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A GFOPHYSICAL INVESTIGATION OF THF | ITHOSPHERE OF

THE CAPE VERDE RISE

by
R. Young
ABSTRACT

The Cape Verde Rise and Islands are considered to be the result
of 'Hot Spot’' activity. The results of reheating can be observed by
changes 1in the physical properties of the lithosphere. The purpose of
this work is to study the relationship of the islands to the rise and
relate any changes 1in the physical properties of the lithosphere to
its thermal structure.

A geophysical investigation of the lithosphere of the Cape Verde
Rise has been carried out using measurements of total magnetic field,’
seismic reflection profiles, sonobuoy wide angle reflection/refraction
experiments, free air gravity and bathymetry from surface ships. Geoid
height data from the GEO0S3 and SEASAT satellite missions have also
been used. b

Total magnetic field anomalies are attributed to sea floor
spreading during the Mesozoic and used to show that & fracture zone
traces exist in the wvicinity of the archipelago. The history of
spreading 1s comparable to corresponding studies in the Western North
Atlantic.

Seismic stratigraphy from continuous reflection profiles and
velocities from wide angle reflection/refraction studies are
consistent with wuplift during the Early Miocene followed by a period
of island building volcanism.

Depths to oceanic layer 2, after «correction for sediment
loading, show that the rise 1is «2 km shallower than expected for
Mesozoic «crust. The present depth is equivalent to only 25 Ma oceanic
crust.

A 1-dimensional examination of the relationship between free air
gravity anomalies and bathymetry wusing 1linear transfer function
techniques indicates that the lithosphere of the Cape Verde Rise has
an effective elastic thickness (EET) of only 15+3 km when compared
with a thin plate flexure model. This value of EET is less than
expected for Mesozoic crust from a global compilation of EFT against
age of crust at the time of loading.

Using geoid height data the above analysis has been extended to
2-dimensions and a value of 18+3 km has been observed for the EET. The
same thin plate flexure model was used for the geoid response as was
used for the gravity.

The Cape Verde Rise is associated with both a reduction in EFT
and a considerable depth anomaly. This is considered to be evidence
for thermal rejuvenation. Hawaii, however, is only associated with a
depth anomaly and no substantial reduction in EET is observed. This

difference between the effect of 'Hot Spot' activity on Hawgii and on
the Cape Verde Rise 1is considered to be due to the motion of the

oceanic plate over the mantle heat source.
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CHAPTER 1 (INTRODUCTION TO THESIS)

1.1 INTRODUCTION

The Cape Verde Rise is an anomalous bathymetric swell in the
Eastern North Atlantic. The swell rises to depths of only v3 km and
contrasts with oceanic depths of «5 km to the north and south. Sitting
to the south-west of the rise crest, the Cape Verde Archipelago
consists of 10 volcanic islands forming a horseshoe shape, opening to
the west,‘ v»500 km from the Senegalese coast of Africa. Figure 1.1
shows the relative positions of the islands and the inset shows the
position of the archipelago relative to the African continent.

-

Both the Cape Verde Islands and Rise are thought to be the
result of a mantle 'hotspot' plume. The present study is a geophysical
investigation of the lithosphere of the Cape Verde Rise. Total field
magnetic anomalies have been interpreted in terms of a magnetic
reversal sequence and used to establish the oceanic nature of the
crust, 1its age and structural fabric. Seismic profiles and sonobuoy
wide angle reflection/refraction measurements define the sediment
thickness, seismic stratigraphy and constrain estimates of oceanic
layer 2 depths, after accounting for sediment loading effects.

Shipborne gravity and satellite altimetry are interpreted within
the constraints supplied by the other geophysical data to yield an
estimate of the elastic rigidity of the lithosphere of the Cape Verde
Rise and consequently its state of thermal reheating.

This introductory chapter outlines the research carried out, by
the author, by devoting a section to each of the following chapters.

Each chapter of this thesis is written as a self-contained section and

each part has its own introduction.
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Figure 1.1 Chart of the Cape Verde Archipelago showing the relative
positions of the islands. Inset shows the position of the archipelago
relative to the African mainland.



1.2 DATA COLLECTION (CHAPTER 2)

Data analysed in this thesis includes bathymetry, free air
gravity and total field magnetic anomalies, obtained from surface ship
measurements, and sea surface height measurements obtained from
satellite radar altimetry. The data set has three principal sources.

1) Surface ship data and 5'x5' gridded bathymetry data obtaimed

from the National Geophysical Data Centre {(NGDC).

2) Observations made on board the RRS Shackleton by scientists
from Leicester University {including the Author) during December 1982

and January 1983.

-

3) Sea surface height data from the Seasat mission obtained from

E]

the Jet Propulsion Laboratory, in the U.S.A., via the Institute of

Oceanographic Sciences, in the U.K. and a gridded geoid height data

set from R. Rapp of Ohio State University in the U.S.A.
The data acquisition on board the Shackleton is described along

with the navigation system and onboard computer. The navigation was by

satellite fixes and dead-reckoning. The computer was used to log

values of time, position, total magnetic field and gravity. Bathymetry

was not interfaced to the computer and had to be added later by hand.
Seismic reflection and refraction experiments were also carried

out. Recording of this data was by anologue magnetic tape but

difficulties were encountered when trying to replay this data back at

Leicester University.

The acquisition of sea surface heights from satellite radar
altimetry is briefly described along with the sources of the data held

on computer file at Leicester University.

1.3 MAGNETIC INVESTIGATION (CHAPTER 3)

The regional structure of the oceanic crust comprising the Cape

Verde Rise can be investigated by examining total field magnetic
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anomalies. The area considered by this study is bounded by latitudes

[o] ' Q . .
3% 00" N to 18° 30" N and longitudes -26° 00° W to -20° 00° W. This

area 1is known from previous studies (Hayes & Rabinowitz (1875)) to
include the Mesozoic sequence of seafloor spreading magnetic anomalies
formed between 108 & 155 Ma. The principal objectives are, to see if
recognisable anomalies could be identified within the archipelago, to
further define the fracture zone traces on the rise, to compare the
spreading history of this part of the Atlantic with the 'M' sequence
in the MWestern North Atlantic and finally to examine how well the
orientation of the island groups correlates with pre—existing oceanic
structures. ,

Using a combined data set of data obtained by Leicester
University, on board the RRS Shackleton, and a compilation of data
from the NGDC, a reinterpretation of the sea floor spreading magnetic
anomalies has been undertaken. The magnetic reversal model of
Larson & Hilde (1975) was used to identify magnetic anomalies. This
allowed both dating of the crust and delineation of fracture zone
traces.

The major conclusions of this study of the magnetic anomalies
over the Cape Verde Rise are that:-

1) Seafloor spreading magnetic anomalies can be identifigd

within the archipelago. These anomalies can be correlated with the

Mesozoic reversal sequence of Larson & Hilde (1975).

2) The single fracture zZone identified by
Haves & Rabinowitz 1975 has been refined to & fracture zones by this
study. Offsets are variable with time, being zero at M25 and a maximum
(»30 km) at MO.

3) The 'M' sequence observed here compares very well, in terms
of both spreading rate and spreading direction changes, with the

western Atlantic described by Schouten & Klitgord 1982.
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k) The disposition of the islands with respect to the fracture
zone traces suggests only the northern limb of the archipelago can be
constrained to lie along a fracture zone trace.

These conclusions suggest that the crust comprising the Cape
Verde Rise 1is ‘'normal’ in respect of the magnetic anomalies. The
heating event that must have accompanied island formation was not
sufficiently strong that it obliterated the magnetic anomalies within
the archipelago. Little difference can be seen between the crust of
the Cape Verde Rise and its Western Atlantic counterpart as regards
spreading history. The formation of the rise must certainly have

~

occurred after the crust had migrated away from the Mid Atlantic

’

Ridge.

1.4 SEISMIC INVESTIGATION (CHAPTER &)

Seismic reflection profiling was carried out to study the
distribution of sediments and the depth to volcanic basement around
the Cape Verde Islands. In addition, several seismic refraction
experiments were carried out to collect velocity information not
available from single channel seismic profiling.

Despite problems with the seismic reflection recording equipment
6 separate profiles of data were collected. These varied in quality
but were roughly evenly distributed around the archpeligo. A seismic
stratigraphy analysis resulted in the division of the sediments into &

groups.

1) The 1lowermost reflector was characterised by diffraction

hyperbolae and no coherent reflectors could be seen beneath it. This
is considered to be volcanic basement and it is easiest identified >50
km away from the islands.

2) The next unit is a series of horizontally layered reflectors
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which infill the topography of the basement beneath. This is most
likely a series of marine sediments. It.is bounded above by an
erosional unconformity. The extent to which this unit is identifiable
depends on the transmitting properties of the overlying layers.

3) Above the wunconformity is a unit characterised by its
scattering reflective nature. This is also bounded above by an
unconformity. This is probably a volcaniclastic horizon and its
thickness appears to decrease with distance away from the islands.

4) The uppermost unit is relatively acoustically transparent. It

is bounded above by the seabed and below by an unconformity. This is

-

considered to be a series of recent pelagic sediments.

Seismic wide angle reflection and refraction experiments were
carried out to supplement the reflection interpretation by examining
the velocity structure of the upper crust around the Cape Verde
Islands. Velocities were obtained for the sediments which suggest that
their total thickness is approximately 1 km and that they overlay
oceanic layer 2 with p-wave velocities of around 5.0 km/s. These

results are consistent with previous work in the area by

Hoskinsg et al (1974).

1.5 THEORETICAL FLEXURE MODELS (CHAPTER 5)

The relationship between free air gravity, geoid height and
bathymetry can be described in the spatial frequency (or wavenumber)
domain by relatively simple models. The simplest is one where the
bathymetry is uncompensated and the resulting gravity or geoid anomaly
is due to the density contrast between seawater and the bathymetric
feature. A more complex model involves the regional compensation of
the bathymetry by assuming that it represents a load on an elastic
plate. The plate flexes under the load by an amount dependent on its
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‘elastic properties.

The relationship between the gravity, or geoid, anomaly and the
bathymetry is termed the admittance, or response. The response of a
thin plate flexure model can be calculated for a variety of different
rigidities. A very rigid plate will support the bathymetry and the
resulting response will be similar to the uncompensated model. A less
rigid plate will bend easily and will result in the developement of
negative side lobes to the gravity, or geoid, anomaly which reflect
the compensation.

A useful parameter to descibe the rigidity of the model is

-

termed the effective elastic thickness (EET). Large values (>40 km)
indicate a rigid plate and low values (<5 km) indicate a plate that is
easily bent.

The effective elastic thickness has been shown to vary with age
of the lithosphere, at the time the bathymetric load was applied, in a

similar manner to the cooling of a simple thermal model. This fact can

be used to relate the EET to thermal properties of the lithosphere.

1.6 OBSERVED ADMITTANCE ESTIMATES (CHAPTER 6)

The observed admittance, or response, can be calculated using
the measured variation of free air gravity or geoid height. The
general observed relationship is wavelength dependent with the signals
of bathymetry and gravity, or geoid, appearing similar at short
wavelengths (<50 km) but dissimilar at long wavelengths (>100 km). The
signals are therefore examined in the spatial frequency domain and the
variation of the dependence of gravity, or geoid, on bathymetry
calculated as a function of wavenumber.

The Fast Fourier Transform (FFT) algorithm is used and this
requires some preprocessing of the data series. The data series must
be an integer power of 2 or be padded out, usually by the addition of
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zeros, to an integer power of 2. The data must also have a mean and
trend removed to prevent any discontinuities causing aliasing in the
spatial frequency domain. A cosine taper is applied to further aid
this requirement.

The free air gravity data are examined along ship's track
profiles and as such can only be consideré& as 1-dimensional. The
tracks were selected to approach the inter-island ridges in as near a
perpendicular direction as possible. The load is then treated as
having infinite strike length.

The geoid height data are examined as 2-dimensional gridded

-

values and therefore the constraint of selecting Appropriate tracks 1is
removed. 2-dimensional bathymetric data a;e also used in this
analysis.

A certain amount of averaging must be carried out in the spatial
frequency domain to obtain noise free estimates of the observed
admittance. For the 1-dimensional gravity data the averaging was
acomplished by summing the results from 10 separate profiles and then
applying a logarithmically varying bandwidth average to the result.

The 2-dimensional data are averaged azimuthaly and then the same

bandwidth average is applied to the result.

1.7 GRAVITY/BATHYMETRY RELATIONSHIP (CHAPTER 7)

The relationship between free air gravity and bathymetry is
examined over the Cape Verde Rise. The model proposed is a thin plate
model whereby the lithosphere of the rise flexes under the load of the
islands. The best fitting model to the observed admittance data has an
effective elastic thickness of only 15+3 km. The simplifying
assumption of 1-dimensionality is tested by applying the thin plate
model admittance to the 2-dimensional bathymetry to produce the
calculated or expected gravity. The results confirm that the effective
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elastic thickness found from the inversion is still the best value.

A global compilation of oceanic swell heights plotted against
age of the lithosphere shows that the Cape Verde Rise has risen to a
depth equivalent to 25 Ma crust. This is compared to a cooling plate
model.

A global compilation of effective elastic thickness against age
of the lithosphere at the time of loading shows a similar variation to
the thin plate cooling model. The effective elastic thickness
generally increases with the age of the lithosphere at the time it was

loaded. Using this relationship it is expected that the-lithosphere of

~

the Cape Verde Rise should have an EET of w30 km. The observed value
is considerably less than this and this is c;nsidered to be evidence
of thermal rejuvenation.

The 1lithosphere of the Cape Verde Rise now has a thermal age
equivalent to 25 Ma crust and this is expressed as both a depth
anomaly and as a reduction in the effective elastic thickness.
Comparison of this result with studies carried out over the Hawaiian
Ridge, another swell with a large depth anomaly, show that the two
swells are not exactly analoguous. The Hawaiian swell does not have a
significantly reduced EET. This, it is thought, is due to the rate of
motion of the Pacific plate over the mantle heat source not allowing
time for the heat anomaly to perturbate completely through the crust
and lower the EET. The Cape Verde Rise, however, is near the pole of
rotation of the African plate and has been stationary over its heat
source for approximately the last 30 Ma and thus the heat has been
tranmitted sufficiently through the crust to result in reduction of

the EET.

1.8 GEQID/BATHYMETRY RELATIONSHIP (CHAPTER 8)

Geoid height data provide an opportunity to extend the analysis
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of the previous chapter to 2-dimensions. The ship's track coverage of
the Cape Verde Rise is insufficient to grid the gravity data on
anything other than a regional basis. A combination of SEASAT and
GEOS3 data gives a suitable sub-satellite track density that the geoid
heights can be interpolated onto a 7.5 x7.5' grid. This data can be
combined with gridded bathymetry data to analyse the relationship
between geoid heights and bathymetry in 2-dimensions. The geoid is

dependent on 1/r, whereas gravity is dependent on I/rz' and should

define the compensation anomaly, occurring at some depth, better than
the gravity.

~

The same thin plate flexure model used for the gravity will be
used here to model the geoid anomaly. A simple transfer function is
used to get the geoid résponse from the gravity resbonse. The observed
response compares favourably with a thin plate model with an EET of
»15 km.

The gridded geoid data have undergone some amount of lowpass
filtering which will be dependent on the between track spacing. This
is evident when comparing the original SEASAT tracks with the gridded
data. The thin plate model was therefore used to predict the expected
geoid anomaly due to the 2-dimensional bathymetry and this was
compared with SEASAT sub-satellite tracks crossing the Cape Verde
Archipelago. The models were produced at 1 km intervals of EET from 10
km to 27 km, inclusive. The goodness of fit between the expected geoid
and observed geoid was computed by taking the r.m.s. difference
between the two. A minimum in the r.m.s. difference was taken to
indicate the best fitting model. Using this method a best fitting
model, averaged over 8 sub-satellite tracks, was calculated to be with
an EET of 18+3 km. This supports the previous result.

The major conclusion of this study is that it confirms the
earlier result that the effective elastic thickness of the Cape Verde

1I-10



Rise, calculated using a thin plate model, is less than that predicted
from a global compilation. This is considered to be evidence for

lithospheric thermal rejuvenation.

1.9 SUMMARY OF CONCLUSIONS (CHAPTER 9)

The major conclusions from the different aspects of the work
carried out in this thesis are brought together in the final chapter.
The sea floor spreadiﬁg magnetic anomalies suggest the lithosphere has
had a formation and early history typical of oceanic crust. The

fracture zone traces identified here are relatively insignificant in

-

terms of offset size. Anomalies can be identified within the
archipelago.

The evidence from interpretation of continuous seismic profiling
is compatable with uplift sometime in the Early Miocene. Seismic
velocities can be interpreted in terms of the same simple seismic
stratigraphy.

The state of compensation of the bathymetric load of the islands
from an examination of free air gravity and geoid height anomalies
compares well with a thin plate flexure model. The rigidity of the
best fitting model, expressed as an effective elastic thickness, is

less than expected from global studies. This can be explained by

thermal rejuvenation.



CHAPTER 2 (DATA COLLECTION & REDUCTION)

2.1 INTRODUCTION

Marine geophysical data were obtained from the National
Geophysical Data Centre (NGDC) at Boulder, Colorado in the United
States. The data was selected within latitude and longitude limits
centred about the Cape Verde Rise.

In addition, during December 1982 and January 1983 the RRS
Shackleton conducted 24 days of scientific observation in and around
the Cape Verde Archipelago. Figure 2.1 shows the ship's tracks for the

RRS Shackleton superimposed in the area of the Cape Verde Rise. The

-

scientific crew (of which the Author was a member) were principally
from Leicester University with technical support from NERC Research
Vessel Services in Barry, Wales. The data collected at this time
provide the principal data set on which the bulk of the work presented
here is based.

Data were also made available from a cruise to the Cape Verde
Islands by Cambridge University on board the RRS Discovery during
December 1983 and January 1984. The total ship’'s track coverage
available for analysis here at Leicester is shown on Map 1 contained
at the back of this volume.

Data collection on board the RRS Shackleton consisted
principally of logging the output from a total field magnetometer, a
gravimeter and the satellite-navigation system and recording these
values against ship's time. A PDP11/34 computer was used to both iog
and process the data values. Bathymetric data from a precision echo

sounder was not logged automatically but added later after digitising
by hand. Data values were also logged every 5 minutes by a watchkeeper
throughout the time the ship was within the survey area. In addition
seismic refraction experiments were undertaken using disposable radio
sonobuoys and continuous seismic reflection profiles were shot.
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SHACKLETON SHIP'S TRACKS AROUND THE CAPE VERDE ARCHIPELAGO

20

12
LONGITUDE

Figure 2.1 Chart of the area of the Cape Verde Rise showing the ship's
tracks of the RRS Shackleton. Marine geophysical experiments were
carried out by scientists from Leicester University during December

1982 and January 1983. The Cape Verde 1Islands are shown shaded.
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Data processing involved the reduction of the observed total
magnetic field to give anomaly values relative to the appropriate
International Geomagnetic Reference Field, reduction of the observed
gravity to give free air gravity anomalies and the correction of the
ship's position with time to correct for dead reckoning inaccuracies
between satellite fixes. All this was carried out by the data logging
computer on board and position (latitude and longitude), time and data
values were written to magnetic tape for transfer to the mainframe
computer at LlLeicester University. The original chart.records and.

-

navigation information were also kept as a back up. The rest of this

chapter describes in more detail the collection and reduction of the

data.

2.2 NAVIGATION

It is logical to first describe the navigation system since all
the data points are related to ship's position by the ship's clock.
Knowing the variation of position with time and also the variation of
any geophysical quantity measured on board with time the data points
can be easily related td‘position. Navigation on the Shackleton 1is
based on the Navy Navigation Satellite System (NNSS) and uses a twin
channel Magnavox Safellite receiver. The accuracy of this system for
a'good' fix, the criteria for which are laid out below, can be of the
order of +25m. However, the computation of the position of the ship
requires the input of an estimate of course and speed. Dead reckoning,
using a gyrocompass for direction and an E.M. log for speed, both
port-starboard and fore-aft, was used in-between satellite fixes. The
D.R. instruments were also linked to the computer making the whole
system automatic. Examination of the satellite records shows the
frequency of satellite passes at the latitude of the Cape Verde
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Archipelago is around 90 minutes, but not all the passes are 'good’.
The criteria for a satellite pass to be ‘good’, according to the NNSS

is that:

a) Elevation must be within the range 89.7¢°

b) Sufficient duration of received signal

c) Doppler counts symmetric about the perigee

d) Constant message throughout the fix

e) As few iterations as possible

f) Relatively constant course and speed during fix

-

g) Good estimate of course and speed at start of calculation

The selection or rejection of passes was accomplished by the
sofware of the system and it was possible that periods of as much as &
hours could pass without an accurate assessment of the ship's
position. |

Once several 'good’ satellite fixes have been received it is
necessary to correct the dead reckoning, which will have been affected
by wind, currents and tides. This is achieved by assuming a current
existed, of constant speed and direction, between the satellite
positions. This is somewhat complicated by the necessity to know the
course and speed before the satellite position can be found. The final
computed positions are logged against time and are shown on the track
chart of Figure 2.1.

The main source of error in this method of navigation is the
dead reckoning between satellite fixes. If many course and speed
changes are made the error associated with any position on that
portion of track will be correspondingly greater. It is, however,
possible to check the accuracy of positions provided there are many
track intersections and cross-over analysis for measurements, such as
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bathymetry, can be made.

The net result of the D.R. and the satellite positioning is that
the position of the Shackleton is assumed to be known to within +100m.
The main source of error being the uncertain course and speed for the
fix calculation.

The navigation system onboard the RRS Discovery is very similar
to that just described for the RRS Shackleton and hence the positional
accuracy 1s considered to be comparable.

The navigation for the data from the World Data Centre was
highly variable, from satellite navigation similar to that outlined

-

above to astro-geodetic. Information as to what techniques were used
is given in the header preceeding the data block. The Shackleton data
is considered to be sufficiently accurate that it can be used as a

control and any major differences between this and the NGDC data are

attributed to the NGDC data.

2.3 TOTAL MAGNETIC FIELD

Values of total magnetic field were obtained whenever the ship
was underway within the survey area. The instrument used was a Varian
Marine Proton Precession Magnetometer. The accuracy of this type of
instrument is +1 nT (gamma) when measuring a steady magnetic field.
This represents a negligibie error in the context of this kind of work
where the magnetic anomalies are expected to have amplitudes of around
50-100 nT.

The reading cycle is 6 seconds and the total magnetic field
value is shown on a digital display. The output from the detector is
also fed into the computer logger, via an interface, and plotted on a
servoscribe chart recorder. The chart is annotated, with time and data
values, at regular time intervals. The magnetometer may have to be
tuned occasionally as the mean value of the earth’'s total magnetic
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field varies but this was only really necessary during passage to and
from the survey area.

To 1isolate the sensor from the magnetic field induced in the
ship's metal hull and from any spurious electromagnetic noise from the
shipfs generators the bottle is towed some distance behind the ship.
In this case the distance was »150m. The magnetic field associated
with the ship depends very much on the course being steered. The
effect of this field on the sensor is therefore known as the 'heading
error’ and will have a constant value between course changes. The
maximum value for Shackleton was «20 nT. The cable carrying the signal.

~.

back to the detector on the ship is susceptibie to picking up
transient signals. These show up as spikes on'the chart record and can
be removed later, by an averaging process.

Natural short term variations in the earth’'s magnetic field can
be divided into diurnal variation and magnetic storms. The diurnal
variation has an amplitude of +50 nT but is spread over a period of 24
hours. This corresponds to a track length of 220 km (d 5 knts). This
is of such long wavelength that it is not considered to interfere with
detection of the geologically generated magnetic anomalies, which
typically have amplitudes of 50-200nT and wavelengths of 10-50 km.
Magnetic storms are generally more difficult to detect and deal with.
The field can change 100 nT in a short period(0.5-2 hours) and can
thus be confused with seafloor spreading magnetic anomalies. However,
records affected by magnetic storms are generally noisier than normal

and this can aid in their identification. An observatory at M'Bour on

the African mainland, 500 km to the East, was used to check the

natural magnetic field activity. As is stated in Chapter 3 corrections
were not considered necessary.

Once the total magnetic field data have been collected the
anomaly relative to a regional field must be calculated.
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The regional geomagnetic field is calculated from spherical
harmonic coefficients derived from global analysis and published as
the International Geomagnetic Reference Field (IGRF). The changing
nature of the earth's magnetic field is accomodated by periodic
updates and time varying factors. The coefficients used for the
Shackleton and Discovery data were those of IGRF 1975.0. Appropriate
coefficients were wused for the NGDC magnetic data. The calculated
field 1s subtracted from the observed values to give an anomaly
relative to the IGRF. The calculated field is of very long wavelength
(>500 km) compared to the magnetic anomalies associated. with seafloor.

-

spreading which have amplitudes ﬁf 50-200 nT and Qavelengths of 10-50
km. The use of an IGRF as a regional field ;s not strictly necessary
but is useful if the data are to be contoured at some stage. The IGRF
was used in this study to be consistent with the majority of the

existing data, although the data are only examined as profiles along

track in this study.

2.4 GRAVITY

A LaCoste and Romberg Air/Sea gravimeter was utilised on board
the RRS Shackleton to record values of gravity relative to a base
station at Gibraltar. The measurement of gravity at sea is well
explained in McQuillin & Ardus (1977) and will not be described here.

The gravimeter only measures gravity relative to a base station
and by repeated measurements at that base station over a period of
time the dfift of the instrument can be determined. The drift is

expected to be very low and only contribute a small amplitude, very

long wavelength component to the gravity signal. This can be important

in network, or grid, type surveys where it may add to gravity mis-ties

at track intersections. The gravimeter on board the RRS Shackleton was
linked to base 016.01 on the South Mole at Gibraltar using a Worden
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gravimeter at the start, finish and mid-cruise port calls. Over 28
days of the first leg the drift was -0.116 +0.004 mgal/day and over
the 26 days of the second leg the drift was -0.041 +0.002 mgal/day.

A correction must also be made for the eastward component of the
ship's wvelocity. This is known as the 'Fotvos' correction and is the
vertical component of the Coriolis acceleration. An example of its
importance is a comparison of 2 ships traveling East-West in opposite
directions at 10 knts at the equator. The difference in gravity
measured at the same point by both ships is 150 mgals. To apply the

correction the ship's heading and speed should be known.to an accuracy

-

of «»5.00 3nd 0.1 knts respectively. The effect is a maximum at the
equator and zero at the poles. This correction is applied
retrospectively by the shipboard computer system using the corrected
navigation data. Any errors in the navigation will contribute to
errors 1in the gravity via the Eotvos correction. At the latitude of
the Cape Verde's the Eotvos correction will be accurate to + 1 mgal
for east-west tracks, at 5 knots, and + 3 mgal for north-south tracks
assuming the ship's heading is known to within 5% and the speed to
within 0.1 knots. The free air gravity anomaly is finally calculated
from the observed variation of gravity, relative to the base station,
by subtracting the theoretical variation of gravity with latitude
according to the International Gravity Formula (1967).

Analysis of track cross-overs gives an rms difference of 2.2

mgals.

2.5 BATHYMETRY

Values of bathymetry were obtained using an Institute of
Oceanographic Sciences (I.0.S.) precision echo sounder (P.E.S.) mark
III. The system uses a high frequency (12kHz) signal pulsed at 2
second intervals to record reflections from the seabed. The
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transceiver is mounted in a fish towed alongside the survey vessel.
The quantity measured is the time lapsed between transmitted and
received signals. The received signal is recorded on a Mufax paper

chart with a timebase accurate to better than 1 in 10%

Conversion from time to depth is done assuming a constant
velocity for sound in seawater of 1500 m/s. Care must be taken when
picking the returned signal, particularly in areas of rough topography
where diffraction hyperbolae may be present. Correction must also be
made for the depth of the towed fish. Time marks were recorded on the
chart from the ship's clock.

-

No computer interface is available for the P.E.S. so bathymetry
values were digitised by hand at 5 minute intervals as part of the
watchkeeping duties. Later, 10 minute values were incorporated onto
the computer database. The only correction applied to this data is for

the variation of sound velocity in sea water with geographical region

and depth. Carter’'s tables were used (Carter (1980)). The bathymetry

values collected by RRS Shackleton are considered accurate to within
+2 m.

