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ABSTRACT

This report summarises geological and geophysical studies carried out by the
Institute of Oceanographic Sciences up to December 1983 in an area of the Madeira
Abyssal Plain in order to assess its suitability for the disposal of
heat-emitting radioactive waste. The results of work carried out in the same
area by the Rijks Geologische Dienst of the Netherlands are also reviewed in the
report. Other oceanographic studies in the area in the fields of geochemistry,
biology and oceanography are briefly touched upon.

Keywords: 91 - Disposal (general) 299 - Dot sponsored research
92 - Geologic disposal
93 - Disposal on deep ocean bed
94 - Disposal under deep ocean bed
110 - Geology
225 - Ocean sites
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1.  INTRODUCTION
1.1 Scope of the report

This report summarises the geological and geophysical studies carried out by
the Institute of Oceanographic Sciences {I0S) between 1980 and 1983, inclusive,
to assess the suitability of an area of the Madeira Abyssal Plain for
heat-emitting radioactive waste disposal. A11 the work carried out during that
period is reported here; however, some of the data and samples collected during
that period have not yet been fully analysed, so the results of these analyses
will be reported in a future work, together with the results of data collected
since 1983, On the other hand, we occasionally include here brief mention of
some results obtained since the end of 1983, where relevant.

A large body of work has also been carried out in the area by the
Netherlands Rijks Geologische Dienst (RGD: State Geological Service), and we
review that work and combine their results with ours wherever possible, Much of
the I10S and Dutch work was co-ordinated through the ‘Seabed Working Group' (SWG)
of the Organisation for Economic Co-operation and Development's Nuclear Energy
Agency.

In addition to the purely geological and geophysical work, there have been
studies by I0S and others in the fields of geochemistry, biology, and physical
oceanography. Although we have made no attempt to review that work rigorously,
we have included brief discussions of some of the salient features that seem most
relevant to the geological and geophysical studies.

The area of the Madeira Abyssal Plain chosen for detailed study lies some
200 to 500 km NE of Great Meteor Seamount (Fig. 2.1); it has consequently been
designated "Great Meteor East" (GME). (Another study area that received some
early attention from the SWG lies west of the seamount, and was called "Great
Meteor West"). The boundaries of GME have not been precisely delineated. Most
of the I10S work reported here was carried out between 30.5°N and 32.5°N, 23°W and
26°W, while the RGD has extended its coverage from 30°N to 33°N between the same
longitudes, Some work has also been carried out outside the boundaries of GME,
and is reported where appropriate.

1.2 History of the investigations
In March 1980, the SWG's Site Assessment Task Group decided to include
distal abyssal plains in the group of ‘generic' or 'type' areas to be considered

for potential disposal sites (Anderson, 1980, pp. 112-113). The early work in
the area was mainly contributed by the Dutch RGD, with an 1l-day survey using



HNLMS Tydeman in November-December 1980, and a 15-day study with MS Tyro in April
1982 (Kuijpers, 1982; Duin & Kuijpers, 1983). These cruises laid down a
regular grid of tracks and obtained some 7000-8000 km of watergun seismic
reflection and 3.5 kHz profiler records (Fig. 1.1), as well as 45 evenly-spaced
piston cores (Fig. 1.2). During this time I10S work was divided between GME and
the King's Trough Flank area north of the Azores (Kidd et al., 1983a).

[0S work at GME has concentrated on developing and applying techniques that
were largely not available to the Dutch, so as to complement rather than
duplicate their effort. Thus our only cruise to undertake extensive underway
geophysical observations was Farnella Cruise 3/81, which was dedicated to GLORIA
Tong-range sidescan sonar observations, and concommitantly recorded airgun
seismic reflection profiles (Fig. 1.1). During the course of the other three
cruises (Discovery 118, 126 and 134) we carried out a seismicity survey and
developed and used techniques for high-resolution seismic profiling (2.0 and
3.5 kHz sources), piston coring, near-bottom camera and seismic profiling
surveys, dredging of sediment surfaces, heat flow and geotechnical measurements,
and seismology using seabed artificial sound sources (Table 1.1; Fig. 1.2).
The major objectives of the work were: (1) to produce a detailed stratigraphy of
the sediments in order to assess the sedimentation history and especially any
evidence for erosion; (2) to understand the procesées of sediment transport
within and around the area in order to predict its future evolution; (3) to
assess natural and potential induced porewater advection; (4) to assess the
distribution of erratic boulders on the sediment surface; (5) to assess the
natural seismicity of the area; (6) to investigate the geotechnical properties
of the sediments. One other important objective was to determine the degree of
lateral homogeneity in the area. This requires a combination of seismic
profiling and coring, and since our Dutch colleagues had far and away the best
data sets in these areas, we have largely left such studies to them, However,
we have kept in close touch with their work through the SWG and personal contacts
and we have also analysed our own, smaller collections of data with the same
objectives. We report on both our own and the Dutch findings later in this
report.

Early in 1983 the Dutch reported observations of ‘fault-like features'
within the sediments at GME (Duin & Kuijpers, 1983). This observation caused
considerable interest and debate, for the nature and origin of the
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features were not immediately apparent. As a consequence, some time was devoted
by us to studying those features during Discovery Cruise 134, and a more detailed
study of them was carried out during Discovery Cruise 144 (January-February 1984)
as this report was being prepared.

Table 1.1 presents all the I0S stations in GME classified by measurement type and
cruise; Table 1.2 gives the I0S stations in numerical order. Figure 1.1 shows
all the tracks (I0S and RGD) in the area on which geophysical profiles were
taken; and Figure 1.2 shows the positions of all stations (IOS and RGD).
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TABLE 1.2 - I0S Geology and Geophysics Stations in or near GME (numerical

order)
STATION
NUMBER LATITUDE LONGITUDE D%P{H STATION TYPE
m
010303 32°35.0'N | 22°30.0'W*x | 5262 Artificial source seismology
D10304 32°59.6'N | 24°54.1'W 5388 Earthquake seismology
D10317 31°04.1'N | 25°49.,2'W 4961 Earthquake seismology
D10318 31°15.0'N 25°43,0'W* | 5433 Heat flow
D10319 31°15.0'N | 25°43.0'W* | 5433 | Survey camera
010320 31°05.2'N | 25°50.0'W 5005 | Gravity core
D10321 31°04.8'N | 25°49.3'W 4978 Kasten core
D10322 30°20.3'N | 24°06.8'W 5405 | Earthquake seismology
D10323 30°21.7'N 24°06.8'W 5406 ! Gravity core
D10325 30°22.9'N 24°05.8'w 5407 Kasten core
D10327 32°36.3'N | 21°56.7'W 5238 Earthquake seismology
D10328 30°25.0'N 24°05.0'W* 5412 Epibenthic sledge
D10329 30°21.0'N | 24°06.0'W* | 5402 | Near-bottom profiler
D10405 33°30.0'N 22°59,0'W* | 5410 Heat flow
D10406 32°34.7'N | 22°27.3'W 5268 Kasten core
D10407 30°51.0'N 22°52.,0'W* | 5225 1 Near-bottom profiler
D10676 31°24.2'N 24°34,0'W* | 5428 . Near-bottom profiler
D10677 31°23.4'N | 24°29.0'W* | 5429 : Epibenthic sledge
D10678 31°23.8'N | 24°34,6'Wx | 5422 Survey camera
D10683 31°21.5'N 24°44.0'w* 5432 i Near-bottom profiler
D10684 31°21.9'N 24°45,3'W 5434 | Kasten core
D10685 31°18.0'N | 24°44,0'W* | 5434  Near-bottom profiler
D10686 31°25.5'N | 24°44.5'W 5433 | Penetrator
D10687 31°23.5'N 24°02.7'W 5428 | Penetrator
D10688 32°03.0'N | 24°12.1'W 5428 | Piston and gravity core
D10689 32°39.5'N | 24°19.5'W* | 4871- ! Survey camera
5422
D10690 32°40.8'N | 24°22.3'W 5421 Kasten core
D10691 32°00.5'N | 24°12.0'W* | 5429 Near-bottom profiler
D10693 31°39.9'N | 24°48.3'W*x | 5433 Survey camera
D10695 31°23.7'N | 24°46.3'W 5433 Piston and gravity core
D10696 31°17.5'N | 24°43.0'Wx | 5434 Near-bottom profiler
D10697 31°36.3'N | 24°53.1'W 5433 Gravity core
D10698 31°38.2'N | 24°49.8'W 5433 Piston and gravity core
D10699 30°43.8'N | 24°29.0'W 5431 Piston and gravity core
S126/2 31°33.2'N | 24°50.5'W 5446 Kasten core
S126/3 31°31.0'N | 24°28.0'W* 5447 Heat flow
S126/4 31°31.7'N | 24°25.3'W 5446 Kasten core
S$126/5 31°30.0'N | 24°28.5'W*x | 5444 Heat flow
S126/6 31°09.9'N | 23°48.5'Wx | 5418 Survey camera
S126/7 30°37.7'N | 22°17.2'W 5095 Gravity core
S126/8 30°36.8'N | 22°24.4'W 5116 Gravity core
S126/11 30°51.1'N | 22°51.9'W 5223 Gravity core
S126/12 30°52.5'N [ 22°51.1'W 5241 Gravity core
S126/15 | 30°22.0'N 23°35.0'W 5330 Kasten core

* Mean position




FIGURE CAPTIONS

Figure 1.1

Figure 1.2
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Ship's tracks on which underway geophysical data were
collected in GME, (SRP = Seismic Reflection Profiling with air-
or water-gun.) Lettered sections are locations of profiles shown
in Figures 3.8-3.10. (Profile KL extends slightly beyond
southern boundary of figure in direction indicated by arrow.)
Stipple indicates area not covered by GLORIA sonographs.

