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Abstract. After reduction to correct for the topography, spreading rate, latitude,
and lineation azimuth effects, axial magnetic anomalies amplitudes are compared
with bathymetric, gravity, seismological, and geochemical data along a 2600-km-
long section of the Mid-Atlantic Ridge axis between 20°N and 40°N. Significant
results are obtained at two different scales, a regional one (> 100 km) related to
sublithospheric thermal perturbations such as those associated to hotspots and a
local one (< 100 km) related to ridge segmentation. At a regional scale, two long-
wavelength highs of the axial magnetic anomaly amplitudes are observed between
37.5°N and 40°N and between 27°N and 30°N. The first high, associated with marked
bathymetric, gravity, geoid, seismic velocity, and geochemical anomalies, is related
to the Azores hotspot and is interpreted as reflecting the existence of a thick and/or
Fe-Ti enriched magnetic source layer. A second long-wavelength high centered at
28.5°N corresponds to a weaker bathymetric and gravity signature; it is associated
with a large low seismic velocity anomaly and a marked intermediate-wavelength
positive geoid high which suggest higher sublithospheric temperatures, deeper and
more extensive partial melting, and a thicker and/or Fe-Ti enriched magnetic
source layer. At a local scale, all but one of the 25 ridge segments investigated
show that axial magnetic anomaly amplitude is higher at segment ends by a factor
of 2 compared to segment centers. A clear correlation is observed between the
range of axial magnetic anomaly amplitude and the range of the mantle Bouguer
anomaly (AMBA) within each segment. More complex relationships exist between
median amplitude, amplitude at segment centers and at segments ends, and AMBA.
Separation of segments in two groups (”hotter” and "colder”) based on AMBA
shows different types of variations among segment, with grouped amplitudes at
segment centers and scattered amplitudes at segment ends for hotter segments and
the opposite for colder segments. These observations support shallow fractionation
and the presence of serpentinized bodies in the vicinity of discontinuities as the
major processes which control the axial magnetic anomaly amplitude variations.

1. Introduction

Within the framework of the magnetic telechemistry
hypothesis [Vogt and Johnson, 1973], the amplitude of
marine magnetic anomalies is directly related to the
geochemistry of the oceanic crust and seafloor spread-
ing processes: extensive fractionation results in high
iron oxide content, Fe-Ti-enriched basalts, and therefore
high magnetic anomaly amplitudes [ Vogt, 1979]. This
hypothesis was initially formulated to account for the
observation of seafloor provinces with high-amplitude
magnetic anomalies [ Vogt, 1979; Anderson et al., 1980].
At a regional scale, several hotspots show the associ-
ation of high magnetic anomaly amplitudes with Fe-
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Ti-rich basalts derived from a hotspot source, such as
the Galapagos and Iceland hotspots [ Vogt and Johnson,
1973; Schilling et al., 1976; Vogt and DeBeer, 1976;
Vogt, 1979]. Various data, including gravity [Detrick
et al., 1995; Thibaud et al., this issue], bathymetry
[Gente, 1995; Thibaud et al., this issue], and geochem-
istry [Klein and Langmuir, 1989; Dosso et al., 1993]
show a strong influence of the Azores hotspot on the
Mid-Atlantic Ridge (MAR). The magnetic signature of
this hotspot is one focus of this study.

More recent investigations at the scale of ridge seg-
ments seem to support the magnetic telechemistry hy-
pothesis. Along fast and intermediate spreading cen-
ters in the Pacific Ocean, high axial magnetic anomaly
amplitudes, equivalent magnetization, i.e., computed
from the anomalies following the Parker and Huestis
[1974] method, and rock magnetization intensities are
observed at the tip of ridge segments and near propa-
gating ridges [Detrick and Lynn, 1975; Sempéré, 1991,
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Carbotte and Macdonald, 1992; Tivey, 1994]. The
high magnetizations are generally associated with Fe-
Ti-rich basalts resulting from shallow fractionation in
small magma bodies [Vogt, 1979; Christie and Sin-
ton, 1981]. In the Atlantic Ocean, magnetic anomaly
amplitude and equivalent magnetization intensity in-
crease at segment ends at various locations along the
slow spreading MAR, between 28°N and 31°N [Pariso
et al., 1996], 25°45’N and 26°30°N (TAG area [Tivey
et al., 1993]), 24°N and 24°40°N [Hussenoeder et al.
1996], 20°N and 24°N [Pockalny et al., 1995), and 31°S
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and 35°S [Weiland and Macdonald, 1993; Weiland et
al., 1996]. The correlation between iron oxide content
and magnetic anomaly amplitude [ Weiland and Mac-
donald, 1993; Weiland et al., 1996] suggests that the
high magnetic anomaly amplitudes at segment ends re-
sult from the presence of Fe-Ti-rich basalts. However,
spreading processes at slow ridges are essentially three-
dimensional [Lin et al., 1990; Tolstoy et al., 1993; Gente
et al., 1995), and magma chambers, if any, are transient
features [Lagabrielle and Cannat, 1990; Detrick et al.,
1995; Calvert, 1995; Cannat, 1996] in which fraction-
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Figure 1. Location of the surface total magnetic field profiles extracted from the Geodas and
Sismer bases data across the ridge axis between 20°and 40°N. The selection includes only profiles
perpendicular (& 20°) to the ridge (schematized with thick lines) which display the whole axial

magnetic anomaly.
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ation does not seem to be an important process [Niu
end Batiza, 1994]. So various other explanations have
been proposed to account for the observed increase of
magnetic anomaly amplitude at segment ends: outcrops
of serpentinized peridotites along the traces of second-
order discontinuities [Pockalny et al., 1995; Pariso et
al., 1996, thickness variation of the magnetic source
layer [Grindlay et al., 1992; Tivey et al., 1993; Pariso
et al., 1996], and decrease of magnetization at the seg-
ment center related to more pervasive faulting [Tivey
and Johnson, 1987] or to hydrothermal activity [ Tivey
and Johnson, 1987; Wooldridge et al., 1992].

In this paper, we investigate the amplitudes of ax-
ial ' magnetic anomaly along a 2600-km-long section of
the MAR located between 20°N and the Azores plat-
form near 40°N. This area is of particular interest be-
cause it provides an opportunity to study the magnetic
signature of a hotspot and of ridge segments with rel-
atively dense data coverage. The ridge segments are
characterized by an average length of 50 km and vari-
able morphology; they are separated by five transform
faults (from north to south: Pico Fracture Zone (FZ),
Oceanographer FZ, Hayes FZ, Atlantis FZ, and Kane
FZ), and several second and third-order discontinuities
[Sempéré et al., 1990, 1993; Gente et al,, 1995; Det-
rick et al., 1995; Thibaud et al., this issue]. The ma-
jor questions addressed by this study are as follows:
(1) Is the Azores hotspot associated with a particular
magnetic signature? (2) Does the amplitude of axial
magnetic anomalies show a systematic variation within
the 10-100 km segmentation scale? (3) Which pro-
cesses control this variation (petrologic and geochemical

segmentation, thermal structure, thickness variation of .

the magnetic source layer, contribution of serpentinized
peridotites, low-temperature alteration, hydrothermal-
ism)?

2. Data Processing

About 400 total magnetic field profiles and the asso-
ciated bathymetry were selected from two marine geo-
physical bases data, Geodas (National Geodetic Data
Center (NGDC), Boulder, Colorado) and Sismer (Ifre-
mer, Brest, France). Data coverage across the MAR ax-
ial magnetic anomaly is satisfactory between 21°-31°N
and 34°-39°40°N, with profiles 1-11 km apart. A lack
of data exists between 31°and 33°N (Figure 1). Profiles
which do not present a clear axial magnetic anomaly
are rejected, as for instance at the extreme tip of ridge
segments where the anomalies are strongly affected by
three-dimensional (3-D) effects. Figure 2 presents the
steps of data processing. The regional field has been re-
moved using the International Geomagnetic Reference
Field (IGRF) model for the appropriate year and lo-
cation for each profile. Profiles are projected along
the spreading direction computed at each measurement
point from the present-day Africa-North America rota-
tion parameters [Argus et al., 1989] and resampled at
constant intervals of 0.9 km (Figure 2, curve A). Each
profile is reduced to the pole (Figure 2, curve B) using
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the theta method of Schouten and McCamy [1972]. The
direction of the ambient geomagnetic field is given by
the appropriate IGRF model [IAGA Division V Work-
ing Group 8, 1996]; that of the magnetization is com-
puted assuming a geocentric dipole parallel to the Earth
axis. Lineation azimuths A are obtained from the rota-
tion parameters of Argus et al. [1989].

