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ABSTRACT

Shneyer, V.S., Trofimov, I.L., Abramov, Yu.M., Zhdanov, M.S., Machinin, V.A. and Shabelyansky, S.V., 1991. Some results of
gradient electromagnetic sounding in Doldrums Mid-Atlantic Ridge fracture. Phys. Earth. Planet. Inter., 66: 259-264.

The geoelectrical cross-section of the Doldrums Mid-Atlantic Ridge fracture has been investigated by means of the gradient

electromagnetic sounding method.

The method of experiment at sea, observation techniques, principles of processing and interpretation of the observed data
are described. As a result, the first model of the deep geoelectrical structure of the ridge zone, with a high conducting layer at a

depth of 30 km, has been constructed.

1. Introduction

The study of the ocean floor structure, particu-
larly in active spreading zones, is of primary im-
portance for geodynamics and geochronology
studies. In this respect, lithosphere thickness mea-
surements, asthenosphere layer location and tem-
perature—depth distribution are the problem areas
of high interest. It is known that the lithosphere
has different dates of formation on either side of
the axis of transform fractures. This difference is
related to the spreading speed of the Mid-Atlantic
Ridge. Both lithosphere thickness studies and age
determinations on transform fractures provide very
important geodynamic information (Gorodnitsky,
1985). Lithosphere thickness differences are found
also on both sides of Mid-Atlantic Ridge axes and
have been attributed to asymmetric mantle tem-
perature distribution (Haigh, 1974). Both litho-
sphere thickness and asthenosphere surface tem-
perature may be determined by deep electromag-
netic sounding (Berdichevsky and Vanyan, 1969;
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Duba and Lilley, 1972), a technique that has been
used successfully in litho- and asthenosphere stud-
ies in the Arctic, Pacific and Atlantic Oceans
(Fonarev, 1969; Greenhouse, 1972; Trofimov et
al., 1973; Trofimov, 1979; Cox 1980). There has
been no electromagnetic sounding carried out pre-
viously for the Mid-Atlantic Ridge.

In November 1987, during an expedition on
board the scientific research ship ‘Nickolay
Strakhov’, deep electromagnetic soundings over
the Doldums transform fracture of the Mid-
Atlantic Ridge were produced. Other geological
and geophysical studies included continuous
seismic profiling, multibeam echo-sounding, seis-
mic reflection, magnetic surveying, dragging and
sample analysis.

2. Observation techniques and equipment

Sounding measurements were based on syn-
chronous geomagnetic field variation measure-
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ments at both the sea surface and the sea bed,
with further calculations of amplitude ratios, am-
plitude differences and phase variations between
the two water levels. This technique was first
introduced by Fonarev (1964), and further devel-
oped by Trofimov and Fonarev (1972), Berdichev-
sky et al. (1979), and by Golmshtock and
Sochelnikov (1971); this technique was named
‘marine gradient sounding’.

To fulfil the requirements of the method, the
variations of horizontal components are to be
measured as far as it is possible for them to be
damped with depth, depending on the conductiv-
ity of the underlying oceanic crust and mantle.
However, the accurate measurement of the sea
surface geomagnetic component presents a signifi-
cant technical problem. It is simpler to measure
the total vector modulus T on the sea surface by
means of a scalar magnetometer, which has an
nsignificant dependence on sensor movements.
Horizontal component variations, A H, are related
to AT and AZ by the equation
AH=(AT—AZsin I)cos™'I (1)
where I is magnetic inclination, and Z is the
vertical component.

As far as the sounding produced at latitude
9°N, where I=18° and cos I=0.95 (with an
error of 5%), it can be accepted that
AH=AT—-AZ sin I (2)
Ocean depth at the point of sounding was about
3000 m, while the integrated longitudinal water
layer conductivity was about 12000 S. In these
conditions, vertical component (Z) variations are
‘damped’ almost completely at periods shorter
than 24 h, and then
AH ~ AT (3)

These variation properties for the region studied
enabled us to use, at the sea surface, the scalar
'(proton) magnetometer.

To measure sea-bed variations the marine
three-component (H, D, Z) magnetometer was
used. Such a combination enabled us to control
the influence of the AZ component, to measure
field polarization, to calculate the induction vec-
tors and measure H values at the sea bed, free
from the errors of recalculation.
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Thus, the T modulus variations at the sea
surface were measured at 50 m depth by means of
a magnetovariation module set that included a
proton magnetometer, control and power blocks,
and digital recorder. Measurement accuracy was
about 1 nT, the time interval was 1 min, clock
daily deviation was +1 s and operational time
was 7 days.