Positions of stations in GME.



~13-

Reflection Profiling with air- or water-gun).

Seismic

°CE H

saneswopy
0€ G2 0Z St 0L ¢ @
(L I .
vid019 4q
P218A0D jOU ealy
S)HOo®BIY Y2ing
dHS noynm syoBJy SOl -~ -
ddS yim syoeil §Of —

1SV3 HOJL13IW LvIHD

(SRP
Lettered sections are locations of profiles shown in Figures 3.8 to

Ship's tracks on which underway geophysical data were collected in

GME.

OoN

1.1

igure

F

(Profile KL extends slightly beyond southern boundary of
Stipple indicates area not

figure in direction indicated by arrow.)

covered by GLORIA sonographs.

3.10.



-14-~

-0€

ol€

oCE

€€

L] L]
JW9 UL SUOLIPIS JO SUOL3LSOd 2°T 94nb L]
oZT 144 o 14 92 ot
22580428 o °
zzeorg 818048 £150dze
S1/921S ezeotq
] SZE0LaR’E2E01Q 40280428 omummu
*
szeola 1250428°  gzoaze®
¥2040
, s ddog £20d0g,
419218 6150428,
86001 Qe
LL/9218
m:ovo—o
21/9218 029408
o 08,
610d08_ 810408, LE
Z1e04d [°
£19dog, _mnc:”"
£180d28 ozeola
9/9248 &
® » #170d28
o £10d08 sg901La sLEoLa
220dos8 ° m_oaomommoo—ﬂ. %mz_o%m sicora®
dp8
9180428 e900iq 2O cz0z0 1204d08"
929010 ¥ ~yg5010
4890407 :wo—ww._ * *se901a
v
819010 . 98%01a
m\wu—w»m\eu_m_soamm
]
L uonels eiawe) ° ¥/92i8 2/92iSa +20d08
o 2103 xog #1408 sesoLa, *4690:i0 ® 2 tnoaze
o alod COuw—l o
910408 $104080 ,mmwo—o
vivad HOLNG
) ¢ ABOjOWSIaS 82IN0S |BID111IY
* ABojowsias ayenbyjsey §22d08
v uonels JojellaUaY
a4 uonels mopleey oL180dze
" 1811304d Wo0Q-sREYN besora¥ ezwodze 920dog oZ€
»* ‘uonels eiewey 28901 0° °
+ 8Bpaip dyjuaqidy mumoawmo )
- 0105 Knasio 0150d28 o 1g80dze
. 8100 uojsey °SoNDdZ8
. 8100 U03ISid
Ay YAvasol 29ONDJIZE
0£50d28_
1£80d28
80WDdZ80 o«on._ua«c
90¥01Q, o LOWDdze
» £0e0}d s0o8ze”
Lzeora o amoo—oﬁmmuwm
££504d28 "
088040 " pegodze
Wi
0S5 Or 0e 02 OL O
¥0£01Q
- o£€
SNOILISOd NOILVLS
1SV3 HOALIW Lv3yo
S0v0LQ
Py44 ora oPT 3:14 Is: 14



-15-

2. REGIONAL SETTING
2.1 Physiography

Great Meteor East is situated on the Madeira Abyssal Plain in the centre of
the Canary Basin (Fig. 2.1). Immediately to the west of GME the abyssal plain
abuts against the lower flank of the Mid-Atlantic Ridge, which is characterised
by numerous abyssal hills elongated in a NE-SW direction. The western boundary
of the abyssal plain trends NNE-SSW along the base of the Ridge flank. Fracture
zone valleys cut through the abyssal hills at right angles to this general trend,
and in the valleys fingers of the abyssal plain stretch westward into the Ridge
flank.

Between 150 and 250 km west of GME is a line of major seamounts extending
from Great Meteor Seamount in the south (30°N, 28.5°W) through Hyeres Seamount to
the Irving/Cruiser Seamount complex near 32°N, 28°W (Ulrich, 1969; Verhoef &
Collette, 1983; Verhoef, 1983). A1l reach to within less than 300m of the sea
surface; moreover, Great Meteor has an extensive flat top (i.e. it is a 'Guyot'
or 'Tablemount') which was almost certainly produced by wave erosion at or near
sea-level in the relatively recent past.

The Mid-Atlantic Ridge axis, running 600-800 km NW of GME, is the western
boundary of the Canary Basin and is also the boundary between the North American

and African tectonic plates. The basin's northern boundary is the
Azores-Gibraltar Rise, part of a fracture zone separating the FEurasian and
African tectonic plates (Laughton & Whitmarsh, 1974). This feature passes

within 500 km to the north of GME. The northern margin of the Madeira Abyssal
Plain is near 34°N, about 200-250 km NNE of GME.

To the north-east the Canary Basin is bounded by the Madeira-Tore Rise, a
broad feature rising above 3000m and culminating in Madeira and Porto Santo
islands. Its closest point is about 250-300 km east of GME. To the east it is
the platform of the Canary Islands, and to the south the Cape Verde Rise, 1000 km
away, that bound the basin.

The central and deepest part of the Canary Basin is occupied by the Madeira
Abyssal Plain, a narrow strip of flat seafloor about 200 km wide, [ts eastern
edge includes the lowermost parts of the Madeira-Tore Rise, the Canaries insular
rise and the Saharan (NW African) continental rise. Often this boundary is
gradational, especially around its southern and northern edges, although
immediately to the east of GME it is marked by a sharp change of slope from the
very gentle gradient of the rise (about 1:300 to 1:1000) to the virtually flat
(<1:2000) abyssal plain.
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2.2 Oceanic basement

Great Meteor East and its environs appear to be underlain by normal oceanic
igneous crust. Ewing & Ewing (1959) and Le Pichon et al. (1965) reported a
seismic refraction line (their station D-5) which lies in the NE corner of GME
and gave normal crustal thickness and normal velocities (Schreiber & Fox, 1973)
for oceanic layer 3 and the mantie (Table 2.1). A second station (D-6) 200 km
ENE of GME on the southern end of the Madeira-Tore Rise also gave a normal layer
3, but no mantle refractions were observed (Ewing & Ewing, op. cit.). Their
station A-180-7, on the flank of the Mid-Atlantic Ridge 200 km N of GME, gave
normal crustal thickness and layer 2 and mantle velocities. The layer 3 velocity
was abnormally low at 6.2 km s‘l, but in the absence of further evidence there
is no reason to believe that the crust is abnormal there. Station V-10-9, 250
km W of GME, also gave a completely normal oceanic structure (Ewing & Ewing,
1959; Le Pichon et al., 1965), as did three other stations in the Canary Basin
within 1000 km of GME (Ewing & Ewing, 1959 (D-13); Udintsev et al., 1976, 1977).

The Madeira-Tore Rise s probably an aseismic oceanic ridge produced by
excess volcanism at the spreading centre when it was formed in the lower
Cretaceous (Tucholke & Ludwig, 1982).

The Deep Sea Drilling Project (DSDP) drilled to basement at Sites 136
(160 km N of Madeira) and 137 and 138 (500 km SSW of GME), and bottomed in normal
oceanic basalt in each case (Hayes, Pimm et al., 1972). No other sites have
been drilled within 800 km of GME. However, mention should be made of the
results of DSDP site 141 on the lower continental rise on the southern margin of
the Canary Basin (19°N, 24°W). This site investigated a 'piercement structure'
that had previously been interpreted as a salt or possibly mud diapir. No trace
of salt was seen, and the hole bottomed in highly-altered basalt (Hayes, Pimm, et
al., 1972). It is possible, though perhaps not probable, that the structure is
therefore an igneous intrusion.

Seismic reflection profiles across the Canary Basin show that the basement
topography is quite normal (Collette et al., 1984; section 3.2). The basement
displays the typical ridge-and-trough fabric of ocean crust, the fabric being
aligned roughly NNE-SSW, parallel to the axis of crustal spreading. This fabric
is cut by deep, linear fracture zone valleys that run WNW-ESE and are spaced
about 100 km apart (Collette et al., 1984).