In order to reduce the magnetic data for the ef-
fect of topography, equivalent magnetization is com-
puted along the reducted to the pole (RTP) profiles
by the iterative 2-D inversion method of Parker and
Huestis [1974] assuming a 500-m-thick magnetic layer
(Figure 2, curve C). This method tends to amplify both
longer and shorter wavelengths [see, e.g., Wittpenn et
al., 1989]. Long wavelengths are either low-amplitude
regional magnetic anomalies such as those observed by
satellite [i.e., Arkani-Hamed et al., 1994; Ravat et al.,
1995] or diurnal variations of the geomagnetic field;
short wavelengths are related to instrumental and other
types of noise. To reduce the amplification of longer and
shorter wavelengths and to ensure convergence of the it-
erations, the equivalent magnetization solution is band-
pass filtered at each iteration, with a wavelength band
of 2.5 to 150 km. Still, the equivalent magnetization
displays short-wavelength fluctuations superimposed on
the main anomalies. They most likely result from geo-
magnetic intensity variations and short polarity rever-
sals, local complexities in the spreading processes such
as spreading asymmetry or small ridge jumps, enhance-
ment of instrumental noise, or a combination of these
effects. Whether real or fictitious, these local varia-
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Figure 2. Example of data processing. Curve A,

magnetic anomaly projected along the spreading di-
rection and resampled at a regular interval (0.9 km);
curve B, magnetic anomaly reduced to the pole us-
ing the IGRF model; curve C, equivalent magnetiza-
tion computed from the magnetic anomalies by the in-
verse method of Parker and Huestis [1974] assuming a
0.5-km-thick magnetic layer following the bathymetry;
curve D, magnetic anomaly computed from the equiv-
alent magnetization by the forward method of Parker
[1972] assuming a flat bathymetry in order to measure
the peak to peak axial magnetic anomaly amplitude.
Axial magnetic anomaly amplitude is the average be-
tween the peak to peak amplitude measured each side
of the central anomaly (lines with arrow; see text for
details).
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tions complicate the rigorous determination of a signifi-

cant axial magnetic signal amplitude. To minimize this

problem, the equivalent magnetization is converted, by
a smoothing process, to magnetic anomaly assuming a
2000-m flat topography and a 500-m-thick layer by the
2-D forward method of Parker [1972] (Figure 2, curve
D). '

Reducing magnetic anomaly profiles to correct for the
effect of bathymetry through 2-D inversion with the
real topography and 2-D forward computation with a
flat topography is only an approximation. The equiva-
lent magnetization determined from the original anoma-
lies is nonunique and can be added any quantity of the
annihilator, a distribution of magnetization which pro-
duces a null anomaly with the given source geometry
[Parker and Huestis, 1974]. For a flat bathymetry (i.e.,
horizontal source layer), the annihilator is a constant
magnetization; for extremely rough topography such
as along the MAR, the annihilator may display signifi-
cant variations. Converting the annihilator to magnetic
anomaly assuming a flat topography results in a non-
null anomaly, which theoretically can be added in any
quantity to the magnetic anomaly computed assuming
a 2000-m flat topography. In practice, however, the
amount of annihilator required to set the major polar-
ity reversal to zero is added to the equivalent magne-
tization. Adding a reasonable quantity of the annihi-
lator, which is in general low (two added by Pariso et
al. [1996] at 28°N-31°30°N) or null (Freire Luis et al.
[1994] on the Azores platform, Pockalny et al. [1995]
between 20°and 24°N) results primarily in shifting the
level of the equivalent magnetization solution and only
marginally affects the relative strength of the anoma-
lies. Our tests suggest that the error induced on mag-
netic anomaly amplitudes measured as described here-
after does not exceed 2%. The major advantage for
converting the equivalent magnetization to anomalies at
constant topography is to smooth the short-wavelength
content of the magnetic signal from uncertain origin. A
similar result may be achieved by applying a narrower
passband filter during the inversion. We prefer the for-
mer approach in that it provides anomaly amplitudes, a
quantity directly related to the magnetic anomaly mea-
surements, instead of equivalent magnetization, a quan-
tity which may be overinterpreted in terms of the real
magnetization of rocks.

Peak to peak amplitudes are measured on both flanks
of the axial magnetic anomaly and averaged to provide
the uncorrected axial magnetic anomaly amplitude. A
difficulty arises from the highly variable expression of
the Jaramillo normal geomagnetic event, which ranges
from no discernable anomaly to a marked inflection
or a secondary anomaly within the slope of the axial
anomaly and finally to a separate anomaly clearly dis-
tinguishable from the axial anomaly. Spreading asym-
metry and/or small ridge jumps on the one hand, and
the short duration of the Jaramillo normal event and
the reversed polarity interval which separates it from
the Brunhes period on the other hand, result in impor-
tant relative variations in the width of the correspond-
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ing positively and negatively magnetized areas. We try
to minimize this effect-by measuring the maximum peak
to peak amplitude of the axial anomaly: If a Jaramillo
anomaly is clearly separated from the axial anomaly, it
is not considered and the peak to peak amplitude of the
axial anomaly alone is measured (Figure 2, curve D, km
140); if the Jaramillo event is characterized by an in-
flection or a secondary anomaly within the slope of the
axial anomaly, the peak to peak amplitude of the ax-
ial anomaly including the Jaramillo event is measured
(Figure 2, curve D, km 100). The uncorrected axial
magnetic anomaly amplitude is corrected for the coef-
ficient of Schouten and McCamy [1972]. The resulting
magnetic anomaly amplitude still depends on the re-
manent magnetization intensity, which varies with the
geomagnetic field intensity at the time of acquisition.
All data are reduced to the equator assuming the rema-
nent magnetization acquired under a geocentric axial
dipole. .

Another parameter which affects the shape and am-
plitude of the axial anomaly is the spreading rate.
The rotation parameters of Argus et al. [1989] pre-
dict spreading rate variations along the MAR from 10
km/m.y. (half rate) at 40°N to 12.5 km/m.y. at 20°N.
The effect of spreading rate on amplitude is estimated
from measurement of the axial anomaly amplitude on
synthetic anomaly profiles computed for various spread-
ing rates within this range. Magnetic anomaly ampli-
tudes are reduced to a constant spreading rate of 10
km/m.y. A summary of the different correction factors
with latitude is given in Figure 3.
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Figure 3. In order to compare axial magnetic anomaly
amplitudes, several corrections must be applied to the
original measurements. The correction factors along the
Mid-Atlantic Ridge between 20°N and 40°N account
for the C coeflicient of Schouten and McCamy [1972]
(dashed line), the effect of paleomagnetic field intensity
variations with paleolatitude on remanent magnetiza-
tion intensity (solid thin line; reduction to the equator),
and the effect of spreading rate variations (dot-dashed
line). The combination of these factors is shown by the
solid thick line.
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The most important potential sources of error in

“the axial magnetic anomaly measurements include de- -

parture from two-dimensional structure and spreading
asymmetry. Departure from two-dimensional structure
at the scale of 10 km along axis and at the wavelength of
magnetic anomalies is relatively unimportant (< 5%),
as shown by the comparison of equivalent magnetization
computed along profiles (this study) and on grids at 20-
24°N [Pockalny et al., 1995] and at 28-31.5°N [Pariso
et al., 1996]. Profiles which do not present a clear ax-
ial magnetic anomaly have been rejected in the initial
step of data selection. No systematic spreading asym-
metry for young crust (i.e., clear Jaramillo anomaly on
one side of the axial anomaly and no clear Jaramillo
anomaly on the other side) has been observed at a scale
larger than one ridge segment, and the possible bias in-
duced by such spreading asymmetry would be randomly
distributed along the study area and would not affect
the validity of our results at a regional and local scales.

3. Axial Magnetic Anomaly Amplitudes
Along the MAR

3.1. Regional Scale

Figure 4 displays axial magnetic anomaly amplitudes
and other geophysical and morphological data as a func-
tion of latitude between 20°N and the Azores. The am-
plitudes show a  monotonic succession  of
short-wavelength undulations whose mean value is about
450 nT, upon which two long-wavelength signals of
higher amplitude are superimposed. - These
long-wavelength highs are better seen on the 111-km-
wide running average (Figures 4d and 4e). One of them,
at least 250 km wide, shows a progressive decrease of
the amplitudes from 700 to 350 nT between 39°30°N
and Pico FZ and most likely extends farther north [see
Freire Luis et al., 1994]. On the other one, 450 km
wide, axial magnetic anomaly amplitudes progressively
increase from 500 to 650 nT between Atlantis FZ and
28°30’N (200 km) and decrease from 650 to 450 nT be-
tween 28°30°N and 27°N (200 km).

