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Crustal Development of the Reykjanes Ridge From Seismic Refraction

A.W.H. Bunch

Department of Goedesy and Geophysics, Madingley Rise, Madingley Road, Cambridge CB3 OEZ, England

Abstract. A seismic refraction experiment was carried out on the
Reykjanes Ridge at approximately 60° N 30° W to determine the
detailed seismic structure of the crust and the way in which this
structure changes with age. Three 120-km-long overlapping split
reversed profiles were shot over crust of ages 0, 3, and 9 Ma
on the Eastern flank of the ridge. The data gathered were first
analysed using travel-time analysis, these structures were then re-
fined by modelling the experimental waveforms with synthetic
seismograms. The detailed structures obtained indicate that with
increasing age the 4.6 km/s layer thins and the crust with velocities
6.6 to 7.1 km/s thickens and increases its mean velocity. The velo-
city of the deepest layer seen increases with age, 7.1 km/s at 0 Ma
and 8.2 km/s at 9 Ma, the vertical transition to this velocity being
modelled best by a velocity gradient (0.66 km/s/km).

Key words: Reykjanes ridge — Crustal ageing — Mid Atlantic Ridge
~ Seismic refraction.

Introduction

During the summer of 1977 Cambridge University carried out
a seismic experiment on the Reykjanes Ridge, at approximately
60° N 30° W, (Fig. 1), the position chosen marks the south-western
limit of the section of the Reykjanes Ridge with no median valley
and at this latitude the ridge breaks up into sections whose axes
lie obliquely to the overall spreading axis of the ridge (Shih et al.,
1978). The Reykjanes Ridge north-east of 59° 30" N also exhibits
a lower level of seismicity, less than a quarter of the activity
of the ridge further south-west (Francis, 1973).

The experiment was designed with two aims:

(i) To determine a detailed crustal structure for this section
of the ridge.

(ii) To investigate the way in which the seismic crustal structure
changes with age.

Three refraction lines were shot parallel to the ridge axis
over crust of approximate ages 0, 3, and 9 Ma, these ages corre-
sponding to the crest of the ridge, the foot of the central triangular
section of the ridge, and the edge of a raised plateau bordering
the ridge. The lines shot were 120 km long ‘overlapping-split
reserved’ profiles with a maximum shot receiver range of 70 km.
On each line between four and five receivers (free floating record-
ing sonobuoys) were used and up to 33 shots detonated. In addi-
tion, to determine the sediment thickness, normal incidence reflec-
tion profiles were shot, using a Geomechanique array, over the
3 and 9 Ma refraction lines, but none over the ridge axis, as

previous work (Ruddiman, 1972) indicated that there was no sedi-
mentary COver.

Travel-Time Analysis

Good quality amplitude data were obtained from all the shots
at all the receivers. The first arrival times were picked from un-
filtered digital record sections, the correlations being facilitated
by using filtered record sections. The arrival times were corrected
for the varying sedimentary thicknesses and water depths below
shot and receivers. The timing corrections made for variations
in the water depth were calculated assuming that all sub-basement
interfaces lay parallel to the basement topography (Kennett and
Orcutt, 1976). This assumption is common for marine refraction
work and is usually justified in areas where the basement relief
exhibits only gentle undulations, as on the 0 and 9 Ma profiles.
On the 3 Ma profile the basement topography was rough and
any assumption, when calculating the water depth correction,
would be hard to justify for the data collected. An alternative
assumption would be that all the basement topography was due
to variations in thickness of the shallowest seismic layer, all sub-
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Fig. 1. Chart showing location of the three refraction profiles (solid
lines) described in the text. The profiles were shot over crust
of approximate ages 0, 3, and 9 Ma. Contours at 500 m intervals
are given (Shih et al,, 1978). The position of the research area

relative to Iceland is shown in the inset
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basement interfaces being flat. These two different approaches
in calculating the water depth correction give rise to differences
of 0.040 s for the timing corrections of the data gathered, this
error being of the same magnitude as the errors on the arrival
time data in the travel-time analysis. However, no correlation
was found between these travel-time errors and the calculated
water depth corrections which suggests that the assumption used
was appropriate.

The arrival times from all the sonobuoys could be combined
from both the 0 and 9 Ma profiles giving a high data density.
On the 3 Ma line poor control on the water depth below four
of the five sonobuoys made it necessary to determine time delays
which would make it possible to overlay the arrival times. For
each profile the combined arrivals were then split into groups,
each representing one ‘refractor’. An indication of the ranges
at which to split the data was found by examining the behaviour
with range of:

(i) The waveform of the first arrival wave-group (taking into
account change due to variations of shot size).