To the west of GME is a regional depth anomaly, centred on the Great Meteor
Seamount complex, where the observed depth of the basement is up to 2000 m
shallower than expected (Verhoef, 1984). GME lies on the eastern flank of this



-17-

anomaly, where it has a value of a few hundred metres only (everywhere less than
500 m).

Most of the Madeira Abyssal Plain lies within the Cretaceous Magnetic Quiet
Zone, so the crust cannot be precisely dated by magnetic anomalies. However, a
compilation of magnetic anomalies by Collette et al. (1984) suggests that
anomaly 34 (84 My bp) just passes through the NW corner of GME near 32°N, 26°W.
The next anomaly to be recognised is M2 (116 My) near 30°N, 21°W (Perry et al.,
1981). Linear interpolation gives an age of 106 My for the SE corner of GME at
30.5°N, 23°W, since the crustal age increases in an east-southeasterly
direction. The study area is therefore late-mid Cretaceous in age, spanning the
Santonian to Hauterivian stages. This would mean that the crust was accreted at
a typical 'slow' spreading rate of about 15 mm y'l. This is consistent with
the observed rugged basement topography, which is also typical of slowly spread
ocean crust. (The absolute ages given above are based on a Mesozoic magnetic
time scale (Miles & Masson, pers. comm., 1984) that combines the magnetic
stratigraphy of Harland et al. (1982, Chapter 4) with the revised stratigraphic
timescale of Kennedy & 0din (1982)).

2.3 Volcano-tectonic setting

As mentioned above, the Canary Basin is bounded to the north and west by
active tectonic plate boundaries. Seismic and volcanic activity is very
localised along the boundaries, which are no more than a few tens of kilometres
wide, and it is considered very unlikely that GME will be affected by processes
at those boundaries.

However, there is evidence of seismic and volcanic activity, albeit at a
lower level, within the Canary Basin. Lilwall (1982) has studied intraplate
seismicity in the Atlantic, and for convenience divided the ocean into a number
of regions. The Canary Basin lies in his region C for which the expected number
of events per square kilometre per year with body wave magnitude

m, > 4.5 is (13.5 tg'g ) x IB , where the + values are 90% confidence limits.

This 1is within the range found for the North Atlantic (excluding plate
boundaries) as a whole. This would predict, for example, the occurrence of
about twelve such events in a 30 km-square disposal site during a 100,000 year
period. The frequency falls off by a factor of ten for each unit increase in
magnitude.

LiTwall (1982) also estimated return periods for peak accelerations based on
the observed seismicity for the whole North Atlantic excluding plate boundaries.
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For accelerations of 0.1, 0.25 and 0.5 g he found return periods of the order of
104, 3 x 104, and 10° years, vrespectively, assuming uniformly distributed
seismicity. If the seismicity is localised along faults, the return periods
would be shorter than this for sites on the faults (minimum return period is
2000 years for 0.1 g peak acceleration with faults 200 km apart) and longer for
sites between the faults. 0.1 to 0.15 g has been estimated as the lower limit
of acceleration required to cause slope failure on land (Seed & Idriss, 1971);
the corresponding value for marine sediments is unknown, although one empirical
study on pelagic marls and oozes in the Mediterranean suggests that a similar
value may be appropriate (Kastens, 1984).

The evidence for intraplate volcanic activity is the existence of recently
active volcanic islands such as Madeira, the Canaries and Cape Verde islands, and
of the Great Meteor-Cruiser seamount chain which probably post-dates crustal
formation. The best studied of the islands are the Canaries. These are
clearly of oceanic character (Bosshard & MacFarlane, 1970; Banda et al., 1981;
Schmincke, 1979, 1982). The same seems to be true of the Azores (Ridley et al.,
1974; Searle, 1976, 1980) and there is no reason to doubt that it also holds for
the Madeira and Cape Verde islands. In all of these islands the vast majority
of the volcanic activity has been quite recent. Schmincke (1982) concludes that
the Canaries formed “chiefly during the last 20 My", although there may have been
some Oligocene or even Eocene activity in the eastern island of Fuerteventura.
The volcanic rocks of Porto Santo (near Madeira) are 12-13 My old, and those of
Madeira itself 0.7 to 3.05 My. Santa Maria in the Azores is 3.2 to 8.1 My, and
the rest of the Azores is younger than that (Abdeil-Monem et al., 1968, 1975;
Ridley et al., 1974; Watkins, 1973; Schmincke, 1982). (However, the Azores
probably are associated with the Africa-Eurasia plate boundary (Krause & Watkins,
1970; McKenzie, 1972; Searle, 1980), so are not strictly speaking intraplate
volcanoes). Schmincke (1982) summarises these observations: "Age data
presently available for island volcanism in the Eastern North Atlantic suggest
episodes of high activity betweeen 18 and 10 My and 5 My to the present . . ."

Great Meteor Seamount also appears to have formed relatively recently on
pre-existing oceanic crust that was generated at anomaly 34 time. Two basalts
from the seamount are dated (Wendt et al., 1976) at 11 and 16 My (Miocene), and
foraminiferal sediment from the summit is also Miocene (Pratt, 1963; Von Rad,
1974). The seamount is therefore at least of Miocene age. On the other hand
studies of the gravity field over the seamount, which reflect the response of the
underlying lithosphere to the superimposed load, suggest that the Tithosphere was
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at least 20 My old when the seamount formed, i.e. its maximum age now is 64 My
(Watts et al., 1975; Collette et al., 1984). Finally, Verhoef (1983) has shown
that a buried volcaniclastic apron around the seamount cannot be much older than
Miocene. It is therefore concluded that the seamount formed no earlier than
64 My b.p., and most probably in the Miocene.

Finally, although this will be very tentative, we can try to estimate an
approximate probability of formation of new volcanoes. The total area in the
Canary Basin covered by volcanic seamounts is about 6 x 104 km2 (this
includes the Great Meteor-Cruiser complex, the Plato and Atlantis Seamount
complexes to its NW, and two unnamed seamounts to the north of Cruiser). If we
also include Madeira, Porto Santo and the Canary Islands, together with their
volcanic pedestals, the area comes to 11 x 104 km?. This volcanism is not
uniformly distributed throughout the basin but tends to occur in units of
10% km? (Great Meteor Seamount, for example, is about that size). We could
therefore say that about eleven such volcanic units have been formed in the
Canary Basin. The total area of the basin is some 4 x 106 km2, so the
probability of occurrence of a volcanic unit at any point within the basin at
some time during its history is roughly 11/(4 x 106) i.e. 2.8 x 10-6 km-2,
A minimum estimate of the probability of formation of a volcano per unit area per
year is given by dividing this figure by the average age of the basin. That age
is about 75 x 100 years and the corresponding minimum probability is
3.7 x 1014 km2 y‘l. A maximum probability is given by noting that
virtually all of this activity has been confined to the last 20 My and is still
going on. We therefore divide 2.8 x 106 by 20 x 106 to obtain a very
approximate probability of occurrence during the last 20 My of
1.4 x 10-13 km2 y'l. Taking the example of a 30 km square disposal site,
the probability of a new volcano forming within the site would be 1.3 x 102
over a 100,000 year period.

2.4 Sedimentary setting

The present-day carbonate compensation depth (CCD), below which calcium
carbonate is too soluble to accumulate in sediments, is generally considered to
be at about 4900-5300 m in the North Atlantic (Berger & Von Rad, 1972; Van
Andel, 1975; Tucholke & Vogt, 1979), although our results suggest that at GME it
is slightly below 5400 m {see Chapter 4). As a result, most abyssal hills and
the flanks of the Mid-Atlantic Ridge are covered to a greater or lesser extent by
a drape of pelagic carbonate, mostly foraminiferal and nannoplankton ooze. Very
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young crust and steep slopes are usually bare or thinly covered.

Generally these sediments are stable, but slumping probably occurs on steep
slopes and from terraces directly above them, producing locally derived debris
flow deposits at the feet of such slopes and pelagic turbidites which pond in the
basins. Within the ridge flank and abyssal hills provinces such sediment flows
probably do not travel more than about 10 km from their source. However,
sediment slides travel more extensively from areas of large topographic relief;
for example, the RGD has detected recent debris flows up to 70 km SW of Hyeres
Seamount, near 31°N, 30°W (Kuipers, 1982; RGD, unpublished data).

Crust younger than about 20 My (about 300 km ESE of the Mid-Atlantic Ridge
axis or 500 km WNW of Great Meteor Seamount; Perry et al., 1981) has probably
never been below the CCD, so the total sediment column would be expected to
contain only carbonates. Farther east, on older crust, it is likely that
pelagic clays occur in some deeper parts of the column. Seafloor now below the
CCO (about 4900-5500 m) s unlikely to be accumulating significant pelagic
carbonates at present. These expectations are confirmed by results from Deep
Sea Drilling Project (DSDP) sites 136, 137 and 138 (Berger & Von Rad, 1972; see
Fig. 2.1 for site locations).