The set at the sea bed contained a three-compo-
nent flux-gate magnetometer, with blocks for com-
pensation, control, orientation and power, and an
analogous photorecorder. Variations were mea-
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Fig. 1. Gradient sounding setting scheme.
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sured up to 1 nT, with paper speed being 60 mm
h~, operational time being 10 days and clock daily
deviation being +1 s. All the blocks of the sea-bed
set were placed into one metal non-magnetic con-
tainer, which in turn was placed into a light safety
box.

The proton set sensor consisted of a hydrostati-
cally discharged plastic box filled with proton-
containing fluid, into which toroid inductive coil
was inserted and a cable connected to an amplifier
kept in a metal non-magnetic container that con-
tained the rest of the set blocks.

A buoy with a radar reflector and flashing light
was fixed at the sea surface. The buoy was con-
nected to an anchor by means of synthetic rope
with a diameter of 12 mm. The proton set was
suspended from the rope and the sea-bed set was
connected to the anchor by a synthetic rope 100 m
long. A general view of the gradient buoy station
is shown in Fig. 1.

3. Experiment

On 20 November 1988, the gradient buoy sta-
tion was fixed at 9°01'6N, 39°58’8W near the
northern flank of the Doldrums fracture 50 miles
from the Mid-Atlantic Ridge, in a water depth of
2923 m.

The area is characterized by a highly fractured
sea floor topography. To avoid possible data dis-
tortion by false variations owing to buoy circula-
tion in an anomalous field, the station location
was selected after taking into consideration both
the sea floor topography and the geomagnetic
field anomaly gradient. According to the magnetic
survey data obtained, the magnetic field gradient
near the station did not exceed 2 nT km ™', which
corresponds to the normal field gradient. Depth
control was provided by echo sounding, while a
satellite navigation sensing system produced the

' coordinate control.

On 26 November 1988 the station was taken
back on board ship. During five full days, the
magnetic field vector module variations at the sea
surface and three-component (H, D, Z) varia-
tions at the sea-bed were simultaneously reg-
istered. Analysis of the data showed that during
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the first 2 days there were quiet daily variations.
On the third day (23 November 1988), at about
08:00, UT there was the sudden commencement
of a world-wide magnetic storm that lasted until
the recording period was over. Thus, despite the
short duration of the experiment a useful record
was obtained, with sufficient variation for
processing with regard to gradient sounding in a
wide range of time spectra.

4. Impedance calculation technique

Determination of the sea-bed magnetotelluric
impedance 2 was the object of the experiment.
Two equations were used. The first one to show
the relation between 2 and p ratio for the two H
components: H, for the sea surface and H, for
the sea-bed

Z .
p= H,/H, = coshkh + E,—lsmhxh (4)
where h is water depth, k =(—iwopy)'/?, 2=
(—iwpy)/k, o is seawater conductivity, w is cyclic
variation frequency, p, is vacuum magnetic per-
meability and « is the wavenumber. The second
equation relates 2 with the difference

E,,
0=H0—H,,=2sinhx—;7£jl—2 (5)
where E, , is the electric field between the sensors.
For ranges of sufficiently long periods,
2 sinh[(kh/2)/Z,], =oh=3S, where S is the
longitudinal integral electric conductivity. Then,
according to calculations within the same period
ranges, there is no downward variation of the
seawater electric field, the error being practically
negligible. That is why it could be accepted that
E, , = E,, where E, is the sea-floor electrical in-
tensity. It follows from the above that

Z=E,/H,=0/S X H, (6)

To determine the H, for £ calculations, eqns.
(1)-(3) were used.

5. Data processing technique

As mentioned above the time variations reg-
istered may be divided into two sets significantly
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Fig. 2. Modulus of magnetic ratios (a) and apparent resistivity
(b).

