity and oxidation degree.

Anomalous Sample S9-13

Basalt sample S9-13 is characterized by magnetite as
the main magnetic carrier. It shows planar magnetic
fabric, low NRM and high magnetic susceptibility val-
ues, as well as pseudo-single domain grain size. This
pattern is interpreted as the result of high-temperature
oxidation, also known as deuteric oxidation, which oc-
curs when lava cools from 900 °C to 500 °C (Grommé
et al., 1979; Tucker and O’Reilly, 1980). When the
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original magnetic phase corresponds to titanomag-
netite with x ~0.6-0.7, the result of this oxidation
process culminates in a low-Ti titanomagnetite, near
the composition of magnetite, with high Curie temper-
ature (Dunlop and Ozdemir, 1997). Smith and Baner-
jee (1986) analyzed basalt samples from DSDP/ODP
Hole 504B in the upper kilometer of the Eastern Pa-
cific Ocean, and found magnetite as the main magnetic
carrier in the dyke complex. Shau et al. (1993), reana-
lyzing the samples from the same hole using STEM
(Scanning Transmission Electron Microscopy) meth-
ods, concluded that the observed magnetite grains
were primary, preserving typical structures of deuteric
oxidation, and/or secondary, resulting from hydro-
thermal alteration. The low values of NRM, the high
magnetic susceptibility and the pseudo-single domain
size of the magnetite grains are in accordance with
a significant contribution from multi-domain grains
to the magnetic signature, suggesting slow cooling,
typical of an intermediate crustal level.

Saldanha Massif emplacement mechanism

Serpentinized mantle rocks have been described in
numerous tectonic contexts along the Mid-Atlantic
Ridge [see Lagabrielle et al., (2000) and Karson et al.,
(2000) for a review]. Different emplacement mech-
anisms have been proposed involving vertical diapiric
movements of serpentinitic mass (Bonatti, 1976), fault
controlled uplift associated with serpentinization in
depth (Francis et al., 1981) and more recently, implic-
ation of low angle normal faults that would act as the
main driving mechanism for the exhumation process
either as result of stages of amagmatic spreading (Kar-
son and Dick, 1983; Tucholke and Lin, 1994) or else
as result of asymmetries in the tectonic and magmatic
processes governing extension at a spreading segment
(Dick et al., 1981; Cannat,1993).

With regard to the Saldanha Massif emplacement
mechanism, the lack of any clear evidence for the
existence of any radial fracturation pattern seem to
exclude the possibility of a diapiric type of emplace-
ment. We believe instead that some sort of tectonic
process probably involving detachment faulting has to
be evoked to explain: (1) the distribution of the ser-
pentinites from the base of the FAMOUS spreading
axis to the AA depression, interpreted in this context
as the fossil trace of a detachment fault nucleation
zone; (2) the dome structure of the massif; (3) the
general outcropping style, mainly composed of debris
within the massif; (4) the existence of numerous ser-
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Figure 14. Interpretative cartoon displaying different evolutionary stages of the Saldanha Massif in cross section and plan view (boxes).
(a) FAMOUS retreats and promotes development, probably by detachment faulting, of ephemeral intersection massifs (I.M.) which account for
the FAMOUS valley western wall complex structure. Shaded light grey interpreted area represents incipient NTO bathymetric expression
(WNW-ESE depressions south of the I.M.). Coeval tectonic up-lift leads to un-roofing of serpentinized mantle rocks exposed along the
Saldanha Massif eastern flank. (b) Under lap between FAMOUS and AMAR segments could have resulted in a broad simple shear area with
oblique NE-SW extension. Detachment activity probably ceased during this stage. Final stages of detachment fault might have result in minor
lithosphere flexure as in detachments described in other oceanic areas. (c) FAMMAR progression towards north. AMAR Segment propagation
results in migration of the NTO active zone northwards to its interpreted present position north of the FAMMAR ridge (cf. Goud and Karson,
1985) and allows for capturing of Saldanha Massif as AMAR off-axis lithosphere. See Figure 1 for topographic profile location. Geological
model has no vertical scale. VE: vertical exaggeration of the topographical profile.

pentinitic ridges and small throw faults, as observed
by submersible dives, with orientations ranging from
E-W to WNW-ESE; and (5) the high heterogeneity
of sampled lithotypes, not corresponding to a typical
oceanic crust layout.