Significant quantities of mid-Tertiary siliceous sediments occur in DSDP
holes 138 and eastwards (Holes 140 and 139), probably as a consequence of
increased productivity adjacent to NW Africa; such sediments are rare at
sites 137 and 136, although some siliceous sediments occur in the upper
Cretaceous at site 137 because it was then under the equatorial high productivity
zone (Berger & Von Rad, op. cit.).

The continental and insular slopes and upper rises off NW Africa consist
mainly of Neogene sequences of pelagic carbonate overlying clay, siliceous, and
terrigenous sediments (DSDP sites 136 and 139), all deposited on massive Jurassic
carbonate platforms and Cretaceous deltaic deposits (Von Rad & Wissman, 1982).
The lower rise began to receive terrigenous sediments, probably mainly emplaced
by turbidity currents resulting from slope failures on the continental slope, in
the early Miocene (sites 136 and 138; Berger & Von Rad, 1972; Yon Rad &
Wissman, 1982). Since then the rise has probably been prograding outwards, and
its foot now lies near the eastern edge of GME.

The Neogene sequences of the continental slope and rise off the Spanish
Sahara have been examined primarily using airgun and 3.5 kHz high-resolution
seismic profiling. Embley (1976) described a major Late Quaternary submarine
sediment slide (the 'Sahara' slide) that originated on the upper continental
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slope near the Canary Islands and the resultant ‘'tongues' of debris flows that
reach downslope to the continental rise (Fig. 2.1). To the north Embley (1976)
and later Jacobi (in preparation) mapped turbidity current channel systems that
again originate on the upper continental slopes off the mainland and also on the
insular slopes of major islands such as Madeira. Jacobi & Hayes (1982) have
mapped similar sediment transport features on the rise south of the Canaries, and
Kidd & Searle (1984) have traced these features to the foot of the Mid-Atlantic
Ridge flank near 24°N, 26°W using the long-range sidescan sonar GLORIA.

GLORIA surveys of the Saharan slide show that its debris flow 'lobes' extend
right to the edge of the abyssal plain (Simm & Kidd, 1984), One of these
reaches 24°W at 30°50'N, right at the eastern edge of GME. GLORIA also shows
sediment lineations (which probably indicate the presence of ribbons of sediment
with a sand or coarse silt content) reaching 24°W at 31°10'N (see Section 3.2 and
Figs. 3.3 and 3.4).
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FIGURE CAPTION

Figure 2.1
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Regional setting of GME. OQutline bathymetry, simplified from
Searle et al. (1982), in kilometres. Sediment mass-movement
features compiled and simplified from Embley (1975, 1976); Jacobi
& Hayes (1982); Kidd & Searle (1984); and Jacobi (unpublished
chart). Fracture zones from Searle et al. (1982) and Collette et

_al- (1984).
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3. GEOPHYSICAL SURVEYS

A number of underway geophysical measurements have been made in GME. The
Tong-range sidescan sonar GLORIA (Somers et al., 1978) was used during the
Farnella cruise, and provided nearly complete coverage (20,000 km2) of the
study area. Records were replayed at two different levels with and without
automatic gain control (AGC). The non-AGC records were generally preferred,
since they distort the signal amplitudes less. The high-level records reveal
details recorded as very low-intensity signals, while the low-level replays
reveal details within the high-intensity regions that otherwise saturate the
photographic images. GLORIA resolution varies from 50 m down-range to 1 km
along-track at maximum range of 30 km. The sonographs provide a detailed and
accurate map of seabed structure, allowing both the production of improved
bathymetric and outcrop maps, and also the examination of sediment facies
distribution.

Single-channel seismic reflection profiling using airgun sound sources was
run by IOS on Farnella 3/81 and Discovery 118, producing some 1600 km of record;
the RGD has completed some 6750 km of single-channel seismics using a water-gun
source, which has a broader-band signal and is richer in high frequencies than
the airgun. Both airgun and watergun profiles reveal details of the subsurface
sediment structure down to acoustic basement, but the watergun records have
somewhat higher resolution. The 1I0S profiles employed either 0.33 Tlitre
(20 cubic inch), 1.31 litre or 2.62 litre airguns. The 1.31 litre source, which
was used for the majority of the work, was deployed with a "wave-shape kit" which
cuts down on the bubble reverberation and improves the resolution, at the expense
of some penetration, and this combination gave us our best records. I0S data
were replayed in two frequency bands: a high-frequency band (generally in the
range 50-160 Hz) and a low-frequency band {generaly in the range 15-100 Hz). The
high-frequency records obtained with the smaller airguns have a vertical
resolution of about 20-40 milliseconds two-way acoustic travel time (equivalent
to about 30 m) but may fail to show basement. The low-frequency records have
much poorer resolution, but reveal the basement clearly. Details of the RGD
equipment and techniques are given in Duin & Kuijpers (1983).

Both I0S and RGD have also carried out high-resolution profiling using 2.2
or 3.5 kHz sound sources. These systems have vertical resolutions on the order
of a metre or two, but only penetrate the uppermost few tens of metres (in GME,
typically 30-80 m). The RGD has recorded over 8000 km of 3.5 kHz profiles,
mostly on a regular grid. I0S coverage is much less, in general being confined
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to passage tracks between and over stations (Fig. 1.1).

High-resolution profilers deployed near the sea-surface have poor horizontal
resolution, generally having conical beams with half-angles of the order of 45°.
They therefore have a 'footprint' on the seafloor that is many kilometres across,
and can record echoes from features well off to the side of the ship's track.
Low-frequency air- or water-gun systems are even worse, since their beams are
essentially disc-shaped and have no directivity in the thwartships plane, In
fact, for flat-lying reflectors profilers perform somewhat better than the simple
beam-width argument suggests, because reflections well off-axis tend to interfere
and cancel out. However, in order to improve the resolution, particularly for
the more general case of non-flat reflectors, I0S has developed a high-resolution
near-bottom profiler. This employs a broad-band (5 kHz-10kHz) acoustic source
and has a relatively narrow beam (about 20° half-angle) and, because it is towed
only a few tens of metres above the bottom, a much smaller footprint (<50 m).
Its vertical resolution is about 20 cm. It has been deployed on all I0S cruises
except Farnella, but was used most extensively on Discovery 134,

Magnetic field was measured on most I10S cruises using a proton precession
magnetometer and was reduced to the appropriate International Geomagnetic
Reference Field (IAGA, 1981; Peddie, 1982). Gravity was measured on the
Farnella cruise since the instrument was already on board for other cruises, but
has not been analysed for this report. Finally, all 10S cruises recorded 10 kHz
echosounder data.

3.1 Magnetic Field

Contoured magnetic anomalies from I0S cruises are shown in
Figure 3.1, On the flank of the Mid-Atlantic Ridge north and west of 31.5°N,
25.5°W we recognise high-amplitude anomalies (around 500 nT peak to trough) that

are lineated NE-SW, roughly parallel to the present Mid-Atlantic Ridge and normal
to the WNW-ESE Cretaceous spreading direction indicated by fracture zone trends
(see below). These anomalies are interpreted as the Vine-Matthews-Morley
seafloor spreading anomalies produced at the time of crustal generation, The
negative anomaly at 32.3°N, 25.5°W is identified as anomaly 34
(Santonian/Campanian boundary, 84 My b.p.; see Section 2.2) by comparison with
the anomaly identifications of Collette et al. (1984), Although this anomaly
appears to be continuous with the one centred near 31.6°N, 26.2°W, the two are
actually separated by a fracture zone, and a more 1ikely identification of
anomaly 34 south of the fracture zone is at 32.2°N, 26.3°W.
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As stated in Section 2.2, GME itself lies within the Cretaceous Magnetic
Quiet Zone. It is clear from Figure 3.1 that anomaly amplitudes are generally
low and not significantly lineated over most of the area. Peak-to-trough
amplitudes are mostly less than 200 nT. The only exceptions to this occur in tha
region of two fracture zones (located on the basis of the basement topography -
see Section 3.3), which are characterised by lines of magnetic highs. This is
especially apparent in the case of the southern fracture zone, where the
anomalies may have amplitudes of over 400 nT peak-to-trough. Such positive
magnetic anomalies are to some extent characteristic of fracture zones in the
magnetic quiet zone, although their origin is not well understood (Collette et
al., 1984).

3.2 Seabed Morphology

Figure 3.2 is a bathymetric chart of GME, based on all soundings available
to us (see figure caption for data sources). Contouring between 1lines of
soundings has been guided by form deduced from GLORIA images (see Fig. 3.3).

In the eastern part of Figure 3.2 we see the foot of the North West African
continental rise. The regional slope is between 1 in 300 and 1 in 1000 down to
the 5420 m contour, Below this depth the slope decreases abruptly to less than
1 in 2000, and west of 24°W the abyssal plain is flat to within about 10 m, at an
average depth of 5440 m (see also Kuijpers, 1982),.