different in frequency spectra. The first set of 50 h
duration is represented by relatively quiet solar
daily variations, S,- For this reason, the record
intervals here of 24 h duration were expanded into
Fourier series so that the S, harmonics could be
identified. The observed variation amplitude of Sq
for horizontal components and modulus was about
200 nT. High amplitude and characteristic curve
shape for S, enabled the identification of up to the
twelfth harmonics in these components. For the
vertical component, only the first and second
harmonics were of practical significance, with re-
gard to eqgns. (2) and (3). The second set of time
variations, of 3 days duration, is represented by a
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Fig. 3. Phase of magnetic ratios (a) and magnetotelluric imped-
ance (b)
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global magnetic storm with an expressed storm-
time geomagnetic variation (D,) component.
Storm disturbances include variations with ob-
served periods lasting in the range of 10-15 min
to several hours. Solar daily variations, Sp were
also observed. This record series was harmonically
expanded into a Fourier integral with further
spectral harmonic identification in different com-
ponents; the ‘peak-to-peak’ method was used. To
avoid the certain errors due to the limited record
length, the strongly timed spectra of the same
record length were analysed. The trend was identi-
fied by the cubic polynomial calculated by the
least-square procedure. The # value was de-
termined by both the spectra of time series dif-
ferences and the difference of the spectra. Coinci-
dent results only were processed. The values found
for |p| and arg p are shown in Figs. 2a and 3a,
respectively. The apparent resistance values Pr
and arg 2, calculated from the values found for I
(crosses) and # (circles) are shown. respectively, in
Figs. 2b and 3b.

6. Formal interpretation

For a one-dimensional horizontal-layered model
of geoelectric cross-section the obtained pr curve
was submitted to formal interpretation. The model
parameters were first roughly determined with
curve extreme and asymptotic values by using
proximate analytical formulae. They were further
constrained by their variations, computer calcu-
lated p; curve and comparison with the experi-
mental p; values. A minimum layered model was
developed ‘averagely’ satisfying the sets of all the
experimental data and corresponding to apriori
information on the geoelectric cross-section. In
this respect, a five-layered model turned out to be
an optimum choice. Theoretical curves calculated
according to this model are shown by the solid
lines in the Figs. 2 and 3. This highlights the
difference between theoretical curves, arg Z, and
the set of experimental values. Attempts to re-
move this difference by sensible model complica-
tion (by increasing the number of layers) were of
no use. This may be accounted for by the continu-
ous depth-resistivity distribution, the main fea-
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Fig. 4. Geoelectrical model.

ture of which is reflected by the horizontal-layered
model.

The model is shown in Fig. 4. Its main feature
is the presence of two conductive layers divided by
non-conductive layers. When the model parame-
ters were selected it was found that the shape of
the py calculated curve within the total period
range depends mainly on the variations of depth,
thickness and resistivity values for these two layers.
The acceptable deviations average 20-30%, be-
cause in this case the calculated curve will not go
beyond the scattering ranges of experimental data
available. The insulator resistivity values are con-
ditional to a great extent, but they are not less
than 100-200 times as much as that of the con-
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ductive layers. The model parameters below the
second conductive layer determined the curve be-
haviour for the longest periods and were selected
so that the curve could coincide with that of
global magnetovariation sounding.

7. Discussion

The first question concerns the data distortion
due to the discontinuity of the geoelectric cross-
section in the area of observation. Unfortunately,
only single-point measurements were made. The
problem thus becomes very much complicated.
The only argument for small distortions may be
the absence of vertical component variations for
periods less than 24 to 12 h, and the presence of
daily harmonics can be accounted for by the source
effect. One could at least try to interpret the upper
part of the model obtained.

According to geological data there is practically
no sedimentary cover in the area of observations.
The sea floor is highly dismembered by the set of
parallel depressions, their depth being maximal
along the axis of the transform fracture. The sea-
floor surface is of tholeiitic and olivine lava com-
position.

It may be supposed that the basalt layer is
substantially deep fractured and seawater satura-
ted. This greatly reduces the rocks resistivity.

The nature of high conductivity layers occur-
ring at depths of 30 and 125 km is of great
interest. Their integral conductivities is as much as
5000 and 50000 S, respectively.

The liquid phase content is likely to be not less
than 10% in order to provide a rock resistivity as
much as 2 € m~'. This is quite probable for water
solutions at temperatures of 800-900 ° C and more.
At depths greater than 40 km the water content
may be substantially reduced with an increase of
resistivity, and in conditions close to the ‘dry
solidus’ it may go up to 500  m™".

At a 125 km depth the temperature exceeds the
point of ‘dry solidus’ (1200°). The melt content
grows and that again reduces the resistivity down
to2 2 m L.

Beneath the second conductive layer the inter-
pretation becomes problematic. If the occurrence
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of the lithosphere base level is taken to be at the
depth of 30 km, it could be aged (according to
Gorodnitsky, 1985) as 10 millions years.

Comparison of the obtained results with similar
information from the Pacific (Cox, 1980) high-
lights the comparatively low resistivity of the geo-
electric cross-section in the Atlantic. This is un-
doubtedly a remarkable fact to be studied further.

In conclusion we emphasize the apparent pro-
spects for using the described sounding technique,
at least for the low-latitude regions.
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