In addition to the data along ship's tracks, a compilation of
bathymetric data was obtained from the World Data Centre as 5 x5'

averages over a total area covering 0° to 50° N and -10° to -55° W.

The data 1is interpolated (van Wyckhouse (1973)) from accurately

contoured maps compiled up to and including 1983. The data is stored
on the computer at Leicester as 5°x5° blocks with depths below sea
level as positive values and any land surface is given an arbitary

value of -10. Figure 2.2 shows an isometric plot of a subset of this

data, covering o° to 4o° N and -10° to -50° W, viewed from the south
wett corner. This particular subset of the available data was chosen

to coincide with the area covered by marine geoid data.
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2.6 MARINE DATA SET

A PDP11/34 computer monitored the output from the E-M log,
gyrocompass, satellite navigation system, magnetometer, gravimeter and
ship's «clock at a frequency of one value/second. This represents
rather an overkill 1in data density since values, such as the
magnetometer, will not change with such a high frequency. However, the
high sample rate does allow identification of spikes and spurious data
points. The data were then averaged over 2 minute periods. The
bathymetry data were entered at 10 minute intervals and linearly

-

interpolated to 2 minutes to fit the density of the rest of the data.
The final data set was transfered }o magnetic tape in
merged-merged format (National Academy of Sciences (1972)) with cruise
identifiers SHA1A/83 for the first leg, December 1982, and SHA1B/83
for the second leg, January 1983. The PDP11/34 data logger system
worked very well through both legs of the cruise. The only section of

data lost, due to logging malfunction, was from 0948 to 1250 on the

10th of December.

2.7 SEISMIC DATA

Seismic reflection and refraction experiments were undertaken to
investigate the nature of the sediments and igneous basement
comprising the upper part of the oceanic crust. Figure 2.3 shows the
distribution of single channel seismic profiles available for this
area; numbers indicate the 1locations of disposable sonobuoy
deployments used to record wide angle reflections and refractions.
These expéfiments are reported fully in Chapter &.

Data collection required a source, receiver and recorder. The
source used in this case was a combination of BOLT airguns, a high
repetition pneumatic sound source giving a high density of shots/line
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SEISMIC PROFILES AROUND THE CAPE VERDE ISLANDS

rrxcitai cHigT scM.[ /oooooa 0 >r LAT. is. o srisnic mtA

Line 05
177A 07
09
Line 06 7
Line 02
J,175

Line 04
06

Figure 2-3 Chart of the distribution of

Line 01

Line 0O

seismic

profile records over

the Cape Verde Rise. Numbers correspond to positions of disposable

radio sonobuoy deployments.
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km. The receiver used for the continuous reflection profiling was a
30m array of hydrophones summed in series to give a single channel
signal. A multichannel array was also used for part of the survey but
due to a malfunction of the tape recorders this data could not be
successfully replayed. Hard copy records of the received signal were
plotted, after filtering, on electro sensitive paper chart recorders
(EPC's). The records were annotated by hand at 30 minute intervals as
part of the watchkeepers duties. Attempts to record the seismic
signals on analogue magnetic tape failed due to hardware faults with
the tape decks. The only records, therefore, available. for analysis

-

are the hard copies taken onboard ship.

Seimic refraction studies in deep wat;; (>2 km} require source
to receiver separations greater than the critical distance and to
acheive this disposable radio sonobuoys were utilised. A single
hydrophone detects the seismic energy and radios the signal back to a
receiver on the shooting vessel. The sonobuoy is designed to sink
after a preset interval and thus recovery is not necessary. The signal
was recorded on an EPC and also on magnetic tape. The magnetic tape
records were essential since the data was to be digitised at Leicester
and replotted using scales more suitable for velocity analysis.

The sonobuoy type used in this experiment was Ultra Electronics
SBBE4 transmitting on any one of 16 channnels between 162.25 MHz and
173.125 MHz. The hydrophone was suspended on a long wire to isolate it
from wave generated noise and the wire incorporated a spring section
to isolate the hydrophone from the motion of the sonobuoy. The
sonobuoy is battery operated and self-scuttling after =8 hours.

The seismic energy was usually a 300 cu.in. BOLT airgun firing
at 16 second intervals. The dominant frequency of this source is 14
hertz. This same source was also used for concurrent CSP. The
frequency response of the hydrophone, according to the manufacturers

specifications, is flat from 8Hz-200Hz.
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A tunable receiver with variable output gain converted the
frequency modulated sonobuoy radio signal back into a seismic signal.
This was then recorded on tape along with information, such as the
shot instant and event marks to uniquely identify the shot point. The
signal was also monitored on an electrosensitive paper chart recorder.
This type of replay is not particularly good for accurate picking of
arrivals so the data was digitised from the analogue tapes and
replayed via software written at Leicester University onto Calcomp
plotters to get a wiggly trace display. Figure 2.4 shows the EPC
display for sonobuoy 07 and Figure 2.5 shows the corresponding wiggly
trace digitised plot of the' same data. A fuii account of the
digitising process is given in Appendix I. "

Shot point information was entered into the marine data set, in

the appropriate field, after conversion from Merged-Merged format to

MGD77 format.

2.8 MGDTT FORMAT

All the ship's track data held on computer files at Leicester
University 1is in MGD77 format. This format was selected rather by
default since the data in this format arrived from the World Data
Centre before the Shackleton cruise was undertaken. Software for
plotting and analysing the data was therefore written to read this
format. It was a simple matter to reformat the merged-merged data from
the ship’'s logging system.

The data from the World Data Centre is highly variable in both
data density and quality. The data collected by the Leicester group
roughly doubles the track coverage around the Cape Verde Archipelago
and the data quality and density are known. The Leicester data can be

used as a quality check for the World Data Centre tracks.
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2.9 SEASAT GFOID HEIGHT DATA

The SEASAT satellite, launched in June 1978, was equipped with,
amongst other instruments, a radar altimeter (ALT), with which it was
hoped to measure the height of the sea surface, relative tao a
reference ellipsoid, with an r.m.s. (root mean square) error of only
16 cm. Using the fact that the average sea surface height is an
equipotential surface, undulations in the geoid can thus be mapped to
a high degree of accuracy. The satellite and mode of operation are
shown diagramatically in Figure 2.6.

The radar altimeter had 3 separate functions:

1) Measure the altitude from the satellite to the sea surface.

2) Estimate the Significant Wave Height (SWH), a measure of the
sea surface réughness.

3) Measure the radar backscatter coefficient.

The third function does not concern us here, but the first and
second are linked, 1in that the rougher the sea surface the less
accurate the measurement of the altitude. The altimeter reflected a
short duration (3 nS) pulse off the sea surface and timed the returned
energy. The instrument operated at 13.5 GHz and the 'footprint', that
area of the ocean that contributes to the reflection, had a diameter
that varied from 2.4 to 12 km depending on the sea state. The
altimeter was designed to stay within its r.m.s. error of 10.cm for
SWH values less than 20 m. The attitude of the satellite vehicle was
determined by sensors on board to correct for any deficiency in the
direction the altimeter was pointing. These corrections were applied
during the data processing stage. The analogue data from all the
sensors on hoard was converted to digital form prior to transmission.

Altimeter readings were taken at a rate of 10 Hz.
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Figure 2.6 Diagram of the elements necessary to get the height of the
marine geoid from satellite radar altimeter measurements. The
corrections and mode of operation are outlined in the text.
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Data collection and processing are complex and have been well

described by Tapley et al (1982) so only a brief summary will be given
here.

Data transmitted from the satellite was received by stations of
the Spaceflight Tracking Data Network (STON) and relayed to the
Goddard Space Flight Centre (GSFC). The data were sorted, in terms of
both ‘data type and time of collection, and sent to the Jet Propulsion
Laboratory (JPL) for processing.

The corrections necessary are basically of two types:

a) Instrument corrections; blunder point editing, timing
corrections, track mode corrections, senso}.offset from satellite
centre of gravity and attitude determination.

b) Geophysical corrections; wet troposphere correction {accounts
for the wvarying water content of the atmosphere), sea surface

barometric pressure, ocean tides and astronomically induced earth

tides.

Once these corrections have been made the precision orbit
information 1is added. Originally, pre-SEASAT data was combined into
GEM9 (Goddard Farth Model). Comparison of the orbit calculated using
this model with tracking station information obtained during the
mission (Marsh et al {(1977)), showed radial errors of the order of 3-5
m r.m.s. Combination of the GEM108 model, derived from the GEOS3
satellite mission, with the PGS-S2 model, derived from tracking
SEASAT, gave an improvement in radial orbit error; reducing it to 1.2
mr.m.s. This is still an order of magnitude larger than the required
accuracy of 10 cm. Comparison of SEASAT geoid heights over the same

area during the 3-day repeat orbit part of the mission shows that this
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SATELLITE TRACKS OVER THE CAPE VERDE ARCHIPELAGO
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Figure 2.7 Seasat subsatellite tracks over the Cape Verde Rise. Thick

lines indicate the tracks produced during the 3-day repeat orbit.
Large gaps do exist in the track coverage. The satellite 'footprint'.
the diameter of the area illuminated by the radar, varied, according

to the sea state, between 2.4 km and 12 km.
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radial error results in a misfit of repeated tracks that can be
approximated by a constant offset and a linear trend.

The SEASAT satellite lasted from 3rd of July 1978 to 10th
October 1978 when a power failure cut short the mission. The satellite
orbit was near-circular at an altitude of 7800 km. The orbit period

was 101 minutes and SEASAT circled the earth U times/day.

The coverage in normal mode, from launch until 17th August 1978
cave an equatorial track spacing of km. After this period the

satellite was manoeuvred 1into an orbit that repeated every 3 dayi.

(3-Day Repeat Orbit). Repeat tracks at an equatorial spacing of <3100
ker were completed, up to a repeat coverage of 8, until the spacecraft
failed. The total track coverage in the vicinity of the Cape Verde
Rise IS shown in Figure 2.7; heavy lines denote repeat tracks. Data

was made available from JPL via the Institute of Oceanographic

Sciences (108) in the form of a Geophysical Data Record (GDR)
Lorrel et al (1980). The GDR and accompanying Algorithm
Specifications, Lorrel (1980) . contain sufficient information to

recinstruct any of the corrections applied to get the final altimeter
height, relative to a reference ellipsoid with semi-major axis of
5371137 m and flattening of 1/298.257

The along track density,' in the GDR, corresponds to ~7 km/data
point. During the processing sequence the original 10 Hz sample rate
was averaged to give a reading every 1 second. The satellite was
designed to turn itself off over land areas and occasionally failed to
turnback on immediately. The instruments were also turned off during
manoeuvring. These facts, plus blunder point editing, account for any
gaps in the tracks shown in Figure 2.7.

An additional geoid data set was made available by R. Rapp from

Ohio State University in the U.S.A. This data set consisted of
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Figure 2.8 Combined SEASAT and GEO0S3 track coverage over the Cape
Verde Rise. The 1increase in track density 1is sufficient to interpolate

the geoid heights on to a 7.5'x7.5"'" grid.
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7.5'x7.5' gridded values of geoid height, with respect to a reference
ellipsoid with semi-major axis of 6378137 m and flattening of
1/298.257, from combined SEASAT and GF0S3 (an earlier satellite)

tracks. The area for which data was obtained has limits of 00 ., ,,° N

and -10% o -50° W, Figure 2.8 shows the combined GFOS3 and SEASAT
track coverage for a smaller area concentrated around the Cape Verde
Rise. Figure 2.9 shows an isometric plot of the gridded geoid data
viewed from the south west. Details of the interpolation to get from
the satellite track measurements onto a regular grid are given in

Rapp (in press). A simple check can be made on the accuracy of the

interpolation by examining a sub-satellite profile of the variation of
the sea surface height and comparing this with the gridded geoid data

set. Figure 2.10 shows just such a comparison and it can be seen from

this that the gridded data set is a somewhat smoothed representation

of the data contained on the sub-satellite profiles. This is only to

be expected since the degree of smoothing will be determined by the

satellite track spacing rather than the along track data density.
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Figure 2.10 Comparison of the observed variation of geoid height along
Seasat tracks REVB814 and REV247 (solid lines) with interpolations of
the gridded geoid height values (dashed lines). The comparison is good
except at very short wavelengths where a certain amount of averaging
has taken place to get the interpolated gridded values. This 1is
discussed in greater detail in Chapter 8.
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CHAPTFR 3 (MAGNETIC STUDY)

3.1 INTRODUCTION

The Cape Verde Islands form a horseshoe shaped archipelago,
opening to the west, that lies on the Cape Verde Rise, 500 km, from
the Senegalese coast of West Africa. The islands and the western part
of the rise lie within the 'M' sequence of magnetic reversals formed
between 108 & 155 Ma. These sea floor spreading anomalies provide an
excellent means of determining the structure of the oceanic crust
which now constitutes the rise. The eastern sequence of Mesozoic
magnetic anomalies has been studied by Rona et al (1970) and

Haves & Rabinowitz (1975). The latter study in particular included the

s ?

"M’ sequence to the north and south of the Cape Verde Islands and
inferred the existence of a fracture zone passing through the

archipelago between latitudes 15° 3g' N and 16° 10 N. This was later

confirmed and refined to a fracture zone at »16° 00’ N by

van der tinden {(1981), who studied the the older end of the sequence
from the African coast to »M20.

The islands are orientated along 2 prominent ridges as shown 1in
Figure 3.1. This has lead previous workers (King (1974),

Dash et al (1976)) to suggest ¢that the islands formed along

pre-existing zones of weakness in the oceanic crust. Bebiano (1932)
proposed that the islands formed at the intersection of a series of
major fractures. Robertson (1984} also inferred, from sedimentological
evidence, the existence of a fracture zone passing through the island
of Maio.

Using the theory of sea floor spreading first postulated by

Hess (1962 and the observations of Vine (1966) that magnetic

anomalies measured at sea can be related to reversal sequences, the
regional structure of the oceanic crust can be determined by examining
total magnetic field anomalies. In the absence of fracture zones,
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peaks and troughs in the anomalous magnetic field should form linear
patterns perpendicular to the spreading dire;tion. Any offsets 1n the
linear pattern can be attributed to fracture zones and the accuracy
with which these can be defined is dependent on the track coverage.
The heating event which must have accompanied the formation
of the volcanic islands may have partialy masked or even obliterated
the anomaly sequence nearby, since preservation of the magnetic
remanence 1is dependent on the rocks being cooled through their Curie
point and remalining below this temperature for the rest of their

geological history. Haves & Rabinowitz (1975) did not.identify any

anomalies within the archipelago itself and Dash et al (1976),

:?

although including a track crossing the archipelago, did not relate it

to any reversal sequence, but simply correlated it with tracks to the
north and south. Until the present study it was unknown whether
anomalies correlatable with a recognised reversal sequence existed
within the archipelago.

If it 1s assumed that seafloor spreading was a symmetric process
during creation of the Mesozoic oceanic crust then the 'M’' sequence
should be directly related to its western counterparts. Studies near
Bermuda . have been carried out by VYogt et al (1971 and
Schouten & K1li r 1982 and they show that several small offset
(<20 km.) fracture =zones exist. Work by Le Pichon & Fox (1971
proposed that a fracture zone existed to the north of the Cape Verde
Islands that coincided with the Cape Fear fracture zone when the North
American and African plates were juxtaposed in their pre-rifted
configuration. The current evidence, from the western Atlantic,
(Schouten & Klitgord pers.comm. ), would suggest that
palaeogeographical reconstructions place the Blake Spur fracture zone
in close proximity to the Cape Verde Archipelago during creation of
the 'M' sequence.
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New data have been collected around the Cape Verde Archipelago
in an attempt to further define the fracture zones identified by
Hayes & Rabinowitz (1375). 1In addition it is hoped to clarify the

question of whether the islands are related to pre-existing features

of the oceanic crust.

3.2 PRESENT STUDY

The principal data source for this study is Leicester
University's investigation of the Cape Verde's hotspot. Total magnetic
field data were collected on board the RRS Shackleton during a marine

geophysical project to study the archipelago. Additional data were
made avallable from the National Geophysic;l Data Centre (NGDC) in
MGD7?77 format (Hittleman et al (1981)) computer files and Table 3.1
lists the data used in this study by the cruise identifier. Figure 3.1
shows the track coverage superimposed on a bathymetric map of the Cape
Verde Rise. All the data are total magnetic field values, collected
underway, after removal of the appropriate International Geomagnetic
Reference Field (IGRF), or in the case of the Discoverer (DICPVERD)
after removal of a regional trend. The IGRF leaves a residual positive
anomaly of »250 nT as was noted by van der Linden (198t1). This does
not affect the interpretation of the anomalies since the wavelengths
of the reversal anomalies are 50 km. and the residual magnetic high
appears to have wavelengths greater than the dimensions of the rise
(«500 km}.

The density of the data along track depends on the ship’'s speed
and the sampling rate of the instrumentation and varies from an
average of «2.98 samples/km. for the Shackleton to an average of «0.42

samples/km. for the Vema. Where large gaps exist (>20 km), such as on

the Atlantis 1II tracks, no interpolation has been attempted. The
orientation of the tracks is generally east-west and data were so
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MAGNE 1C PROFILE TRACK POSITIONS SLPERI'.'P":
BATHY ETRIC MAP OF THE CAPE VERDE ISLANDS
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06
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03
04
03
22
Figure 3.1 Track chart superimposed on a bathymetric contour map of
the Cape Verde Archipelago. Contour interval is 1000 m. Numbers refer
to profiles 1in Table 3.1. Inset shows the relation of the archipelago

to the African mainland.
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Table 3.1  Details of track portions used in this analysis. Profile
numbers correspond to track chart of Figure 3.1. Cruise names and

times correspond to MGD77 format . Hittleman et al (1977).

PROFILE CRUISE START END SOURCE
NUMBER NAME TIME TIME OF DATA
01 SHA1A/83 82120922 82121009 Leicester University
02 SHA1A/83 82121012 82121108 "
03 SHA1A/83 82121314 82121407 ¢
04 SHA1A/83 82121409 82121515 "
05 SHA1B/83 83010620 83010804
06 SHA1B/83 830 11222 83011314 "
07 SHA1B/83 83011314 830 11403
08 DISC/143 83122300 83122502 Cambridge University
09 DISC/143 83122817 83122904
10 DISC/143 83123107 83123 114 "
11 DICPVERD 70072903 70073101 World Data Centre
12 DICPVERD 70080104 <70080 116 ‘
13 DICPVERD 70080201 70080306
14 DICPVERD 70080414 70080419 £
15 DICPVERD 700806 12 70080702
16 V2207 66052608 66052712 ‘
17 V2603 68101905 68102006 "
18 V3101 74010400 74010506 " ¢
19 V3206 7502 1917 75022010 "
20 A2067L01 72013120 72020202 ‘ ' M
21 A2075L01 73020408 73020610
22 A2075104 73042612 73042718
23 A2075L04 73042908 73043012
24 KA68E 68072900 68073010
collected, by the RRS Shackleton, as to not cross possible fracture

zones. Figure 3.2 shows a compilation of all the magnetic anomaly data

projected onto tracks with a 1000_20 grientation. The magnetic

lineations are roughly normal to this direction
(Haves h Rabinowitz (1975)). The data have been roughly aligned on the
trough correspondino to M22 usina the Larson & Hilde (1975) reversal
sequence to facilitate correlations from profile to profile. Where
tracks do not extend as far east as M22 the data have been roughly
aligned on the trough corresponding to MO.

Also shown in Figure 3.2 is a profile computed for a model using
the magnetic reversal seduence of Larson & Hilde (1975). The
Palaeopole, for the early Cretaceous was taken from

Smith et al (1981) which gives a declination of -35%

inclination of +30* for the remanent field. The present field
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orientation has a declination of -17o . . : °
and an inclination of +20 . The

depth to the source layer is assumed to vary with age according to the

normal age/depth relationship of Parsons & Sclater (1977) and the

source layer is assumed to be a constant 0.4 km. thick. This thickness

is similar to values wused by both Larson & Hilde (1975) and

Hayes & Rabinowitz (1975). Table 3.2 lists the model parameters that
best fit the majority of the observed profiles. Periods of normal
polarity correspond to peaks in the anomalous field and reversals

correspond to troughs. These have been numbered according to the

system of larson & Hilde (1975} and compared with the observed

profiles. A decrease in anomaly amplitude occurs at the older part of

the 'M’' sequence, as was discussed by Hayes & Rabinowitz (1975), and

has been modelled in this study by a »301 decrease in remanent
magnetisation intensity at 140 Ma. Recent studies by
van der Ltinden (1981}, off the African coast, and

Barret & Keen (1976), in the Northwest Atlantic, suggest that

reversals occur that are older than M25 within the Jurassic qulet
zone. These have not been included in the model used here since they
would occur far to the east of the archipelago and within the zone of

low amplitude anomalies.

Table 3.2 Parameters of model. Uses reversal time scale of

Larson & Hilde (1975). Assumes the normal age/depth relationship. The
maghetised layer is assumed to be 0.4 km thick.

AGE ANOMALY SPRFADING RATF
108 MO 0.80 cm/yr
120 M8 0.60 "
126 M1 0.95 "
141 M19 1.86 "

3.3 RFSULT

Correlations from profile to profile are generally very good. A
distinctive large (125 nT peak to trough) anomaly can be seen,
corresponding to the reversed period at anomaly M22, that persists

111-17



throughout the survey area. Similarily a peak representing anomaly M2,
a normal 1interval, is well developed throughout the area. Anomaly
identifications, by comparison with the model curves, are good forvthe
section from M16 to M23; possibly because the model is a better
approximation, in terms of the depth to the source layer, in this
region than closer to the islands. Identification of M24¢ and M25 is
not always possible due to a decrease in amplitude of the observed
anomalies. M25 has been recognised throughout this study as a trough
(reversed interval} rather than the peak (normal interval) identified

by both Van der Linden {1981) and Hayes & Rabinowitz {(1975). High
amplitude (500 n¥), intermediat; wavelength (20 km) magnetic anomalies
are agsociated with shallow (<1500 m) bath;;etric features such as
inter-island ridges and isolated seamounts. The proximity of the
source layer and the possibility that the remanent magnetisation is
due to later, 1island-forming, igneous activity means that these
anomalies have been ignored when comparing observed profiles with
model anomalies.

The part of the sequence between Mié & M11 has very indistinct
anomalies, characterised by many short wavelength, low amplitude
variations. The remainder of the 'M' sequence compares well with the
model profiles; see Figure 3.2.

Figure 3.3 shows the identified anomalies plotted on a chart of
the Cape Verde Archipelago. Positive identifications are indicated by
dots, 1linear trends are shown as thin lines, projected trends are
shown as dashed thin lines and inferred fracture zones are indicated
by heavy lines. Where a fracture zone is inferred from changes in the

magnetic character the trace of the fracture zone is shown as a dashed

heavy line. A total of & fracture zone traces have been identified; a

northern trace at w16° %#0° N, southern trace at «15° 00' N and a pair
of traces passing through the centre of the archipelago. The central
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ANOMALY CORRELATION CHAP'
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363 4 23
20
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22 23 24 25
23
Figure 3.3 Identified anomalies are plotted on a chart of the cape
verde islands. Dots indicate actual identifications, lines show
anomaly correlations and dotted lines are projected identifications.
Fracture =zones are shown by heavy 1lines. The rotated positions of the

anomalies from the Western Atlantic are shown as crosses.
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fracture zone has been delimited, not only by offsets in the lineation
pattern, but by changes in the magnetic signature. The displacement
along the fracture zones is not constant and reaches a maximum of «30
km at MO, the youngest end of the 'M' sequence, on the northern
fracture zone trace. Both the northern and southern fracture zone
traces do not become apparent until after M15 times.

The orientation of the spreading lineations appears to change

from »004° y 4t M25 to w018° N at MO, with a significant proportion of

the change taking place around M22 times. This change can also be seen

in figure 3 of Haves & Rabinowitz (1975). It is considered that this
reorientation 1is real but variations due to the nature of the source

layer make any systematic analysis of the spreading direction

difficult.

3.4 DISCUSSION

Many of the observed variations can be accounted for by the

theory of Schouten & White (1980) that sea floor spreading occurs in

discrete cells that are independent of thelr neighbours. Offsets may
be either spatial or temporal, although in general individual cells
may have approximately the same spreading history. In detail, however,
the cells may have different magnetic signatures. This can be seen, to
some extent, in Figure 3.2 where anomalies such as M2 and M22 have
quite different shapes and amplitudes in each of the spreading cells,
delimited by the inferred fracture zones. The offsets reco;ded by this
study are only small, relative to contemporary transform faults, with
a maximum age-offset of only 3 Ma, at the central fracture zone during
M0 times, corresponding to a spatial offset of only 30 km. This
contrasts with age-offsets of 10-20 Ma for the Kane and Vema fracture
zones at the Mid-Atlantic ridge.

Figure 3.4 shows the variation of distance, relative to M22, for
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SEA FLOOR SPREADING RATE ESTIMATES FOR THE CAPE VERDE RISE
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Figure 3.4 Identified anomalies for 3 selected track portions, V3t0t,
DISC/143 and DICPVERD+V2603, are plotted with respect to M22 against
age, 1in Ma. The lines are taken from Schouten Klitgord (1982) and
constrained to pass through M22 assuming the Hawaiian lineations have
a constant spreading rate of 3.0 cm/yr. The excellent fit of the
spreading rates, calculated for the Western Atlantic, to the data
obtained here for the Eastern Atlantic suggest that spreading was
symmetric during the Mesozoic. The arrows indicate particular
anomalies refered to in the text.
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3 tracks spanning a large proportion of the 'M' sequence. fach track
is taken from a separate spreading cell, defined as being between two
fracture zones. The gap between M4-M11 is due to lack of identifiable
anomalies on the observed profiles. The exact shape of the anomalous
magnetic field generated for the model is very sensitive, in this part
of the sequence, to variations in spreading rate since the inferred
spreading rate is low and magnetised blocks are correspondingly
narrow. Also shown in Figure 3.4 are spreading rate estimates made by

Schouten & Klitgord {1982) for the Western Atlantic counterparts of

the 'M' sequence. The spreading rate curves from the Western Atlantic

have been constrained to pass through M22 and Have been calculated
assuming a constant spreading rate for the H;waiian lineations of 3.0
cm/yr. The excellent fit of spreading rates from the western
counterparts of the 'M' sequence observed here suggests that spreading
was symmetric during this part of the Mesozoic. The uncertainty
between M&-M11 means that no estimate of the spreading rate can be
made for this interval. The observation, here, that 3 distinct changes

in spreading rate took place, at »M22 times and M11-M4 times (2

changes} is the same as that made by Schouten & Klitgord (1982) in the

Western Atlantic. The same workers also state that the period of slow
spreading, between Mi11 and Mk, is characteristic of the Mesozoic
central North Altantic regime.

Little direct evidence is available about the age of the oceanic
crust around the Cape Verde Islands. The 0.S.0.P. hole 368 drilled on
leg 41 of the ocean drilling program did not penetrate basement and
gives an age of «»100 Ma (Albian-Turonian) for the lowermost sediments
encountered, Lancelot & Seibold et al (1977). The position of hole 368
Ls shown on Figure 3.1. The magnetic anomaly data would suggest an age
for basement of wisk Ma (M21-M22) which does not contradict the
borehole evidence. Geological mapping on the island of Maio by
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Stillman et al (1982) identified 1lavas of Mid-Ocean Ridge pillow

) . - 40 39
basalts Dating of these rocks by K-Ar and Ar/ 7 Ar methods, by

Mitchell et al (1983), yields a minimum age of »113+8 Ma. Magnetic

anomalies constrain the age of the ocean crust to lie between 128-1131
Ma. The agreement between the dates from completely different methods
is reasonable, despite the possibility of thermal overprinting of the
rocks exposed on Maio.