Locally the abyssal plain is interrupted by abyssal hills a few hundred
metres high and a few tens of kilometres across. They become more frequent and
continuous to the west, north, and south. Those to the south represent the
outcropping above the abyssal plain of the south wall of the southern of the two
fracture zones that cross GME; to the west the increased frequency of hills
reflects the beginning of the lower flank of the Mid-Atlantic Ridge. Narrow
fingers of the abyssal plain extend westwards into the ridge flank along the
Tines of the fracture zones (e.g. at 31.3°N, 25.8°W and at 32.1°N, 25.3°W). The
abyssal hills are generally elongated in a NE-SW to NNE-SSW direction, reflecting
their origin by block-faulting at the Mid-Atlantic Ridge axis. This tectonic
grain is clearly seen in the GLORIA imagery (Figs. 3.3, 3.4).

A combination of GLORIA and seismic reflection profiling (see sections 3.3
and 3.4) can be used to identify outcrops of basaltic basement (Fig. 3.5). It
turns out that such outcrops are rare, most of the hills being covered by a drape
of pelagic sediment. However, a few of them, especially those adjacent to the
fracture zones, have spines of basalt outcropping along their crests.
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GLORIA not only shows the major topography, but also responds to very small
structures and texture at the scale of the acoustic wavelength. This has proved
particularly valuable for studying variations in sediment facies on the seabed
(Kidd et al., 1985). In particular, the rough surfaces of debris flows can be
recognised as areas of relatively strong acoustic backscattering, and lineations
in the backscattering pattern observed over an otherwise smooth seafloor indicate
directions of sediment bed-transport (Kidd & Searle, 1984). The mechanism of
the latter effect is not yet understood, however: the lineations may reflect
variations in sediment grain size, porosity, sand-content, rippling, biological
mounding, or even very small-scale channelling.

Nevertheless, the effects are very clear. Sonograph C in Figure 3.4 is
from the lowermost continental rise, and includes the most distal parts of the
Saharan sediment slide (Simm & Kidd, 1984). A small abyssal hill (with a spine
of basaltic outcrop) is located at the centre of the sonograph, and clear
Tineaments can be seen in the sediment surface to either side of it. They fan
out to the west of the hill, suggesting the fanning out of the bottom transported
sediment load after passing the obstacle presented by the hill. Coring here
reveals that the surficial sediments are fine-grained turbidites, but a massive
sand unit occurs less than a metre below the seafloor (Kuijpers, 1982). The
presence of this sand bed indicates rapid and possibly erosive bed-transport
(Kidd et al., 1985).

Near the southwestern edge of sonograph C can be seen a small patch of
moderately reflective seafloor surrounded by a darker region. Other sonographs
in the region show this feature better and clearly reveal it as a distal lobe of
the Saharan debris flow system (Kidd & Simm, 1984); Fig. 3.3). It can be
traced for hundreds of kilometres up the continental rise to the east, but does
not extend to the west of 24°04'W.

A few weak NW-SE sediment 1lineations occur between sonographs B and C
(Fig. 3.3), reflecting the residual effect of vigorous bed-load transport here.
However, no such lineations can be seen within the area of sonograph B. There
are some much broader variations in acoustic backscattering intensity over the
abyssal plain here, but these are orientated NNE-SSW and probably indicate subtle
variations in sediment properties reflecting the underlying morphological grain
of the basement. By the time one is as far west as sonograph A, virtually all
variations in backscattering intensity have ceased, and the surface of the
abyssal plain appears acoustically completely uniform.
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3.3 Sediment thickness and basement morphology

The widely-spaced Farnella seismic reflection profiles do not by themselves
allow an adequate contouring of sediment thickness in the area. We have
therefore combined our data with the sediment thickness and depth-to-basement
measurements of the RGD shown in enclosures 3 and 2 of Duin & Kuijpers (1983).
In those figures, sediment thickness (h) had been inferred from one-way acoustic
travel time (t) using the expression

h = Vo{exp(at) - 1}/a (3.1)
(Houtz & Ewing, 1963), and taking the average velocity gradient within
the sediments {a) to be given by the empirical relationships of Hamilton (1979,
1980) for calcareous sediments:

3 = 1.902 - 1.71t + 0.97t2, (3.2)
Vo was taken to be 1527.4 m sl (Duin & Kuijpers, 1983). We have used the
same expressions to convert our travel times to depths, although we recognise
that they may not be entirely appropriate for this area. Figures 3.5 and 3.6
show the results of contouring the combined data sets of total sediment thickness
and depth to basement. Areas of basement outcrop were extrapolated from the
seismic lines on the basis of the GLORIA sonographs, and in general contouring
between lines was constrained to follow trends shown by GLORIA and the seabed
topography.

Sediment thickness (Fig. 3.5) within GME varies from zero to over 2000 m.
The greatest thicknesses occur in narrow basement valleys in the centre of the
area and in the fracture zones. Sediment thicknesses in excess of 250 m
characterise the majority of the area, including almost all of the area beneath
the abyssal plain. Sediment thickness on the abyssal hills is generally less
than 250 m.  The total sediment thickness therefore closely follows the shape of
the basement (compare Figs. 3.5 and 3.6).

The basement topography has a pronounced NNE-SSW grain which reflects its
tectonic origin as discussed above. The total relief between these lineated
valleys and ridges is about 1000 m. The present abyssal hills are clearly the
culminations of the shallower basement ridges. Two prominent valleys cut across
the main part of the area from WNW to ESE, and represent the traces of two
inactive fracture zones. A third one can be seen near 32.5°N, between 23° and
24°W. The basement reaches depths of over 7000 m within these valleys, and is
generally shallowest just above their rims. The main basin of GME thus 1lies
between the two main fracture zones at 31°N and 32°N, and is bounded to the east
by the continental rise at 24°W and to the west by the Mid-Atlantic Ridge Flank
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near 25°W.

3.4 Seismic Reflection Profiles

In this section we describe the seismic reflection profiles in some detail,
and as far as possible infer the sub-surface sediment structure from them. The
seismic character of the sediment column varies within and across the area, and
we illustrate this by considering in detail three separate sections. These are
all SW-NE sections, each approximately 50 miles long and all obtained during the

Farnella cruise (Figs. 3.8 to 3.10). Throughout this discussion, for
convenience we use the travel-time-to-depth conversion presented above to infer
actual depths and thicknesses of units. However, we recognise that these

conversions are not based on velocity determinations in this area and may be
somewhat in error,

The relative attitudes of various lithologic units recognised in seismic
sections may suggest the type of depositional environment. Usually, pelagic
sediment accumulates by being draped fairly uniformly over the underlying
topography, although it will fail to accumulate on steep slopes or may sltump off
them to form local debris flow deposits or turbidites in nearby basins. On the
other hand, turbidites tend to pond in basins, forming initially horizontal beds
that onlap the underlying topography to form a depositional unconformity;
subsequently, the beds tend to be deformed as a result of differential compaction
so that the deeper turbidite strata will tend to become more conformable with the
underlying topography. Finally, while pelagic deposits tend to be uniform and
therefore appear relatively featureless and transparent on seismic records,
turbidites by virtue of rapid variations in grain-size and carbonate content tend
to be characterised by strong acoustic laminations. However, departures from
these simple identification relations are frequent, and direct interpretation of
Tithologies from seismic profiles must be regarded as highly speculative.

On the other hand, we can to some extent infer the likely lithologies at
depth by considering the regional geology, particularly the depth of the seafloor
in relation to the CCD. Pelagic sediment deposited above the CCD should contain
a high proportion of calcium carbonate, while that deposited below it will have
most of the carbonate dissolved and will consist mostly of clay minerals and very
fine-grained quartz, etc. The variation with time of the North Atlantic CCD,
as deduced first by Van Andel (1975) and then by Tucholke & Vogt (1979), is shown
in Figure 3.7, together with a predicted age-depth curve for 92 My-old seafloor,
assuming that the basement sank by thermal contraction in the usual way (Sclater
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& Francheteau, 1970; Parsons & Sclater, 1977). The figure illustrates a
particularly simple hypothetical sedimentation history; other possible models are
discussed below.

We use these considerations in the following sections to interpret the
reflection profiles, but we emphasise that there is no independent control by
sampling below a depth of 22 m. Positions along profile are denoted as a/bz,

where a is the Julian day number and b is the time in hours and minutes; 7
indicates Greenwich Mean Time.

Profile CD  {(Example section 314/0730-314/1400 Z; Figure 3.8)

Oceanic basement can be clearly recognised on both the low-frequency and
high-frequency records over most of this profile. In the section illustrated it
ranges from depths of 7.93 s (about 6100 m) below sea level at 1100 Z to 7.10 s
(5340 m) at 0925 Z. The basement reflector is typical of that normally
associated with the top of the basaltic crust.