Although they have not been previously described,
both highs can also be observed from the compilation
of different local magnetic anomaly studies along the
MAR [McGregor et al., 1977; Schuliz et al., 1988; Tivey
et al., 1993; Freire Luis et al., 1994; Pockalny et al.,
1995; Fujimoto et al., 1996; Hussenoeder et al., 1996;
Pariso et al., 1996]. A study of (Azores platform be-
tween 37°30°N and 40°30°N) computed equivalent mag-
netization assuming a magnetic layer 1 km thick shows
values higher than 10 A/m and up to 15 A/m [Freire
Luzs et al., 1994]. These should be considered as mini-
.mum values as the spacing interval of grid points is only
3.3 km in the E-W direction and the data have been
tapered with a cosine filter from 6.6 to 13.2 km wave-
lengths. A study in the vicinity of Atlantis FZ (28°N-
31°30°N) [Pariso et al., 1996] computed a mean equiv-
alent magnetization assuming a magnetic layer 1 km
thick of about 14 A/m; spacing interval of grid points is
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2 km, and wavelengths shorter than 4 km are removed.
These areas of high equivalent magnetization intensity
correspond to the highs of axial magnetic anomaly am-
plitude displayed in Figures 4d and 4e. It is worth not-
ing that long wavelengths (> 300 km) have been filtered
out in both areas [Freire Luis et al., 1994; Pariso et
al., 1996], and therefore the trends of increasing mag-
netic anomaly seen on Figures 4d and 4e may have been
removed from the equivalent magnetization solutions.
Farther south, magnetic anomalies have been inverted
to equivalent magnetization at 26°N, on a quite small
area covering two segment ends (TAG area [McGregor
et al., 1977; Tivey et al., 1993]). Adapted to a magnetic
layer thickness of 1 km, the equivalent magnetization in-
tensities do not exceed 13 A/m and are generally close
to 10 A/m, which are relatively low values compared to
those of 14-18 A/m obtained at segment ends between
28°N and 31°30°N [Pariso et al., 1996]. Immediately
north of Kane FZ (23°30°-25°30’), equivalent magneti-
zation computed assuming a magnetic layer 1 km thick
does not exceed 10 A/m and is generally closer to 6-8
A/m [Fujimoto et al., 1996; Hussenoeder et al., 1996].
South of Kane FZ (20-24°N), the mean equivalent mag-
netization computed assuming a magnetic layer 1 km
thick is about 8 A/m [Schultz et al., 1988; Pockalny et
al., 1995]. It should be noted that the values compiled
from the various studies hereabove referenced have not
been corrected for the spreading rate effect, which is
relatively minor (see Figure 3). It is quite likely that
these values have not been corrected for the variations
of magnetization intensity with paleolatitude (Figure
3), although this is not clearly stated by the authors
[McGregor et al., 1977; Schultz et al., 1988; Tivey et |
al., 1993; Freire Luis et al., 1994; Pockalny et al., 1995;
Fujimoto et al., 1996; Hussenoeder et al., 1996; Pariso
et al., 1996]. However, the correction factors displayed
in Figure 3 predict that the constant corrected mag-

-netization intensity which would generate uncorrected

equivalent magnetization of 8 A /m at 23°N (as observed
by Pockalny et al. [1995]) would result in uncorrected
equivalent magnetization of 9 A/m at 30°N and 10 A/m
at 37°N, lower than the observed (presumably) uncor-
rected equivalent magnetization reported by Pariso et
al. [1996] and Freire Luis et al. [1994]. Although they
cover only a fraction of the investigated area, these ob-
servations are therefore in agreement with the results
of our systematic study of the axial magnetic anomaly
amplitude between 20°N and 40°N (Figure 4e).

In order to investigate the origin of the two
long-wavelength highs of axial magnetic anomaly am-
plitudes, these data are compared to other morpholog-
ical, geophysical, and geochemical data available along
the MAR. Comparison with the along-axis bathymetry
of the MAR [Thibaud et al., this issue] (Figure 4g)
shows that the area of high axial magnetic anomaly
amplitudes between 39°30’N and Pico FZ corresponds
to a shallow area (1500 m) close to the Azores hotspot
known as the Azores platform. The area around Pico
FZ corresponds to a steep gradient in the smoothed
along-axis bathymetry (1500- 2500 m; see Figure 4g)
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and in the smoothed axial magnetic anomaly ampli-
tude as well. The smoothed along-axis bathymetry
progressively deepens southward from 2500 m at 37°N
(Pico FZ) to 4000 m at 26°30’N [Thibaud et al., this
issue]. No bathymetric signature similar to that of
the Azores platform is associated with the high axial
magnetic anomaly amplitudes centered at 28°30°N, al-
though a clear inflection breaks the regular slope of the
smoothed bathymetry at this latitude. A closer anlysis
reveals that the smoothed bathymetry signal consists
in a long wavelength bathymetric trend centered on the
Azores hotspot upon which intermediate wavelengths
bathymetric bands of about 400 km are superimposed
(Figure 4g). The long-wavelength bathymetric trend
consists in an arch about 3000 km long, 1500 m high
but only the southern part of it encompasses the study
area. One of the intermediate-wavelengths bathymetric
bands is observed at the Azores hot spot, north of Pico
FZ and corresponds to a difference in bathymetric re-
lief of 1000 m. Another one is centered at 28°30’N and
shows a difference in bathymetric relief of 400 m. The
location of these intermediate-wavelengths bathymetric
bands correspond to that of the axial magnetic anomaly
amplitude highs (Figures 4e and g).

Another bathymetric parameter of interest is the rel-
ative depth of the axial valley, which may provide indi-
cations on the fault rooting depth and therefore on the
depth of the ductile-brittle mechanical transition (Fig-
ure 4h). Deeper axial valleys would be expected toward
the Azores, as the spreading rate decreases. The oppo-
site is actually observed, with axial valleys about 1500
m deep at 24°N and 800 m deep at 38°N. Again, in-
termediate wavelengths (about 400 km) are superim-
posed on a long (half) wavelength (about 3000 km)
trend centered on the Azores. Intermediate wavelengths
of shallower axial valleys are observed at 28°30°’N and
the Azores platform. In addition to shallower smoothed
axial valley, these two areas present a low dispersion of
the measured axial valley depth; that is, axial valleys
at segment ends are particularly shallow.
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The mantle Bouguer gravity anomaly (MBA) is in-
versely correlated to the bathymetry between 20°N and
40°N [Thibaud et al., this issue] (Figure 4i). It displays a
long-wavelength increase from the Azores (-200 mGal)
to 26°30°N (-50 mGal), on which intermediate wave-
lengths of about 400 km and -20 to -40 mGal are su-
perimposed. The lowest values of the MBA are located
between 38°N and 40°N in the Azores platform [Detrick
et al., 1995; Thibaud et al., this issue] and correspond
to the area of high axial magnetic anomaly amplitudes
between 39°30°N and Pico FZ. A slight inflection in the
decrease of the MBA toward the Azores is associated
with the high axial magnetic anomaly amplitudes cen-
tered at 28°30°N.

Intermediate-wavelength (300-3000 km) geoid data
derived from satellite altimetry show positive geoid
anomalies associated with the MAR. Vogt et al. [1984]
present two significant geoid anomalies located on the
Azores platform (about 6 m) and south of Atlantis FZ
(about 4 m). Using the more recent data of Cazenave
et al. [1996] and a cosine-taper filter of 2250-2750 km
yields a similar result (Figures 4a and 4f). The northern
positive geoid anomaly corresponds to the Azores plat-
form, the southern one may coincide with the high of
axial magnetic anomaly amplitudes centered at 28°30°N
(Figures 4e and 4f). Application of a cosine-taper fil-
ter of 2750-3250 km reveals a broad positive geoid high
centered on the Azores platform and extending to 24°N.
The two geoid anomalies observed upon the Azores plat-
form and south of Atlantis FZ seem therefore to be su-
perimposed on this broader positive geoid high (Figure
4f).