A recent study by Tucholke & ludwiq {(1982) suggests that the
younger end of the 'M' sequence is associated with an increase in
basement topography between M0O-M4. This is so well developed in places
that a ridge is formed protruding above the blankéting sediments. This
has been called the J-Anomaly ridge in the North Western Atlantic and
the Madeira Torre rise in the Eastern North Atlantic. Similarily, a
study by Purdy & Rohr (1979) observed a basement ridge associated with
MO. During the present study a number of continuous single channel
seismic profiles, see Chapter 4, were shot while collecting the
magnetic data. Oceanic basement cannot always be identified but Figure
3.5 shows the interpreted basement topography and corresponding
magnetic anomalies for profile 04. The formation of the basement
ridge, arrowed, 1is considered to be strong support for the correct
identification of MO. vVariations in source layer topography may also
account for the differences in the magnetic signature of MO.

Using the absolute poles of rotation, determined by Klitgord &
Schouten, taken from Schult & Gordon (1984), the position of anomalies
MO, M4, M16 and M21 to the north of the Blake Spur fractdre zone, from

Mutter & Detrick (1984), can be rotated to their equivalent positions

in the eastern 'M’' sequence. Table 3.3 lists the poles, rotations and
times used to plot the rotated anomalies, shown as crosses, in Figure
3.3. The rotated anomalies are sufficiently close to the central
fracture zone to suggest that this fracture zone is the eastern

counterpart of the Blake Spur fracture zone.
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COMPARISON OF MAGNETIC PROFILE LINE 04
WITH BASEMENT STRUCTURES FROM SEISMIC REFLECTION
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figure 3.5 Magnetic anomalies for track 04 with the basement

ftructures interpreted from seismic profiling shown beneath. The
irrowed basement ridge is thought to correspond to the J-Anomaly ridge
it MO times.
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Table 3.3 Poles of rotation used to rotate the trace of the Blake Spur
fracture zone 1in the Western Atlantic, relative to the American

continent. Ages are in Ma. The errors on each determination are
unknown.

AGF ANOMAL Y LATITUDF LONGITUDE ANGLE
108 MO 66.30 340.10 -54.3
114 Mé 66.10 341.00 -56.4
135 M16 66.10 341.60 -59.8
145 M21 66.10 341.60 -63.2

Changes in orientation of the spreading direction may have
resulted in the introduction of the northern and southern fracture

zones. Using the model of Menard & Atwater {(1968) whereby

reorientation is accomplished by the introduction of adjustment
fractures; the offsets across the fracture zones can bé.related to the
times of changes in spreading direction. Thus the reorientation at M4
times resulted 1n the commencement of spatial offsets on all the
fracture zones observed here. Offsets are observed at a maximum at MO.
The larger reorientation at M21 times does not appear to have
influenced the fracture zone offsets to the same degree and it is not
known at present why this should be so.

The relationship of the islands to the fracture zones_is not
clear. The northern fracture zone can be made to pass through S. Antao
to S. Nicolau without contradicting the magnetic evidence. The
southern fracture zone, however, is better defined and does not appear
to pass through the island of Maio as was suggested by
Robertson (1984). The question is then raised as to why the islands
should form as they have done and not along the Blake Spur fracture
zone which may have been a major structural feature and zone of

weakness in this area during the Mesozoic.
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3.5 CONCLUSIONS

1) Seafloor spreading magnetic anomalies can be identified
within the Cape Verde Archipelago. These anomalies can be correlated
with the Mesozoic reversal sequence of Larson & Hilde (1975).

2) The single fracture Zone identified by
Haves & Rabinowitz (1975) has been refined to & fracture zones by this
study. Offsets are variable with time, being a minimum at M25, less
than 5 km, and a maximum at M0, »30 km. The 2 fracture zones inferred
passing through the centre of the archipelago are considered to be the

eastern expression of the Blake Spur fracture zone identified by many

workers in the western North Atlantic.
3) The 'M' sequence observed here compares very well, in terms
of both spreading rate and spreading direction changes, with the

western Atlantic described by Schouten & Klitgord (1982).

4) How well the existing structures of the oceanic crust relate
to the distribution of the Cape Verde Islands has not been fully
resolved. The possibility still exists that the northern most
east-west 1limb of the archipelago has formed along a fracture zone
trace. However more work 1is necessary to both study basement
structures to the west of the archipelago and to obtain magnetic data

closer to the islands.
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CHAPTER 4 (SEISMIC INVESTIGATION)

4.1 INTRODUCTION

The age of the oceanic crust comprising the Cape Verde Rise can
be estimated to rangé from 105 Ma, in the West, to 145 Ma, Ln the
East, from seafloor spreading magnetic anomaly studies

(Hayes & Rabinowitz (1975) and Chapter 3). Using the relationship

between depth to oceanic crust and age, determined empirically by

Parsons & Sclater (1977) for all the world's oceans, the expected

depth to oceanic crust can be calculated. The Cape Verde Rise forms

the largest anomalous oceanic bathymetric swell (Crough (1982)) with a

depth anomaly (expected-observed) of w2 km. To observe the actual

anomaly amplitude of the oceanic crust it is ;;cessary to penetrate
any overlying sediments, and make corrections for the load of these
overlying sediments.

Most useful 1n this respect is the seismic reflection profiling
method. A high repetition sound source is used to transmit energy into
the seafloor and sensitive detectors (hydrophones) record the energy
reflected off interfaces along the ray path. Sufficient detail 1is
usually present within the sediment layer that a crude seismic
stratigraphy can be formed.

This type of study typically uses only vertical reflection
ray-paths so no information can be gathered on the velocities of the
material through which the energy is propagating. Velocity

information, an essential part of any seismic interpretation, can,

however, be obtained from wide angle reflection and refraction studies

using disposable radio sonobuoys, Hi 196

The main objectives of the seismic investigation of the Cape

Verde Rise are:-

1) To map the depth to oceanic layer 2 and compare this with the
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expected depth for crust of the same age, after accounting for the

lsostatic load of the overlying sediments.

2) To study the seismic stratigraphy of the sediments on the

Cape Verde Rise and try to relate these to uplift and formation of the

Cape Verde Archipelago.

3) To «calculate the velocity structure of the sediments and

basement and where possible use these velocities to aid the

interpretation in 2).

The study naturally divides into 2 parts; firstly, the seismic

secondly, the selsmic refraction

reflection 1interpretation and

experiments.

4.2 SEISMIC REFLECTION

The Cape Verde Rise was originally thought to be an accumulation

of sediments only. It is now recognised, from seismic profiling, that

oceanic basement 1s actually elevated over the rise. Seismic

reflection work by Uchupi et al (1976), during a regional study of the

West African coast, outlined reflections from the sediment/layer?

interface on profiles approaching the Cape Verde Archipelago. An

attempt was also made to identify some of the sediment horizons. Later

work by Goldflam et al (1980} showed a strong intersediment reflector

that was identified as a basalt sill during drilling at 0.S.0.P. hole

368 {(lLancelot & ibold et al (1977)).

The seismic reflection profiles described here were collected hy

scientists from lLeicester University during December 1982 and January

1983. The equipment used is outlined in section 2.7 of Chapter 2.

Figure 4.1 shows the positions of the profiles superimposed on a

bathymetric map of the Cape Verde Rise. The profiles are numbered!

chronologically from Line 1 to Line 6. Figures 4.2 to 4.7 1llustrate
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SEIS'IIC PROFILES GROUND THE CAPE VEROE ISLANDS

y<C M .00000Q 3 if Lit. II 3 STlSnIC 3ifA
Line 01
Line 05
177A 07
A1 78
09
Line 06 7
Line 02
A1 7
Line 04 S

06 )
Line 05

deployed and interpreted by Hnskina et al (19741 ar indicated by
triangles. The dashed lines show the refraction profiles shot by

Kina (1974).
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Figure 4.4 Seismic profile LINE 03. Ship's track heads south-east from
the San Tiago/Maio ridge. Upper diagram is the actual hard copy record
interpreted to get the line drawing shown in the lower diagram.
Question marks indicate the 1limit to which the lower reflecting
horizons could be followed.
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2. AAf Acouttlc 8ai«m«nt Sonobuoy 17
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Figure 4.7 Seismic profile LINE 06. Ship's track heads east
then turns to head north Just before deploying Sonobuoy 17. The rough
bottom topography 1is associated with a ridge extending south from the
island of San Nicolua.

initially
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the hard copy records interpreted to produce the corresponding line

drawings also shown in Figures 4.2 to 4.7. The horizontal scales axw

different between the line drawings and the actual records since the

records are dependent on ship’'s time and the line drawings are plottexl

against distance along ship's track

The records were interpreted by tracing prominent horizons an

the sections that corresponded to significant changes in seismic

character or to angular unconformities that showed up as the gradual

dissappearance of a group of reflectors. Problems that became apparent

during the interpretation include; (1) the bubble pulse af the source

{2) the dominant frequency of the source, (3) the lack of

there is a distinct lack o+

signature,

penetration in parts of the survey, (&)

cross-over 1links between individual profiles which means the

correlation of horizons between profiles is rather subjective.

The source signature of the airguns is degraded by oscillations

of the bubble of air as it passes to the surface. This produces

several cycles of energy instead of just the ideal single spike.

Reflectors therefore tend to appear as parallel lines rather than

single horizons. The dominant frequency of the source was 14 Hz and in

a medium where the sound velocity is «»2 km/sec this means that

horizons less than «30 m thick will not produce a discrete reflection.

Lastly, the penetration is proportional to the total energy output

from the airguns and also to the acoustic characteristics,

particularily attenuation, of the medium through which the energy must

travel. The energy output from the airguns was sufficient to penetrate

the sediment layers in some parts of the sections but not in others.

Since the energy output was uniform, this serves to highlight the

variability of the material comprising the sediments around the

archipelago.
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4.3 VFERTICAL RFFLECTION PROFILING INTERPRETATION

The seismic character of the various horizons identified can be

v

summarised as follows.

1} The lowermost identifiable horizon is a series of diffraction

hyperbolae. This horizon has variable topography and can appear at the

surface 1in some profiles. No coherent reflections can be identified

beneath this interface. It is typically found at approximately 1.4

second of two way travel time (TWT) beneath the seafloor and can be

most easily identified when >50 km from the islands.

2 ?

2) The next unit infills the topography of horizon {1) and forms

a series of generally horizontal reflectors. Some of these reflectors

can be traced easily over distances of up to 70 km whereas other parts

of the records have a very broken and discontinuous appearance. This

unit is bounded beneath by the diffraction hyperbolae and above by an

angular unconformity. In contrast to the overlaying unit, (3), this

layer appears relatively acoustically transparent in seismic

character.

3) The third layer contrasts markedly with that beneath in that

it contains many reflecting interfaces and is acoustically rather

opaque. The reflectors are difficult to follow and have a diffuse

nature. Where they are not bounded by an unconformity below they tend
to be the lowest identifiable horizon in that part of the section.

This horizon tends to merge laterally with the uppermost unit in &

series of interfingering wedges. In other cases, however, this unit 1is

bounded above and below by unconformities.

4) The uppermost unit is generally acoustically transparent and
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for this reason is easily identifiable. In deep water it tends to pe

uniform and flat lying, but on the slopes of the interisland ridges

slump structures are apparent.

4.4 GFOLOGICAL INTERPRETATION

Assigning lithologies to these seismic wunits is rather

subjective as only one line, Line 1, has any geological control in the

form of D0.S.D.P. hole 368 (Lancelot & Seibold et al (1977)).

Unfortunately the hydrophone streamer gave very poor signal to noise
ratios during the initial phase of the experiment and the subsequent
record for Line 1 (Figure &.2) Qas of very poor qﬁality. No attempt
was made therefore to tie the seismic inlgrpretation to the
lithological 1log from D.S.D.P. site 368. However, the units outlined

above are only broad divisions and therefore only a crude geological

interpretation will be applied.

1) The 1lowermost wunit with its rough contact with the unit
above, as indicated by the diffraction hyperbolae, is certainly

volcanic basement and may be either layer 2 or later intrusives. No

coherent reflectors can be seen within this igneous layer. This

reflector has been identified frequently by such workers as

Mutter & Detrick (1984

2) The next unit, lying on top of volcanic basement, is likely
to be a series of limestones and cherts of normal marine origin. At

least one of the prominent reflectors within this unit could

correspond to the top of the black shales as indentified by

Lancelot & Seibold et al {(1977). Outcrops of mid ocean ridge basalts

(MORB) have been reported on the 1island of Maio by

Stillnan et al (1982 They also mapped an overlying sequence of
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marine limestones, the Morro formation, which is considered to be

equivalent to unit (2) identified here.

3) The acoustically opaque layer is suggested here as a
volcaniclastic layer lying wunconformably on top of a sequence of
normal marine sediments. The scattering nature of the reflectors could
be explained by poor sorting of angular fragments deposited by mass
flows or turbidity currents from the volcanic islands. This
interpretation 1is strengthened by the increase in thickness of this

layer on approaching the islands.
4) The uppermost layer has been interpreted here as recent
pelagic sediments consisting mainly of nanno marls and oozes. This is

based on their seismically transparent character and also on the

results of a study by Rothe (1973), who investigated the near surface

sediments by studying core scections at various sites around the

archipelago.

4.5 WIDE ANGLE RFFLECTION/REFRACTION EXPERIMENTS

Velocity information is an essential <criterion for

characterising the different layers that make up the oceanic crust.

Several models (Raitt (1963) and Kozminskaya & Kapustvan (1975)) have

been proposed as an average seismic model for oceanic crust and

Houtz & Ewin 1976 related changes in seismic structure to plate

age. Seismic studies have also been made of marine sediments and

related to density, Nafe & Drake {1963).

velocity has been

Determinations of velocity in the decep sea are best made by studying

wide angle reflections and refractions, Hill (1963). Many workers have

used this technique successfully, amongst the more recent publications

are White (1979) and Houtz et al (1981%).
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The main problems that it is hoped a knowledge of the velocity

structure will help solve, arise from continuous seismic profile (CSP)

sections crossing the archipelago (section 4.3}. The acoustlc basement.

recognised as the deepest coherent reflection on the CSP may not

correspond to oceanic basement, but may, in fact, be an acoustically

horizon (White (1979)). Particularily strong

opaque sedimentary

reflectors within the sediments may be due to igneous intrusions:; one

such reflector was drilled on DSDP leg 41 and proved to be an igneous

s111 (Lancelot & Seibold et al (1977)). The sharp velocity contrast of

intrusions into low velocity marine sediments should be detectable and

hence any further occurences can be located. Finally, the normal
marine sediments around and within the archipelago are interrupted

periodically by horizons of volcaniclastic material

(Grunau et al (1975)). This has also been noted earlier in this

chapter on the basis of the character of the seismic reflection signal

and by Robertson (1984) from sediment analysis on the island of Maio.

The present day sedimentary regime around the islands was investigated

by Rothe (1973) wusing coring techniques who concluded that the

uppermost sediments are composed mainly of autochthonous marine

organisms with a small component of volcanic material and that

terrigenous material was scarce.

4.6 RADJIO SONOBUOY TECHNIQUE

A hydrophone and transmitter unit (the sonobuoy) is dropped from

the moving vessel and continuously transmits the signal from the

hydrophone to a receiver on the ship. The ship, meanwhile, steams away

from the sonobuoy firing shots at regular intervals. The shot instant

is controlled and recorded on the ship.

A total of 17 sonobuoys were deployed during the refraction

experiments. Of these, only 5 have been successfully recorded,
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digitised and interpreted and these are discussed below. The remainder
were not utilised due to 2 sinking after gain modifications were
attempted, 4 were deployed over the interisland ridge between Maio and
San Tiago (and are reported elsewhere), 1 was used for test purposes
only and S were deployed over areas of rough seabed topography. Tahle
4.1 1lists the positions, durations and ranges of the 5 sonobuoys
deployed during this experiment and subsequently interpreted. Figure
4.1 shows the positions of these sonobuoys and they are also indicated
on the relevant figures for the concurrent CSP.

Picking of arrivals was hampered at small source/receiver
offsets by overloading of the sonobuoy hydrophoné amplifier. This
resulted 1in a ‘clipped’ waveform being transé;tted back to the ship
and recorded on magnetic tape. Attempts to alter the gain of the

amplifiers failed when the modified sonobuoys sank immediately on

deployment.

TABLE 4.1 Positions, durations and ranges of Sonobuoys used in this

study.

Sonobuoy Latitude Longitude Duration

No. Deg Min Deg Min Hrs n.ml
6 14 30.56 24 25.06 2.8 22.8
7 17 54.5 26 11.1 2.7 16.0
9 16 20.3 25 18.5 2.5 13.5
16 16 8.8 24 51.8 2.3 15.8
17 16 25.0 23 40.6 2.2 12.17

L.7 DETERMINATION OF VELOCITIES

The calcuiatioﬁ of seismic velocities from wide angle

reflections and refractions 1is well documented in such works as

Houtz et al (1968), LePichon et al (1968), Knott & Hoskins {1975) and
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Limond & Patriat (1975). Two problems particular to the radio sanobuoy

technique are the calculation of source to receiver distances and the

time shift caused by having the receiving hydrophone at some depth
beneath the sea surface. The former can be overcome by fitting the
seabed reflection times observed on the records to the expected times
for a model in which the scabed reflection time is dependent on the
source to receiver separation. This is prefered to using the direct
wave arrival since the seabed reflection can be seen out to greater
ranges. The second problem can also be overcome in the same manner as
the first by 1including a constant time term to account for the

hydrophone depth and wusing the seabed depth information from the

precision echo sounder.

The relationship between the reflection times and the

source/receiver distance 1is given by:-

?
st2=(TV-TO)Z*(dfact+vfact.x) /Vwatz (E&.1)

where T  =time for reflection off the seabed
Tv=normal incidence travel time to the seabed from the P.E.S.
T°=static term to account for the hydrophone and gun depths
Vwat=mean velocity for that water depth from Carter (1380)

Xzinitial source/receiver separation assuming that X=0
represents normal incidence and that the ship's speed was
a constant 5 knts and finally that there was no drift of
the sonobuoy.

dfact=distance correction for the initial reflection not being

normal incidence

vfact=correction to initial assumption of ship’'s velocity

of 5 knts.
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By minimising: -

F=/L(E(T 2
HET T 1 tn-11) (F4.2)

where st=calculated time from E4.1

Tobs=observed time fraom the record

n=number of times used in the analysis

with respect to To' dfact and vfact, the necessary correction
terms can be calculated. To‘ dfact and vfact were incremented over

intervals and a value for F from E&.2 calculated at each

. ?

small

increment. The values of To’ dfact and vfact finally chasen were those

that gave the smallest F.

The best fitting values of To‘ dfact and vfact can be found by

assuming vwat is constant and can be calculated from Carter (1980).

Wide angle reflections can be described using simple geometyy

and assuming that interfaces are (i) planar and horizontal and (ii)

that energy is not refracted when crossing them. The first assumptidn

can be justified by examination of the continuous reflection profile

but the second assumption is a simplification that means results will

only be a first approximation. Stoffa et al (1982) examined the

differences between interval velocities obtained from ray tracing and

from using the above assumptions for a deep water sonobuoy record. The

difference was less than 671 at offsets less than 7 km between source

and receiver. Stoffa et al (1982) also state that the point at which

the simple assumptions outlined above become unacceptable is very

model dependent. However, taking into account the fact that only

Sonobuoy 17 uses source receiver offsets up to 9 km for the

calculation of average velocities, it 1s further assumed that the
hyperbolic approximation is sufficient for this study.
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Times for wide angle reflections can be obtained from: -

(F4.3)

where Trfztime for reflection

T =

d delay time for the hydrophone and gun depths determined

from Eé4 .1

Xm=modified distance from F4.1 (Xm=(dfact+vfact.xl)

Vr=average velocity to the interface

The wvelocity from E4.3 is an average velocity for the energy to
to the reflecting interface and back. Limond & Patriat (1975)

travel
point out that velocities calculated from E4.3 are dependent on the
Due to concentrations of data points at

square of distance and time.

small offsets the results can be biased. To overcome this it waz

decided to model the expected travel times using E4.3 for a variety of

velocitlies and compare the expected to the observed times using the
difference (F4.2). The error on the average velocity is

r.m.s.
differences between the expected an«l

calculated wusing the r.m.s.

(Davis (1986)) to

observed travel times. The F-Ratio test was applied
The velocity

get the 9571 confidence limits for the average velocity.

of the individual 1layers can be calculated using 'Dix’'s interval

velocity formula (Dix (1955)):-

(E4.4)

V. 2_ 2, 2 _
int '(Vrn tn vr(n-1) t(n—1”/(tn t(n—l))

where Vintzinterval velocity for a layer bounded by 2 reflecting

interfaces

Vrn=vr from E4.3 for lower interface

Vetn-11= upper
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t . . .
n=normal 1incidence time for the lower interface

Y1)’ ' """ upper

Velocities and normal incidence times can be combined to get the
depth to and thickness of the layers. The errors on these calculations

can be obtained by combining the absolute and relative errors from the

average velocities.

The time distance relationship for refractions is simpler:-

L
S AR A (E4.5)

where Ta=time for the refracted arrival from the record

Tint=intercept time of the refracted arrival plot
Xm=modified source/receiver seperation

Va=refraction velocity

The same assumptions apply to E4.5 as did to E€4.3 and the

calculated velocity is the velocity of energy travelling horizontally

along an interface.

‘Wiggly’ trace plots of the sonobuoy signals were obtained by
digitising the recorded anologue signals and replaying on suitable
hardware. The necessary processing to get the digitised records 1is

outlined in Appendix I. Figure 4.8 shows an example of the 'wiggly”

trace plot for sonobuoy 07 and the corresponding plots for sonobuoys

The arrival times and

06, 09, 16 and 17 are shown in Appendix [.

distances for recognised reflection and refraction arrivals were
Figures 4.9 to &.13 show the picked

picked wusing a digitising table.

arrivals plotted against corrected source/receiver distance with the
corresponding velocity depth profiles also shown. Table 4.2 lists the

velocity/depth information and corresponding error estimates for the 5

sanobuoys interpreted here.
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SONOBUOY 06 uior ANGLE REFLECTIONS. Sonobuoy 06
velocity (km/a)
2.0 2

3.5

400

5.0

time distance plot for Sonobuoy 06. Only
reflections were recognised for thisexperiment. The offset between
normal incidence, zero on the distance axis, and the start of the data
is due to initial poor tuning of the radio receiver and to overloading
of the hydrophone distorting the signals. The resulting velocity depth
profile 1Isalso shown. The general increase in velocity with depth s
typical of oceanic sediments (Houtz et al (1968)).

Figure 4,9 Corrected
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9000.

50NOSUOY 16 UIGC ANGLE REFLECTIONS.

Sonobuoy 16
velocity (km/s)
2.0

3.5

4 .0OH

5.0.

Figure 4.12 Corrected time distance plot for Sonobuoy IB. No refractions
could be Identified, Dbut k- reflecting horizons, including the seabed,
were recognised. The corresponding velocity depth profile is shown and

illustrates a large velocity 4increase relatively near the seabed.
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TABLE 4.2 Results of velocity analysis for Sonobuoys deployed during
the RRS Shackleton cruise 1982/83.

SNB INTERVAL ERROR IN THICKNESS ERROR IN
No VELOCITY VELOCITY OF HORIZON THICKNESS
(km/sec) (km/sec) (metres) (metres)

06 1.501 0.0t 41217 4 (water layer)
1.747 0.14 168 60
2.37¢% 0.20 1T 65
2.628 0.14 289 8é

07 1.503 0.01 3671 3 (water layer)
2.316 0.16 1320 170
S5.67%x% 0.30 850 140
T7.19%xx 0.45 - -

09 1.498 0.013 3988 4 (water layer)
2.118 0.125 680 100 '
2.475¢% 0.125 J@OO 100
b B1xx 0.125 - -

16 1.503 0.005 3864 "3 (water layer)
1.871 0.20 71 50
2.222 0.20 500 50
2.460 0.21 320 88

17 1.499 0.006 3590 4 (water layer)
1.785 0.14 465 70
2.087 0.205 130 40
2.654% 0.20 550 70

KEY *xyelocity from refraction
*velocity estimated by assuming layer between the lowest
reflector and the refracting horizon has constant velocity

n.b. 1) All interval velocities calculated using Dix's formula and
assuming plane horizontal layering.

ii) The interval velocities and associated errors for the water
layers are an indication of the goodness of fit of the seabed
reflection times from the observed records to the modelled reflection
times using E4.3.

iii) The thicknesses of the water layers and their associated
errors are obtained from the Precision Echo Sounder.

iv) The error estimates for the sub seabed horizon thicknesses
include the error estimate for the interval travel time within that
layer and are therefore necessarily larger than the errors from the
interval velocities alone.
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4.8 RESULTS OF VELOCITY ANALYSIS

Sonobuoy 06 was deployed, south of the islands of Fogo and
Brava, on the seismic profile Line 04, and no refracted arrivals were
observed on the digitised replay. A total of 5 reflectors, including
the seabed, were recognised and measured. The time/distance plot is
shown in Figure 4.9, with both the time and distance scales corrected
as outlined above. The interval velocities and depths are shown in
Table 4.2 and these results are summarised in Figure 4.9 as a velocity

depth profile. The increase in velocity with depth has a slightly

greater gradient (2.204 seC:T} than the averéée gradient from
Houtz et al (1968) (1.783 sec™'). The 1owerﬁ;;t layer has an apparent
velocity, from the reflection analysis, of 2.63 km/s at a depth of
0.568 km below the seabed.

Sonobuoy 07, deployed Jjust to the north of San Vicente, on lLine
06, and shown in Figure 4.8, produced the strongest refracted arrivals
of all the sonobuoys described here. Unfortunately only one reflecting
horizon could be identified below the seabed. Figure 4.10 shows the
corrected time distance plot of the picked arrivals and also shows the
resulting velocity/depth profile. A total of 3 refracted arrivals were
observed with the most obvious refraction producing a velocity of 7.19
km/s ‘and a less prominent refraction occuring, over a limited range,
before the faster arrival giving a velocity of 5.5 km/s. Both these
apparent velocities may be rather higher than the true velocity since
the concurrent CSP suggests that the acoustic basement slopes up from
sonobuoy (receiver) to the ship (source). Assuming a slope of «2
degrees, measured from the CSP, the velocities reduce to 6.95 and 5.1
km/s respectively. A second refracted arrival was picked, occuring
over a similar range as the high velocity refractor, but at a later
time. ‘
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The arrivals on Figure 4.8 marked as 2nd refraction give a
velocity {(3.813 +0.13 km/s) and intercept time (5893 *+30 ms) which is
incompatible with a P-wave interpretation. It is therefore proposed
that this arrival is a doubly converted S-wave refracted along the
layer 2/layer 3 interface. Double conversion from compressional to
shear and back to compressional is necessary since the hydrophone is
in a 1liquid environment. Calculation of possible Poisson's ratios
gives 0.038 if the S-wave propagates in layer 2 and 0.305 if it is in
layer 3. The Poisson’'s ratio of 0.038 indicates that the refractor is
too fast to be due S-waves in layer 2. The 0.305 value is nearer to
0.28, from work by Purdy 51985f-in the Western Ndrth Atlantic and to
0.25, wused by White (1973) to calculate S—wé&e velocities in oceanic
basement from P-wave velocities and this suggests that the S-wave is
more likely to be associated with travel in layer 3. However, by
considering that it 1s necessary to have a constant increase of
velocity with depth to obtain refractions, the original conversion
from compressional to shear must have occured at the sediment/layer 2
interface. The S-wave velocity can be estimated in layer 2 as 3.04
km/sec by using a Poisson’'s ratio of 0.28, Purdy (1983}. Using this
information the expected intercept time can be calculated for a simple
4 layer model where the energy travels as a P-wave in the water and
sediments but 2s an S-wave in layer 2 and is critcally refracted at
the layer 2/layer 3 interface. The calculated intercept time of 5723
ms compares reasonably well with the observed travel time of 5893 +30
ms considering the simplifying assumptions made.

Sonobuoy 09, also on Line 06, but té the south of San Vicente,
within the archipelago, gave a single sub-seabed reflection and a
rather weak refracted arrival. The time/distance plot is shown in

Figure &.11 along with the resulting velocity/depth profile. The

refraction and reflection do not appear to arise from the same horizon
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so0 the velocity of the intervening layer is estimated by assuming that
the medium through which the energy is propagated is completely
isotropic.