Basement is immediately overlain by a seismic unit that grades from
moderately transparent (0745-0820 Z; 0840-1020 Z; 1140-1330 Z) to strongly
layered (0820-0840 Z; 1020-1140 Z), with the latter character being more common
in the deeper areas. In general, this Towermost unit is draped over the
basement, though locally it onlaps it or abuts sharply against it at steep
basement slopes {e.g. 1020-1030 7Z; 1120 Z; 1130 2). Duin & Kuijpers (1983)
recognise a "lower stratified unit C" which contains closely-spaced, strong
reflectors, and which probably corresponds to the layered unit described here,
but they do not mention variations in its degree of stratification. They also
refer to a "basal transparent sediment unit D" underlying unit C, hut that is
absent or at best very poorly developed on profile CD (it may be present, and
about 100 ms thick, at 0745-0810 7). [t is just possible that the transparent
unit between 1140 and 1330 Z is unit D, and is onlapped by C near 1140-1145 Z;
but the stratigraphic relationship is not entirely clear there, and we think it
is more likely to be a facies change.

The basement along this profile is approximately Turonian in age (~92 My
old), so any parts of it shallower than 5600-6000 m were probably above the CCD
at and shortly after their formation; however, the deeper parts of the basement
must have been near or below the CCD then (Fig. 3.7). A1l of the basement
should have dropped below the CCD by about 80 My b.p., although it would have
been briefly above it again during the Maastrichtian (65-70 My b.n.). We
therefore expect most of the basal unit here to consist of pelagic clay, although
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some of the shallower parts may be predominantly carbonate. Very speculatively,
the acoustic laminations in the deeper areas could result from variations in
grain size or carbonate content in local (pelagic) turbidites, slumps or debris
flows, from volcaniclastic deposits, or fluid 1lava flows. Similar
interpretations have been suggested for this unit by Duin & Kuijpers (1983), and
for similar units in Nares Abyssal Plain (NAP) by Tucholke et al. (1983).

This lowermost unit (C) reaches a maximum thickness of 260 to 300 ms or
about 300 m (0810 Z; 1045-1100 Z; 1215 Z; 1310 7). In the deeper parts,
especially where it is laminated, it is capped by a strong, prominent, regional
reflector, which is Reflector 4 of Duin & Xuijpers (1983). If most of the
sediment below Reflector 4 1is clay then the reflector could be quite young,
though the average sedimentation rate must have been greater than 300 m in 92 My,
i.e. 3 x 1076 my‘l, which is rather high for pure pelagic clay. However, if
a substantial portion of these deep sediments are more rapidly deposited
carbonates then the reflector could be considerably older. If the unit were
entirely carbonate deposited at 20 x 10-6 my‘l, Reflector 4 could be as old
as 80 My. An intriguing possibility is that the reflector arises from
Maastrichtian carbonates laid down during the brief depression of the CCD at that
time (Fig. 3.7). Reflector A* in the northwest Atlantic had that origin
(Tucholke & Mountain, 1979) and appears very similar to our Reflector 4.

Overlying Reflector 4 is a unit that is weakly stratified at its base, but
grades upwards into an acoustically strongly laminated unit whose top is at the
seafloor.  The upper (stratified) and lTower (non-stratified) parts of this unit
correspond to units A and B, respectively, of Duin & Kuijpers (1983), but we see
no obvious boundary between the two. We therefore refer to the whole unit as
AB, In the deeper parts of the basins it appears to be conformable with
Reflector 4 and the underlying Unit C (e.g. 0800-0830 Z; 1045-1110 Z), but near
the margins of the basin, and especially where Reflector 4 is weak or absent, it
clearly onlaps unit C (1150-1210 7). The unconformity between units AB and C,
coupled with the generally sub-horizontal attitude of the internal reflectors in
unit AB, strongly suggest that AB consists mainly of ponded turbidites
interlayered with pelagic sediments. The lack of strong acoustic laminations in
its Tower part may be the result of increasing attenuation of the seismic signal
with depth, as suggested by Tucholke et al. (1983) for a similar acoustic unit in
the Nares Abyssal Plain.

Within unit AB the near-surface reflectors are horizontal, but deeper ones
are progressively inclined so that near the base of this unit the reflectors are
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tending to be conformable with the top of Unit C. However, as stated above,
they are definitely unconformable on C near the basin margins (1210-1330 Z). We
attribute this progressive bending of the reflectors to differential compaction.

We recognise a prominent, almost continuous reflector at depths of 100 to
150 ms (80-120 m) beneath the seafloor. This corresponds to Duin & Kuijper's
reflector 2. It is deepest at the centres of the basins and shoals towards
their edges, where it appears to lap on to the underlying pelagic units (0845 Z;
1015 7).

Duin & Kuijpers (1983) interpret reflector 2 as the base of the uppermost
turbidites (their unit A) and recognise a transparent unit (B) below it.
However, although the resolution of our records is poorer than theirs, we see
similar closely-spaced reflectors both above and below reflector 2. Six
distinct parallel lines of energy peaks, conformable with reflector 2, can be
seen in an interval of 110 ms beneath it near 1100 Z, and not all of these can be
source or internal reflection multiples. (On this profile the basic air-gun
source signal is a strong, equally spaced triplet covering a total of 40 ms
two-way time.) Also, there is no obvious unconformity between units A and B,
whereas there is between B and C. We therefore believe that the turbidites
extend to at least 250 ms (210 m) beneath the seafloor in this region, and
probably, as argued above, right down to Reflector 4.

The lowermost of the strong reflectors in unit AB, at 200-290 ms beneath the
seafloor, may correspond to Duin & Kuijper's Reflector 3. It is at about the
right depth, but we do not recognise a distinct reflector here apart from those
belonging to the overlying section. This lowermost strong reflector appears to
be generally conformable with the weaker reflectors in the underlying transparent
unit (B), but we do recognise minor unconformities in places (e.g. 0740 7).

Unit AB has a maximum thickness of 450 ms (410 m) along profile CD. If we
assume that throughout the unit the sedimentation rate was similar to the
46 x 10°6 to 105 x 1076 m y'1 measured over the last 190,000 years in cores
{section 4.5), then it represents a depositional period of between 3.9 and
8.9 My. Weaver & Kuijpers (1983) have shown that individual GME turbidites
correlate with interglacial changes of sea level, suggesting that major turbidite
sedimentation began here at the onset of glaciation (about 2.4 My b.p. according
to Kidd et al, 1983b). If this is correct, our identification of unit AB as
turbidites would imply a sedimentation rate of up to 170 m y"l for it on this
profile. This is higher than currently observed, but it is possible that
thicker turbidites were deposited in the early history of the abyssal plain,
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since the area of ponding would then have been smaller.

Above reflector 2 we see considerable along-profile variations in reflector
strength and continuity. We show later in this report that for 3.5 kHz records
acoustic reflectors generally correlate with the silty bases of turbidites. The
airgun wavelength is much Tlonger than the average turbidite spacing, but
variations in physical properties of turbidites may still affect reflections
indirectly. If so, then the variations referred to in the profiles may indicate
variations in the silt content or grain size, possibly reflecting control of
turbidite deposition by very small scale (~1 m) variations in the relief of the
seafloor. Another possibility is that individual reflections are formed by
interference between rays reflected from very closely-spaced features, and that
variations in the reflections are due to small-scale variations in the bed
spacing. Finally, some of the areas of more broken reflectors may result
directly from small-scale relief such as channels. However, we see no evidence
of faulting or fault-like features within the sediments on this profile.

Profile GH (Example section 315/0700 Z-315/1300 Z, Fig. 3.9)

This profile is about 50 km SE of CD, and the basement here has a mean age
of approximately 95 My. Oceanic basement is clearly recorded over most of the
profile, although in the deeper parts it is difficult to interpret without the
help of the low-frequency recordings. It is shallowest (6.68 s or 5040 m below
sea level) at the top of the scarp overlooking the southern fracture zone
(0735 7), drops to 8.03 s (6230 m) within the fracture zone (0820 Z), and reaches
its greatest depth around 1120 Z. This latter is one of the deepest occurrences
of basement in the area, except for the fracture zone valleys. In profile the
steep basement scarp at 1110 Z looks very like a fracture zone, but if so it was
shortlived, since it does not extend more than about 40 km in an E-W direction
(Fig. 3.5, 31.2°N, 24.4-24.8°W),

Reflector 4 is recognised on this profile at a maximum depth of 600 ms
(580 m) below the seabed; this is somewhat deeper than on profile CD. The
reflector shoals towards the margins of the basement depressions (0900 2Z,
1045 7), and possibly occurs as high as 280 ms (240 m) at 0920-0930 Z.