(i) The peak to peak amplitude of the first arrival wave-group.

The shape and amplitude of the first arrival wave-packet
showed marked changes over a narrow range band, e.g., at 25 km
for the 0 Ma profile Fig. 3 and 4. These ranges, ‘cross-over’
ranges, were taken as indicating a change in the nature of the
seismic arrivals as the changes could not be accounted for by
variations of shot size. Using these ‘cross-over’ ranges as a guide,
the arrivals were assigned to the various groups, the arrivals com-
ing from ranges near to, less than 5 km, the ‘cross-over’ ranges
being assigned to groups with the aid of time-distance plots of
all the arrivals. Least-squares lines were fitted to the data groups
and from the results the structures shown in Fig. 2 were calculated.

The velocity-depth bounds shown in Fig. 2 were derived from
the ‘tau’ technique of Bessonova et al. (1974) with the modifica-
tions of Kennett and Orcutt (1976). The first arrival groups gave
only a patchy tau-p curve which was completed using the method
of parallelograms (Keilis-Borok, 1971). The completed bounds
were then inverted into velocity-depth bounds using the Herglotz-
Wiechert integral. On the 3 Ma profile, due to the poor quality
data, the arrivals were not divided up into groups when forming
the tau-p curve. Thus the velocity-depth bounds for this profile
are broader and show less structure. The velocity-depth bounds
found from the ‘tau’ technique are useful in that they give a
guide for alterations to the first arrival structure when matching
the amplitude-distance behavior of seismograms.

Surface Structure -

The structure of the top 2 km of the crust was determined from
data gathered when recovering the sonobuoys using a 1,000 in.?
air-gun as sound source. In addition to the refraction data gathered
in this way, wide angle reflections were seen coming from an
interface below the basement. On all three profiles these reflections
were interpreted as coming from the base of the layer with velocity
4.6 km/s. These reflections were only seen over a narrow range
window, the amplitude rising and falling sharply. This amplitude-
distance behavior (Cerveny and Zahrandnik, 1972) suggests that
a velocity gradient underlies the 4.6 km/s layer. On the 3 Ma
line, where the data density was highest, the seismic structure
from the travel-time data modelled the crust at the base of the
4.6 km/s layer with thin layers, this being an equivalent representa-
tion of a velocity gradient in terms of constant velocity layers.

Fig. 2. The seismic velocity-depth structures (solid
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lines) calculated from the travel-times measured for
the three refraction profiles. The broken lines are the
velocity-depth bounds as calculated from the ‘tau’
technique (Bessonova et al., 1974)

Fig. 3. Average amplitude-distance curves for the
three refraction profiles. The amplitude is the peak
to peak amplitude of the first arrival wave-group, the
scale being arbitary. For the 0 and 3 Ma profiles the
data from all buoys have been combined and
averaged over 5 km range bins. The mean amplitude
of each range bin is plotted together with the
standard error in the mean. At both ends of the

3 Ma line the four shots furthest from the receivers
gave anomalously low amplitudes, either due to
lateral crustal variations or incomplete charge
detonation. In this figure these amplitudes have been
corrected for the latter effect. For the 9 Ma profile
the results from only one sonobuoy are plotted, as

0 Ma 3Ma 9Ma the data from the other buoys were either noisy
or incomplete. The solid line is for the section of the
% 20 0 o o 20 20 0 50 profile shot from the SW into the buoy and the
RANGE KM RANGE KM RANGE KM broken line corresponds to shots NE of the buoys
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Amplitude and Waveform Analysis

In order to define the general characteristics common to record-
sections from all of the sonobuoys for a profile, average amplitude-
distance curves were calculated for each profile. The amplitude
plotted in Fig. 3 is the peak to peak amplitude of the first arrival
wave-group. It can be seen that at certain ranges there are marked
changes of amplitude and the position and magnitude of these
changes were used as a descriminant when modelling the experi-
mental records with synthetic seismograms.

All the modelling of the seismic record sections was completed
using the reflectivity method (Fuchs and Miiller, 1971; Kennett,
1975). For each profile, a synthetic record section was first com-
puted for the travel-time structure. This structure was then altered
by the addition of new layers in an attempt to improve the match
of the amplitude behaviour between the synthetic and experimental
record-sections. The changes in the velocity-depth structure were
made so as to maintain the intercept times of the refractors seen
as first arrivals.