Seismic velocity variations in the mantle, as revealed
by seismic tomography, represent another geophysiscal
data set suitable for large-scale studies. The improved
resolution of recent models (about 1000 km horizon-
tally and 100 km vertically for the Zhang and Tanimoto
[1992] model shown in Figures 4b and 4c) allows a direct
comparison with our observations along the MAR. Two
large anomalies of low seismic velocity are clearly asso-

Figure 4. (opposite) Various morphological and geophysical data along the Mid-Atlantic Ridge
between 20°N and 40°N. (a) Intermediate-wavelength geoid anomaly (low-pass cosine taper filter
of 2250-2750 km, data from Cazenave et al. [1996]); the Mid-Atlantic Ridge axis is shown by
a thick line; (b) seismic velocity anomaly model on a horizontal section at 160 km depth [from
Zhang and Tanimoto, 1992]; (c) seismic velocity anomaly model on a vertical section along the
Mid-Atlantic Ridge axis [from Zkang and Tanimoto, 1992]; (d) axial magnetic anomaly amplitude
measurements (dots) and 111-km-wide running average (thick line); for amplitude measurement
location, refer to Figure 1; (e) smoothed axial magnetic anomaly amplitude (111-km-wide running
average; thick line) and equivalent magnetization of the axial magnetic anomaly compiled from
published magnetic studies along the Mid-Atlantic Ridge between 20°N and 40°N (see references
in text); the dashed line shows the (presumably) uncorrected equivalent magnetization, and the
solid line shows the equivalent magnetization corrected with the correction factors displayed in
Figure 3; (f) along-axis intermediate wavelength geoid anomaly (low-pass cosine taper filter of
2250-2750 km, solid dots; of 2750-3250 km, open dots; data from Cazenave et al. [1996)); (g)
along-axis bathymetry of the axial valley (thin line from Thibaud et al. [this issue]) and 200-km-
wide running average (thick line); (h) depth of the axial valley (i.e., amplitude of the relief from
valley to crests, thin line) and 200-km-wide running average (thick line); (i) along-axis mantle
Bouguer gravity anomaly (thin line) from Thibaud et al. [this issue]) and 200-km-wide running
average (thick line). All of these data present two intermediate-wavelength signals located on the

. Azores platform and south of Atlantis FZ.
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ciated to the MAR (Figure 4b) and extend from about -

100 to 200 km deep (Figure 4c). One of these anomalies
has béen related to the Azores hotspot [Zha,ng and Tan-
imoto, 1992]; the other one is located south of Atlantis
FZ and may correspond to the high of axial magnetic
anomaly amplitudes centered at 28°30°N. It should be
noted, however, that despite the improved resolution of
this model, the 2600-km-long section of our magnetic
study corresponds to only three pomts in the seismic
data.
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Among the numerous major, trace, and isotopic el-
ements which have been studied along the MAR [e.g.,
Melson and O’Hearn, 1979; Morel and Hékinian, 1980;
Schilling et al., 1983; Schzlhng, 1986; Klein and Lang-
muir, 1989; Dosso et al., 1993], the variations of iron
and titanium oxide contents are of prime importance for
comparison with axial magnetic anomaly amplitudes.
Various parameters are derived from the direct mea-
surement of FeO*: Feg o is reduced to a constant 8.0 wt
% MgO to correct for shallow-level fractionation [Klein
and Langmuir, 1987), Fe§, is furthermore corrected for
the ”local trend” [Klein and Langmuir, 1989]). Kliein
and Langm’u.zr [1989, Figure 10] present both Feg ¢ and
Fe§, along the MAR. Although measurements are by
far much denser in the vicinities of the Azores and in
the MARK area south of Kane FZ, Feg ¢ shows no sig-
nificant trend between 20°N and 40°N, whereas Fe§
presents a positive slope from Kane FZ toward the
Azores. It should be noted that in both cases, the dis-
persion of measured values increases toward the Azores.
High Ti contents are also found in basalts over the
Azores [Schzllmg et al., 1983].

3.2. Se_gn_lent Scale

Figure 5 shows the axial magnetic ‘anomaly ampli-
tude and associated bathymetry along the MAR axis.
Segments are numbered in accordance to Detrick et al.
[1995]) and Thibaud et al. [this issue]. All segments (ex-
cept segment OH2 at 34°20°N) present an inverse re-
lationship between depth and axial magnetic anomaly
amplitude. The magnetic anomaly amplitude is about
twice as high at segment ends than at segment center.
This result generalizes those of Pockalny et al. [1995],
Hussenoeder et al. [1996], and Pariso et al. [1996] for
MAR segments located between 20°N and 24°N, 24°N
and 24°40°N, and 28°N and 31°N, respectively. Similar
observations have also been made on several segments
in the South Atlantic [Grindlay et al., 1992; Weiland
and Macdonald, 1993; Weiland et al., 1996] and in the
Pacific [ Detrick and Lynn, 1975; Sempere, 1991; Car-
botte and Macdonald, 1992; Tivey, 1994].

Axial magnetic anomaly amplitudes within each seg-
ment exhibit a large spectrum of along-axis variations,

Figure 5. Left axis shows location of the surface mag--
netic anomaly profiles (thin lines) between (bottom) 21-
31°N and (top) 33-40°N. Right axis shows (top) axial
magnetic anomaly amplitude and (bottom) bathymetry
[from Thibaud et al., this issue] along the Mid-Atlantic
Ridge axis between '21-26°N (bottom), 26-31°N (mid-
dle), and 33-40°N (top). Fracture zones are indicated
by thick vertical lines, segment centers by thin verti-
cal lines. Except for segment OH2 at 34°20°N, axial
magnetic anomaly amplitude is systematically hlgher at
segment ends than at centers. Segment namies within a
box indicate segments taken into account in the analysis
of amplitude parameters versus AMBA. Stars indicate
segments where data coverage is poor and considered
less reliable in the analysis of amplitude parameters ver-
sus AMBA (open dots in Figures 6b, 6c, and 6d).
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from a simple bowl shape (e.g., segments OH1 and KP5,
see Figure 5) to more complex undulations presenting
several lows (e.g., segments KP2-3 and KA1). Segment
center is marked either by the lower part of a depres-
sion (e.g., segment HA1) or by a local, low-amplitude,
and short-wavelength high within a longer-wavelength,
higher-amplitude low (e.g., segments PO8 and KA4).
Amplitudes toward the segment ends display symmetri-
cal (e.g., segments KP5 and OH1) or asymmetrical (e.g.,
segments PO6, KA14, and K3) variations. Slightly de-
creasing (e.g., segment KA5 and KA14) or constant
(e.g., segment HA9) amplitudes are locally observed
at segment ends, in the vicinity of the discontinuities.
Where the data coverage is dense enough, an inverse
correlation between axial magnetic anomaly amplitude
and along-axis bathymetry is sometimes observed at the
most detailed scale (e.g., segment KA12).

AMBA is defined as the maximum range of the MBA
within a segment [see Lin et al., 1990]. This parameter
is interpreted in terms of along-axis variations of crustal
thickness and/or density of the crust and/or the up-
permost mantle, all of them possibly reflecting thermal
variations within the segment. AMBA seems also sen-
sitive to a geometrical effect: large AMBA correspond
to long segments and conversely low AMBA to short
segments [Lin et al., 1990; Detrick et al., 1995; Thibaud
et al., this issue]. However, Thibaud et al. [this is-
sue| show that morphotectonic parameters also vary in
a consistent way with AMBA: narrow and shallow ax-
ial valleys at segment centers are associated with large
AMBA, wide and deep axial valleys at segment centers
with low AMBA. This suggests that AMBA and there-
fore the segment length indeed reflect the thermal state
of a segment: a high AMBA (a long segment) means
a hotter and magmatically active segment with shallow
and closely spaced along-axis isotherms, whereas a low
AMBA (a short segment) means a cooler and magmat-
ically less active segment with deep and widely spaced
isotherms. This is consistent with the observed prop-
agation of segments associated with robust magmatic

activity at the expense of the neighboring, less mag- .

matically active segments.

Previous studies of axial magnetic anomaly ampli-
tude (or of equivalent magnetization) focused on only
one or very few segments [e.g., Tivey and Johnson,
1987; Grindlay et al., 1992; Tivey et al., 1993; Weiland
and Macdonald, 1993; Pockalny et al., 1995; Husse-
noeder et al. 1996; Pariso et al., 1996; Weiland et
al., 1996]. Here we take advantage of the large num-
ber of segments within our study area to analyze the
axial magnetic anomaly amplitude along the MAR by
comparison with AMBA. Four parameters reflecting ax-
ial magnetic anomaly amplitude variations within and
among segments are considered. Similar to AMBA, we
define AA as the range of along-axis magnetic anomaly
amplitude within a segment, i.e., the difference mea-
sured at midsegment of the linear interpolation between
highest amplitudes (at segment ends) and the amplitude
observed at segment center. For segments which present
amplitude measurement on only one half (e.g., KP4),
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AA is approximated by the difference between the am-
plitudes measured at segment center and at the avail-
able segment end. AA is a relative parameter which
reflects the variations of axial magnetic anomaly ampli-
tude among segments. We define A, as the amplitude at
segment center, i.e., measured at (or in a close vicinity
of) the bathymetric high. A, generally corresponds to
the lowest axial magnetic anomaly amplitude observed
in the segment; it is only close to the lowest amplitude
for segments where a local, low-amplitude and short-
wavelength high is present (e.g., segment KA4). Sim-
ilarly, we define A, as the amplitude at segment ends,
i.e., the mean of the high amplitudes measured at (or in
a close vicinity of) the segment ends. Both A, and A,
are local parameters which cannot be measured on all -
segments. A,, is the mean of A, and A. and is close to
the median of the axial magnetic anomaly amplitude.
In this respect, it may be more representative of the
axial magnetic anomaly amplitude at the scale of the
segment; for instance, segments KA2 and KA5 display
similar A, but very different AA which result in lower
Ay, for segment KA5 than for segment KA2, in agree-
ment with the smoothed axial magnetic anomaly am-
plitude obtained by running averages (Figures 4d and
4e). The four parameters contain redundant informa-
tion and can be deduced from the combination of two
of them. For instance, 4. = A + AA and 4,, =
A. + AA / 2. Segments OH2, OH3, and KA7 have
not been considered for further analysis. Segment OH2
presents only three measurements with higher ampli-
tude at the segment center than at segment ends; more
data are required to confirm these anomalous observa-
tions with respect to the other segments. Segment OH3
presents only three amplitude measurements, and none
are located upon the bathymetric high. Segment KAT is
very short (28 km) and does not present a well-marked
bathymetric high so the segment center is difficult to
identify. Segment PO1 displays only two measurements
at the segment center and is only considered for deter-
mination of A,.