The seismic units between the basement and reflector 4 are rather different
from those in section CD. Another reflector occurs intermittently about 150 ms
(150-160 m) below reflector 4. It is roughly equal in strength to reflector 4,
and typically contains 4-5 energy peaks spanning about 110 ms. We take the
sediments between this and Reflector 4 in most places to be the (pelagic?)
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unit C, and find that it is generally acoustically laminated, and is draped over
moderate underlying topography (0850-0930 Z; 1230-1300 Z) or abuts against steep
basement slopes (0740 Z; 1110 Z). Below this is a generally transparent unit,
probably Duin & Kuijper's Unit D, which has occasional reflectors within it
(e.g. at 8.28 s at 1130 Z), and so far as we can see is conformable with C.

Over the deeper parts of the basement most of the sediments below
reflector 4 appear to be ponded rather than draped, and may here contain
substantial proportions of turbidites or other bed-transported sediment, possibly
locally derived (e.g. 1110-1130 Z).

Above reflector 4 the sediment column is very similar to that in section CD.
Reflector 3 occurs at depths of 190-280 ms, and 2 occurs at 120-190 ms; both
ranges are almost identical to those in section CD, although the total thickness
of AB is in fact slightly greater here (Table 3.1).

One further difference between sections CD and GH is that in the latter we
begin to recognise vertical discontinuities in the sediment column that have been
interpreted as possible faults (Duin & Kuijpers, 1983; Duin et al., 1984).
Examples are seen at 1207 7 and 1220 Z. Here there are near-vertically aligned
discontinuities in the reflectors lying between Reflector 2 and Reflector 4.
Reflector 2 is slightly kinked but we cannot resolve any offset in it, and the
reflectors above it are unaffected. However, there are small offsets of about
10-20 ms in the deeper reflections, sometimes accompanied by zones of focussed or
defocussed acoustic energy, down to about reflector 4, below which it is
impossible to resolve the structure adequately. Because of the inherent
resolution limitations of the reflection profiling method this is only indicative
of steep slopes, and not necessarily of physical discontinuities, in the actual
reflectors. We attribute these fault-like features to the effects of
differential compaction (see section 3.5).

Profile KL (Example section 316/1000-316/1800 Z; Figure 3.10)

This is the easternmost of the Farnella profiles, over crust with a mean
basement age of 98 My. On this section basement depths are similar to those of
section GH, reaching a maximum of 1400 ms below the abyssal plain (7100 m below
sea level) in the southern fracture zone valley (1410 7). Again the greatest
depths are best seen on the low-frequency record.

Reflectors 2, 3 and 4 are all somewhat shallower than on section GH, lying
in the ranges 90-160 ms, 120-200 ms and 150-440 ms, respectively. The sediments
above Reflector 4 (unit AB) are generally unconformable with those below it
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(unit C), as can be seen for example at 1030-1040 Z, 1200-1230 Z and
1340-1350 7. At the edges of the basin the unconformity is time-transgressive
and reaches the surface of the abyssal plain, for example, as the
pelagic-sediment/turbidite contact at the foot of the abyssal hill at 1015 zZ.

To the southwest of the point at 1410 Z, Reflector 4 has much the same
appearance as on the more westerly profiles. However, to the northeast of this
point the reflector becomes increasingly broken up into a band of small
diffractions, and to the northeast of 1700 7 it becomes quite indistinct.
rurther to the northeast it recovers some, but not all, of its former clarity.
The major disturbed band extends from 31°00'N, 24°05'W to 31°20'N, 23°44'W on
this profile, and from 31°20'N, 24°10'W to 31°28'N, 24°02'W on the next profile
west (1J, not illustrated). This corresponds roughly to the position of the toe
of the Saharan Sediment Slide (Section 3.2). It is unlikely that the changes in
reflector 4 are direct effects of that slide (e.g. by increased acoustic
scattering near the sediment surface), since the reflectors above 4 are
unaffected and the slide does not extend to profile IJ. However, these changes
in the reflector may indicate some earlier disturbance in the same region.

Several other reflectors can be discerned below Reflector 4, of which the

main ones are indicated in Figure 3.9b. Some of these mark unconformities.
These deeper reflectors are less continuous than the overlying ones, and do not
obviously correlate with each other along the profile. Most of them are

actually bands of closely-spaced reflections, and the units between them vary
from acoustically well-laminated to almost 'transparent’. The transparent unit
just above basement at 1300-1330 2z may be unit D, but elsewhere the
identification of the deeper units is very uncertain, The laminated sediments
just above the basal unit here appear to onlap it, and may therefore represent
deep, basin-fill turbidites, though this interpretation is very tentative,

Above reflector 4 the sedimentary units are similar to their counterparts
further west. The main difference is that they are somewhat thinner. Unit A
and unit B are both thinner than on sections GH or CD (Table 3.1). These
uppermost units also contain more fault-like features than on profile GH. The
appearance of these features is similar to those on that profile except that in
several cases they can be seen to extend some distance above Reflector 2. This
may be due, at least in part, to the fact that profile GH was recorded with a
slightly higher frequency filter (80-250 Hz). However, we cannot resolve any
discontinuity shallower than about 100 ms below the seafloor on this profile.
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Summary of seismic reflection profiles

We recognise two major, regional reflectors - Reflectors 2 and 4 of Duin &
Kuijpers (1983). We interpret Reflector 4, at a depth of generally 200 to 400 m
{but Tocally up to 560 m) below the seabed, as marking the base of the turbidites
(unit AB) in the western part of the region and in areas of shallower basement.
We provisionally interpret the bulk of the sediments below Reflector 4 in these
areas as pelagic, probably predominantly clay. Elsewhere, especially where the
basement is deep, turbidites appear to extend much deeper into the section,
although many of these may be pelagic, not terrigenous, turbidites. Reflector 4
generally marks an unconformity (between pelagics and turbidites), but
Reflector 2 does not. We are unable at present to date either reflector with
any degree of precision.

Sub-units A and B both have similar thickness ranges in the west and central
parts of the region, but they thin somewhat to the east (Table 3.1). This is
consistent with their being turbidites derived from the east and ponding in
central and western GME. The denser seismic data of Duin & Kuijpers (1983) show
that the topography of Reflector 4 is a subdued version of that of the basement,
as would be expected if unit AB consists of basin-fill turbidites. The relief
on Reflector 4 is about 300 m. By contrast, Reflector 2 has a relief of only
about 50 m, but again it roughly follows, in a subdued way, the shape of the
basement and of Reflector 4.

Vertical discontinuities in the sediment column appear to be absent in the
western part of the region but become more common eastwards (Fig. 3.11).
Observable offsets of reflectors across these features do not exceed about 20 m,
and none has been seen to come shallower than about 100 m on the airgun profiles,
though they can be seen at shallower levels on some 3.5 kHz records (see below).

3.5 High-resolution seismic studies

In addition to air-gun seismic profiling, we have also carried out a certain
amount of high-resolution profiling using a surface towed 3.5 kHz source and a
deep-towed wide-band (5-10 kHz) source. However, the RGD has carried out the
bulk of the 3.5 kHz profiling in the area, and this has been reported by Kuijpers
(1982) and Duin & Kuijpers (1983).

We can divide the information obtained from these high-resolution records
into three categories: sediment facies inferred from acoustic echo character;
distribution of closely-spaced near-surface reflectors; and distribution of
near-vertical discontinuities or faults.
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3.5.3 Fault-like features

The presence of acoustic discontinuities in the area was first noted by Duin
& Kuijpers (1983) and subsequently documented by Duin et al. (1984). These
authors interpreted the features as faults, some with a reverse sense of offset.

The interpretation of the records is not straightforward. Surface-towed
seismic profiling equipment uses broad-beam transducer arrays; in the case of
3.5 kHz profiles, the beam is approximately a 90° cone, whereas for airgun or
watergun profiling the beam is completely undirectional in the vertical plane
normal to the ship's track. This means that reflections can be received from
features up to several kilometres away from the nadir, so that point-reflectors
are drawn out into long hyperbolae (Hoffman, 1957; Krause, 1962; Smith, 1977;
Flood, 1980). Further complications arise from the fact that curved reflectors
will tend to focus or defocus energy and this can lead to the spurious impression
of a fault plane. Also, it is impossible to resolve curvature on a reflector
that has a smaller radius of curvature than the acoustic wavefront and this, for
a surface-towed transducer, will be always greater than the water depth. There
was therefore a real possibility that the apparent faults in fact arose from
relatively gentle synclines or monoclines. Certainly it did not seem possible
to be certain of the angle of the fault plane, and therefore that some are
reverse faults, on the basis of existing surface-towed records. Finally, the
Dutch authors were unable to correlate their faults from track-to-track (with an
average track spacing of about 15 km) so the strike was unknown.

Part of Discovery cruise 134 was therefore devoted to a closely spaced
(approximately one nautical mile) 3.5 kHz profiler survey and a number of
deep-towed profiler runs over an area known to show a number of these apparent
faults (Figs. 3.11, 3.12). GLORIA sidescan and airgun seismic reflection
profiles obtained in this area by Farnella were closely re-examined to try to
find evidence of these features.