Sonobuoy 16 was deployed at the begining of Line 07, roughly
south east of sonobuoy 09. No refractions could be observed but a
total of & sub-seabed reflectors were observed and measured. The
time/distance plot is shown in Figure 4.12.

Sonobuoy 17 was also deployed on Line 07, but as the profile
headed north between San Luzia and Sal. This sonobuoy, like the
sonobuoy 16, produced no refracted arrivals and only.;eflections.
Again & reflecting horizons €Lere picked and the resulting
velocity/depth profile 1is shown in Figure i:13 with the corrected
time/distance plot.

The information from the velocity analysis ouflined above can be

supplemented by the results of previous studies by

Hoskins et al {(1974), who analysised & sonobuoy refraction profiles

within the area of interest, and King {1874}, who undertook 3 reversed
refraction lines wusing the 1islands as recording stations. The

positions of the previous sonobuoys are shown as triangles and the

refraction lines shot by King (1974) are shown as dotted lines in

Figure &4.1. Figure &.1¢ shows the velocity depth profiles from

Hoskins et al (1974

Iv-30



3.5
4.0
5.0
6.0
Figure 4.14 Velocity/depth profiles
froM Hoskins et al (1974).

are

Sonobuoy 175

velocity (km/s)
4.0 5.0 6.0 7.0

2.0 3.0

6.0.

Sonobuoy 177

velocity (km/s)
1.0 2.0 3.0 4.0 5.0 6.0

Iv-31

The positions
indicated by triangles on Figure 4.1.

Sonobuoy 176

velocity (km/s)

2.0 3.0 4.0 5.0 6.0
4.0
5.CL
6.0
r.O.
Sonobuoy 178
velocity (km/s)
1.0 2.0 3.0 4.0 5.0 6.0
3.5
4.0
a
s
*0
5.0J
6.0.
Sonobuoys 175,176,177 & 178

of these sonobuoy stations

7.0



4.9 DISCUSSION

Recognition of oceanic layer 2 is very much dependent on the
transmission characteristics of the overlying sediments. During this
study, reflection hyperbolae indicative of volcanic basement were only
seen on Line 2, when >50 km from the Maio/BoaVista ridge, on Line &,
to the extreme west, and on Line 5, to the north of the island of San
Vicente. The limited area over which volcanic basement could be
recognised is due to the masking effect of the overlying
volcaniclastic sediments which increase towards the islands. This
limiting factor is considered later in Chapter 5, section 5.5, when

.-

considering the relationship between bathymetry and free air gravity,
or geoid, anomalies. "

The shallowest recognisable occurence of volcanic basement is on
Line S where it has an average depth of 6 seconds of two way travel
time (TWT). This average takes into account the topography of the
basement. There 1is a thickness of approximately 1 second of TWT of
sediments on top of the basement at this location. Sonobuoy 07 was
deployed 1in this area and recorded a velocity of «5.1 km/s for the
volcanic: basement which suggests that it corresponds here to oceanic
layer 2B from Houtz & Ewing {(1976). The sediment velocity from the
same sonobuoy was 2.32 km/s. The age of the lithosphere is »110 Ma,
from the magnatic anomaly study in Chapter 3. The expected depth for
crust of this age assuming a cooling plate model, is, from
P c r (1977), 5800 m. The depth recorded by this study

for oceanic layer 2 must be corrected for the isostatic loading of the

overlaying sediments. The assumption here is that the sediments form a

uniform thickness. lLe Douaran & Parsons (1982) and Crough {1383) both

studied the variation of sediment correction against TWT in D.5.0.P.

holes in the North Atlantic for sediment densities varying from 1590

kg/m’ to 2480 kg/m3 and velocities from 1.65 km/s to &.17 km/s.
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Summary map showing velocity and lithology interpretations

19.0
177A
A1 78
VELOCITY
(km/s)
1.0 2.0 3.0 4.0
Dwater column

recent pelagic sediment*

votcanlclaatlcs

marine sediment*

volcanic basement
14.0
-27

Figure 4.15 Summary diagram showing the velocity depth profiles for
Sonobuoys 05. 07, 09, 16 & 17, from this study, and 175, 175, 177 &

178 from Hoskins et al (1972). The velocities have been assigned to
lithologies as discussed in the text. The key for the lithologies 1is
the same as that used for the seismic reflection line drawings. The
width of the blocks indicates the velocity of that horizon. Scales are

shown by the axis on the bottom right.
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Crough (1983) estimates that the correction is accurate to within 107,

Using the corrections from Le Douaran & Parsons {1982) and

Crough (1983) the observed depth to oceanic basement in the vicinity
of Sonobuoy 07 is «4200 m or «4000 m respectively. Either of these two

values 1is sufficient to demonstrate the observation made by

Crough (1982) that the Cape Verde Rise has a depth anomaly of w2 km.
The oceanic swell is now at a depth equivalent to 25 Ma crust and

Crough (1982) suggests this is evidence of thermal rejuvenation.

The crude seismic stratigraphy outlined in sections 4.3 and 4.4
can be wused to infer a history of sedimentation for the Cape Verde

-

Rise. The lithosphere was created at a mid oééan ridge in Late
Jurassic times and thereafter followed a'éeriod of cooling and
subsidence with deposition of normal marine limestones, black shales
and cherts. Robertson (1984) suggests that the most likely time for
uplift 1s around the late Palaecogene to early Miocene and it is
suggested here that a certain amount of erosion took place at this
time to form a regional unconformity. With the commencement of island
building volcanism at 20 Ma, Mitchell et al {1983}, volcaniclastic
sediments were deposited on this regional unconformity. Cessation of
the major igneous activity resulted in a return to a more pelagic type
of sedimentary regime with volcaniclastic material being limited to
the areas close to the islands.

The velocity information does not contradict the seismic
reflection interpretation. Figure 4.15 illustrates an interpretation

of the velocity information from this study and Hoskins et al (1974)

in terms of the seismic stratigraphy from the seismic reflection

investigation. Those horizons detected.using the sonobuoy refraction
study that have velocities around 2.0 km/s are attributed to recent
pelagic sediments. These occur on Sonobuoys 06, 16 & 17. A similar
lithology has been given to a layer with velocity 2.13 km/s on
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Sonobuoy 09 but this is more due to the reflection character; the
velocity may be too high due to the reflector dipping up from receiver
to source (see Figure 4.6).

The wvolcanic basement indicated in Figure 4.15 may be either
oceanic layer 2 or volcanism associated with the Cape Verde Islands.
No velocities were observed within the archipelago that have high
enough values, >5.0 km/s for layer 2R from Houtz & Ewing {1976), to be
attributable to oceanic basement. To the north of the archipelago,
Sonobuoy 07 gives velocities of «5.1 km/s and «6.9 km/s. These
velocities are comparable with a study of oceanic crust of the same
age, 1n the Western North A;Iantic, by Purdv-& Rohr {(1979) and

. ?

Purdy {1983) and with velocities obtained by King (1974) and they are

attributed to oceanic layers 2 and 3 respectively. The King {1974)
study was a refraction experiment within the Cape Verde Archipelano
and apart from the velocity mentioned above the results bear little
similarity to the present study. Average sediment thickness was
calculated, by King, to be 2-3 km using a combination of seismic
refraction and gravity analysis, whereas this study suggests sediment
thicknesses of only «1.2 km. Comparison of this study with the results
from Hoskins et al (1974) is good for Sonobuoys 175 and 176 but poor
for Sonobuoys 177 and 178, to the north of the archipe%ago. and
lithologies have been assigned on the basis of velocity information
alone. No explanation can be given for the differences between
Sonobuoy 07 and Sonobuoys 177 and 178 without recourse to the original

data and the concurrent seismic reflection profiles.
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4.10 CONCLUSIONS

1) The present study confirms, by observation of the oceanic

basement and an L1sostatic correction for a uniform sediment layer

that layer 2 on the Cape Verde Rise is w2 km higher than expected for
crust of this age. Oue to the masking nature of the overlying

sediments volcanic basement could only be seen when >50 km from the

islands. It 1s not possible, therefore, to accurately map the depth to

volcanic basement around the archipelago.

2) The «c¢rude seismic stratigraphy derived from reflection

analysis 1s compatible with a higtory of uplift around Miocene times,

deposition of volcaniclastics during island'puilding and a later

return to a more pelagic type of sedimentation.

3) Velocities observed by radio sonobuoy wide angle reflectian

and refraction methods do not contradict the reflection profiling

interpretations. Refraction velocities are compatible with an

interpretation that the acoustic basement is layer 2 («5.0 km/s). Wide

angle reflection velocities suggest a complex history of sedimentatiom

within the archipelago with lower velocities («2.0 km/s) attributed to

recent pelagic sediments and higher velocities (w2.5-+3.5 km/s)

attributed to pre-volcanic marine sediments.
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CHAPTER 5 (GRAVITY & GEOID MODELS)

5.1 INTRODUCTION

Observations of free air gravity anomalies and bathymetry taken
by surface ships can be used to examine the state of compensation of
bathymetric features in the worlds oceans. The general relationship
between free alr gravity anomalies, geoid anomalies and bathymetry is
shown 1in Figure 5.1. The relationship appears, from simple
observation, to be dependent on the wavelength being considered. At
short wavelengths (<50 km} the bathymetry and gravity look similar but
at long wavelengths the bathymetry and gravity look di§§imilar.

The similarity in shapE\between the signéis corresponding to
free air gravity and bathymetry can be easif{ explained by considering
the first order approximation that the gravity anomaly is due to the
density contrast between sea-water and the material comprising the
bathymetric feature. The value of the free air gravity anomaly,
however, depends not only on the size, shape and density of the
bathymetric feature, but also on its state of compensation.

When studying the gravity/bathymetry relationship at long
wavelengths (>100km) the situation is not quite as simple as that
outlined above. As water depth increases away from the bathymetric
high the free air gravity anomalies typically decrease to values below
zero and then gradually rise to settle at values close to zero. These
negative side lobes to the gravity and local geoid anomalies are shown
shaded in Figure 5.1. Their importance is that they indicate the state
of compensation of the bathymetric feature. Two different models are
described below and equations for the admittance, or response
function, are given for each. The models are uncompensated topography
and regionally compensated topography. Lambeck (1981},
McNutt & Menard (1978) and Walcott (1970) used similar types of models
but their, space domain, analysis required several stages. Firstly,
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GENERAL RELATIONSHIP BETWEEN GEOID HEIGHT, GRAVITY AND BATHYMETRY

Figure 5.1 Diagramatic general relationship between free air gravity
anomalies, geoid height anomalies and bathymetry. The signals appear
similar at short (<50 km) wavelengths but dissimilar at longer (>100
km) wavelengths. Part of the dissimilarity can be attributed to the

negative side lobes, shown shaded, which represent the gravity and

geoid anomaly due to the compensation.
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the load had to be calculated. This was normally done by modelling the
bathymetric feature by prisms, the heights of which were defined above
a certain depth, considered to be normal depth for that area. A
density must also be assumed for the topography. Secondly, in the case
of the regionally compensated model, the compensation due to this load
was calculated. Finally, the free air gravity, or marine geoid,
anomaly was calculated for the combination of the load and its
compensation. Comparison of the calculated gravity, or geoaid, with the
observed values was used to determine 1f the model was satisfactory or

not. This method, although having the advantages of accuracy and

-
“~

avoiding the problems 1inherent in wusing Foufier analysis, 1s
considered clumsy and time consuming. The apﬁ;oach favoured here 1s to
perform the calculations in the spatial frequency domain. In this
method the relationship between gravity, or geoid, and bathymetry is

calculated as a function of wavenumber (Kn)' or inverse wavelength

(A_1). Watts {(1979) reached a similar conclusion and opted to use

linear transfer function techniques (lewis & Dorman (1978) and

McKenzie & Bowin (1976)) when modelling the geoid anomaly over the

Hawalian Ridge.

The advantages of using linear transfer function techniques are
that the models can be compared directly with the observed
relationship in the spatial frequency domain and that calculating the
gravity, or geoid, effect of the models becomes greatly simplified. It
is necessary, however, to constrain the relationship to being linear
by ignoring orders higher than the first in the topography. The
former is called, here, inversion and is the main subject of Chapter
7. The latter is called, here, forward modelling and comprises the
second half of Chapter 8 and is also touched on briefly in the later

stages of Chapter 7.



UNCOMPENSATED MODEL

SEA LEVEL
PN “’
LAYER 2 %
LAYER 3 I
3
MANTLE P

Figure 5.2 Simple uncompensated topography model of the oceanic

lithosphere. The free air gravity anomaly is due to the density

contrast between the bathymetric feature (ny and sea water (p ).
w

g'(r) ! g(r)

h(g)

Figure 5.3 Relationship of a coordinate system with the z-axis
perpendicular to the reference ellipsoid. Gravity 1s everywhere normal
to the geoid and can be divided into horizontal and vertical
components. The deflection of the vertical can be related to the geold

(hix)).
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5.2 UNCOMPFENSATED TOPQOGRAPHY

The simplest model for the relationship between gravity and

bathymetry is one where the bathymetric load is uncompensated. This is

1llustrated in Figure 5.2. In this case the gravity anomaly will be

due to the density contrast between the bathymetric feature and

seawater. This has been wused previously by such workers as

McKenzie & Bowin {(1976), Watts (1978) and McNutt {1979).

The following 1s modified from Parker (1972). Using a coordinate

system with =2z vertically upwards and r representing a horizontal

vector in the x-y plane, such that r=(r,z) (see Figure 5.3), then the

-~

Fourier transform of a function f(r) can be obtained from:-

P

Pl = Jfixiexp(-ik .x) ds

where F(kn)zFourier transform of flr)
Kn=wavenumber
i=/(-1)

dS=integration over the x-y plane

x=area of integration

(FS.1)

The gravitational potential of a layer of material, density g,

bounded below by z=0 and above by z=b(r), is given by:-

U(r0)=Gg VIl/(lro-rl) dv

where U(r°)=gravitationa1 potential measured at r
G=gravitational constant
p=density of the anomalous material

dvV=volume integral

(£5.2)



F5.2 can be changed from a volume integral to the product of a

surface integral and depth integral.

nf 1/(|r0-r|) dS dz (F5.3)

where b(r)=bathymetry, or topography
lro—rl=distance from the measurement point to the element of
anomalous material

D=domain of integration in the x-y plane

.~

The second integral is taken over a Finitevdomain. D, Ln the x-y
plane and assumes that b(r)=0 for |r|>R, wh;;e R is the limit of the
domain. This 1s necessary to ensure convergence and is considered
valid since the potential due the topography will diminish rapidly at
distances far from the measurement point. If it 1s further assumed

that measurements are all made on a plane lying above all the

topography, Zo>maximum(b(£)), then the Fourier transform of F5.3 is:-
Q(k - b(l‘_’ s _
ko =6e . J o expl-ik .r ) 1/tir -r|) ds dz daS_ (ES.4)

where Q(gnleourier transform of the potential

5n=wavenumber} or spatial frequency

By changing the order of integration the integral dependent on

ro can be solved using polar coordinates so that:-

Q(k 1=60 o J°'E (] [2mexp(-ik,.x-lknl (2o-2))1(1/1kn|) dSdz (ES.5)

The 1integral 1in dz can now be performed explicitly using the

limits of 0+b(r), to give:-



Qk . 4
nl=2m6e f exp(-lﬁn-z-lknlzo)[exp(Ihnlb(;))—1](1/|5n12) ds (F5.6)

The exponential term, exp(lhnlb(g)). can be expanded 1n a

Maclaurin series to give:-

er(‘Knlb(g)l=1‘[(|£nlm/m!) b" (r) summed over m=0-+x (F5.7)

Only the first 2 terms of this series will be used and the

analysis will be restricted to be linear. Dorman & Lewis {1970)

~~

calculated that the quadratic term for the relationship between

gravity and topography 1s less than 107 of the linear term.

McNutt & Menard (1978} also state that the linear approximation 1is

satisfactory provided that the maximum deformation is less than 10/ of
the elastic plate thickness and show that in the case of the
Cook-Society 1sland range the linear approximation 1s Jjustified.

Banks et al (1977) also state that only using the linear term in the

relationship 1s a reasonable approximation. Substituting only the
first 2 terms of E5.7 back into F5.6 then the Fourier transform of the
potential can be described by the Fourlier transform of the topography

after modification by a 2wGp constant and an exponential term. Thus:-

Q(k = -1 -
k )=2mGo DI exp ik .r) expl Iknlzo) b(r) 1/|£n| ds

=2nGo exp(—lxnlzo) Blk ) 1/|5n| (F5.8)

where B(gn)=Fourier transform of the topography, bl(r )

zo=p1ane of observation relative to the topography

The expression ES.8 is for the potential, but we wish to find
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the corresponding relationships for the gravity and geold. The

vertical attraction Ag 1s by definition of the potential:-

Ag:-au/azo (ZO positive upwards) (F5.9)

It follows that:-

G(_Ign :_'KniQ(Kn) (F5.10)

where G(Kn)=Fourier transform of the gravity

-~

The relationshlp between gravity and bathymetry in the spatial

frequency domain is given by combining E5.10 & E5.8 so that:-

G(Ln)/atgn)=-2neg exp(-]gnlzoy (F5.11)

The gravity/bathymetry relationship 1s called the admittance or
response and 1is denoted by Z(Ln). If the bathymetry is measured
downwards then the negative sign disappears from E5.11. The density p
can be replaced by the density contrast of the bathymetric feature
causing the gravity anomaly and seawater. The expression E5.11 then

looks like:-~-

Z(kn)=2we(gt-gw)exp(-|5n|at) (E5.12)

where Z(gn)=the gravity admittance, or response

Ln=wavenumber, or inverse wavelength
G=gravitational constant

Qt=density of the topography

Qw=density of seawater
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dt=depth of the topography relative tu the observation

plane

This 1s the 1linear term of a series expansion from

Parker (1872). That just using the linear terms from ES.7 is a good

was shown by Watts (1378) by comparison with the line

approximation

Lntegral method of calculating gravity anomalies. The response #ar

this model 1s similar to a Bouguer slab when}gnko_ This is to be

expected since a knko term represents the mean, or DC shift, and can

be approximated by a simple slab. Aslhn]increases, the exponential

- .

that the smaller wavelength features of the bathymetry

The exponential term is

term means

contribute 1less to the total gravity effect.

modified by the depth to the topography since the shallower the

topography the greater will be the gravity effect.

The relationship between the marine geold and bathymetry can he

calculated 1in a similar way by using a transfer function to get from

the gravity to the geoid in the spatial frequency domain. The geoiy!
height can be defined as {(Garland 1979, p161):-
(E5.13)

nr,=utr /g

where h(£0)=geoid height

U(Lo)=gravitational potential (as in equation E5.2)

g=gravitational gradient

Taking the Fourier transform equivalent of ES.13 gives:-

= FS5.14)
Hik 1=Kk )/g {

where H(gn)zFourier transform of the geoid height
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Q .
(Kn):Fourler transform of the gravitational potential

The Fourler transform of the gravitatlonal potential has been

glven earlier 1in E5.8 and the linear approximation is:-

Q(knhznegexp(—lhn{zo)s(gn)/xhni (F5.15)

The Fourier transform of the gravitational potential can be

expressed in terms of the Fourier transform of the gravity.
Qk )= A
k) G(kn)/l_k_nl (E5.16)

where G(Kn):Fourier transform of the gravity

Combining ES5.14 and E5.16 gives an expression for the fourier
transform of the geoid in terms of the Fourier transform of the

gravity, thus:-

Hik -
E)=1/glk | Glk ) (E5.17)

The geoid response is denoted by Z‘(hn) to distinguish 1t from

the gravity response Z(kn),

2k )=1/glk | ZWG(Qt‘Qw)exp(-ILnldt) (F5.18)

The main effect of the transfer function 1s to reduce the short
wavelength terms of the geoid (largeihnp relative to the long
wavelength terms (smalllknp. This results in geoid anomalies being
‘wider' than the corresponding gravity anomalies.

Anomalies from the uncompensated model are typified by having a
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high degree of correlation between the bathymetry and gravity, or

geolid, at all wavelengths.

5.3 REGIONAL COMPENSATION

The regional compensation mechanism used in this study 1s an
elastic thin plate model that flexes under an applied load. This model
1s 1illustrated in Figure 5.4. The theory that the earth's crust

responds to loading by bending is not new. Hertz (1884) suggested that

the loading effect of glaciers could be described by flexure of a thin

plate. Further application of this work to a geological situation was

-

taken up by Vening Meinesz (1931) and later byVGunn (1943), who

!

examined the gravity anomalies over mountain chains. Of particular
relevance to this study was the conclusion by Vening Meinesz (1948)
that the Cape Verde Islands are regionally compensated on a scale of
several hundred kilometres.

The basic assumptions of the thin plate model are:-

1) The earth’'s crust can be modelled as an elastic plate
overlying a fluid substratum.
2) The plate's thickness is small relative to the wavelength of

the bending.

These assumptions are considered to be geologically realistic
since the 1lower 1lithosphere can be expected to behave as a fluid

{Banks et al (1977)) over time periods measured in millions of years

and the crust maintains 1its rigidity over similar periods. The
rigidity of the thin plate can be expressed as a parameter termed the

effective elastic thickness. Previous studies by McNutt (1879),

Cochran (1978 and Watts (1978), amongst others, have shown that the

oceanic «crust has values of effective elastic thickness of between 5

v-11



km and 30 km. The wavelength of bending has typical values of «200 km,

from Watts & Cochran (1974).

The equation to be solved is adapted from mechanical engineering

and can be found in texts such as Sneddon (1969). The equation for

equllibrium of the thin plate model is given here from

McNutt & Menard (1978) for a load, plr).

DV"w(;)=p(;) (£S5.19)

where D=flexural rigidity of the plate

-~
-

w(r)=deflection of the plate
p(r)=forces acting on the plate

V=x 3/3x+y 0/0dy

The flexural rigidity of the plate can be expressed in terms of

an effective elastic thickness, as already mentioned above.

0:=€73/12(1-0%) (£5.20)

where E=Young's modulus
og=Poisson’'s ratio

T=zeffective elastic thickness

The forces acting on the plate comprise the downward force due

to the load, of density contrast (ot-g ), and the buoyancy force set
w

up by the displaced fluid, density contrast (Qm'gw)‘

plrl=-le,-o,)ab (r)-(o -0, ewlr) (F5.21)

where g=normal gravity



THIN PLATE MODEL

SEA LEVEL
LAYER 2 -=r_ _ _ =
LAYER 3 ELASTIC PLATE
(LITHOSPHERE)
MANTLE
FLUID
(ASTHENOSPHER

BUOYANCY FORCES

=BOUGUER ANOMALY

Figure 5.4 Thin plate model that flexes under an applied load. The
amount of bending is dependent on the flexural rigidity of the plate
which can be expressed as an effective elastic thickness. The
contributions to the compensation anomaly are shown shaded and
correspond to the layer2/layer3 and layer3/moho interfaces. The
bouyancy forces are assumed to act at the interface between the
elastic plate and the fluid substratum. This model can be contrasted
with the simple uncompensated model shown in Figures.2.
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The measured bathymetry b(r), also comprises two parts; the

m .
bathymetry of the load. bo(L). and the deflection topography, wir).

b(£)=b0(g)+w(;) (F5.22)

As pointed out by Banks et al (1977) the solution to the above

system of equations can be greatly simplified by taking the
two-dimensional Fourier transforms of (E5.19),(E5.21) and (F5.22).
This means the solution will be in the spatial frequency domain and
can thus be compared directly with observed admittangg estimates.

Combining (E5.19) and (E5.21) QE find:

lk ¢ (o - (o -
nl OWlk 1=-(e, -0,)98 (K ) (e,-0,)aW K ) (£5.23)

where w(gn)=xIw(L)exp(-15n.r) ds

and dS=surface integral over the x-y plane

combining (E5.23) and the Fourier transform of (F5.22) gives:

4 -1
N(Kn)=-((9t-ow)/(9m-ot))(10[5[ Dl(Qm-Qt)Q) len) (E5.24)

Equation (ES5.24) can be related to the gravity anomaly due to

the deflection, wi(r), using, Parker (1972). This is a modification of

equation (ES.8) where density varies with depth and there are an

infinite number of layers.
G(gn)=2u6w(£n)I(aglaz)exp(-lgnlz)dz (F5.25)

However, this more general expression can be simplified since it
1s assumed the gravity anomaly is due to density contrasts at known
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depths; i.e. the layer2/layer3 interface and the moho.

Glk .
n)—ZHGW(Kn){(Qa—QZ)exp(-15n|z1)+(gm~93)exp(-|5n|zz)} {€5.26)

Hence: -

. 4 -1
Z‘Kn)—-ZﬂG((ot-ew)/(em-ot))(1+lknl 0/(e -0,)9) [ley-¢,)

eXD(‘lKn|z1)+(9m-93)exp(-lgn|22)] {£5.27)

-
-

To the above must be added the response of the bathymetry alone.

’
’

This 1s simply the response of the uncompensated topography model used

in section 5.2.

Kk = - -
Zlk )=2mG(e, -0 Jexpl Iknldt) (E5.28)
The final response in the spatial frequency domain as calculated

using the thin plate approximation is thus:

Z(K )= - - . ¢ . -1 .
ky)=2n6(o, -0 ) {expl Iknldt) (1+l£nl D/le -0 )9} [lley-e )/

(Qm-gt))exp(-lxnlz1)*((Qm-g3)/(gm-gt))exp(-lgnlzz)J} (€5.29)

where Z(Kn)=the response of the model at wavenumber kn
szthe density of sea water

Qt=the density of the topography (=density of layer 2)

93= layer 3

e = " " " the upper mantle
dtzthe depth of the topography relative to the plane of
observation

z'zdepth to the layer 2/layer 3 interface
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22=depth to the layer 2/moho interface

The modification of the above, gravity response, to geoid

response 1is done in exactly the same manner as for the uncompensated

model. That is:-

2K =1/glk, | Zlk,) (£5.30)

As the flexural rigidity in the above model tends to very high

values (D+=) the response becomes similar to that of the uncompensated

-
-

model. This 1s to be expected since the load will become supported by

s ?

the strength of the lithosphere alone and the buoyancy term becomes
negligable. As the flexural rigidity tends to very low values (0-+0)
the response approaches something similar to simple isostatic

compensation, where the load is supported by buoyancy terms alone.

5.4 MORE COMPLEX FLEXURAlL MODELS

The thin plate model outlined above is very simple in terms of
1ts assumed density distribution and its linear response to loading
with respect to time. Also no account is taken of any sediments that
may overlay the oceanic basement. Figure 5.5 shows a slightly more
realistic geological model and can be compared with the simple thin
plate model of Figure S5.4.

The density of the load is considered, here, to be constant and
equal to the density of the material that infills the flexural moat.
This 1is a considerable simplification since Robertson (1967) showed
from a study of the Southern Cook Islands that islands can have a high
density inner core associated with them. The material that infills the
flexural moat is 1likely to be a mixture of high density volcanic
material plus relatively lower density marine sediments, or
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GEOLOGICAL PROBLEMS ASSOCIATED WITH FLEXURE
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High density inner core to volcanic edifice

<<<<<
<< <<<
<<<<<
<<<<<
<<<<<

+ o+ + 4+
4+ 44
4444 Lower density surrounding material
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Variable density material infilling the depression
(volcaniclastics)

Blanketing marine sediments

Figure 5.5 Additional geological factors that complicate the simple
thin plate model are outlined in this diagram and are discussed in the
text. The main features are the laterally varying density of the load,

the inclusion of a sediment layer and variable density infill of the
depression around the load.



volcaniclastics, and will not necessarily have the same density as
that assumed for the topography. This was termed the ‘archipelagic

apron’ by Menard (1956). To calculate the flexure of a model with

laterally varying densitles it is necessary to solve the biharmonic
equation 1in the space domain. The solution can be calculated as a
series of disks of varying radii, depth and density.

The possible varlation 1in the density of the load can be
overcome by an averaging process whereby the high density of the

i1sland core and lower density surrounding material are summed to give

an average density. Robertson (1367) gives densities of 2870 kg/m3 ang

-~

2350 kg/m? for the inner and outer parts of the Southern Cook Islands.

s ?