Figure 6a represents AA versus AMBA. These two
parameters show a relatively good correlation (R =
0.86) aside for segments HA9, KA2, and OH! which
are not included in the correlation. Segments HA9 and
KA2 are affected by the regional high of the axial mag-
netic anomaly amplitudes centered at 28°30°N, which is
associated to relatively low variations of both the MBA
and AMBA with regard to those observed at the Azores
platform amplitude high (see regional scale). Segment
KAZ2, located at 29°N close to the center of this area,
shows higher AA than expected because of very high
amplitudes (about 1000 nT) at the segment ends. In
addition, hydrothermal activity at the Broken Spur site
[Murton et al., 1994] may lower the relative amplitude
at the center of the segment. Conversely, the lack of
data at the southern end of segment OHL results in
a likely underestimated AA for this segment. For all
other segments, low AMBA are associated with low AA
and high AMBA with high AA. AA present a lower
variability for colder segments (generally low AMBA,
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Figure 6. (a) Range of axial magnetic anomaly amplitude (AA) versus range of mantle Bouguer
gravity anomaly (AMBA). Except for segments KA2, HA9, and OH1, these two parameters
present a clear correlation (thin line, R=0.86 and thick line, R=0.88 if segments associated with
a AMBA less than 10 mGal are rejected) AZ; segments associated with the Azores platform.
(b) Amplitude at segment center (A.) versus AMBA. Open dots indicate segments with a poor
data coverage (see stars on Figure 5) and open squares indicate segments associated with hy-
drothermal activity (LS; Lucky Strike; MG; Menez Gween; BS; Broken Spur). The thin dashed
lines schematize the data repartition for colder (10-20 mGal) and hotter (more than 20 mGal)
segments. (c) Amplitude at segment ends (A.) versus AMBA. Same symbols as in Figure 6b.
(d) Median amplitude (A,,) versus AMBA. Same symbols as in B. These relations suggest that
amplitude variations within segments are strongly related to their thermal state, reflected by
AMBA. Hotter segments (large AMBA) present relatively low amplitude at segment center and
high AA, whereas colder segments (low AMBA) present variable and relatively high amplitude

at segment center and low AA.

see above), with a dispersion of 90 nT, than for hotter
segments (high AMBA), with a scatter of more than
250 nT (more than 200 nT if segments KP2-3 and KP4
located upon the Azores platform are not considered).
Figure 6b, 6¢c, and 6d represent A, (axial magnetic
anomaly amplitude at segment centers), 4, (axial mag-
netic anomaly amplitude at segment ends), and A4,,
(median axial magnetic anomaly amplitude) versus
AMBA. Segments with a poor data coverage, most of
- them located north of 33°N, are shown with open dots
(KP5, P01, P03, OH1, KA8, and K1). These segments
either include less than four measurements or do not
include measurement at segment center or at one of the
segment ends. Parameters A, 4., A, and AA are less
reliable for these segments. Additionally, it should be
noted that segments KA8 and K1 are shorter than 40
km and present AMBA lower than 10 mGal and low A,

20 mGal ("hotter segments”).

A, Ay, and AA as well. It is likely that these low val-
ues result in part from the geometric effect. As AMBA
have been obtained from satellite-derived gravity data
[Thibaud et al., this issue] and the resolution of these
data is about 20 km at best [Sandwell and Smith, 1997],
we consider A MBA for the segments shorter than 40
km as less reliable.: ‘

No simple relationship is observed between A., A.,
A,, and AMBA (Figures 6b, 6c, and 6d). Segments
longer than 40 km, i.e., associated with a AMBA higher
than 10 mGal, can be separated in two groups, seg-
ments with AMBA ranging from 10 to about 20 mGal
(hereafter designed as ”colder segment,” see discussion
in section 3.2) and segments with AMBA higher than
A, is relatively high
and scattered for colder segments (350-650 nT including
only reliable data) and shows lower values and disper-
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sion (200-400 nT) for hotter segments. Conversely, A,
present relatively low values and dispersion for colder
segments (450-700 nT) and a higher dispersion (550-
1100 nT) for hotter segments; the latter results from the
high amplitude at segment ends for segments KA2 and
KP2-3, centered at 29°N and on the Azores platform,
respectively (see regional scale). A,, present mixed pat-
terns, with values ranging between 400 and 750 nT for
both the colder and hotter segments.

Parameters like 4., A. and to a lesser extent A,,
are local parameters that do not take into account the
along-axis variations of the axial magnetic anomaly am-
plitude within each segment. We attempt to consider
the whole set of available amplitude measurements by
normalizing the distance along each half segment (from
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segment center to one segment end) by the total length
of the half segment and superimposing measurements
of the axial magnetic anomaly amplitude for all half-
segments on the same plot. The resulting plot is mir-
rored for visual clarity (Figure 7a). Despite the large
dispersion, amplitude at segment ends is clearly higher
than at segment center. The dispersion is larger at seg-
ment ends (400-900 nT) than at segment center (200-
600 nT) and is slightly attenuated if segments asso-
ciated with the two long-wavelength magnetic highs
centered at 39°30’N and at 28°30’N (see above, re-
gional scale) are discarded (Figure 7b). In agreement
with previous observations, segments are separated in
two groups with respect to their AMBA (Figures Tc
and 7d). Segments with AMBA higher than 25 mGal
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Figure 7. Axial magnetic anomaly amplitudes versus distances normalized to segment half
length (0 is the segment center, 50 is the segment end). The diagrams are mirrored (from -50 to
0) to display full segment variations. (a) All segments are considered. Axial magnetic anomaly
amplitude increases toward segment ends, and dispersion of the measurements increases accord-
ingly. Dispersion is quite important both at segment centers and ends. Thick lines are computed
by running averages (maximum, median, and minimum). (b) All segments are considered, except
those affected by the high of axial magnetic anomaly amplitudes at regional scale. Dispersion is
slightly reduced, especially at segment ends. Thick lines are computed by running averages. (c)
Segments with AMBA high than 25 mGal are considered. Axial magnetic anomaly amplitudes
are grouped at segment centers and more dispersed at segment ends. Thick lines are computed by
running averages. (d) Segments with AMBA lower than 18 mGal are considered. Axial magnetic
anomaly amplitudes are scattered at segment centers and grouped at segment ends. Thick lines

are computed by running averages.
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("hotter segments,” see discussion in section 3.2: KP2-
3, KP4, KP5, PO8, OH1, KA12; Figure 7c) display
grouped amplitudes at segment center (300-550 nT)
and scattered amplitudes at middistance between cen-
- ter and ends (250-900 nT) and at segment ends (400-
900 nT). Conversely, segments with AMBA lower than
18 mGal ("colder segments”: HA9, KA4, KA5, KAS,
KAS8, KAll; Figure 7d) present scattered amplitudes
at segment center (150-650 nT) and a lower dispersion
at middistance between center and ends and at segment
ends (400-750 nT).

The correlation between AA and AMBA and the
emergence of two classes of segments depending on
AMBA show that hotter and magmatically active seg-
ments correspond to a large range of axial magnetic
anomaly amplitudes within the segment, relatively low
and uniform amplitudes at segment centers, and scat-
tered amplitudes at segment ends, whereas colder and

less magmatically active segments correspond to a nar-

rower range of amplitude, scattered amplitudes at seg-
ment centers, and uniform amplitudes at segment ends.