The majority of the above-mentioned character-
istics could be accounted for by considering an em-
placement mechanism similar to the oceanic core
complexes described by Tucholke et al. (1998, 2001),
Cann et al. (1997) and Blackman et al. (1998). How-
ever, these structures have a clear set of morpho-
logical characteristics (well-defined breakaway and
terminator and sometimes strongly corrugated sur-
faces), which are not evident in the Saldanha massif.
Moreover, these lineated massifs are generally associ-
ated with active or rafted Inside Corner Highs in gener-
ally stable Ridge-Transform Intersections (RTT), thus

contrasting to the Saldanha Massif location within
the FAMOUS-AMAR NTO. Gracia et al. (2000) sug-
gested that the development of these isolated mas-
sifs within the NTO domains could be explained by
mechanisms similar to inside corner high develop-
ment provided that adjacent segments were in retreat
during periods of amagmatic extension. The morpho-
structural variability, observed within the NTO, and
the irregularity of the NTO off-axis trace seems to
reflect a complex history of incursions and retreats
of adjoining segments into and from the NTO do-
main. Such a process could account for the complex
structure observed in the FAMOUS western wall and
would imply that the different tectonic orientations
within NTO are not contemporary and reflect the NTO
evolution (see Figure 14 for detail).



-33 30'

-33 29

-33 28 -33 27

36 29' 4

-33 26’

315

-33 25 -33 24 -33 23’

-3322

5] Seamount
] Lineation

Crust

Serpentine ridge %] Tectonic depression
Normal Fault

infered Normal Fault
Serpentinized mantle

Figure 15. Spatial distribution of pseudo-ages (top values) and oxidation degree (bottom values) of the basalt samples in the Saldanha Massif.
Cases where we can only deduce that samples are younger than 0.38 Ma are flagged as ‘0.0 Ma’. Thick black lines: structures mapped from
TOBI images validated where possible from dives. Long dashed lines: interpreted limits of the Massif. Short dashed lines: lineations retrieved
from bathymetry. Thin continuous lines are 200 m spaced bathymetric contours.

The relation of the Saldanha Massif with the neigh-
boring FAMOUS segment displays a similar setting to
the northern and southern intersection massifs of the
OH3 segment, where serpentinized ultramafic occur-
rences were reported by Bideau et al. (1996). Similarly
to the Saldanha Massif, these massifs as described
by Lagabrielle et al. (2000) form rounded edifices
that appear to be disconnected from the ridge flank

walls and are separated from the region of ridge par-
allel fabric by an E-W depressed area. Diving in the
massifs (Bideau et al., 1996; Gracia et al., 1997)
revealed that the massif’s surface is covered with sedi-
mented talus of ultramafic rocks, thus reproducing the
Saldanha massif observations. In the Southern massif
a low angle fault surface with fine grain mylonites was
identified (Lagabrielle et al., 2000).
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The Saldanha Massif limits agree well with the
spatial distribution of the measured oxidation degrees
within and outside the Massif area (Figure 15). Almost
all the samples belonging to Group III (higher oxid-
ation degree) are located within the Massif, whereas
samples from Group I (lower oxidation degree) are
located outside it. The proposed tectonic mechan-
ism can also support these observations. We believe
that detachment fault surfaces can promote prefer-
able pathways for fluid circulation in an essentially
shallow environment thus explaining the higher low-
temperature oxidation degrees of the Massif samples.
On the contrary, samples from dive F13 approximately
follow the expected increase in the oxidation degree
with distance from the FAMOUS spreading axis.

The magnetic signature of sample S9-13, inter-
preted as originating from a mid-crustal level, does
not fit the current sample position in the massif sur-
face, associated with a rubble of basaltic breccias and
confined within two major serpentinitic units. Such a
setting suggests an allocthonous origin for this sample.
We speculate that this sample and related basaltic
breccias were probably part of a volcanic feeder of an
overlaying extrusive layer, possibly within the FAM-
OUS valley. Triggering and continued displacement
along the detachment fault could have resulted in sub-
traction of this unit from its original position and
its passive emplacement to its present position as a
remnant of the hanging wall.
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