McNutt & Menard (1978), who examined lithospheric flexure due to the

load of the same island group, used a density of 2800 kg/m3 for the
topography and obtained a reasonable fit between calculated and
observed flexure.

Watts & Ribe (1984), in a study of flexure of the lithosphere at

seamounts, examined & different models, including the thin plate model
shown above and a similar model with variable density sediment infill.

The techniques described by Bodine et al (1981) were used to calculate

the gravity and geoid anomalies due to each of the models. The
amplitudes of both the gravity and geoid anomalies for the sediment
infill model were higher than the anomalies for the constant density
thin plate model. This suggesté that using the constant density model
will result in overestimating the effective elastic thickness.
Therefore the model used in Chapters 7 & 8 will give estimates of the
effective elastic thickness that can be considered to be a maximum. A
similar conclusion was reached from a study by
Lambeck & Nakiboglu (1980).

The response of the lithosphere to an applied load is, in the
model outlined above, assumed to be linear with respect to time. The
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possibility that this 1s not the case was 1nvestigated by Watts (1978

and MWatts & Cochran (1974) while studying the Hawalian-Emperor

seamount chain. A viscoelastic model was used to try and account for
the wvariation in effective elastic thickness from the Hawaiian Ridge
{+30 km) to the Emperor Seamounts (10-30 km). The time constants were
so different for the two parts of the seamount chain, however, that
the simple viscoelastic modgl had to be rejected. The alternative 15
that the effective elastic thickness, measured by the simple thin
plate. model, 1is acquired at the time of loading and does not change
appreciably with time. This suggestion has been further strengthened

by studies by Watts et al (1380) and McNutt (1984).

Sediments that blanket layer 2 are Blso another difference
between the 'real’ situation and the thin plate model. Ideally the
study should concentrate on the topography of layer 2 and correct the
depth to this layer for the thickness of overlying sediments. This was
used as part of the argument for flexure beneath Hawall by

Walcott (1970). It is, however, impractical to use such an argument 1n

the <case of the Cape Verde Rise since the seismic evidence 1s not as
detailed as in the Hawaiian case {(Chapter 4 outlines the available

seismic data for the Cape Verde Rise). The sediments will serve %

smooth out the rough topography of layer 2 and since the sediments

form a more or less uniform blanket over the rise they can be

accounted for by a D.C. shift, or constant offset term in the

bathymetric signal. The spatial frequencies that could be affected are

therefore either very high (A" 'y g5 km_1) or very low (2 '<a.002

km_1), Ribe (1982) suggests that the diagnostic waveband for examining
lithospheric flexure 1is between 0.003 km_1 and 0.02 knf'. It 1is

considered therefore that the overlying sediments will not seriously

affect the observed relationship between the bathymetry and gravity,

or geoid.
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CHAPTER 6 (DATA PROCESSING)

6.1 INTRODUCTION

Using the thin plate model outlined in Chapter 5 it is possible
to attribute the negative gravity anomalies to lower density material

displacing higher density material. The layered model proposed in

Chapter 5 provides for contributions to this negative anomaly from the

topography/layer2, layer2/layer3 and layer3/upper mantle interfaces.

The total free air gravity anomaly observed by a surface ship will ke

the sum of the anomaly due to the bathymetric feature and the anomaly

due to "the compensation. The size of the contribution from the

-

compensation will depend on the density contrast across the interfaces

and the wavelength at which the compensation will contribute will

depend on the rigidity of the oceanic crust.

As was outlined in Chapter S5, a very rigid crust, that is one

with a high effective elastic thickness (>40 km), will support a load
with little bending and hence the negative gravity anomaly due to the

compensation will be very small and distributed over long wavelengths

(>200 km). A very weak crust, that is one with a low effective elastic

thickness (<5km), on the other hand, will bend easily and produce a

large compensation anomaly over relatively short wavelengths

(50-100km). The extremes of this type of simple model are:-

1) The crust is infinitely strong and the load is suppoarted by

the strength of the crust alone. The gravity anomaly is due to the

bathymetric feature and no contribution from the compensation occurs.

2} The «crust has no strength and the load is supported by

bouyancy forces from below. This would produce a maximum compensation

anomaly and the load would be in local isostatic equilibrium.

Watts et al (1985) show examples of these two extremes from

observation of bathymetry and free air gravity in the pacific. Figure
6.1 shows data collected over the Necker Ridge and an unnamed seamount
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Figure 6.1 Observed variation of free air gravity and bathymetry over
two bathymetric features, of similar horizontal and vertical
dimensions, in the Pacific ocean, taken from Watts et al (1985). The
upper profile is over an unnamed seamount south-west of the Hawaiian
Ridge and shows relatively small, or absent, negative side lobes. This
feature is considered to be formed on crust with a high 030 km)
effective elastic thickness and thus the topography is supported by
the rigidity of the lithosphere. The lower profile over the Necker
Ridge shows pronounced negative side lobes. This indicates that the
topography is not wholly supported by the rigidity of the crust and
some regional compensation has occured.
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south west of the Hawaliian Ridge. Both features are of similar cross

sectional area. The Necker Ridge is characterised by a relatively

small amplitude (80mgal) high over the ridge, flanked by relatively

small amplitude lows (-20 mgal) on either side. This situation

corresponds to the low flexural rigidity case. In contrast the unnamed
seamount has a high amplitude (120 mgal) anomaly over the bathymetric
high and very small amplitude, or absent, flanking lows. This would

correspond to a case where the effective elastic thickness, and hence

flexural rigidity, was high.

6.2 FOURIER TRANSFORMATION

. ?

The purpose of processing the bathymetry and free air gravity

anomaly data is to try and parameterize their relationship and to show

how this varies with wavelength. The observed relationship can then be

compared with calculated relationships using the simple model shown in

Chapter 5. It 1is necessary to break down the complex signals of

gravity and bathymetry into their constituent wavelength components.

The same techniques that are used in time sequence analysis can

be applied to signals in the space domain. Fourier series are a

convenient way of describing a complex signal as a sum of sine and

cosine terms of varying amplitude and wavelength.

A function f(t) can be described, over the period -T/2<t<T/2, by
the infinite series (Kreyzig (1979) p478):-
{E6.1)

f(t)=an+[(ancos(2wnt/T)+bnsin|2nnt/T))

where ao=1/Tff(t)dt
an=2/TIf(t)cos(2nnt/T) dt
bn=2/TJ'f(t)sin(21rnt/T) dt

and the interval of integration is over the period -T/2<t<T/2.
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The c 1ci . . :
cefficients 3, and b give the amplitudes of the cosine and

sine functions respectively at wavelengths from T, the period of the
function, to an 1infinitely small wavelength. The a0 term can be
considered as a constant, or D.C. shift, term.

The series can be split into two parts: the even coefficients
comprised of cosine terms and the odd coefficients comprised of the
sine terms. The «cosine terms are considered even since they are

symmetric about zero. That is:-

cos(x)=cos(-x) 3 .. (E6.2)

Similarily the sine terms are considered odd since sine

functions are asymmetric about zero. That is:-
sin(x})=-sin(-x) (E6.3)

Using Euler's formula it 1s possible to rewrite the Fourier

series in terms of complex arithmetic.

exp(ix)=zcos(x}y+isin(x) Euler’'s formula. (E6.4)
f(t)=[Fnexp(j_2nnt/T) (E6.5)

where Fn=1/TIf(t)exp(-12nnt/T) at

iz/(-1)

This introduces the concept of a signal being composed of real
and imaginary parts. The real part corresponds to the even cosine
terms, whereas the imaginary part corresponds to the odd, sine terms.

Figure 6.2 shows how a complicated signal, that could represemnt
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Complex signal composed of 3 simple cosine functions

f(x)=cos(x)+0.5cos(2x)
-0.25cos(4x)

-7r | \/\7T

-1.0

1.0 >
N=cos(x)
- o 7
-1.0 \

0.5 ~
\ /\ f(x)=0.Sc/os(2x)

- [4] T

1.5

.25 f(x)=-0.25cos(4x)

/AN /N
VNS —edV

P

Figure 6.2 Example of how a complex signal (upper curve) can be broken
down into a series of simple cosines (lower curves). This is the

principle of Fourier analysis and is a limited application of equation
E6.1,
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a seamount or inter-island ridge, be decomposed into a simple sum of
cosine terms. The original signal is symmetric so only real, cosine
terms are necessary to describe it. The amplitude coefficients can be
either negative or positive.

The algorithm (E6.5) given above is only suitable to describe
cantinuous functions and must be modified for use with functions
sampled at discrete intervals. Figure 6.3 illustrates the difference

between continuous and discrete functions. The discrete form of the

Fourier tranform 1is:-

-
-

F(tk):[f(xj)exp(-iZij/N) ' (E6.6)
where k=z=0,1,2,...... (N/2)

It 1s possible to get the original space domain data series from
the Fourier coefficients by application of the inverse Fourier

transformation.

PO )= 1 INDF (X Jexpliznki/N) (E6.7)
where 3j=1,2,3,...... N

The transformation from space domain to spatial frequency domain
is completely analogous to transforming from time to frequency. If the
original series has wavelength (A) units of km then the transformed
1

series has spatial frequency units of km~ or inverse wavelength

(A-1). Again, as in the time series analogy, the higher the spatial
frequency the shorter the wavelength and vice versa.

Computation using equation E6.7 can be slow in terms of computer
time since it requires N2 generations of addition and multiplication.
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f(t)
10 f

g(t) 1-0

!

(b) -1-0F -09 & -0-9

Figure 6.3 Illustration of discrete sampling of a continuous function.
a) represents the continuous, in this case sine, function varying as a
function of (t). b) represents the sampled function with the sample
rate at 6/w. Sampling reduces the smallest resolvable freguency to the
Nyquist frequency, in this case 3/w.
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By using an algorithm known as the Fast Fourier Transforh (FFT) 1t is
possible to reduce the num f i
ber of operations to NlogzN and thus make

transformation of large series more efficient. A major requirement.

however, is that the data series is an integer power of 2 long. The

algorithm used throughout this work is by Cooley and Tukey (1966).

Several important constraints must be satisfied before data can

be passed into the Fast Fourier Algorithm.
1) The data points should be regularly spaced; the data series

should have a constant sample interval. The minimum data spacing

required to define a sinusoidal wave is 2 samples/wavelength.

-~

Therefore the maximum spatial frequency that can be resolved will be

’

half the sampling frequency. This maximum fréquency is known as the

Nyquist fequency.

2) As has already been noted, a requirement for the FFT is that

the data series has length equivalent to an integer power of 2. The

total 1length of the data series represents the lowest resolvable

frequency that the transformed data series will contain. This

frequency 1is known as the first harmonic, 1/{NAx), and the series

increases up to the Nyquist frequency, {(N/2)/{NAx)=1/2Ax.

3) The final constraint is that the first and last data point

should be equal. This is a circular universe requirement whereby a

finite series can be considered infinite by joining up the first and

last points to form a continuous loop. This assumes that the data

series is periodic over the range sampled.

The original data series is passed into the FFT algorithm as a

complex array with the data values in the real part and the imaginary
part set to zero. After transformation the complex series contains the
cosine coefficients in the real part and the sine coefficients in the

imaginary part. The symmetry of the transformed series is important,

especially if the inverse Fourier transform is to be applied at some
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later stage.

For an input series of:-

£ _ .
Dat=ta eip ) (F6.8)

-

The transformed series is F(kn):_

Flk )=(c +id ) (£6.9)

where n=0,1,2,3..... (N-1) as before

Cn=real. cosine coefficients

dﬂ:imaginary, sine coefficients
The symmetry is as follows:-

d0=0=dN/2

di=-di(N-1)

diN/2-1)=-dIN/2+1)

The above theory has been outlined for a simple 1-dimensional

system where f(x) is dependent only on x. This can, however, be easily
extended for the case where fi{x,y) i1s dependent on 2 variables, x and
y. The same algorithm can be used but care must be taken when
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rearranging the coefficients that the correct symmetry is maintained.

Kanasewich (1975), shows that for 2-dimensional data the symmetry

should be of the form: -

a0 a1t a2 ald a4 ad a2 at
b0 b1 b2 b3 bé b3 b2 b1
c0 c1 ¢c2 3 c4 ¢3 c2 ¢t
d0 d1 d2 d3 dé d3 d2 d1i
el e1 e2 €3 e4 e e2 e
d0 d1 d2 d3 dé d3 d2 d1
cl ¢1 c2 c3 c4 ¢33 ¢c2 1
b0 b1 b2 b3 b4 bI b2 bt

The data are passed into the FFT algorithm as a 1-dimensional

series by reading the 2-dimensional series by columns or rows.

-
-

6.3 ADMITTANCE (OR RESPONSE FUNCTION)

The relationship of bathymetry to free air gravity anomaly in
the spatial frequency domain is known as the admittance or response
function. This relationship can also be described in the space domain,

as pointed out by McKenzie & Bowin (1976), as a convolution of the

bathymetry with a filter, the result of which is the gravity. By using
the convolution theorum, it is simple to show that the convolution in

the space domain 1s equivalent to multiplication in the spatial

frequency domain. Many workers, such as McNut 1 .
Watt ! 4 and Ribe & Watts (1982), have wused this

relationship. The admittance is the cross spectrum of gravity and
bathymetry divided by the power of the bathymetry at a particular

spatial frequency, Kn- That is:-

Z(Kn)“G(Kn)*B(kn)*>/<a(_k_n)*a(gn)*> (E6.10)

where Z(Ln)=the admittance, or response
G(Ln)=fourier transformed gravity series
B(Ln)=fourier transformed bathymetry series
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x
=the complex conjugate

< >=averaging over several estimates

Averaging can be performed by using several 1-dimensional

profiles over the same geological feature as was done by

Tamsett (1984), Watts (1978) and Cochran (1979). The admittance

estimates are made at equal arithmetic intervals of Ak, where Ak=2w/T

- 1 .
km and T=the total length of the data series, and knznAk, with

n=1,2,3....etc. This arrangement gives a strong concentration of data

values at the short wavelength_end of the spectrum. Logarithmically

spaced estimates, as shown by Dorman & Lewis (1972), each contribute

»?

approximately the same amount of information so the admittance

estimates are further averaged over logarithmically increasing

bandwidths. This is the technique that has been applied, in the

analysis of free air gravity and bathymetry over the Cape Verde Rise,

in Chapter 7. Alternatively if the data is 2-dimensional, averaging

can be done by summing the Fourier coefficients within set limits of

|5nL where wnrf(kxnz*kynz). This type of azimuthal averaging was used

by McNutt (1979), Dorman & Lewis (1972) and Banks & Swain {1978) and

was utilised in Chapter 8 for analysis of the relationship between the

marine geoid and bathymetry, in 2-dimensions, over the Cape Verde

Rise.

The observed admittance is a complex series with both real and

imaginary parts. McKenzie & Bowin (1976), pointed out that

theoretically the admittance should be real for all values of Kn‘ This

is easily wunderstood by considering that a constant density

bathymetric feature that is roughly symmetric should produce a free

air gravity anomaly that has the same symmetry; there should be no

phase shift between the gravity anomaly and the bathymetry.

The phase of the admittance, Z(Ln), can be calculated simply
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from: -

"Kn)=tan"(1m(ztgn>)/Rl(Z(gn))) (£6.11)

where Im=the imaginary part

Rl=the real part

This calculated phase can be used as a measure of how close the

observed admittance approaches the theoretical admittance. The

observed admittance should have low phase values at all wavelengths.

-

Another useful measure of the similarity of bathymetry and

P

gravity in the spatial frequency domain is the coherence. This is the

measure of the portion of the observed gravity that can be attributed

to the bathymetry at the same spatial frequency. It is calculated

from: -

Y2 (N(cc TE1EZ)-1) 7 (N-1) (E6.12)

where C=the cross spectrum of bathymetry and gravity

El=the power of the gravity
E2=the power of the bathymetry

N=the number of values used in the averaging.

The coherence should vary from 1, for a good correlation of

gravity and bathymetry, to zero, for a very poor correlation of

gravity and bathymetry.

An estimate of the error associated with observed values of

admittance can be calculated from the coherence by assuming that the

observed values have zero mean and are normally distributed with a

variance given by, Munk & Cartwright (1966):-
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g2 52 -2
(K )=27(k V(Y “=1)/2(N-1) (E6.13)

The available bathymetry, free air gravity and marine geoid

data, over the Cape Verde Rise has been outlined in Chapter 2, sectiaon

2.5. The analysis can be split into two quite separate parts with the

free air gravity anomalies and bathymetry along ship's tracks forming

a 1-dimensional analysis and the gridded bathymetry and marine geoid

data forming a 2-dimensional analysis.

6.4 1-DIMENSIONAL DATA FOR THE CAPE VERDE RISE

"~

Watts (1978), analysed ship‘'s track profiles crossing the

.?

Hawaiian-Emperor seamount chain and assumed that since this feature is

essentially a long continuous ridge it could be treated as a

1-dimensional problem. The same type of analysis will be applied to

the data for the Cape Verde Islands, but the particular profiles must

be chosen carefully. The Cape Verde Islands, as can be seen in Figure

disposed along two prominent ridges. The strike length of

6.4, are
these ridges is much smaller than the strike length of the Hawaiian
Emperor ridge of seamounts and this prdblem 1s dealt with in Chapter

7, in the interpretation section. O0f more immediate importance is the

lack of suitable profiles that run directly perpendicular to the

island ridges and continue some distance on either side. To overcome

this problem it was decided to select profiles that approached the

island ridges as near to perpendicular as possible and then project

them onto a truly perpendicular track. Also, these tracks typically

altered course dramatically at, or near, the top of the island ridges

and then ran parallel to them. To overcome this the projected tracks

This forced the condition of

were reflected about their midpoints.

perfect symmetry. Of the 10 tracks used in the analysis of Chapter 7

only 1 was non-reflected.
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Figure 6.4 Bathymetric map of
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The purpose of the study is to try and estimate the effective
elastic thickness of the Cape Verde Rise using the response of the
oceanic lithosphere to the load of the Cape Verde Islands and a simple
thin plate model, outlined in Chapter 5. The profiles, therefore had
to be selected that ran towards the islands but remained over the Cape

Verde Rise. This limited the size of the data series to »500 km. In

fact, to satisfy one of the constraints of the FFT algorithm the

maximum size of the data series was taken as 512 km. For the reflected

profiles this meant that only 256 km of data were necessary. The

Nyquist frequency was taken as 0.125 km"l which represents a
wavelength of 8 km. This value was chosen as a compromise between the

v’

close data point spacing of the Leicester data set, «0.3 km, and the

rather larger data point spacing on some of the World Data Centre

tracks, up to 2.8 km.
Linear interpolation was used to get from the irregular spacing

of the ship's track data to a regular spacing of & km, necessary for

the FFT algorithm.
The data processing sequence for the gravity and bathymetry

profiles along ship’'s tracks was as follows:-

1) The irregularly spaced data along the ship's tracks was

projected onto a profile perpendicular to the island ridge.

2) The data were then interpolated onto a constant sample

interval of & km.

3) A mean and trend was removed from this interpolated data set.

ends of the data set were tapered by half-cosine bell

4) The
ends to remove any discontinuities between the first and last data
values.

§) The data series was padded out with zeros, where necessary,

to make the total length 512 km.
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Averages were obtained of the power of the bathymetry and the

cross-spectrum of bathymetry and gravity by averaging all the

wavelengths over the 10 profiles analysed. In addition averaging was

also performed wusing a logarithmically increasing bandwidth to

preferentially smooth the short wavelength end of the spectrum.

Averaging was centred about K =2mnAk, where Ak=1/512 km ' and
n=1,2,3,5,9,15,25,60. Details and results of the 1-dimensional

analysis, of gravity and bathymetry, are given in Chapter 7.

6.5 2-DIMENSIONAL DATA FOR CAPE VERDE RISE

-

As was pointed out in the previous section, the Cape Verde

?

Islands can only be approximated as a i1-dimensional, or line load, and

then only by careful selection of ship's tracks. The horseshoe shape

of the archipelago really requires a full 2-dimensional analysis to

examine the relationship between bathymetry and gravity. Unfortunately

insufficient gravity data coverage is available to form a gridded data

set over the Cape Verde Rise. The bathymetry is, however, sufficiently

well known and, as was shown in Chapter 2, a 5'x5 ' gridded data set is

available.

Instead of using gravity, measurements of the marine geoid could

be substituted, and the relationship between the geoid and the

bathymetry examined. Geoid height data are available over the Cape

Verde Rise on a 7.5x7.5' grid from combined SEASAT and GEOS3

satellite passes.

Since the aim of the study is to estimate the effective elastic

thickness of the Cape Yerde Rise, a suitable array size must be chosen

that sits over the rise and includes the bathymetry of the islands and
inter-island ridges. The grid size is decided by the geoid data and 16

7.5'x7.5'. The bathymetry was, therefore, linearly interpolated onto

the same grid size. For the analysis several simplifying assumptions
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were made. Firstly, it was approximated that a minute of latitude be
equal to 1.844 km. Secondly, it was assumed that a minute of latitude
was equal to a minute of longitude. At the latitude of the Cape Verde
Islands this introduces an error of only 4/. Thus the Nyquist
frequency 1is, for the 2-dimensional study, 0.0362 km“; or, in other
terms, the smallest resolvable wavelength will be 27.66 km.

The data are to be processed using the FFT algorithm so the
constraint that the data series be of length equal to an integer power

of 2 still applies. An array of size 64x64 was chosen, which gives a

15t harmonic at a frequency of 0.001129 km'1, or a maximum wavelength

-

of 885.12 km. A simple square array was used so that azimuthal

’

averaging could be applied.
The data processing sequence for the 2-dimensional data is

similar to that outlined above for the 1-dimensional data with a few

alterations.

1) No resolving onto perpendicular profiles is necessary.

2) No interpolation is required since the data is already on a
regular grid.

3) A least squares best fitting plane was removed which, it is
assumed, corresponds to any mean and trend in the data.

4) The edges of the data array were cosine tapered.

5) The 64x64 element array needed no padding with zeros and the
data was read into a 1-dimensional array, of length 4096, by columns

before passing into the FFT algorithm.

Before computation of the response function, or admittance, it
i3 necessary to perform some averaging to smooth the spectral

estimates of the bathymetric power and cross-spectrum of bathymetry

and geoid. For gridded data, azimuthal averaging is used with a
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logarithmically increasing bandwidth. In this case, where

n %n Fkyn ), estimates were obtained at n=1,2,3,5,9,15,25. Results

and details of this 2-dimensional analysis of geoid and bathymetry

data are given in Chapter 8.

6.6 FORWARD MODELLING

Using the simple thin plate model outlined in Chapter 5 it is

possible to combine the observed bathymetry and the calculated modeld

admittance to produce the calculated, or predicted, gravity or geoid

due to the observed bathymetry.‘fhis has been called, here, forwart«l

modelling to distiguish it from the inversion of the observed

relationship between gravity, or the marine geoid, and bathymetry.

The predicted, or calculated, gravity and geoid values are on

similar grids to the bathymetry used in the computation. To compare

the observed variation of gravity and geoid it is necessary to

interpolate the calculated values to the same latitude and longitude

as the observed values. This is done using a Nag library subroutine

based on quadratic interpolation.
By using gridded 2-dimensional bathymetry data, it is possible

to account for the complicated shape of the Cape Verde Archipelago.

After forward modelling the resulting 2-dimensional geoid, or gravity,

can be compared with the observed geoid, or gravity, along

sub-satellite tracks, or ship's tracks. This analysis can be performed
for many models at varying effective elastic thicknesses until a best.

fit is obtained between the 2-dimensional calculated values and the

{-dimensional observed values.

The results of forward modelling of the gravity over the Cape

Verde Rise are described towards the end of Chapter 7. Similarly

results for the marine geoid are described in the latter half of

Chapter 8.
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CHAPTER 7 (GRAVITY/BATHYMETRY RELATIONSHIP)

The following chapter has been written as a paper that has been
accepted for publication in the Journal of Geophysical Research. The
work involved in this paper was initiated and carried out by R. Young
and the contribution from Dr. I.A. Hill was limited to corréctions of
grammar and style suitable for publication. The chapter is presented
here in a slightly modified form than that which was finally accepted

by the editors of the journal.

AN ESTIMATE OF THE FFFECTIVF ELASTIC THICKNESS OF THF CAPE VERDE RISE

L

Robert Young and Ian A. Hill

v

Department of Geology, lLeicester University, Leicester, U.K.

7.1 ABSTRACT

Application of the response function technique to the load of
the Cape Verde Archipelago on the Cape Verde Rise suggests the
effective elastic thickness of the rise is only =15 +3 km. This 1s
thinner than would be expected, for 130 Ma crust, from previous
observations worldwide which suggest a value of =30 +10 km. This
thinning is considered to be substantial evidence that the lithasphere
of the Cape Verde Rise has undergone thermal rejuvenation. Comparison
of this study with previous work at Hawalii suggests that reduction of

the effective elastic thickness over swells with large depth anomalies

is related to plate motion over the mantle heat source.

7.2 INTRODUCTION

The Cape Verde Islands lie to the south-west of the crest of the
Cape Verde Rise 500 km west of the Senegalese coast of Africa. The
rise forms a broad (=800 km) bathymetric swell on oceanic crust dated

by marine magnetic anomalies at between 105 & 155 Ma,
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(Hayes & Rabinowitz 1975). Comparison of observed depths to oceanic

basement with calculated depths wusing an empirical age:depth

relationship, (Parsons & Sclater 1977), suggest the rise is 2 km

higher than normal crust of that age. Crough (1978) compared the depth

anomalies of 10 oceanic swells with the above age:depth relationship
and concluded that hot-spot swells rise to a depth equivalent to 25 Ma
crust regardless of the age of the oceanic lithosphere at that
position. One of the possible mechanisms for formation of the swell is
reheating and thinning of the lithosphere. If this is really the case
then the thermal properties of the lithosphere would also be expected
to change. A technique for examzhing the thermal state of the crust 1s
to calculate the effective elastic thickness'of the lithosphere an¢
compare it with that predicted by a cooling plate model. The effective
elastic thickness can be obtained by examining the response of the
lithosphere to an imposed load and by assuming that the crust behaves
like an elastic plate overlying a fluid. In this study the variation

of gravity and bathymetry on the Cape Verde Rise is used to calculate

the response of the lithosphere to the load of the Cape Verde Islands.

7.3 THEORY

The isostatic response method simply involves the derivation of
a filter which, convolved with the bathymetry in the space domain,
produces a series which resembles the observed gravity, again in the

space domain. This is similar to previous studies by such workers as

McKenzie & Bowin (1976}, Watts (1978), Cochran (1979) and

McNutt (1979). This process can be represented in the 1-dimensional

space domain by:

Qc(x)=flx)*b(x) {E7.1)
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where b(x)= series representing bathymetry

f(x)= series representing the filter
gc(x)= the calculated free-air gravity

seriles

*= the convolution operator

By use of the convolution theorem, (Kanasewich 1975), and the
assumption of a linear relationship between gravity and bathymetry the
above convolution in the space domain is equivalent to multiplication

in the spatial frequency domain.

~

G -
clkp)=2k 18tk ) (F7.2).
where B(k ),Z(k ) and G (k ) are the
n n c n
discrete Fourier tranforms of bi(x),f(x)

and gc(x) respectively.

Z(kn) is known as the admittance. The wavenumber 1is given by the
reciprocal of the wavelength (kn=2w/A). The above can be rearranged to

give:
Z(kn)=GC(kn)/B(kn) (E7.3)

It should be possible to obtain Z(kn) by replacing GC by Go‘ the
discrete Fourier transform of the observed gravity series go(x).
However, Z(kn) obtained in this way is influenced by noise in the
gravity field particularly at short wavelengths. A better estimate of

Z(kn) acccording to Munk & Cartwright (1966 and

McKenzie & Bowen (1976) can be obtained from:

x 4
= (E7.4)
Z(kn) {Go(kn)B(kn) }/{B(kn)e(kn) }
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where *=comp1ex conjugate

Now the admittance is given by the cross-power of the gravity
and bathymetry divided by the power of the bathymetry. The filter
(f{x)) can be obtained in the space domain by inverse Fourier
transforming the admittance estimate. The estimate still contains
noise and some form of spectral smoothing must be applied.