4. Discussion

4.1. Regional Scale: The Azores Hotspot an
More? :

4.1.1. Azores long-wavelength amplitude high.
As shown in section 3.1, the Azores area is character-
ized by a long-wavelength high of the axial magnetic
anomaly amplitudes. The Azores hotspot is also asso-
ciated with a strong signature on the bathymetry and
the MBA, which extend southward as far as about 26°N
(Figure 4). To explain the large gravity low beneath
the Azores platform, variations of the crustal thickness
and/or the underlying mantle density are required. The
crust is estimated to be 8-9 km thick at the Azores
platform [Detrick et al., 1995). Although studies in
others portions of the MAR and elsewhere show that
along-axis thickness variations of the seismically de-
fined crustal layers within segments occurs principally
in layer 3 [e.g., Tolstoy et al., 1993; Mutter and Mutter,
1993], it is most likely that the extrusive basaltic layer

thickness varies as a function of the magmatic activ-

ity in the segment. The nature of the seismic bound-
ary between layers 2 and 3, often confused with the
petrological boundary between the basaltic and gab-
broic layers, instead corresponds to a [Detrick et al.,
1994, p. 289] transition in physical properties [...] con-
trolled by many factors including bulk porosity, fracture
geometry and crustal alteration, as well as by igneous
petrology,” as suggested by the comparison of seismic
and drilling results around Deep Sea Drilling Project
(DSDP) Hole 504B. The variation of magmatic activity
among and within segments and the outcrops of deeper
crustal and mantle rocks along the less magmatically
active segments and in the vicinity of most of the seg-
ment ends support variations of the extrusive basaltic
layer thickness with magmatic activity (see Lagabrielle
et al. [1998] for a review along the MAR]. Such varia-
tions are also widely observed on ophiolitic sections cre-
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ated at slow spreading centers [Lagabrielle and Cannat,
1990]. The high axial magnetic anomaly amplitudes
observed on the Azores platform may therefore be in-
terpreted as reflecting thick extrusive basalts, hence a
thick magnetic source layer. Assuming uniform mag-
netic properties within the extrusive basalts, variation
from a normal 500-m-thick extrusive layer to a 800-m-
thick one would be sufficient to explain the observed
high amplitudes. Although deeper sources may also
contribute to marine magnetic anomalies at slow and
intermediate spreading centers [e.g., Pariso and John-
son, 1993; Dyment and Arkani-Hamed, 1995; Dyment
et al., 1997], the major magnetic source layer is consti-
tuted by the upper extrusive basalts. This is especially
true for the axial magnetic anomaly, because cooling of
deeper potential sources below the Curie isotherm and
alteration of the highly magnetized titanomagnetites in
the extrusive basalts may not be completed.

Another, complementary explanation of these high
axial magnetic anomaly amplitudes may be found in
the high iron and titanium content as well [Melson
and O’Hearn, 1979; Morel and Hekinian, 1980; Sig-
urdsson, 1981; Klein and Langmuir, 1989]. Geochemi-
cally, a distinct magmatic source is associated with the
Azores hotspot, as suggested by the distribution of ma-
jor, trace, and isotopic elements along the MAR [Melson
and O’Hearn, 1979; Morel and Hékinian, 1980; Schilling
et al., 1983; Schilling, 1986; Klein and Langmuir, 1989;
Dosso et al., 1993]. The intermediate-wavelength geoid
and bathymetric highs are consistent with a thermal
anomaly below the Azores. Conversely, the deep low
seismic velocity anomaly underlying the Azores area as
revealed by seismic tomography can be interpreted in
terms of high temperatures, chemical heterogeneities,
or the presence of fluids. However, it is generally esti-
mated that chemical heterogeneities have minor effects
on lateral velocity variations [Su and Dziewonski, 1991;
Ranalli, 1996]. High mantle temperatures and/or the
presence of fluids generate a greater amount of ascend-
ing melt and therefore a thicker magmatic crust; melt
extracted at greater depth (pressure) presents a high
content in iron and results in Fe-enriched erupted lavas
[Klein and Langmuir, 1989; Bonatii, 1990]. Although
there is no simple and direct relationship between them
[e.g., Sempéré, 1991], it is most likely that high Fe-Ti
contents increase the amount of magnetic minerals and
the axial magnetic anomaly amplitudes in this portion
of the MAR, in agreement with the magnetic telechem-
istry hypothesis [Vogt and Johnson, 1973).

Therefore the various correlations observed between
the long-wavelength signal of high axial magnetic anomaly
amplitudes between 39°30°N and Pico FZ and other
morphological, geophysical, and geochemical data set
along the MAR support a thick and/or Fe-Ti-enriched
magnetic source layer on the Azores platform.

4.1.2. The 28°30°N long-wavelength ampli-
tude high. The magnetic high centered at 28°30°N is
associated with intermediate-wavelength (400 km) sig-
natures in the bathymetry of the MAR axis, the depth
of the axial valley, and the MBA. These signatures are
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about half those associated, at the same wavelength,
with the Azores platform and may also reflect the pres-
ence of a thermal anomaly. The shallow depth of the
axial valley, consistently observed at segment centers
and ends around 28°30°N, suggest a shallower brittle-
ductile transition, in agreement with such a perturba-
tion. In addition, the 28°30°N area is marked by a geoid
high in the wavelengths lower than 2500 km and by a
large anomaly of low seismic velocity. Both may reflect
sublithospheric processes responsible for the high ax-
ial magnetic anomaly amplitudes in this area. Again,
higher mantle temperatures and/or the presence of flu-
ids generate a greater amount of ascending melt and
therefore a thicker magmatic crust (800 m); melt ex-
tracted at greater depth (and pressure) presents a high
content in iron and results in Fe-enriched erupted lavas
[Klein and Langmuir, 1989; Bonatti, 1990]. The pres-
ence or absence of iron and titanium-enriched basalts
in the vicinity of 28°30’N cannot be convincingly con-
strained by the sparse geochemical data available along
this part of the MAR.

Morphological and geophysical evidence for thermal
anomalies beneath the Azores and at 28°30°N is indeed
qualitatively similar at intermediate wavelength (400
km), although it is most likely that the thermal anomaly
at 28°30°N is weaker than that of the Azores. The major
difference is at long wavelength: the Azores lies at the
center of a large, 3000-km-wide zone of influence which
may reflect the deeper expression of the Azores hotspot.
No such long-wavelength expression is associated to the
28°30°N area. The 28°30°N thermal anomaly may be a
secondary branch of the Azores hotspot, which would
individualize from the main plume at relatively shal-
low depth, possibly in relation with the presence of
the MAR, it may also be independent from the Azores
hotspot and correspond to the weakened remnant of a
hotspot responsible for the formation of the New Eng-
land Seamounts, which presently lies at about 27°N,
43°E [O’Connors and Duncan, 1990].

4.2. Segment Scale: Toward a Model for Axial
Magnetic Amplitude Variations?

The observed variations of axial magnetic anomaly
amplitude suggest that the structure and magnetic prop-
erties of the magnetic source layer vary in a consistent
way along most segments of the MAR in the study area.
Four major processes, which all depend on the thermal
structure of the ridge segment, have been proposed to
explain the variations of magnetic anomaly amplitude
within ridge segments: higher degree of alteration due
to more pervasive faulting and hydrothermal fluid cir-
culation at segment centers [Tivey and Johnson, 1987;
Wooldridge et al., 1992], deepening Curie isotherm from
segment center to ends [Grindlay et al., 1992; Tivey et
al., 1993; Pariso et al., 1996], serpentinization of out-
cropping peridotites at segment ends [Pockalny et al.,
1995; Pariso et al., 1996], increasing fractionation and
iron content from segment center to ends [ Weiland and
Macdonald, 1993; Weiland et al., 1996]. The new ob-
servations derived from our analysis of a large number
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of segments indicate that the thermal state of the seg-
ment strongly influences AA, the range of axial mag-
netic anomaly amplitudes within the segment: along-
axis amplitudes variations among segments are stronger
in segments characterized by a large AMBA and a ro-
bust volcanic activity than in segments presenting a low
AMBA and a weak magmatic activity. Moreover, hot-
ter and magmatically active segments display relatively
low and uniform amplitudes at segment centers and
scattered amplitudes at segment ends, whereas colder
and less magmatically active segments show scattered
amplitudes at segment centers and uniform amplitudes
at segment ends. In the light of these inferences, we
examine the various proposed processes and attempt to
model the along-axis axial magnetic anomaly amplitude
variations corresponding to each of these processes for
different thermal state of the segment. At this stage,
this modeling effort is more conceptual than quantita-
tive and rests on the following simplistic, although most
generally verified [see Thibaud et al., this iussue], as-
sumptions: both the length of the segment and AMBA
increase with the magmatic activity of the segment and
the temperature at the center of the segment. Most
thermal models suggest that temperatures at the cen-
ter of segments associated with large AMBA are higher
than at the center of less magmatically active segments,
whereas temperatures at the ends of both types of seg-
ments are quite similar [e.g., Detrick et al., 1995]. Such
statement is supported by the observation of ridge prop-
agation away from hotter and magmatically active seg-
ments at the expense of the neighboring colder segments
le.g., Thibaud et al., this issue]: such propagation would
roughly tend to restore uniform along-axis thermal gra-
dient and keep constant the temperature at segment
ends.