On the 0 Ma line the travel-time velocity-depth structure was
altered mainly by changes in the structure below 3.5 km depth.
Layers of velocities 6.8, 6.6, and 6.8 km/s were included to increase
the amplitude present at less than 25 km range and produce the
correct drop in amplitude at 25 km (Fig. 3). The low-velocity zone
was required to achieve the correct range to the amplitude peak
at around 40 km. To increase the sharpness of this amplitude
peak the 7.1 kmy/s interface was exchanged for a velocity gradient
of 0.6 km/s/km. A comparison of the experimental and synthetic
record sections is made in Fig. 4.

Two changes were made to the travel-time structure for the 9 Ma
profile. The first alteration was the inclusion of a 6.9 km/s layer
above the 7.1 km/s layer. This layer was included to increase the
amplitude at less than 17 km range and decrease the amplitude
at 25 km. The amplitude contrast was further improved by ex-
changing the 6.6 to 6.9 km/s interface to a velocity gradient. The
second modification was to change the 7.1 to 8.2 km/s interface
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Fig. 4. Synthetic seismograms for the final velocity-depth structure
proposed for the 0 Ma profile together with some of the ex-
perimental data. The experimental seismograms have been scaled
for range and varying charge weight, the same scaling for range
being used for the synthetic records. The energy delayed ap-
proximately 1s from the first arrival corresponds to the sea-
water multiple

to a 0.66 km/s/km velocity gradient. This sharpened the amplitude
peak of the synthetic seismograms at 40 km range, as seen on
the experimental records (Fig. 5).

The data from the 3 Ma profile were of a poorer quality and
thus the final structure obtained is not as well controlled as for
the 0 and 9 Ma profiles. Anomalously low amplitudes on both
ends of the profile from the four charges most distant from the
receivers make it difficult to define the velocity structure below
6.5 km depth. However changes were made in the travel-time velo-
city-depth model to improve the match between the experimental
and synthetic record sections of which the best solution is shown
in Fig. 6.
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Fig. 5. Synthetic seismograms calculated for the final velocity
depth structure proposed for the 9 Ma profile together with some
of the experimental data. The experimental records have been
scaled for range and varying charge weights, the same scaling
for range being applied to the synthetic records
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Fig. 6. Synthetic seismograms for the final velocity-depth structure
proposed for the 3 Ma profile together with some of the ex-
perimental data. The experimental records have been scaled for
range and varying charge weights, the same scaling for range
being applied to the synthetic records. The anomolously low am-
plitudes beyond 45 km range may be due either to lateral changes
in the crust along the profile or incomplete shot detonation. The
amplitudes shown are scaled as if these shots fired completely
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Final Velocity — Depth Structures

KM/s KM/s
0 8 0 4 8 0
0 S Oy
3 () G
LU G
(iv) (R
5 ] S 5 ™
KM | KM km| T Fig. 7. The final velocity-depth structures
[ (vi) A
10 10 QOL o proposed for the three refraction profiles. The
Roman numerals correspond to the sections of
0 Ma 3 Ma 9 Ma the conclusions
Conclusions References

The final velocity depth structures obtained for the three refraction
profiles are shown in Fig. 7. Several conclusions may be made
about the change in seismic structure with age. The trends with
increasing age are:

(i) The sea-floor refraction velocity increases from 2.2 km/s
at the ridge axis to 3.8 km/s for crust 9 Ma, these velocities being
obtained from the air-gun observations.

(ii) The 4.6 to 4.7 km/s layer thins by 0.5 km in 9 Ma, but
its velocity remains relatively constant.

(iii) The 5.4 to 6.2 km/s layers become shallower, though their
combined thickness and mean velocity remain relatively constant.
Wide-angle reflections from the base of the 4.6 km/s layer would
indicate that this is a region of a velocity gradient rather than
a constant velocity layer.

(iv) The 6.4 to 6.6 km/s layer also becomes shallower and
its thickness appears relatively constant.

(v) The layers with velocities between 6.6 and 7.2 km/s increase
their mean velocity and thickness. At the ridge axis a slight low
velocity zone is present, velocity 6.6 km/s, below a 6.8 km/s lid.
Away from the ridge the velocity increases and at 9 Ma this region
has a mild velocity increase with depth.

(vi) The transition to the highest velocity measured is best
modelled by a velocity gradient rather than a first-order discontin-
uity, the velocity gradient being approximately 0.66 km/s/km.

The structures obtained are relatively smooth structures. This
suggests that the seismic model of the oceanic crust should be
seen more as a smooth velocity-depth profile with changing velo-
city gradients rather than as a model of constant-velocity layers.

A more detailed discussion of the analysis and conclusions
from this experiment may be found in Bunch and Kennett (1979).
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