McKenzie & Bowen (1976) subdivided their profiles into a number of

smaller segments and obtained admittance estimates for.each segment.

~

They then averaged over all the segments. A problem with this approach
to smoothing is that each segment will contain a slightly different

geological signal and these cannot be isolated after averaging.

Another approach was adopted by Dorman & Lewis (1970), McNutt (1979)

and Banks & Swain (1978) who applied smoothing in the spatial

frequency domain by averaging about particular wavelengths. The method

used 1in this study is that of Watts (1978) where many profiles, all

crossing the particular feature of geological interest, are examined
and many independent estimates of the cross-spectrum and bathymetric
power obtained. The results are averaged and the smoothed spectra used
to calculate the admittance.

The filter (f(x)) <calculated from the real admittance 1is
symmetric (i.e there should be no phase shift between the Fourier
transform of the bathymetry and the Fourier transform of the
corresponding gravity anomaly). The effect of this in the spatial
frequency domain will be that the admittance should have zero phase
(Im{Z(k _))=0) since the Fourier transform of f(x) will consist
principally of a series of even {(cosine) functions. This can be

examined by calculating the phase of Z(kn) from:
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”“n)=tan"trmu(kn))/nuztkn))) (F7.5)

Another useful parameter is the coherence; this is the measure
of the portion of the observed gravity that can be attributed to the

bathymetry. The coherence is given by:

Y2 o (N(cC* JE1E2) 1)/ (N-1) (E7.6)
where C=the cross-spectrum of bathymetry and gravity

E1= power of the gravity

E2=power of the bathz@etry

N=number of profiles

Spectral estimates are obtained at equal arithmetic intervals of

-1 .
Ak, where Ak=1/512 km ', and kn=2unAk, where n=1,2,3...etc. This means
that there 1s a strong concentration of data points at the short

wavelength end of the spectrum. Dorman & Lewis (1972) point out that

logarithmically spaced estimates each contribute approximately the
same amount of information. Ry averaging over logarithmically
increasing bandwidths 1t 1is possible to reduce the errors in the
admittance at the short wavelengths. The increase in error at these
wavelengths 1is due to the decrease in signal:noise of the gravity.
Estimates of the admittance have therefore been made at
n=1,2,3,5,9,15,25,60. This 1s similar to previous work by

Banks & Swain (1978) and McNutt (1979) who used bandwidth averaging on

gridded data.
The errors associated with the admittance estimates can be

calculated, according to Munk & Cartwright (1966), by assuming that

they have zero mean and are normally distributed with variance given

by:
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o 2

‘2 .52 -2
(k )=2 (k Yy "-1)/2(N-1) (F7.7)

where N=total number of profiles used in estimate

2
Y =coherence

They also show that the estimate is positively biased for an

error function defined as:
c:a'/Z(kn) (F7.8)

if it's value exceeds 0.25, i.e. for 0<0.25 the admittance estimate is
a good approximation to the true admittance and for a>0.25 the
estimate 1s slightly larger than the true admittance.

The resulting admittance estimate is based entirely on the
observed relationship between the gravity and the bathymetry. Also,
since the estimate 1is obtained using relatively short profiles
concentrated over a particular feature then the admittance 1s relevant

only to that feature. This can then be compared with different models

to examine the isostatic compensation.

7.4 DATA ANALYSIS

The 1islands comprising the Cape Verde Archipelago are located
along three distinct ridges which form a westward opening 'horseshoe’
shape (see Figure T7.1). The computational method outlined above
assumes that the bathymetry is two-dimensional and this requires that
profiles run perpendicular to any geological strike and that the
strike has 1infinite extent. Profiles were therefore chosen that
approached the islands in as near a normal direction as possible. All
the profiles were also limited to 512 km length to ensure that the
admittance calculated was applicable to the Cape Verde Rise and not to
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BATHYMETRIC & TRACK CHART OF THE CAPE VERDE ARCHIPELAGO

19 N

02

09 - 03

05

06

04

08 07

20 W

Figure 7.1 Bathymetry map of the Cape Verde Archipelago. Contour
interval 1000m. Actual tracks (light 1lines) and projected tracks (heavy

lines) shown with profile numbers.
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the surrounding 'normal’ oceanic crust. The limited lateral extent of
the ridges is considered later (see section 7.5).

A total of 10 profiles with free air gravity anomaly and
bathymetric data, up to 512 km long, were projected onto straight line
tracks either approaching the Cape Verde Islands or traversing the
archipelago (see Figure 7.1). Of the 10, 6 were obtained during the
1982/83 cruise of the RRS Shackleton to investigate the islands and
their relation to the Cape Verde Rise. The rest of the profiles were
obtained from the World Data Centre. An analysis of 23 track
cross-overs gives an rms error, for the measured free air gravity, of
2.6 mgals. A large proportio;‘of this error cah be attributed to
profile 04, cruise V2207, which used sextant/head reckoning for
navigation. The cross-over mis-tie is considered to be positional,
rather than due to large differences in gravimeter performance. The
other profiles used satellite/dead reckoning navigation. A problem
with the majority (9) of the profiles is that they either terminate on
reaching the 1islands or change course upon reaching them and run
parallel to the geological strike (i.e. the ridges of Maio-Sal, San
Antao-San Nicolau and San Tiago-Arava).

Before applying the discrete Fourier transform to the data
series each had to be linearly interpolated on to an even spacing (4
km spacing used), a mean and trend removed, cosine tapered at the ends
of the data to avoid discontinuities and finally zeros added to make
the series length an integer power of 2. The latter was necessary so
that the fast Fourier transform algorithm, (Cooley % Tukey 1366),
could be wused. To avoid loss of data when cosine tapering, the
profiles that terminated on bathymetric highs were reflected about
their mid-points and the new symmetric series processed as before. By
reflecting the profiles, however, this forced the condition of perfect
symmetry and thus the admittance was real for these profiles. Previous
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studies have shown that in general the admittance has low phase angles
at long (>20 km) wavelengths so the reflected profiles are still

considered valid approximations.

Table 7.1 Details of tracks used in this analysis. Profile marked (*)
was not reflected about it's midpoint and therefore had double the

weighting of the other profiles during averaging.

PROFILE PROFILE CRUISE MEAN MEAN R.M.S,

NUMBER LENGTH NAMF DEPTH F.A.A. MISFIT
01 254km SHA1B/83 3722km 37.2mgal 0.5mgal.
02 254 SHA1A/B3 2.96 22.4 0;7
03 254 DISC/143 3.33 12.0 ' 1.4
04 *510 v2207 4.22 -22.86 1.0
0S5 154 SHA1A/B83 2.42 62.2 1.2
06 176 SHA1A/83 3.22 31.2 1.3
o7 246 V2713 3.92 -2.3 0.9
08 230 73003121 4.20 -3.0 1.8
09 255 SHA1A/83 3.48 -2.8 1.5
10 235 SHA1B/83 3.49 -1.5 1.4

The mean free air anomaly is plotted against mean depth for each
profile and is shown in Figure 7.2. The least squares best fit line
for this data, using the bathymetry as the independent variable, gives
a slope of -39 + 6 mgal/km. This relationship can be used to infer
that the Cape Verde Islands are compensated on a regional scale since
the mean free air anomaly decreases as the depth increases.

The cross-spectrum of gravity and bathymetry was calculated for

each of the 10 profiles. The sample interval of & km gives a maximum
spatial frequency of 0.125 km'1 and a minimum, equivalent to the track
length, of 0.001353 km"! yhe 109 independent estimates of
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Figure 7.2 Plot of mean Free Air Anomaly against mean Depth for the 10
profiles of Figure 7.1. Dashed line is least squares best fit assuming
bathymetry is the independent variable.
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cross-spectrum and bathymetric power have been combined, with the
reflected profiles given only half the weighting of the non-reflected
profile, to produce a smoothed estimate of the admittance. Figure 7.3a

shows a plot of L°910 of the amplitude of the admittance plotted

against inverse wavelength and also shows the coherence, Figure 7.3b.
The phase has been calculated for the single non-reflected profile

and 1i1s also shown in Figure 7.3c. Finally the admittance estimate 1is

used to produce the gravity, 9.(x), from the bathymetry, b(x), and
this is compared with the observed gravity in Figure 7.4, for profiles
01 & 04. The calculated graviEy is obtained frow Gc(kh) by simple
inverse Fourier transformation. The space domain representation of
Z(kn), z(x), 1is shown in Figure 7.3d.

The coherence plot has values above 0.5 for wavelengths greater
than 20 km (A-1<0.05) suggesting that more than half the power of the
gravity can be attributed to the bathymetry at these wavelengths. At
shorter wavelengths (A—1>U.05) the coherence plot is rather noisy
which suggests the assumption of a simple one-dimensional relationship
between gravity and bathymetry breaks down at these wavelengths. The

piot of Log _ Admittance amplitude also exhibits a simple form for

10
wavelengths greater than 20 km with increased naoise at shorter
wavelengths. The phase plot for the single non-reflected profile is
rather noisy over all the wavelengths examined and does not exhibit
the same smoothness as the other plots. The values obtained do appear
to oscillate about zero for wavelengths > 20 km (A_1<0.05). Final
confirmation of how good the admittance estimate is can be obtained
from a comparison of the observed and calculated free air gravity
anomalies. Table 7.1 shows the rms misfit of the observed gravity and
the gravity calculated from the observed admittance and these misfits,
all below 2 mgals, are comparable with the cross-over analysis misfit
of 2.6 mgals.
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7.4 Profiles 01 & 04 showing, from bottom to top, bathymetry in
metres, observed gravity in mgals, gravity calculated using the observed
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7.5 INTERPRETATION

The 1initial model wused to explain the observed admittance
assumes that the gravity is due to the bathymetry alone and there is

no compensation mechanism. McKenzie & Bowin (1976), Watts (1978) and

McNutt (1979) show that this relationship can be calculated, assuming

i-dimensionality, from:

7(k

n)=2“G(Qt-Qw)exp(-knd ) (£7.9)

t
all quantities are defined in ngle 1.2.
This 1s the 1-dimensional equivalent of E5.12 in Chapter 5.
This represents the 1linear term of a series expansion,

Parker (1972), that describes the gravity effect of a two dimensional

sinusoidal body of density gt at a depth below sea level of dt'

Watts (1978) has shown that this first term is a good approximation to

the 1line integral method of calculating gravity anomalies. The above
equation represents a straight line on a plot of Log10 z(kn) against
inverse wavelength. The slope of the line is given by -2ndt and the

intercept by 109'0[2wG(0t-Qw)]. Fitting a least squares straight line

to the admittance plot in Figure 7.3a gives values of 2780 +125 kg/m3

and 3.17 +0.38 km for 0 and d, respectively. The best fit line 1is

t

shown dashed in Figure 7.3a. The density estimated for the topography
agrees well with Watts (1978) (2800 kg/ma) and Lambeck (1981) (2700
kg/ma),and with an independent estimate of the density of the Maio-Sal

ridge (Brown (1984)), but is slighty higher than the values of 2600

kg/mJ and 2400 kg/m3 obtained by McKenzie & Bowin {1976) and

McNutt (1979) respectively. A possiblé explanation is that the latter
stud.es were applied over large areas whereas this study and those of

Watts (1978 and lambeck (1981) are concentrated over specific

geological features. The depth estimate is lower than the true mean
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depth of 3.50 km, for the 10 profiles analysed here, but the true
value 1lies within the upper error bound of the estimate. The

similarity of o and

t dt to independently obtained values is an

indication that the admittance between 20 & 100 km can be related to
the real geological situation.

The uncompensated topography model does not fit the observed
admittance values at very long wavelengths. It would be expected that
the admittance would continue to increase as the wavelength increases,
whereas the admittance 1s observed to decrease as the wavelength

increases. This suggests that the bathymetry is compensated on a

-

regional scale. This can be seen on the profiles as the gravity and
bathymetry appear related at short wavelen;ths but the free air
gravity anomaly disappears at longer wavelengths, which implies that
the ocean floor topography is compensated at longer wavelengths.

A more complex compensation model can be calculated by assuming

that the oceanic lithosphere is an elastic plate overlying a fluid.

Many workers have wused this type of model (eg. Watts et al 13880,

Lambeck 1981) where the deflection due to the load must be calculated

as part of the gravity effect. The basic elements of the model are

outlined in Figure 7.5. McKenzie & Bowin (1976) give an expression for

the admittance of this model, using finite-plate theory, but the
equation used here subdivides the oceanic crust into layers 2 and 3
and uses the thin plate approximation modified from
Banks et al (1977).

The one-dimensional admittance of an elastic plate can be

calculated using a simplified version of £5.29 from Chapter 5, thus:

Zlkn)=zne(gt-gw){exp(-kndt)-(1+k‘o/(om-pt)g)"[((eg-gt)/(om-ot))

exp(-knz1)+((gm—g3)/(om—gt))exp(-knzz)]} (E7.10)
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THIN PLATE MODEL

SEA LEVEL

LAYER 2 -TTTTC

ELASTIC PLATE
LAYER 3
(LITHOSPHERE)
MANTLE

FLUID

(ASTHENOSPHERE)
BUOYANCY FORCES

=BOUGUER ANbMALY

Figure 7.5 Diagram of thin plate model used to calculate theoretical
admittance. Gravity anomaly has three parts, topographic attraction,
low density topography displacing higher density layer 3 and layer 3
displacing higher density mantle.
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where all quantities are as defined in Table 7.2 and the density of

layer 2 is assumed to be the same as the density of the topography.

Table 7.2 Summary of parameters used in model calculations.

Parameter ' Yalue

@, density of seawater 1020 kg/m3
Qt' topography {(=layer 2) 2790

93, " " layer 3 2900

Qm‘ ! “ mantle 3400

dt' depth of topography 3170 m

-

Z , depth to layer2/layer3 interface 5170 m

*

Z,. " " moho 10170 m
g, accelaration of gravity 3.81 m/s
. . 12 2 2
G, gravitational constant 0.667 x 10- Nm~ [ kg
. 11 2
E, Young's modulus 10 N/m
v, Poisson's ratio 0.28

The effective elastic thickness, Te‘ is related to the rigidity

of the elastic plate by:

0=FTe3/12(1-u2) (equation F5.20 in Chapter 5) (E7.11)

The depth to the layer 2/layer 3 interface is taken from

Houtz & Ewing (1976) for oceanic crust approximately 100 Ma. The depth

to the moho is estimated from a wide-aperture seismic reflection study

in the Western North Atlantic by Mutter 3 Detrick (1984). Poisson’s

ratio is taken from Purdy (1983) and the value for Young's modulus is

the - same as wused by previous workers such as McNutt (1979) and

Watts (1978). Poisson's ratio and Young's modulus are necessary in

equation €7.11 to relate the rigidity (D) to the effective elastic
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VARIATION OF OBSERVED ADMITTANCE WITH LOG 10 INVERSE WAVELENGTH

0.08. CURVES ARE ADMITTANCE OF THIN PLATE MODEL
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Figure 7.6 Observed admittance estimates plotted against Log A-1 with
bars indicating + 1 standard error. Curves represent admittance of plate
model for various values of effective elastic thickness.
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thickness T I
e- The values used here are similar to values used in other

flexural studies since the estimate of the effective elastic thicknes=
calculated here will be compared with T from these other studies
e

which used a similar rheological model for the lithosphere.

Figure 7.6 shows various curves of admittance plotted against

L°g1n 2! for different values of Te- Also shown are the observed

admittance estimates with their associated errors (bars=+1 standard

error).

The observed data fit both the uncompensated and thin plate

models well at the short wavelength end of the spectrum.- This is to he

-

expected since the models approximate uncompensated topography at

these wavelengths and the values of gt and dt used in the models were

obtained directly from the data. The poor fit at A_1>0.05 1s most

likely due to lateral density variations over the ridges, but may also

be due 1in part to a positive bias since the error function (g),

plotted against A-1 in Figure 7.3e, becomes large (>0.25) for this

part of the data.

The best fit to the elastic plate model appears to be at Tezzo

km and this 1s «consistent with previous estimates for oceanic

lithosphere away from spreading centres such as

Watts & Cochran (1974}, MWatts et al (1975) and Watts (1878). As has

the limitation of this study is that in

already been pointed out,

using profiles it is assumed that the bathymetry is two dimensional

and that the data are collected perpendicular to the geological

strike. This 1s only a first approximation to the real case.

McKenzie & Bowin (1976) examined this problem and proposed modifying

kn as the solution. When applying the response function technique to

2 2

gridded data |k |=/{k_  “+k ), where k. and k _ are the wavenumbers
n Xn Tyn xn yn

in the x and y directions respectively; x and y being orthogonal

coordinates. Examination of a bathymetric map of the Cape Verde

Archipelago,
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VARIATION OF OBSERVED ADMITTANCEWITH LOG 10 INVERSE WAVELENGTH

0.08 _ CURVES ARE ADMITTANCE OF THIN PLATE MODEL
WITH ALLOWANCE FOR FINITE RIDGE LENGTH
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Figure 7.7 As for Figure 7.6 but curves represent admittance of p}ate
model after inclusion of an estimate of the finite extent of the ridges.
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(Brown 1984), ives .
gat.o 9 a wavelength A 350 km (k,=0.018). The modified

plate medel curves are shown in Figure 7.7 along with the observed

admittance estimates. The calculated admittance is still plotted as a

function of kx and not a function of k,- The effect of including an
estimate of ky is to alter the long wavelength response. This result
1s confirmed by Ribe (1982) who showed in a more rigorous study that
the admittance of a feature of finite strike length on an elastic
plate is greater than that of its two-dimensional counterpart.

The observed admittance estimates now give a least squares best
fit to the curve for Te=15 +3. km as shown in Figure 7.7. The error
estimate for the best fit is obtained from the width of the least
squares minimum.

The model proposed here, of a thin plate with an effective
elastic thickness of 15 km, can be tested using 2-dimensional analysis
rather than the 1-dimensional analysis performed on the profiles.
Bathymetric data 1s available, via the World Data Centre, as 5'x5°'
gridded data points over the area of the Cape Verde Rise. A subset of
this data was selected between latitudes 13.25°N to 18.50°N and
longitudes -26.00°4 to -20.75°W. This represents a 64 x 64 array of
5'x5" bathymetry values. A 2-dimensional Fourier analysis can be
applied to this data set, after removal of a mean and trend and cosine
tapering at the edges to remove discontinuities. An isometric plot of
this gridded data set is shown in Figure 8.8.

The constraint of an integer power of 2, for the number of data
points, has already been dealt with by selecting a 64 x 64 subset of
the data.The 1inverse wavelengths, obtained by inverting this data,

-1

range from k__=k _=0.001695 km to k

-1
X2 y2 xss-ky55-0.054230 km  (the

Nyquist frequency), assuming that 1 minute of latitude is equivalent
to 1.844 km at the latitude of the Cape Verde Islands. The data after
application of the 2-dimensional Fourier transform consist of a 64 x
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ISOMETRIC PLOT (viewed from south-east) OF BATHYMETRY
AFTER REMOVAL OF A MEAN & TREND AND COSINE TAPERING
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Figure 7.8 Isometric plot, viewed from south-east corner, of gridded

bathymetry data. A mean and trend have Dbeen removed and the data at the

edges of the grid have been cosine tapered to minimise discontinuities.
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ISOMETRIC PLOT (viewed from south-east) OF CALCULATED FREE-AIR GRAVITY
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Figure 7,9 Isometric plot of the calculated gravity using a thin plate
model with an EET of 15 km and assuming that admittance 1is independent

of azimuth.
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64 grid of both real (cosine) and imaginary {(sine) coefficients. The
2-dimensional Fourier transform of the calculated free air gravity
anomaly can be obtained 1in exactly the same manner as for the
!-dimensional case. The 2-dimensional Fourier transform of the
bathymetry 1is multiplied, 1in the spatial frequency domain, by a
or admittance, im

2-dimensional response function. The response,

2-dimensions can be calculated from (E7.10) by using:

|k |- 2 2
nl =/ (K Tek ) (E7.11)

alr gravity anomaly can be obtained ty

r

The calculated free

taking the inverse 2-dimensional Fourier transform of the product of

bathymetry and admittance. The result is a 6&x64 grid of 5'x5'

calculated gravity values. The calculated gravity obtained by using a

model with an EET of 15 km is shown in Figure 7.9.

Calculated gravity can be compared with observed free air

gravity anomalies along profiles used in the original analysis. Data

values are obtained by linear interpolation of the calculated gravity

on the grid at each observed gravity position. Figure 7.10 shows just

Profile 09, has been

such a comparison for profiles 02, 08 and 09.

extended into the archipelago to show how well the calculated gravity

predicts the observed gravity outwith the area covered by the

original, inverted data set. The constant offset between the observexl

and calculated gravity anomalies can be accounted for since the

relationship between mean gravity and mean bathymetry {as shown in

Figure 7.2) is not included in the calculated gravity anomaly.

Comparison of observed and calculated profiles indicates that

the model, suggested by this study, for the response of the Cape Verde
Rise to the load of the Cape Verde Islands, predicts the freewair

gravity anomaly well. The comparison is particularly good at
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Observed Free Air Gravity Anomaly (thick lines)
Calculated Free Air Gravity Anomaly (thin lines)
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bathymetry
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Distance (km)

10 Profiles of calculated (thin lines) and observed {thick

ee air gravity from tracks 02, 08 and 09. The calculated
gravity 1is obtained from the gridded values, shown in Figure 7.9,
terpolation. The constant offset between calculated and
observed is due to not including the relationship between mean

by

and mean gravity (as shown in Figure 7.2) in the calculated
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wavelengths greater than S0 km. At shorter wavelengths (<20 km) the
observed gravity 1is generally greater than the calculated gravity.
This can be accounted for, however, by variations in density of
material comprising the islands, or inter island ridges. This

possibility has already been discussed in the 1-dimensional analysis.

1.6 DISCUSSION

The Cape Verde Archipelago is situated to the south-west of the
crest of a large bathymetric swell; the Cape Verde Rise. This swell

rises to approximately 3.5 km depth and 1s thus 2 km shallower (after

-

accounting for sediment loading) than the empirical age:depth

relationship (Parsons & Sclater 1977) would suggest. The effective

elastic thickness (EET) of the swell has been calculated by this study
to be =15 +3 km. This value compares favourably with an independent

estimate made by McNutt (1984), who studied the uplift of the other

islands 1in the archipelago due to the loading effect of Fogo, and
calculated a value for the FEET of between 7-12 km.

Mitchell et al (1983) showed, from a geological and geochronological

study, that there is little evidence for extensive volcanism, on Malo,
before 20 Ma. Assuming island building, and hence elastic deformation,
was started at around this time, then the EET calculated by this study
must represent the value for the lithosphere within the last 20 Ma.
This value of EET must also correspond to the maximum reheating since
any elastic deformation would be 'frozen in' during cooling. Figure

7.11a is modified from Watts et al (1980) and shows the EFT plotted

against age of the crust at the time of loading for several recent
. . o o
studies. The curves show the variation of depth to the 300 and 600

isotherms assuming a cooling plate model (Parsons and Sclater 1977).

The calculated EET is thinner than the value predicted by the
relationship in Figure 7.11a which suggests that the EET should be =30
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a) GLOBAL COMPILATION OF E.E.T. vs AGE AT TIME OF LOADING

AGE OF OCEANIC LITHOSPHERE AT TIME OF LOADING (my)
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Figure 7.11 a) Effective elastic thickness against age of plate at time
of loading. Curves show variation of depth to the 300° and 600°
isotherms with age for a cooling plate model (Parsons & Scalter (1977))
Data from this study (shaded area) and Watts et al (1980) (filled
circles). b) Depth anomaly against age of crust. Data from this study
(CV=Cape Verde Rise) and Crough (1978) (H=Hawaii, CA=Cook-Austral,
S=Society, M=Marquesas, R=Reunion, K=Kerguelen, B=8ermuda, SH=St Helena
and T=Trindade ).
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10 km for the age of the crust around the Cape Verde Archipelago.
The EET thus appears to be related to the thermal state of the
crust. The crust of the Cape Verde Rise has been thermally rejuvenated

and now has a thermal age equivalent to %25 Ma crust. Crough (1978)

plotted the depth of 10 hotspots against crustal age and suggested
that all oceanic swells rise to a height equivalent to 25 Ma crust: a
similar plot is shown in Figure 7.11b. This suggests that all oceanic
rises should have EET's corresponding to similarily young crust. That
i1s, the thermal effect that causes the depth anomaly should also cause
a thermal rejuvenation and kreduction of the EET. However, the
effective elastic thickness for‘hawaii, as calculéted by Watts (1978),

is not significantly lower (Tex=30 km) than normal lithosphere of the

same age. Menard & McNutt (1982) considered this situation whereby

lithospheric reheating could produce a large depth anomaly and a
negligible change in the EET. They suggest that by confining the
initial reheating to greater than 45 km depth the depth anomaly can be
accounted for by thermal expansion 1in the lower half of the
lithosphere but the upper half of the plate is not immediately
affected due to the slow conductive time constant of the upper
lithosphere. If this model is realistic then the difference between
the elastic thicknesses of the Cape Verde Rise and the Hawaiian swell
can be related to the velocity of the plate over the heat source.

McNutt (1984 suggests two possible models for thermal
rejuvenation. The first is a model of the type proposed here for the
Cape Verde Rise, whereby the entire lithospheric column is reheated,
causing both a depth anomaly and a reduction in the EET. The second
model has reheating confined to the lower lithosphere only and this
causes a depth anomaly but no observable reduction in the EET.

Hawaii is less vulnerable to mid-plate volcanism than the Cape

Verde Rise principally because the Pacific plate is moving at 10 cm/yr
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and this results in incomplete thermal rejuvenation. Heating may be
insufficient to change the effective elastic thickness from the value
asspciated with normal crust of that age. The Cape Verde Rise,
however, has been very slow moving over its 'hotspot' for at least 30

Ma, Minster & Jordan (1978), and the effective elastic thickness is

therefore much less than the expected value for 130 Ma crust.

1.7 CONCLUSIONS

1)The observed admittance estimates, obtained from profiles
crossing the Cape Verde Archipelago, can be compared with a thin plate

o

model, assuming the ridges which form the archipélago have a finite
strike length (=350 km), to give an effective,elastic thickness =15 +3
km. This model, although initially calculated using 1-dimensional
analysis, predicts the observed gravity well when using 2-dimensional

analysis.

2)The value of the EET from this study is thinner than expected

for 130 Ma crust (Tez30110 km) and this is considered to be due to
thermal rejuvenation. The lithosphere now has an effective thermal age
of =25 Ma which is observed as both a depth anomaly and a reduced EET.
3)This study indicates that substantial re-heating of the
lithosphere underlying the Cape Verde Rise has occurred. A similar

conclusion was reached by Crough (1978) from a study of the

bathymetric anomaly and McNutt (1984) from a study of Fogo. However,

neither this study, nor others, can preclude a component of uplift due
to the existence of minor density variations, in the underlying upper
mantle, of non-thermal origin.

4)The difference between this study (Te=15 km) and Hawaii (Te=30
km) is related to plate velocity over the heat source. The effect of
the low velocity of the African plate at the Cape Verde Rise overcomes
the thermal resistance of the thick lithosphere and the result of this

is dramatic reduction of the EFT.
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CHAPTER 8 (GFOID/BATHYMETRY RELATIONSHIP)

8.1 INTRODUCTION

) The relationship between the marine geoid and bathymetry can be
used to examine the state of compensation of bathymetric features in
the world's oceans. The accuracy and coverage of geoid height
measurements has increased dramatically since the release of data
obtained by the SEASAT satellite mission. This mission was sponsored
by the National Aeronautics and Space Administration (NASA) of the
U.S.A. to measure the height of the sea surface, by radar altimetry,
to an accuracy of 10 cm. Combination of the SEASAT coverage with an
earlier satellite mission, GFOE%, provides suitable data density to

interpolate the geoid heights onto a regular (7.5'x7.5') grid,

Rapp (in press). The gridded geoid data set provides an opportunity to

examine the relationship between geoid height and bathymetry in
2-dimensions over the Cape Verde Rise. The results of this analysis
can be compared with the results of a 1-dimensional gravity/bathymetry
analysis carried out over the same area and reported in Chapter 7.