4.2.1. Low-temperature alteration through
faulting and hydrothermal circulation. Alteration
of extrusive basalts through faulting and hydrothermal
circulation reduces magnetization of oceanic basalts and
the amplitude of marine magnetic anomalies by the
transformation of titanomagnetite to titanomaghemite
[e.g., Rona, 1978; Wooldridge et al., 1990]. Such a pro-
cess has been proposed to explain the decay of rock
magnetization and of magnetic anomaly amplitude with
age [e.g., Dunlop and Hale, 1977; Macdonald, 1977;
Bleil and Petersen, 1983; Geiss et al., 1989; Wittpenn
et al., 1989; Wooldridge et al., 1990; Sayanagi and
Tamaki, 1992; Furuta, 1993; Johnson and Pariso, 1993;
Gee and Kent, 1994]. To account for the variations of
axial magnetic anomaly amplitude within segments, al-
teration should be more efficient at segment center than
at segment ends. The major difficulty to relate alter-
ation and the amplitude variations is the poor knowl-
edge of the systematics of faulting and hydrothermal
circulation along a ridge segment. Segment PO1, which
includes hydrothermal site Lucky Strike [Langmuir et
al., 1993], exhibits very low amplitude at segment center
A., in agreement with the notable reduction of surface
and deep-tow magnetic measurements observed at the
TAG hydrothermal site [ Tivey et al., 1996]. Conversely,
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the amplitude at the center of segment KP5, which in-
cludes hydrothermal site Menez Gwen [Fouguet et al.,
1994], is similar to that of the other segments investi-
gated, and the amplitude at the center of segment KA2,
which includes hydrothermal site Broken Spur [Murton
et al., 1994], is relatively high (Figure 6b). The perva-
sive hydrothermal activity observed at these sites seems
therefore to produce local reduction of the anomaly
amplitude, insufficient to explain the systematic vari-
ations of axial magnetic anomaly amplitude. Alter-
ation has also been inferred to explain the observation,
on deep-tow magnetic measurements, of low magnetic
anomaly amplitude and low equivalent magnetization
on the axial valley walls at 24°N-24°40’N [Hussenoeder
et al., 1996]. The reduction in amplitude of the anomaly
measured at the surface seems, however, limited to the
vicinity of the valley walls, affected by faults which per-
mit easy seawater circulation. If it modifies the shape
of the axial magnetic anomaly, it does not significantly
affect the peak to peak amplitude measurement of the
axial magnetic anomaly. Hence we do not consider al-
teration as a plausible cause to explain the systematic
amplitude variations observed within and among the
segments investigated. Instead, we consider alteration
as a complementary process which may locally decrease

VARIOUS HYPOTHESES APPLIED TO....
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significantly the magnetization and therefore the ampli-
tude of the anomaly.

4.2.2. Variable Curie isotherm depth. Assug-
gested in section 4.1, significant variations of the mag-
netic layer thickness related to sublithospheric thermal
anomaly and on magma production may partially ac-
count for the two areas of high axial magnetic anomaly
amplitudes. At segment scale, segment centers are the
magmatic centers and should have thicker extrusive and
thus higher magnetic amplitude. The opposite is actu-
ally observed as segment centers are associated with
low amplitudes. This apparent paradox may result
from the depth to the Curie isotherm which is mod-
ified by moderate thermal variations [Grindlay et al.,
1992; Wooldridge et al., 1992] and may therefore have
a strong influence on the thickness of the magnetized
layer, hence on the axial magnetic anomaly amplitudes.
Depth to the Curie isotherm varies with the thermal
structure of the segment and may explain variations of
the axial magnetic anomaly amplitude within segment;
it also depends on the thermal state of the segment and
may explain variations of amplitude among segments.
Under the assumption that the thermal state of the seg-
ments is principally controlled by thermal variations at
segments centers and that the temperatures at segment
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Figure 8. Schematic sketches presenting the along-axis variations of axial magnetic anomaly
amplitudes expected for three possible processes at (left) hotter and (right) colder segments. The
along-axis amplitude variations predicted for each segments are normalized to the segment length
to be compared with Figure 7 (see text for discussion).
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ends are almost uniform (see section 3.2), this process
would predict a rather uniform magnetic source layer
thickness at segment ends but a highly variable one at
segment centers. The center of hotter and magmati-
cally active segments would be associated with shallow
Curie isotherm; hence there is a thin magnetic source
layer and a low amplitude; centers of colder segments
would be associated with a deeper Curie isotherm, a
thicker magnetic source layer, and a higher amplitude
(Figure 8). The relationship between AA and AMBA
(Figure 6a) would therefore be verified by this model.

The predicted variations of magnetic source layer
thickness depending on the depth of the Curie isotherm
among segments result in relatively grouped amplitudes
at segment ends and scattered amplitudes at segment
centers, in better agreement with the along-axis am-
plitudes variations of colder segments, i.e., presenting
a low AMBA (Figure 7d). This result is, of course,
strongly dependent on the crude assumption of varying
termperatures among segment centers and rather uni-
form ones at segment ends; however, to make this pro-
cess in agreement with the along-axis amplitudes varia-
tions of hotter segments, i.e., presenting a high AMBA
(Figure 7c), would require the opposite assumption of
varying temperature at segment ends and uniform ones
at segment centers, which seems inconsistent with the
observed ridge propagations.

The variable magnetic source layer thickness model
depending on the Curie isotherm depth would there-
fore apply to colder segments. However, most thermal
models of mid-ocean ridges predict the 300°C isotherm
(Curie temperature for titanomagnetite) to be deeper
than 1 km within a few kilometers from the ridge axis
(see, for instance, Chen and Morgan [1990]). Vari-
ations of Curie isotherm depth would therefore not
significantly affect the whole axial magnetic anomaly,
about 30 km wide, but only the most recent part of
this anomaly within a narrow zone. Hence variations
of Curie isotherm depth may play a significant role in
shaping the central magnetic anomaly high observed
on most deep-tow magnetic anomaly measurement over
the youngest oceanic crust [e.g., Tivey and Johnson,
1993; Tivey, 1994; Gee and Kent, 1994] but cannot
explain the systematic amplitude variations observed
within and among the segments investigated.

4.2.3. Serpentinization of ultramafic rocks at
segment ends. Outcrops of ultramafic rocks have
been widely observed in the vicinity of FZ and second-
order discontinuities along the MAR [e.g., Juteau et al.,
1990; Cannat et al., 1995; Gente et al, 1995; Lagabrielle
et al., 1998] and are rare (but not absent, see Lagabrielle
et al. [1998]) at segment centers. These observations
suggest that a low magmatic budget, a relatively colder
thermal structure, and thin crust prevail at segment
ends [e.g., Cannat, 1993; Tisseau and Tonnerre, 1995].
Shallow (and outcropping) peridotites are easily serpen-
tinized by seawater, a process which generally results
in the formation of secondary magnetite (see Toft et
al. [1990] for a review). As a consequence, most ser-
pentinized peridotites bear high induced and remanent
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magnetizations [Bina et al., 1990; Hamano et al., 1990;
Nazarova, 1994]. The presence of such serpentinized
bodies in the vicinity of the discontinuities could result
in high axial magnetic anomaly amplitudes. The ampli-
tude decrease toward segment center might be a result
of the decreasing abundance of shallow (or outcropping)
serpentinized material. If serpentinization is the domi-
nant process, geometrical considerations would predict
high amplitudes at the center of a short segment and
lower amplitudes at the center of a longer segment. As
the length of the segments decreases, the presence of
serpentinized material in the vicinity of segment cen-
ters (supposed to be hotter, see assumptions in section
3.2) is more likely so that any correlation between AA
and AMBA would become less obvious (Figure 8).