Lame & Borne (1982) give an excellent overview of the SEASAT mission

and details of the acquisition techniques can be found in section 2.8
of Chapter 2.

The marine geoid is an equipotential surface whose 1st vertical
derivative is gravity. Geoid measurements have been used in the past,

by such workers as Watts et al (1985), Cazenave et al (1980) and

Watts (1979), to examine the state of compensation of bathymetric

features. An advantage of geoid measurements over gravity measurements
is that the geoid is more sensitive to deep seated density variations
and should, therefore, better detect the anomaly due to regional
compensation. Another advantage of geoid measurements is that the
satellite coverage is more uniform than the shipborne gravimeter

coverage. Dixon et al (1983} made use of the satellite coverage,
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linear transfer function techniques and the accuracy of the SFASAT
radar altimeter to predict bathymetry in the Pacific ocean. To check

how_well satellite altimetry measurements correlated with gravity and

bathymetry, Vogt et al (1984) undertook ground truth surveys by ship
along two sub-satellite tracks in the North Atlantic. Their results
suggest that free air gravity anomalies and seafloor topography
correlate well with geoid anomalies in the space domain between
wavelengths of »400 km to »50 km. The main difference between gravity
anomalies and geoid anomalies is that the gravity field has a higher
frequency cutoff and 1is thusubetter at resolving shallow, short

.

wavelength features. The 1/r dependence of geoid anomalies (versus

.

? . . .
Vir dependence for gravity) averages the density anomalies out to
longer wavelengths and produces a smoother signal. This last point was

also noted by Chapman (1979) who studied techniques for investigating

geoid anomalies.
Previous workers who have used geoid anomaly and bathymetry

relationships, such as Watts (1979) and Dixon et al (1983), have

restricted their analysis to individual tracks so that their results

are strictly t-dimensional. Cazenave et al (1980) used gridded GEQOS3

data to investigate the response of the lithosphere to seamount
loading but did not apply linear transfer function techniques to their
z-aimensional data. Rather they computed the geoid anomalies over the
bathymetric features wusing numerical integration and compared this
with the observed geoid. A previous study by Crough (1982) is more
directly applicable to the Cape Verde Rise in that it compares
observed geoid heights and bathymetry over an area of the Atlantic
that includes the rise. The result was the suggestion that the Cape
Verde Rise was supported by an isostatic root at an average depth of
40 km.

This does not help, however, to determine the state of
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compensation of the load of the Cape Verde Islands on the lithosphere
of the Cape Verde Rise. The purpose of the present study is to use the
available 2-dimensional data, of geoid heights and bathymetry, to
calculate the effective elastic thickness (EET) of the lithosphere of
the Cape Verde Rise. This will utilise the same thin plate model of
flexure outlined in Chapter 5, section 5.3, and used previously in

Chapter 7.

8.2 2-DIMENSTIONAL DATA

The 2-dimensional data used in this study is a combined data set

.

of GEOS3 and SEASAT values interpolated onto a 7;5'x7.5' grid. This
data was made available by R. Rapp from Ohio’State University in the
U.S.A., Ra ers., comm.). Figure 8.1 shows the sub-satellite track
density for the area of the Cape Verde Rise. Breaks in the track
coverage can be due to excessive noise, pre-programmed switching off
of the sensor or “blunder point” editing of the data set. Figure 8.2
shows an isometric view of the whole geoid height data set available
for anaiysis at Leicester University. This data was provided by R.
Rapp from Ohio State University and details of the interpolation are
given 1in Rapp (in press). The horizontal and vertical scales are as
shown and the arrows indicate the 64x64 element subset of the data
used in the liater analysis. The data shown in Figure 8.2 are dominated
by a very large (>50 m) long wavelength (>1000 km) component that
increases from West to East and from South to North. Despite this,
however, it is still possible to pick out the geoid anomaly due to the
Cape Verde Islands and Rise.

atts et al (198 and Dixon et al (1983) suggest that long
wavelength (>1000 km) geoid anomalies are due to density variations
deep 1in the mantle. It is necessary to remove this long wavelength
component from the geoid signal before an adequate comparison between
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SATELLITE TRACKS OVER THE CAPE VERDE ARCHIPELAGO

fIKATm ovrr scMe  jticaooa. o omy tL" atn.

\Vly w
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\x

yw 7 f\j

Figure 8,1 Satellite tracks for the combined GEO0S3

and SEASAT data
sets. The track density shown here is

considered suitable for
interpolation onto a 7.5'x7.5" grid.

The gridded geoid height data 1is
shown in Figure 8.2.
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geoid and bathymetry can be made.
The 2-dimensional bathymetry data available for this study has
already been used in the latter part of Chapter 7. This 5'x5’ gridded

data set from the NGDC Synbaps program (van Wyckhouse {1873)) has been

linearly interpolated onto a 7.5'x7.5' grid and is shown in Figure 8.3
covering the same area as Figure B8.2. Again the arrows indicate the
subset of the data used in the later analysis. The African coast can
be easily seen in this isometric plot and is a useful point of

reference. The Cape Verde Islands also stand out well.

8.3 REGIONAL GEOID ANOMALY

’

The geoid of the earth as a whole can be described by spherical
harmonic expansion terms, Jacobs (1974}. The relationship between
anomaly block size and the number of spherical harmonic coefficients
was investigated by, amongst others, R 1977). It was suggested

that the mean anomaly block size described by expansions to degree and
order N was 180%/N.  watts et al (1985) removed a GEM10 (Goddard Farth
Model) complete to degree and order 10 from their gridded GEOS3 data

in the Pacific. Vogt et al (1984) subtracted the GEMS up to and

including degree and order 14 from their observed SEASAT profiles to
leave anomalies »1000 km in wavelength. Similarly,

Cazenave et al (1980) removed a model complete to degree and order 10

before analysing the geoid anomaly in the Indian ocean.

To try and better distinguish the geoid anomaly due to the Cape
Verde Rise (a feature only «800 km in wavelength) it was decided to
remove as high an order model as possible from the gridded geoid
heights shown in Figure 8.2. Using the Fortran subroutine by
Amin (1983) and the spherical harmonic coefficients published by
Lerch et al (1981), a model complete to degree and order 36 was
calculated. This model is «called a PGS-S3 (Preliminary Gravity
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Solution-SEASAT) model (Lerch et al (1982}) and is considered to
provide an improvement in orbit accuracy over that of GEM9 and GEM10B.
A gglution has been calculated to degree and order 180

(Lerch et al {1981)) which would, using the relationship given in

Rapp (1977), define geoid anomalies down to a block size of 190
These coefficients, termed the GEM10C model, are not readily available
but would provide a simple method of removing the regional geoid
anomaly due to the Cape Verde Rise. It is necessary to do a two stage
regional removal using the PGS-S3[36,36] model and then subtracting a
calculated local regional geoiq anomaly.

- .
Figure 8.4 shows a computer contoured map of the PGS-S3 model

bounded by latitudes -80° s to +80° N and lon;itudes -30° W to +90° E.
The contour interval is 5m and the dashed box shows the area over
which the gridded geoid data is available. Figure 8.5 shows an
isometric plot of the PGS-S3 data in this area of interest. It can be
seen by comparison with Figure 8.2 that the the regional geoid is well
described. Also, the [36,36] solution does not pick out features as
small as the Cape Verde Rise.

The PGS-S3([36,36] model has been removed from the observed
gridded geoid data and is shown in Figure 8.6. The comparison between
Figures 8.6 and 8.3 is quite striking. In Figure 8.6 the land areas of
Africa and South America have been given a constant value of 5m for
the geoid. These continental areas provide a useful reference for
other features in the isometric plot. The mid-Atlantic ridge can be
seen on both the geoid and bathymetry plots as a sinuous spine of
intermediate values going from south to north. The Cape Verde Islands
and Ris; stand out well on the residual geoid plot of Figure 8.6. The
arrows indicate the 64x64 element subset of the data used in the
subsequent analysis. Little more will be said about the correlation of
bathymetric features and residual geoid anomalies outside the area of
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the Cape Verde Rise as it is outside the scope of this study.

B.4 RESIDUAL. GEOID ANOMALY

Figure 8.7 shows the 64x64 element subset of the data selected
for analysis of the relationship between geoid heights and bathymetry
over the Cape Verde Rise. This particular size of subset was chosen to
satisfy one of the constraints of the Fast Fourier Transform (FFT)
algorithm; the size of the input array must be an integer power of 2
in length (see Chapter 6). It can be seen in the isometric plot of
Figure 8.7 that the rise forms a major‘part of the signal. This is
only to be expected since the removal of a [36,36) spherical harmonic

expansion regional will still leave wavelengths of 5%s5°  naffected.

The 1local mean geoid due to the rise must be removed. Crough (1982}

removed a quadratic surface from the anomaly due to the rise, but this
did not alter the anomaly shape of the rise itself.

It was decided to calculate a mean geoid over the rise by a
simple running mean procedure. An area of 25x25 elements was averaged
to glve a mean geoid value at the centre of the 25x25 grid. The mean
geoid 1is shown in Figure 8.8. To check that this mean geoid is a

reasonable approximation to the local geoid anomaly as calculated in

the GDR (Geophysical Data Record), Lorell et al (1980), a comparison
was made between the data in'Figure 8.8 and the GEM108 1°x1°
gravimetric geoid. The results of this comparison are shown in Figure
8.9 and indicate that the 25x25 point average is a good approximation
to the GEM10B gravimetric geoid.

Figure B8.10a shows the local geoid anomaly after removal of both
the PGS-S3[36,36] regional and the 25x25 point local geoids. The main
contrast between Figure 8.10a and Figure 8.8 is the appearance of the
flanking geoid lows that will indicate the state of compensation of
the lithosphere of the Cape Verde Rise.
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ISOMETRIC PLOT (viewed from south-west) OF LOCAL GEOID ANOMALY
AFTER REMOVING PGS-S3(36.36) REGIONAL ANOMALY

<
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< 2.0
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O 20.25 -19.75
w . .
o

12.375 -27.625

Figure 8,7 Isometric plot, viewed from the south-west, of the 64x64
element subset of the vyriddeci geoid data shown in Figure 8.6. The
geoid anomaly of ttie Cape Verde Rise and Cape Verde Archipelago are

very prominent in this plot.

ISOMETRIC PLOT (viewed from south-west) OF LOCAL MEAN GEOID
FROM 25x25 POINT AVERAGING

5.0
2.5
7
2 oo
Z
2.5
Q
O 20.25 -19.75
w

12.375 -27.625

Figure 8.8 Isometric plot, viewed from the south-west, of a 25x25
point running mean of the data shown in Figure 8.7. This plot

illustrates the local geoid anomaly due to the Cape Verde Rise.
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COMPARISON OF 25x25 MEAN GEOID HEIGHTS
FROM SEASAT GDR FILE

WITH GEM10B MODEL

6
4 SEASAT REV814
2
E
0 north
X 200.0 400.0 600.0 800.0
3
ar -2 DISTANCE(km)
X
-4
-6
SEASAT REV247
north
X 200.0 400.0 600.0 800.0
O -2 DISTANCE(km)
Lo
X
-4
-6
Figure 8.9 Comparison of the 25x25 point running mean, shown in Figure
8.8, with the GEM108 1°x1° gravimetric geoid from the SEASAT GDR data
file for two satellite passes over the Cape Verde Rise. In both cases
shown here the 25x25 point gridded mean 1is the dashed 1line and the

observed SEASAT geoid hieght is the full 1line.
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a) +SOMETRIC PLOT (viewed from soutfi-west) OF BATHYMETRY

0.0
«
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PLOT (viewed from south-west) OF BATHYMETRY
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Figure 8.11 a)Isometric plot of the 64x64 element subset of the
same area as the data in Figure 8.10.

bathymetry data for the
cosine tapering

b)Bathymetric data after removal of a mean, trend and
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Before Fourier analysis it is necessary to remove a mean, trend
and cosine taper the edges of the data. This has been done for the
local geoid anomaly and is shown in Figure B8.10b. Figure B8.1%a shows
that subset of the bathymetry data before removal of a mean, trend and

cosine tapering and Figure 8.11b shows the same data afterwards.

8.5 GEOID RESPONSE FUNCTION

Calculation of the relationship between geaid and bathymetry in
the spatial frequency domain is exactly analogous to the response
function, or admittance, calculated using free air gravity in Chapter
7. The response of the geoid is denoted by Z'(Kn) to distinguish it
from Z(k ) used for the gravity.

If h(x,y) is the gridded geoid data and b(x,y) is the gridded
bathymetry data, then after Fourier transformation we will have two
series H(knx_kny) and B(knx,kny).

The response function is given by:-

' * *
2 (K 1=<HKk 1B (k,)>/<B(k 1B (knp)> (E8.1)

2
ny )

{>=zan averaging process

_ 2
where Ignl_f(knx +k

When calculating Z(k ) for the gravity considerable smoothing in

the spatial frequency domain was achieved by averaging over many

estimates of G(Kn) and B(k ) obtained from 10 independent

one-dimensional profiles of g(x) and b(x). In the case of the gridded

data, however, this type of smoothing cannot be achieved. Azimuthal

averaging can be applied by assuming that the admittance is

independent of azimuth. The result will be the equivalent

1-dimensional admittance. It is also possible to average over
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bandwidths and sum all the Fourier coefficients that lie between bound

of |k 2 2
nl. where Ign|=f(knx *kK,y ) and n=1,2,3,5,9,15,23,30. Both types

of averaging will be used in this study. A similar scheme of averaging

was adopted by Banks &% Swain (1978) and McNutt (1982).

The response 2'(Kn) as calculated from the above equation will

be a complex variable with real and imaginary parts. As with the

gravity, the response of the geoid is expected to be real. The phase

of the response function can be calculated simply from:-

¢ (K y=tan ! - '
Ky)=tan (R1l(Z (Ln))llmag(? (Kn))) (£8.2)

The phase should be close to zero for those wavelengths wherw

the response of the geoid to bathymetry has a simple relationship. The

coherence can also be calculated and should indicate how much of the

power in the geoid is due to the power in the bathymetry at particular

wavelengths. The coherence is given by:-

7'2(5n)=(N(cc*/E1EZ)—1)/(N—t) (£8.3)

where C=cross power of geoid and bathymetry

El=power in the geoid
E2=power in the bathymetry

%
=complex conjugate

N=number of values averaged

the coherence can be used to estimate the error in the

observed response value, according to Munk & Cartwright {1966), by

assuming the errors in observed values have zero mean and are normally

lastly,

distributed with variance given by:-
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g ‘ )
9 (hn)=2 z(gn)(x 2-1)/2(N—1) (E8.4)

8.6_RESULTS OF ORSERVED ADMITTANCE

Application of the FFT algorithm to the data shown in Figures

8.10b and 8.11b results in a series of complex Fourier coefficients

for the geoid anomaly and bathymetry respectively. These were combinexd

to form the cross-power spectrum of geoid and bathymetry, the power of

the bathymetry and the power of the geoid. These quantities were then

averaged over azimuth to get the 1-dimensional equivalent variation in

admittance with 1inverse wavelength. The original data series was a

64x64 element grid with each element having length «13.83 km. The

Nyquist spatial frequency will be 0.0362 km ' and the 1st harmonic

will occur at 0.00113 km_1 However, during azimuthal averaging it is

2
ny

{+19.53 km)} and the 1st harmonic to 0.00160 km

assumed that |Kn|=f(knx2+k ) and this alters the Nyquist frequency
1

to 0.0512 km !

{(»625.86 km). Application of equations EB8.1, EB8.2 and EB8.3 to the

averaged crass-power spectrum and power spectra of geoid and

bathymetry results in the admittance, coherence and phase estimates

shown in Figure 8.12.

The 10910 admittance, coherence and phase are plotted against

-1

inverse wavelength (A ). The log‘0 admittance plot shaws a linear

' to 0.016 km '. At inverse

trend between inverse wavelengths 0.004 km~

wavelengths greater than 0.016 km ' {A¢62.5 km) there does not appear

to be any simple relationship between geoid anomaly and bathymetry.

This conclusion is supported by evidence from the plots of coherence

and phase.

The coherence plot (Figure 8.12b} shows high values (>0.7) for

inverse wavelengths 1less than 0.008 km-1 (A>125 km). This suggests

that at wavelengths less than 125 km little of the power in the geoiul

can be attributed to the power in the bathymetry. Watts (1979} found a

similar result when analysing GEOS3 profiles over the Hawaiian ridge
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VARIATION OF OBSERVED ADMITTANCE
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Figure 8.12 a)Plot of Log observed admittance against inverse
wavelength. b)Plot of coherence against inverse wavelength. c)Plot of
phase against inverse wavelength.
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and stated that coherence dropped considerably at wavelengths less
than 130 km. Similarly the plot of phase against inverse wavelength
(Figure 8.12c) has low phase angles for wavelengths greater than 125
km. The plots in Figure B8.12 all suggest that the relationship between
geoid heights and bathymetry may be relatively simple for inverse

wavelengths less than 0.016 km™ !

The averaging that has been applied so far is only azimuthal
averaging and a logarithmically spaced bandwidth average can also be
applied. FEstimates of admittance are obtained at equal arithmetic
intervals of Ak, where Ak=0.00160 km ' and k,=2mnAk, where
n=1,2,3,4,5...... etc. This means there is a strong concentration of
data points at the short wavelength end of the spectrum.
Dorman & Lewis (1972) point out that logarithmically spaced estimates
each contribute approximately the same amount of information. The
admittance values displayed in Figure 8.12a were further averaged
about wavenumbers n=1,2,3,5,9,15,23,30. A similar scheme was used by

Banks & Swain (1978) and McNutt (1979) on gridded data.

Figure 8.13 shows the azimuthal and logarithmically bandwidth
averaged admittance data plotted against logto inverse wavelength. The
change to a log scale for the abscissa is to provide a better picture
of the 1long to intermediate wavelength behaviour. The error bars
inaicate +1 standard error and are calculated using EB8.4. The geoid
admittance values in Figure B8.13 display a similar variation to the
gravity admittance calculated in Chapter 7. The geoid admittance has
low values (<0.0005 m/m) for wavelengths less than 100 km. At
intermediate wavelengths (400>A>100 km)the admittance values increase
to a maximum of »0.002 m/m. The admittance does not continue to

increase, however, with increasing wavelength.
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8.7 INTERPRETATION

The behaviour exhibited by the geoid response in Figure 8.13 is
very similar to the behaviour of the gravity response in Chapter 7
(see Figure 7.6). The thin plate model that was used successfully to
describe the gravity response, and which is described in Chapter 95,
will also be used here. The two-dimensional geoid response of a thin

plate flexing under an applied load can be calculated from:-

Z'(k y- _ ) 4 -1
ko) (1/9|5n|)21rG(9t Qw){exp( l_lgnldt)-(ul_gn\ D/(Qm-gt)gl
[((93—9t)/(om-et))eXP(-lxnlZ,)+((gm-o3)/(gm-gt))

exp(-lk 1z,)1} (E8.5)
as derived in Chapter 5, ES.29 and €5.30.

where Z'(kn)=the response of the model at wavenumber Kn
Q,=the density of sea water

0,=the density of the topography {=density of layer 2)

t
g3= " " " layer 3
Qm= “ " " the upper mantle

dt=depth of the topography
z1=depth to the layer 2/layer 3 interface

“ "

22= moho
g=normal gravity
3 2
and where D=ETe /12(1-u")

with v=Poisson's ratio

Te=effective elastic thickness (FET)

Table 8.1 shows the values of the various parameters assumed for
the model. The only difference between this model and the one used for
the gravity is the mean depth to the topography. In this case the mean

depth was calculated to be 3.9%9 km from the mean and trend removed
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model for effective elastic thicknesses of S5km, 15km and 25km.
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from the gridded bathymetry data before entering the FFT.

Table 8.1 Summary of parameters used in model calculations.

Parameter Yalue

9w, density of seawater 1020 kg/m3
Qt, " " topography (=layer 2) 2790

93, " " layer 3 2900 "
Qm, " " mantle 3400

dt' depth of topography 3990 m

z depth to layer2/layer3 interface 5890 m

22, " “  moho 10990 m

g. accelaration of gravity 9.81 m/s2

G, gravitational constant 0.667 x 10712 Nnﬁ/kgz
€, Young's modulus 101' N/nF

v, Poisson's ratio 0.28

By repeated application of equation €8.5 with different values
of the flexural ridigity, or effective elastic thickness, the
variation of calculated response with wavelength can be computed for a
host of different models. This approach has been applied to geoid
analysis before by Dixon et al (1983), who used a single layered model
with a density of 2600 kg/m3, and by Watts (1979), who used a two
layered elastic 1lithosphere with densities of 2800 kg/m3 and 2900
kg/m3 for the topography and 1layer 3 respectively.

Cazenave et al (1980) also wused a flexural model to calculate the

expected geoid for an assumed flexural rigidity. The densities of the
model used here are the same as those used in the gravity study. This
model, if it is a good approximation to the geological situation,

should work equally well for both the gravity and geoid response.

The variation of admittance with wavelength for the thin plate
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model at three different values of the FFT are shown as curves, along
with the observed admittance, in Figure 8.13. The observed admittance
values are considerably lower than those predicted by the thin plate
model at wavelengths less than «»70 km. The 4 estimates of admittance
obtained from the gridded geoid and bathymetry data, for wavelengths
longer than «100 km, suggest the most appropriate EET for the thin

plate model is 15 km.

The low coherence values in Figure 8.12b and the highly variable
phase in Figure 8.12c, at wavelengths shorter than «»100 km, combined
with the poor fit of the model to the observed admittance, suggests
that the gridded geoid data values are poor at measuring short

wavelength geoid behaviour. Okal & Cazenave {1985) examined SFASAT
profiles in the Pacific and suggested that the horizontal resolution

of this data was 10-50 km. White et al {1983), while studying

detection of seamount signatures using SEASAT passes, noted that the
SEASAT data has a noise floor at wavelengths from »13 km to «S50 km.
From these previous works it would be expected that the minimum
wavelength containing any information on the relationship between
geoid and bathymetry would be »50 km and not 100 km as is evident
from the present study. Figure 8.14 shows a comparison of the observed
geoid height variation for 2 passes of the SFASAT radar altimeter and
the gridded geoid height data using a conbination of SEASAT and GEOQS3
information. The comparison for RFVB14 is very good in that the curves
match in terms of both amplitude and wavelength. In REV814, however,
the radar altimeter has not recorded any geoid heights close to the
island of San Nicolau. REV247, the lower set of curves in Figure 8.14,
show that the gridded geoid data, dashed curve, does not match the
SEASAT data, full curve, over the short wavelength (»60 km) anomaly in
the vicinity of the island of St. lLuzia. Rapp (in press) estimates
that the resolution limit of the gridded data set is «26 km but also
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COMPARISON OF GRIDDED GEOID HEIGHTS WITH SEASAT GEOID HEIGHTS
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Figure 8.14 Comparison of observed SEASAT geoid heights with the
gridded geoid data set for two satellite passes over the Cape Verde
Rise. The observed SFASAT data has a higher frequency data cutoff than

the gridded geoid data set.
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states that high frequency signals may be lost if the appropriate data
points are not selected during the interpolation process. It is
suggested here that the interpolation in the area of the Cape Verde
Islands has reduced the resolution of the gridded geoid data set to
»75-100 km and this accounts for the poor fit of the observed
admittance to the model admittance in Figure 8.13. This low pass
filtering does not interfere, however, with the waveband of between
100-300 km suggested by Ribe {1982) to be diagnostic for flexural
rigidity studies. The data obtained in this study are considered

adequate to distinguish between EET's of 5-40 km expected for oceanic

lithosphere from previous work by McKenzie & Bowin (1976},

Cochran (1979), Watts (1978) and Tamsett (1984).

6.8 FORWARD MODELING

The response function, or admittance, that can be calculated
from models, such as the thin plate flexure model used here, is the
spatial frequency representation of a space domain filter that, when
convolved with the bathymetry, produces a close approximation to the
geoid, or gravity. The reasons for working in the spatial frequency
domain are given in Chapter 5 and will not be repeated here. Using the
convolution theorem, Kanasewich (1975), whereby multiplication in the
spatial frequency domain is equivalent to convolution in fhe space
domain, the expected geoid can be calculated for a variety of
different models relatively easily. The complex Fourier transform of
the bathymetric data (shown in Figure 8.11b) can be multiplied by the
2-dimensional admittance from the thin plate model (E8.5) for a
variety of different EET's. By taking the inverse Fourier transform of
the resulting complex series, the expected, or calculated,
2-dimensional geoid will be obtained.

The expected geoid can be compared to the observed SEASAT geoid
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and this will circumvent the low pass filtering problems of the
gridded geoid height data. A best fit can be calculated by taking the
standard deviation of the observed from the calculated geoids. This is

similar to a method used by Cazenave & Dominh (1984), who examined

J0'x30" gridded geoid height data in the South Pacific.

8.9 _SFASAT DATA

Figure B8.15 shows a chart of the area of the Cape Verde Rise
with 8 SEASAT sub-satellite tracks superimposed. Tracks were selected
that crossed, or passed close to the Cape Verde Islands. A similar
problem of removing the regional and local variations, as was
encountered with the gridded geoid heights, arises when dealing with
isolated satellite tracks.

It was decided to wuse the GEM10B 1210 grayimetric geoid
contained in the GDR and calculated for every observed SEASAT data
point. This was shown in Figure 8.9 to be very similar to the 25x25
point mean subtracted from the gridded data over the Cape Verde Rise.
This will maintain consistency between both aspects of this
investigation. The geoid anomaly that will be compared with the
expected geoid will be the observed SFASAT geoid height minus the
GEM10B 1%y1° gravimetric geaid.

The resolution of the SEASAT data 1is, from

Okal % Cazenave (1985), 10-30 cm for geoid heights and 10-50 km for

wavelengths. It will be useful to see if the calculated geoid height

data have a similar horizontal resolution to the observed.

8.10 CALCULATED GEOID

The thin plate model from Chapter 5 will be utilised again here.
Equation EB8.5 can be used to calculate the 2-dimensional admittance of
this model. The values of the various parameters are given in Table
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SATELLITE TRACKS OVER THE CAPE VERDE ARCHIPELAGO
raCATCK aw>T SCALC I, "00000a0 *r LAT. O IUH ALT DATA

Figure 8.15 Chart of the area of the Cape Verde Rise with 8
subsatellite SEASAT tracks superimposed. The tracks were chosen to

cross, or pass close to, the Cape Verde 1Islands.
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8.1. An isometric plot of the expected geoid variation for an EFT of
15 km is given in Figure 8.16. A total of 18 models were created from
an EFT of 10 km to an EFT of 27 km, inclusive, at 1 km intervals. This
range of values was chosen to bracket the expected best fitting model
of »15 km from the observed admittance study reported earlier.
Comparison of these calculated values with observed values was
done by linearly interpolating the calculated gridded geoid heights
along the sub-satellite track. The goodness of fit between observed
and calculated was obtained from the standard deviation detween the 2

curves. The standard deviation is given by:-

=S 0017(N-1 X _ 2
(o] (1/1 ))Y(i\(i) )

where Xi=observed geoid height after removal of

the GEM10B gravimetric geoid regional

Y,=calculated geoid height

N=number of observations

It has been noted by several workers, Marsh & Williamson (1982)

and Tapley et al {1982}, that the observed SEASAT geoid heights in the

GOR file have a time dependent error that can be approximated by an
offset and linear trend. This has been introduced, it is thought, by
radial orbit error terms and as such the wavelength of this phenomenon
is greater than 5000-10000 km. Such errors were removed from the
gridded geoid data set by extensive cross-over analyses. Prior to
calculation of the standard deviation of the expected and observed
geoids, a time dependent constant offset and slope was removed, by
least squares, from the observed geoid heights. Thus the standard
deviation values are not biased by any differences between radial

orbit errors from track to track.
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ISOMETRIC PLOT (viewed from the south-west) OF CALCULATED GEOID
ASSUMING AN EET -15 km FOR THE THIN PLATE MODEL

-19.75
20.25

.375 -27.625

Figure 8.16 Isometric plot, viewed from the south-west, of the
expected geoid height wvariation over the Cape Verde Rise assuming an

effective elastic thickness of 15 km for the thin plate flexure model
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The differences between observed and calculated geolids are
illustrated in Figure 8.17 for REV613 against models with EET's of 10,
15 and 25 km. The standard deviations for each model are shown beside
the relevant profile. It can be seen from this figure that the best
fit 1is for a model with an EFT of around 15 km. By using models in
steps of only 1 km it is hoped to determine the best fitting models
for each of the 8 sub-satellite tracks shown in Figure 8.15.