These considerations show that serpentinization of ul-
tramafics at segment ends is consistent with the positive
correlation between AA and AMBA (Figure 6a), as the
amplitude at segment ends would be rather uniform and
the amplitude at segment centers would decrease with
longer and hotter segments (increasing AMBA). The
serpentinization model predicts grouped amplitudes at
segment ends and scattered amplitudes at segment cen-
ters, in agreement with the along-axis pattern observed
for colder segments (i.e., associated with a low AMBA,
Figure 7d) but not with that observed for hotter seg-
ments (Figure 7c). This result suggests that serpen-
tinized peridotites are an important process to generate
high axial magnetic anomaly amplitudes at the ends of
segment in a relatively colder thermal state (Figure 9),
in good agreement with the direct observation of low
amount of basalts and abundant ultramafics at the tips
of these segments, but may only play a secondary role
in the amplitude variations at hotter segments.

4.2.4. Magma shallow fractionation. Although
the relationship between fractionation and temperature
is complex and depends on other parameters such as
magma feeding and composition, it is generally ac-
cepted that hotter temperatures correspond to abun-
dant and mixed magma upon ascent and therefore low
degree of fractionation and magnetization; conversely,
colder temperatures correspond to lower amount of par-
tial melting and high degree of fractionation and magne-
tization. Such a fractionation effect is clearly observed
in the vicinity of large offset FZ and second-order dis-
continuities [e.g., Langmuir and Bender, 1984; Niu and
Batiza, 1994; Lawson et al., 1996; Weiland et al., 1996;
Fleutelot et al., 1996]. Under the assumption of rela-
tively uniform temperatures at segment ends and highly
variable temperatures at segment centers (see section
3.2), fractionation may affect the ridge segments in a
different way depending on the temperature at segment
center. Two classes of segments are envisioned.

The first class of segments includes hotter segments
associated with a robust magmatic activity, which present
regularly fed magmatic bodies. As ascending magma
is focused at the segment centers along slow spreading
centers such as the MAR [e.g., Lin and Phipps Morgan,
1992], the degrees of fractionation and hence magnetiza-
tion are low and uniform at segment center and increase
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Figure 9. Proposed model accounting for along-axis amplitudes variations among hotter, in-
termediate, and colder segments. For hotter segments, fractionation results in uniform low am-
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lower amplitudes at segment centers (for comparison, see Figure 7d). Expected relationships
linking AMBA with AA, amplitude at center 4., amplitude at ends A, and mean amplitude
A, which result from the combination of these two processes (bottom) are in relatively good

agreement with the observations (see Figure 6).

toward segment ends. If these quantities vary simi-
larly in all segments, the longer segments would display
the most fractionated magmatic rocks at its ends and
hence have the highest Fe-Ti content, magnetization,
and axial magnetic anomaly amplitude. For this class
of segments, the shallow fractionation model is consis-
tent with the observed variations of AA, A., A, and A,,
with AMBA (Figure 6) and with the observed along-
axis amplitudes variations for segments with AMBA
higher than 25 mGal (Figure 7c) in regard to the rough
assumptions considered (Figure 8).

The second class of segments includes colder segments
presenting a modest magmatic activity and irregularly
fed magmatic bodies which are submitted to longer
times of insulation. The degree of fractionation at seg-
ment center depends on the temperature and hence the
Fe-Ti content, magnetization, and magnetic anomaly
amplitude. Thus the axial magnetic anomaly amplitude
at segment center would decrease with increasing tem-
perature at segment center and AMBA (Figure 8) and
is expected to present a large dispersion, as it is indeed
observed (Figures 6d and 7d). Similary, the amount
of melt decreases and the degree of fractionation in-
creases toward segment ends. The longer segments of
this class, associated with a relatively high AMBA and
low temperatures at segment center, would present a

more important variation in degree of fractionation be-
tween segment center and ends, which may compensate
their lower degree of fractionation at segment center and
result in relatively uniform degree of fractionation hence
magnetization at segment ends among the segments of
this class. For this class of segments, the shallow frac-
tionation model is consistent with the variations of AA,
A, A, and A, with AMBA (Figure 6). It predicts scat-
tered amplitudes at segment centers and rather uniform
amplitudes at segment ends, in agreement with the ob-
servation for segments with AMBA lower than 18 mGal

" (Figure 7d). However, fractionation is unrealistic to ex-

plain the high axial magnetic anomaly amplitude ob-
served at segment ends where large outcrops of deep
crustal and mantle rocks are exposed, basalts are al-
most absent, and the magmatic budget is very low. In
such area, serpentinized ultramafic bodies likely play
a major role in the observed amplitude variations (see
section 4.2.3 and Figure 9).

Very few systematic studies of FeO* content within
segments have been reported, and only a limited num-
ber of measurements of this parameter are available
along the MAR from the literature. A good example
has been recently published by Lawson et al. [1996]:
segment K14, located immediately north of Kane FZ,
shows more primitive lavas at segment center and more
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Figure 10. From top to bottom, MgO content [Law-
son et al., 1996], axial magnetic anomaly amplitude,
bathymetry, and mantle Bouguer gravity anomaly along
the segment located immediatly north of Kane FZ (seg-
ment KA14). With respect to its AMBA, segment
KA14 is intermediate between the hotter and the colder
state (see Figure 7). The low magnetic anomaly am-
plitude at segment center corresponds to a high MgO
content, i.e., a low FeO content. This good correlation
and the comparable asymmetries observed on the four
data sets suggest that fractionation is the primary pro-
cess to explain the variations of axial magnetic anomaly
amplitude. The complexities observed in the amplitude
variations but not in the MgO content variations may
reflect local effects of secondary processes.

fractionated basalts at segment ends, as suggested by

MgO variations [Lawson et al., 1996]: a high MgO (i.e.,
a low FeO, as Mg and Fe concurrently stand at the
same sites in molecular structures) is observed at seg-
ment center and decreases asymmetrically toward seg-
ment ends (Figure 10). Comparison with the axial mag-
netic anomaly amplitude within this particular segment
reveals a clear relationship. The highest MgO (lowest
FeO) content corresponds to the lowest axial magnetic
anomaly amplitude, and the asymmetric variations of
MgO content toward each segment end translate in simi-
lar asymmetric variations of the axial magnetic anomaly
amplitude (Figure 10). However, the axial magnetic
anomaly amplitude shows more complex variations, in-
cluding local fluctuations of slopes and a slight decrease
of the amplitude at the extreme tips of the segment,
than the MgO content, which seems much more regular
despite a relatively dense sampling.

5. Conclusion

Our systematic study of the axial magnetic anomaly
amplitudes along a 2600-km section of the Mid-Atlantic
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Ridge axis between 20°N and 40°N provides important
results at two different scales. The long-wavelength sig-
nal (> 100 km) displays two highs of axial magnetic
amplitudes centered at 39°N (Azores platform) and at
28°30’N. The 39°N amplitude high is associated with
marked bathymetric, gravity, geoid, seismic velocity,
and geochemical anomalies. These combined observa-
tions likely result for the thermal perturbation associ-
ated to the Azores hotspot, which may induce deeper
and more extensive partial melting and generate a thick
and/or Fe-Ti enriched magnetic source layer in this
area, in partial agreement with the magnetic telechem-
istry hypothesis. The 28°30’N amplitude high is asso-
ciated to weaker bathymetric and gravity anomalies at
the wavelengths of about 400 km and comparable geoid
and seismic velocity anomalies. These observations may
reflect the presence of a thermal perturbation which
would result in locally thicker and/or Fe-Ti enriched
magnetic source layer. The presence of long-wavelength
bathymetric, gravity, and geoid anomalies centered on
the Azores, which are not observed at 28°30°N, suggests
a deep thermal anomaly below the Azores hotspot and
a relatively shallow one at 28°30°N.

Shorter undulations (< 100 km) of the axial magnetic
anomaly amplitude signal are related to ridge segmenta-
tion. The joint study of a large number of segments (1)
allows us to generalize the observation of higher ampli-
tude at segment ends than at segment centers and (2)
provides the opportunity to analyze the variations of
axial anomaly amplitudes among segments, by compar-
ison with AMBA interpreted as reflecting the thermal
state of each segment. Hotter and magmatically ac-
tive segments display higher along-axis amplitude vari-
ations characterized by grouped amplitudes at segment
center and scattered amplitudes at segment ends. Con-
versely, colder and less magmatically active segments
show lower along-axis amplitudes variations, scattered
amplitudes at segment center, and grouped amplitudes
at segment ends. These inferences suggest the following:

1. Low-temperature alteration through faulting and
hydrothermal circulation and variable source layer thick-
ness through variations of the Curie isotherm depth may
locally affect the amplitude of magnetic signal.

2. Shallow fractionation and serpentinization of ul-
tramafic rocks at segment ends control the amplitude
variations within segments. The balance between these
processes depends on the thermal state among seg-
ments. Amplitude variations within hotter segments
are mainly due to fractionation, whereas those displayed
by colder segments result from the combined effect of
fractionation at segment center and the presence of ser-
pentinized bodies at segment ends.
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