Figure 8.18 shows the observed geoid height variation for the &
descending tracks REVS 5§70, 613, 656 and 814 with the best fitting
model curves. Figure 8.19 shows the same as Figure 8.18, but for the &
ascending tracks, REVS 247, 534, 735 and 778. The smaller inset graphs
for each profile show the variation of standard deviation with EET and
the minimum on this graph corresponds to the best fitting model. The
width of the minimum gives an idea of how quickly the observed and
calculated curves converge to the best fitting model.

Table 8.2 1lists the orbit numbers and the corresponding best
fitting FFT for the thin plate model. The values vary from a low of 14
km, for RFV613, to a high of 22 km, for REV534. The mean best fitting
FFT from the 8 SFASAT sub-satellite passes used here is 18.4 km with a
standard deviation of 2.6 km. This value is somewhat higher than that
expected from the preferred fit of the observed admittance to the
model admittance for an EET of 15 km shown in Figure 8.13. However,
the fit of the calculated to the observed geoid in Figures 8.18 and
8.19 is very good indeed and this, combined with the small incremental
step size in the models used to produce Figures 8.18 and 8.19,

suggests that a value of 18+3 km for the EFT is quite realistic.
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Table 8.2 Best fit models for 8 SFASAT sub-satellite passes.

REVOLUTION BEST FIT STANDARD

NUMBER MODEL (km) DEVIATION(m)
2417 18 0.3171
534 22 0.2902
570 13 0.3050
613 14 0.3228
656 21 0.3340
135 i8 0.3552
718 20 0.3146
814 16 0.2123

8.11 DISCUSSION

The study of the relationship between gridded geoid anomaly
heights and gridded bathymetry, when examined in the spatial frequency
domain suggests that the effective elastic thickness of the
lithosphere of the Cape Verde Rise is w15 km. Only 3 model curves were
produced for comparison with the observed admittance; at 5, 15 and 25
km. Using a smaller increment {1 km) for the models and comparing the
calculated, or expected, geoid with that observed along 8 separate
SEASAT sub-satellite profiles, a value of 18+3 km can be deduced for
the EET. The results from the inversion and forward modeling are not
incompatible but do reflect differences in the 2 methods used in this
study.

As was pointed out in Chapter 5, certain simplifying assumptions
have been made in using the thin plate model. The nett result of these
assumptions is that the EET calculated from the thin plate model can
be considered to be a maximum (Watts & Ribe (1984)).

The value of the EET for the Cape Verde Rise obtained here from
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Figure 8.17 Variation of observed and calculated geoid heights for
three different effective elastic thickness models. The calculated
data are compared with the observed data for REV613. The curves are,
from top to bottom, 10km, 15km, and 25km. The standard deviation for
each model is shown, in brackets, beside the curves. The observed data
are shown as a dashed line with the calculated data shown as a full
line. The best fit occurs around the 15 km model.
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Figure 8.18 Observed geoid height variation from the SEASAT GDR file

(dashed lines) for descending tracks REVS 570, 613, 656 and 814. The
full lines are the best fitting model geoid heights (see Table 8.2).
The inset box in each case shows the variation of standard deviation
against EET. The minimum for the curve indicates the best fitting

model.
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Figure 8.19 As for Figure 8.18 but in this case showing the comparison
of observed geoid heights to best fitting model geoid heights for
ascending REVS 247. 534. 735 and 778.
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the geoid/bathymetry relationship can be compared with 2 other

independent estimates. McNutt (1984) used the uplift of the island of
Fogo to estimate a value of the effective elastic thickness between 7
km and 12 km. Young & Hill (1986) calculated a value of 15+3 km by
using ship's tracks profiles of free air gravity and bathymetry. The
latter study is reported in Chapter 7 and a criticism of the method of
analysis was that it did not account for the 2-dimensional nature of
the bathymetry of the Cape Verde Archipelago. The present study,
however, by wusing gridded, 2-dimensional geoid and bathymetry
information has taken into account the 2-dimensional nature of the
islands. The resulting value of 1843 km is not significantly different
from the previous studies.

A global compilation of FET's plotted against the age of the
crust at the time of loading, by Watts et al (1980), suggested that

the EET variation followed a pattern similar to the 300° to 600°C

isotherms of the cooling plate model (Parsons & Sclater (1977)). This

variation in EET against age at time of loading has been modified by

McNutt (1984) and constrains the expected variation to be closer to

the 550%°C to 600°C isotherms. Mepard & McNutt (1984) use the

anomalously low EET's of oceanic swells to suggest that reheating has
altered the FET of the lithosphere of the swell to a value more

appropriate for younger crust. Figure 8.20 shows a plot of effective
elastic thickness against age of lithosphere at time of loading. The
shaded box shows the results from the present study and circles show

the results from McNutt (1984). The open circles represent results

from flexure studies at the outer rise of trenches. The curves are the
550°C and BOUOC isotherms from the cooling plate model of

Parsons & Sclater (1977).

The age of the lithosphere of the Cape Verde Rise varies from
105 Ma to 140 Ma in the vicinity of the Cape Verde Islands, from
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Figure 8.20 Variation of EET against age of lithosphere at the time of
loading. This 1is modified from McNutt (1984) to include the results
from this study. The shaded box indicates the results from the present

geoid analysis, the filled circles are results from previous ocean
island and seamount studies and the open circles are results from
flexure studies at the outer rise of trenches. The curves are

isotherms from the cooling plate model of Parsons & Sclater (1977).
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Haves & Rabinowitz (1975) and Chapter 3, and extensive volcanism did

not start until 20 Ma ago, Mitchell et al (1983). The age at the time

of loading must be around 85-135 Ma. From Figure 8.20 the expected EET
should be 30-40 km. The above value for the observed EET of 18+3 km
still represents a considerable reduction in the EET.

This result agrees with those of Young & Hill (1986} and

McNutt (1984) that the 1lithosphere of the Cape Verde Rise has

undergone thermal rejuvenation and now has an effective elastic

thickness more appropriate to younger (25 Ma?) oceanic crust.

8.12 CONCLUSIONS

1) Gridded geoid height values can be combined with gridded
bathymetry values 1in the spatial frequency domain to estimate the
observed admittance of the Cape Verde Rise. Comparison of this
observed admittance with calculated admittance values for a thin plate
flexure model suggest the effective elastic thickness of the Cape
Verde Rise 1s =15 km.

2) Forward modeling using the gridded bathymetry to predict the
geoid values, assuming the thin plate model is correct, suggest, by
comparison with SEASAT sub-satellite passes, that the effective
elastic thickness is 18+3 km. The difference between this and the
value obtained from inversion is not considered significant and
probably reflects differences in the 2 methods of analysis.

3) The values for the EET from this study agree well with values
from Young & Hil 1986), who wused 1-dimensional anpalysis of

gravity/bathymetry profiles to estimate the EET as 15+3 km.

) The value of the EET for the lithosphere of the Cape Verde
Rise 1is 1less than that predicted by a global compilation of EET's
against age at time of loading. This is considered to be evidence of
thermal rejuvenation possibly due to a hot-spot beneath the Cape Verde

Rise.
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CHAPTER 9 (SUMMARY OF CONCLUSIONS)

8.1 INTRODUCTION

The purpose of this study has been to conduct a geophysical
investigation of the lithosphere of the Cape Verde Rise. The Cape
Verde Rise is considered to be the result of 'Hot Spot' activity. The
techniques employed in this work have been total field magnetic
anomalies, free air gravity anomalies, seismic reflection and
refraction, bathymetry and geoid height anomalies.

Measurements of these quantities over the rise can be compared
with values expected from either simple mathematical models, or from
similar measurements in areas not thought to be affected by 'Hot Spot'
activity. The seafloor spreading magnetic anomalies in the area are an
indication of the regional structures over the rise. The free air
gravity anomalies associated with the islands are indicative of the
state of compensation of the lithosphere. Seismic reflection
techniques show the crude seismic stratigraphy of the sediments over
the rise and can be compared with proposed uplift histories. Velocity
information aids the reflection interpretation. The geoid height
anomalies also indicate the state of compensation of bathymetric

features on the Cape Verde Rise.

9.2 MAIN RESULTS OF THIS STUDY

The magnetic study looked at the variation of total field
magnetic anomalies in and around the Cape Verde Archipelago and
compared these with a Mesozoic sea floor spreading reversal model.
Seafloor spreading magnetic anomalies have been identified within the

archipelago; a result that was not previously known. The .previous work

in this area by Hayes & Rabinowitz (1975) has been refined to show

that a total of & fracture zone traces are present around the Cape
Verde Archipelago. Offsets along these fracture zones vary from zero
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to «30 km at the youngest end of the 'M' sequence. Comparison of the
present study with work in the Western North Atlantic shows that the
spreading rate history is very similar, indicating that the
Mid-Atlantic Ridge was spreading symmetrically from 105 to 145 Ma. The
islands forming the archipelago do not appear to be related to the
fracture zone traces but the position of the northern fracture zone
could be altered, within the constraints of the available data, to
pass through the northern limb of the archipelago.

The seismic reflection investigation erected a crude seismic
stratigraphy over the Cape Verde Rise. The units outlined were, (i)
the diffraction hyperbolae from the volcanic basement, (ii) a series
of horizontal reflectors comprising pre-volcanism marine sediments,
(1ii) a wunit of scattering reflectors attributed to volcaniclastic
material and, finally, (iv) a layer characterised by relative acoustic
transparency which 1is considered to be post-volcanism pelagic
sediments. It was not possible to penetrate the overlying sediments
and see reflectors indicative of volcanic basement when <50 km away
from the islands. Thus, the depth of layer 2 could not be continuously
mapped. However, the depth to layer 2 could be observed and measured
at several locations. The observed depth at the centre of the rise 1is
w2 km less than that expected from the variation of oceanic depth with
age derived empirically for all the world's oceans. A global
compilation of oceanic swell depth with age of oceanic crust suggests
that all swells are at a depth equivalent to 25 Ma crust. This figure
is derived from comparison with a cooling plate model.

The seismic refraction experiments did not contradict the
reflection interpretation with volcanic basement having high

velocities (4.0 to 5.0 km/s), lithified Mesozoic sediments having

velocities in the range 2.0 to 3.5 km/s and pelagic sediments having

velocities less than »2.0 km/s.
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The relationship between free air gravity and bathymetry has
been examined using linear transfer function techniques and the
results compared with a thin plate flexure model. The model has a
variable rigidity which is expressed as an effective elastic thickness
(EET) where high values (w40 km) represent rigid crust and low values
{(+5 km)} represent relatively soft crust. The observed variation of
admittance, which relates the gravity and bathymetry in the spatial
frequency domain, suggests the EET of the lithosphere of the Cape
Verde Rise is 15 +3 km. A global compilation of EET against age of the
lithosphere at the time of loading suggests the EET most appropriate
for lithosphere loaded at 80 to 120 Ma is «30 +10 km. The variation of
EET with age is similar to the variation of the 5000 ;. 600° isotherms
from a cooling plate model. This 1is important since it provides a link
between the variation of EET, an observable quantity, and the thermal
properties of the lithosphere. The reduced value of EET for the Cape
Verde Rise is considered to be evidence for thermal rejuvenation. The
lithosphere of the Cape Verde Rise now has a thermal age equivalent to
25 Ma crust. This is observed as both a reduction in the EFT and as a
depth anomaly.

The relationship between geoid height and bathymetry can also
be examined in a similar manner to the gravity. The advantage of using
the geoid 1is that the data coverage is 2-dimensional, whereas the
gravity along ship’'s tracks is only t-dimensional. The same thin plate
flexure model is used here as was utilised for the gravity study. The
simple relationship between geoid anomalies and gravity anomalies is

outlined in Chapter 5. The observed geoid admittance compares well

with a thin plate flexure model having an EET of «15 km. The frequency
content of the gridded geoid height data is less than that of
individual sub-satellite profiles. A forward modeling process is
accomplished by predicting the geoid height anomaly due to the
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bathymetry and assuming values for the EFT. The predicted, or
calculated, anomaly is compared with the observed anomaly until a best
fit is found. The result for the Cape Verde Archipelago is a best
fitting model with an EET of 16+3 km. This result is comparable with
the result from the observed gravity admittance that the lithosphere

of the Cape Verde Rise has been thermally rejuvenated.

9.3 LIMITATIONS OF THIS STUDY

The study undertaken here has had several limiting factors. The
magnetic anomaly track coverage still contains large gaps. In
particular there is a lack of magnetic data just to the north of the
northern 1limb of the archipelago. This results in poor resolution of
the position of the northern fracture zone.

The seismic reflection profiling failed to penetrate the
sediments when close to the islands. This means that no direct
evidence 1s available for the flexure trough expected around the
bathymetric load of the islands from the thin plate model. The seismic
refraction experiments, although giving reasonable results, could have
been distributed more uniformly around the archipelago.

The gravity profiles examined along ship’'s tracks had to be
truncated and reflected about their maximum bathymetric values to be
processed using Fourier analysis. A larger number of suitable free air

gravity anomalies would have prevented this necessity.

9.4 DISCUSSION

This examination of the lithosphere of the Cape Verde Rise has

been conducted to look at the variation of geophysical properties that
may provide evidence for 'Hot Spot’ activity. The main link between

the measurement of EET and the thermal properties of the lithosphere

are the global compilations of Watts et al (1980) and McNutt (1984).
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These 1in turn are based on the assumption of a simple cooling plate

model by Parsons & Sclater (1977). The results from this study can be

compared with similar studies wundertaken around Hawaii, in the

Pacific.

The obvious physical parameter that has not been measured is the

heat flow. A recent study by Courtney & White (1986) undertook

measurements of heat flow across the Cape Verde Rise along a south to
north isochron. Their results suggest a heat flow anomaly exists which
is centred on the bathymetric, and geoid height, highs of the rise.
The value of the heat flow is only 621k mW/m2 (b o ooo o 1 heat flow
values for «crust of this age (125 Ma) are typically w46 mW / m?

(Parsons & Scla 1977)). The expected heat flow for 25 Ma crust is

2 . ,
120 mW/m°  courtney & White (1986) modelled their heat flow results

in terms of lithospheric reheating. This gave poor prediction of the
heat flow but good fits for both the predicted geoid height anomaly
and the depth anomaly. The difference between the observed heat flow
anomaly and that expected for crust reheated to have the equivalent
thermal structure of 25 Ma crust can be explained in terms of the
heating mechanism. Crust created at a Mid Ocean Ridge is heated

throughout, cools from the top down and therefore will be associated

with a particular heat flow anomaly as shown by

Pars 4 Sclater {1977). The reheating mechanism proposed in this

thesis involves heating from below and the extent to which the thermal
anomaly perturbates through the crust determines whether a depth

anomaly (Hawaii) or a depth anomaly plus a reduction in effective

elastic thickness (Cape Verde Archipelago) is observed. The heat flow

anomaly associated with this type of‘reheating is unlikely to be as

large as when the whole of the crust is involved.

The model preferred by Courtney & White (1987) is one where the

uplift of the rise is caused by dynamic upwelling of a mantle plume
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and this results in a better fit to the observed heat flow. However,
constraining the model to fit the heat flow means that the geoid
height and bathymetry data are not well predicted. The conclusion from
the work presented in this thesis, that the Cape Verde Rise is the
result of thermal rejuvenation and that it now has a thermal age
equivalent to 25 Ma, does not try and predict the heat flow anomaly.
McKenzie (1984) suggests that the energy required to melt material in

the lithosphere will restrict the heat flow anomaly measured at the

surface to ~20 mW/m2 regardless of the heating mechanism. Work on the

relationship of topography and gravity to thermal structure has also

been carried out by Parsons & Daly {1983), who state that comparison

of observations with models is relatively insensitive to the mode of
heating. The thin plate flexure model used for modelling the gravity
and geoid anomalies over the Cape Verde Rise cannot rule out the
possibility that a small component of dynamic support exists. The
present study has been limited to the lithosphere of the rise itself
and has not tried to constrain the mechanism of support of the rise as
a whole.

The global compilations of EET against age of the crust at the
time of loading have used results from a variety of different studies.
These 1include linear transfer function techniques using both gravity
and geoid data, uplift of atolls on the periferal bulge of the flexure
trough and the bulge seaward of oceanic trenches. The assumption is
that all these techniques are measuring the same quantity of the
elastic properties of the lithosphere. The original compilation by

Watts et al (1980) has been updated and corrected by McNutt (1984).

The latter study assumed that the misfit between observed EET's and
those expected from the <cooling plate model was due to thermal
rejuvenation and suggested that the EET was an indicator of the depth
to the 550% isotherm. The thermal age of the lithosphere can be
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estimated from the size of its depth anomaly (Crough (1978)) and when

the observed EET's are plotted against the corrected thermal age of

the 1lithosphere then a much better fit is obtained for all the data

points.

Comparison of this study of the Cape Verde Rise with similar
work over the Hawaiian Ridge suggests there may exist important
differences between the reheating mechanisms of these two 'Hot Spots'.
The Cape Verde Rise is characterised by both a reduction in the
observed EET and by a large {(+v2 km) depth anomaly. The Hawaiian ridge

has a depth anomaly but not a significant reduction in the observed

EET. Detrick et al (1981) explain the depth anomaly over the Hawaiian

Ridge in terms of reheating at a depth below the 5500 isotherm. This

produces uplift, but since the 550° jsotherm is not raised above that

normal for lithosphere of that age then no reduction of the EET can

occur. The <Cape Verde Rise has had both heating of the lower

lithosphere, to produce the depth anomaly, and raising of the 55W

isotherm to cause a reduction in the EET. This hypothesis is not

dependent on the mode of heat injection into the lithosphere. The

difference between the two expressions of thermal rejuvenation can ke

explained by considering the motion of the plates with respect to the

‘Hot Spot' reference frame. Minster & Jordan (1978} have shown that

the Cape Verde Rise is moving slowly (<1 cm/yr) over its mantle heat

source and this suggests that the heat anomaly has had time to

perturbate to high in the lithosphere and therefare effect the

observed EET. Hawalii, however, is moving, with the Pacific plate, at

»10 cm/yr over its heat source and thus the heat anomaly has not had

time to raise the 550° isotherm, therefore no significant reduction of

the EET is observed.
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9.5 SUGGESTIONS FOR FURTHER WORK

Based on the present study it is suggested that further work be
undertaken in 3 areas.

1) Magnetic anomaly profile data should be collected to the
north of the islands of San Antao, San Vicente, San Luzia and San
Nicolau. This will better define the northern fracture zone trace
identified by this study. In addition, data should also be collected
to the east of the Maio/BoaVista ridge where there there are several
unsurveyed areas. Direct observation of topographic features on
oceanic layer 2 could also be attempted using seismic reflection
profiles orientated roughly north-south. A sufficiently powerful
source should be utilised to penetrate the sediments particularily
near the islands.

2) Seismic reflection profiles should be collected approaching
the islands to try and observe the flexural trough predicted from the
gravity and geoid observations. The amplitude and wavelength of the
trough can be used to further constrain the EET most appropriate for
the Cape Verde Rise. The seismic stratigraphy of the material
infilling the trough can indicate the history of developement of the

rise. This type of work has been used by Brink & Watts (1985) to

investigate Hawaii.

3) Further modeling of the thermal structure of the rise could
be carried out to try and define the nature of the mantle 'Hot Spot’.
The type of questions that can be addressed are the time delay between

input of a heating event at the base of the lithosphere and

observations of the resulting gravity, geoid and depth anomalies at

the surface, the effects of injecting molten material at high levels

in the 1lithosphere and the buffering effect of melting on any

subsequent heat flow anomalies.
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APPENDIX I (DIGITISATION)

A.1 INTRODUCTION

To display sonobuoy wide angle reflection/refraction seismic
data as 'wiggly' trace plots, using hardware available at Leicester
University, it is necessary to have the data in digital form. The data
were originally recorded as continuous analogue signals on magnetic
tape along with the 'shot’ instant. Analogue to digital conversion was
carried out at Leicester using a facility attached to the CDC Cyber 73
mainframe computer.

The handling and display of large amounts of digital seismic
data requires an efficient storage system and suitable software for
easy access to specific parts of the whole data set. The SDPS system
was created to handle digital earthquake seismic data and software had
to be written to link the data handling and display facilities already
avallable with the particular requirements of this study. The
requirement 1is that the digitised sonobuoy seismic signal be split
into a number of separate channels for each 'shot' using the ‘'shot’
instant, or keypulse, recorded on magnetic tape alongside the sonobuoy

signal.

A.2 ANALOGUE SEISMIC DATA

The sonobuoy wide angle reflection/refraction seismic data
digitised at Leicester was recorded on analogue magnetic tape during a
cruise to the Cape Verde Archipelago onboard the RRS Shackleton. The
signal from the hydrophone suspended beneath the sonobuoy was
frequency modulated and transmitted back to the ship by a radio link.
A receiver onboard demodulated the signal and transfered it to
magnetic tape recording at either 15/16 ths, or 15/8 ths inchs/second.
Also recorded were the shot instant; usually a 5 volt TTL pulse of
around 20 ms duration, an event mark; acting as a crude time code and,
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Figure A.1 Analogue playbacks of sonobuoy data to show noise on the

"keypulse™ channel, a) Speed up factor of only x8. Channel 01 is the
keypulse with actual positions of true pulses shaded. The other square
waves on this channel are due to noise. Channels 02, 03 and 04
represent the event mark, sonobuoy seismic data and continuous

reflection data respectively, b) Speed up factor of x16 gives a better
"keypulse" signal bu tmay require digitising at a lower frequency, or
a reduction in the number of channels digitised.
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finally, the concurrent continuous reflection profile. A major
problem, found on playback of the magnetic tapes, was the noise on the
‘shot’ instant, or keypulse, channel. Figure A.1a shows a section of
analogue playback of all & channels. The top trace is the keypulse and
it can be seen that the actual keypulses, shown shaded, are surrounded
by noise of similar amplitude and variable duration. Figure A.1b 1is
the same record, but replayed at twice the speed. The keypulses can be
seen much more <clearly simply by increasing the playback speed.
However, there is a limit to the maximum replay speed imposed by the

maximum capability of the digitiser.

A.3 DIGITISATION

The wupper 1limit for the digitisation rate is set at 5000 Hz.
This applies for all the channels; if 2 channels are digitised then
the maximum rate will be 2500 Hz for each channel. Seismic data
contains wuseful 1information at frequencies between S & 125 Hz. The
upper limit requires a sample interval of 4 ms to ensure that aliasing
does not occur. Table A.1 summarises the speed up factors, sample
rates and number of channels for the 5 sonobuoys analysed in Chapter
4. The firing rate for these sonobuoys was 16 seconds. For sonobuoy 09
the sampling rate and number of channels was halved and the speed up
factor doubled to increase the signal to nols2 ratio.
Table A.1 Details of digitisation parameters for sonobuoys reported in

Chapter 4.
SONOBUOY SAMPLF SPEFD-UP NUMBER OF FILTER

NUMBER RATE FACTOR CHANNELS Lo Hi
06 0.004 X & 4 8 125
071 0.008 x 16 2 5 62.5
09 0.008 x 16 2 5 62.5
16 0.004 x 8 2 5 125
17 0.004 x 8 2 5 125

The result of digitisation was a computer file containing a

maximum of 409600 samples/channel of data sampled at either 4 or 8 ms.



A.4 SDPS_SYSTEM

Digitisation of seismic data generates very large volumes of
data and a method storage and display is required that is both quick
and easily accessable. The system at lLeicester University is called
the Seismic Data Processing System (SDPS). SOPS is based on the series

of indices whereby a particular subset of data can be accessed

directly without reading through the whole data set. A master index
totalling 403 locations has locations 1 & 2 reserved for information
pertinent to the whole data set and locations 3 to 403 each have a
subindex of 109 locations. The subindex has locations 1 to 8 reserved
for information about that particular subset of data and locations 9
to 109 can each contain 4098 data samples. Fach master index location
can therefore store 409600 samples and there are 400 such locations
avallable.

The digitised sonobuoy file contains a maximum of 409600 samples
in master index locations 3 (the keypulse), & (the sonobuoy data), 5
the concurrent reflection profile) and 6 (the event mark). Software is
required to split up the sonobuoy seismic data into a single shot
record per master index location up to a maximum of 400 shots per
sonobuoy file. Figure A.2 is a flo-diagram showing the processing
sequence to get from analogue magnetic tape records to a 'wiggly’

trace plot.

A.5 FORTRAN PROGRAM FCSNDG

Program FCSNDG was written in Fortran 77 to split up a digitised
sonobuoy file, using the keypulse channel, and put each shot record
onto a separate master index location. The program finds the location
of the first lo-hi edge of the keypulse and writes the next ‘n' number
of samples from the sonobuoy data channel into the master index of a
new file, starting at index location 3. The distance between keypulses
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FLO-DIAGRAM FOR PROCESSING SONOBUOY DATA

ORIGINAL SIGNAL ON MAGNETIC TAPE
{
|
[AR11 DIGITIZER]
¢
FILE ARSB*xxx
{
{
[POST PROCESSOR]
'
FILE DSBxxx
+
{
HEADER INFORMATION -+ [DFMULTIPLEXER)
{
FILF HSR*xxx
t
‘
CONTROL PARAMETERS -+ {PROGRAM FCSNDG}
| ‘
FILF RSB*** containing typically 90-100
} shots
¢
[MERGE WITH OTHER]
[FILES OF SAME SONOBUOY]
i
FILE SNB*x* containing up to 400 shots
¢
)
[DISPLAY PROGRAMS TO)
[GIVE FINAL GRAPHICAL OQUTPUT]

Figure A.2 Flo-diagram for the processing sequence to get from an
analogue magnetic tape to the final ‘wiggly ' trace plot.



should not vary and the program can Jjump to where the next keypulse is
expected before starting its search. The program will keep a record of
the average distance between keypulses and also the average length of
each keypulse. This information 1is used to check that a keypulse has
actually been identified.

The program input is listed below and the program is usually run
in 'batch’' mode. Figures A.3, A.i, A.5 and A.6 show the ‘wiggly' trace

records corresponding to Sonobuoys 06, 09, 16 and 17,

st READ STATEMENT, FORMATTED (A6,2(A10))

NFTLE= subfile name of the file being accessed. This will be the
same as the demultiplexed filename.
NSHPT= 10 alphanumeric characters describing the shotpoint

NRCPT= " " recaordpoint

2nd RFAD STATEMENT, FREF FORMAT

SHTDST= distance 1in k.m. between successive shots. All the data
at this juncture are assumed to have been collected at a
constant 5 knts.

PERCNT= percentage error allowed for in the KeyPulse length

before the average KeyPulse spacing is used.

3rd READ STATEMENT, FREE FORMAT

KEYSIZ= size of the KeyPulse in volts. An estimate of this can be
obtained from the Jjet-pen records or from the
demultiplexing program output.

KEYLON= length of the KeyPulse in number of samples. This 1is
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KEYSPC=

NF =

SINT=

KEYNUM=

KEYST=

ICHA=

DSTST=

KEYGES=

necessary only to trap the first KeyPulse as afterwards
the average KeyPulse length is used.

time in seconds between KeyPulses. This is simply the
firing rate of the seismic source.

number of data samples required after the KeyPulse.
sample interval in seconds.

number of cycles the program 1s required to perform. This
1s useful 1f not all the data is wanted.

start number for the shot point number header
information.

channel number from which data is to be read. The
KeyPulse channel is number 0 and the first data channel
is 1.

the starting distance for the shot-receiver header
information. This increases by SHTDT every time the
program cycles.

the number of samples skipped before starting to look for
the first KeyPulse. This is necessary to start the

program in periods of noise.
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