The appearance of the acoustic discontinuities on the 3.5 kHz records from
Discovery cruise 134 is very striking (Fig. 3.13). The majority of the
discontinuities run to within 20 metres of the sediment surface, although some
appear to extend higher. Occasionally the first sub-bottom reflector, at a
depth of about 6 m, is affected by an apparent offset of 1-2 m or by a sharp
change in reflection intensity. There is rarely a topographic expression at the
seabed and this is always < 1 m. These shallow effects are therefore very close
to the resolution 1imit of the profiling system. The vertical offset of the
sedimentary reflectors increases with depth, and normally extrapolates to
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zero at the seabed (Duin et al. 1984). Near the discontinuities, reflectors
tend to be upbowed with a final downwarp toward the apparent fault on its
downthrown side. This 'rollover', or reverse-drag on the downthrow side of the
discontinuity is very common, although better developed on some profiles than
others (Fig. 3.13). Not all discontinuities are as simple as this; graben-like
and other structures have also been observed.

Away from a discontinuity the reflectors return to approximately the same
level, which is characteristic of growth faults associated with differential
compaction, but not of ordinary normal or reverse faults. Many of the apparent
faults are highlighted by a concentration of reflected energy along the plane of
the acoustic discontinuity on the side where the rollover is observed, and a
Tens-shaped area on the other side that shows a drop in reflected energy. These
effects can give rise to the appearance of a fault plane, but careful examination
of the records convinces us that we cannot determine the dip of any such plane
with sufficient precision to say whether the apparent faults are normal or
reversed.

Positions of the apparent faults observed during the Discovery 134 survey
are shown in Figure 3.12, together with the basement topography from Figure 3.6.
Clearly most of the faults are aligned in a NNE-SSW direction, parallel to the
dominant basement grain, although details of the basement morphology are not well
resolved here,

Figure 3.14 shows the depth below the seabed of an arbitrary reflector from
the Discovery cruise 134 3.5 kHz profiles, chosen solely for its easily
identifiable character and its occurrence throughout the study area. To some
extent the depth of this reflector below the seabed may reflect the detailed
morphology of the basement in this area, but it is also clearly affected by the
general upbowing and rollover of reflectors near the acoustic discontinuities,
and it is difficult to separate these two effects. However, a detailed airgun
survey carried out on Discovery cruise 144 while this report was being prepared
showed that most of the acoustic discontinuities actually lie over the crests of
basement highs,

Re-examination of GLORIA data in this area yielded only one target that
coincided with a discontinuity mapped from the Discovery 134 survey. However,
the GLORIA target is very small (less than 1 km long) and is right at the limit
of resolution of the system. Detailed near-bottom surveys will be needed to
check whether this is really the outcrop of a fault on the seafloor.
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Some discontinuities can also be seen on the airgun seismic reflection
profiles obtained during Farnella cruise 3 (see Section 3.4). On these airgun
records it is difficult (especially at depth) to determine if there is any
increase in offset with depth. Most of the discontinuities are subvertical, and
although one can tell the ‘'downthrow' side, these features should not be
classified as normal or reverse faults as the true angle of the apparent fault
planes cannot be resolved.

The geographical distribution of the discontinuities as picked from the
Farnella airgun records is shown in Figure 3,11, They are plotted together with
the thickness of Unit AB to emphasize the concentration of the features in areas
of maximum thickness of this unit. Duin & Kuijpers (1983) and Duin et al.
(1984) found a similar relationship. Few fault-like features occur in areas
where the unit is less than 300 m thick.

From the evidence it seems clear that the features seen on the records
reflect a real change in the attitude of the sediments, and are not artifacts of
the acoustic profiling systems. These changes in attitude of the reflectors are
concentrated along clearly defined trends, probably governed by some form of
structural (basement) control. There are three geological features that would
give records such as those examined: small synclines, monoclines, and faults.
The general structure of the features, and especially the asymmetrical growth on
one side of the discontinuity, suggests that they are not synclines. One of the
most diagnostic features is the 'rollover' or reverse-drag which is commonly
found in conjunction with growth faults (e.g. Honea, 1956; Hamblin, 1965). The
fact that far from the discontinuities the reflectors return to the same level
suggests that the discontinuities are not monoclines; also to give the seismic
traces seen on the record, monoclines would have to be migrating growth folds,
probably turning into growth faults at depth.

It was hoped that the deep-towed profiler runs of Discovery cruise 134 would
resolve the ambiguity between monoclines and faults. Three runs were carried
out, and it was thought that these included at least one crossing of a
discontinuity as mapped from the surface. No offsets of reflectors were seen on
the deep-tow record. However, there were residual doubts about the accuracy of
the navigation (the deep-towed vehicle was not navigated by acoustic beacons) and
the question remained open. During acoustically navigated deep-tow runs on
Discovery cruise 144, at least one instance of offset reflectors was seen on the
deep-towed record. The shallowest reflector offset was about 17 m below the
surface and at 30 m depth the offset was 2 m over a minimum horizontal distance
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of 18 m. This could still be a monocline at this level, but may develop into a
fault at greater depth if the offset increases sufficiently.
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TABLE 3.1 - Depths to reflectors and thicknesses of seismic units, in

milliseconds of two-way time.

r | [ ]
Profile e GH LKL

: %
Depth to R2 | 120-180 ms . 120-190 ; 90-169
Depth to R3 j 200-280 é 190-280 © 120-200
Depth to R4 g 240-450 | 280-560 - 150-440
Maximum depth to basement i 700 ; 1300 (16507) ; 1400 |
Thickness of A % 120-180 E 120-190 é 90-160
Thickness of B % 180-310 g 140-400 ; 40-290
Thickness of AB 240-450 i 280-560 é 150-440

i
|
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Contoured magnetic anomalies reduced to IGRF 1975.0 (IAGA, 1981).

Contour interval 100 nT. Ship's tracks shown by broken lines
(Discovery 118 and 134; Farnella 3/81). Heavy lines indicate
fracture zones inferred from the basement topography. Circled

numbers give magnetic anomaly identifications:; bold numbers give
interpolated crustal (basement) age in My.

Bathymetric chart of GME, in metres corrected for velocity of
sound in seawater. Based on soundings collected along tracks of
Figure 1.1, with interpolation of contours between tracks guided
by GLORIA data (Fig. 3.3).

Physiography of GME deduced from GLORIA images. Fine stipple:
areas of moderate-to-high GLORIA backscattering, corresponding to
basement outcrop or abyssal hills and small seamounts draped by
pelagic sediment; broken Tines: acoustic lineations reflecting

turbidity current pathways; coarse stipple: area of debris
flow. Heavy lines outline area insonified by GLORIA. Boxes
indicate positions of GLORIA sonographs shown in Figure 3.4.

Three individual GLORIA sonographs over parts of GME. For

location see Figure 3.3.

Total sediment thickness inferred from seismic reflection
profiles. I0S data have been combined with the data presented in
Enclosure 3 of Duin & Xuijper (1983). Two-way travel-time
observations have been converted to depths using the expressions
shown: see text for further details. Isopach interval is 250 m,
with heavy lines every 1000 m.

Total depth to basement inferred from seismic reflection profiles,
assuming the same travel-time/depth relation as for Figure 3.5.
Contour interval 250 m. I0S data have been combined with data
from Enclosure 2 of Duin & Kuijper (1983). Heavy 1lines show
locations of profiles in Figures 3.8 to 3.10.

Variation of carbonate compensation depth (CCD) with time in the
North Atlantic, after Van Andel (1975) and Tucholke & Vogt
(1979). Cross-hatching indicates areas of uncertainty or finite
range of CCD. Also shown is the predicted track for 92 My old
seafloor, assuming that it was created at the Mid-Atlantic Ridge



Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

Figure 3.14
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at a depth of 2600 m and subsequently followed the normal
age-depth curve of Parsons & Sclater (1977). The effects of a
simple two-stage sedimentation model are also shown, though it is
emphasised that the actual history may have been more complex {see
text).

Part of seismic reflection profile CD, with interpretation.
See Figure 3.6 for 1location, and see text for details of
interpretation. Recording frequency band was 50 to 150 Hz.

Part of seismic reflection profile GH, with interpretation,
Arrowheads above section indicate positions of small faults.
See Figure 3.6 for location. Recording frequency 50 to 150 Hz.
Part of seismic reflection profile KL, with interpretation.
Arrowheads above section indicate positions of small faults.
See Figure 3.6 for location. Recording frequency 80 to 250 Hz.
Plot of acoustic discontinuities (fault-like features) observed by
seismic reflection profiling in GME.

Location of fault-like features observed in the detailed survey of
Discovery cruise 134, Tracks of this survey are shown as light
lines. Isopachs to basement are also shown, taken from
Figure 3.5. Heavy 1lines show Tlocation of profiles in
Figure 3.13.

Examples of 3.5 kHz records across apparent  faults.
Profile locations shown in Figure 3.12.

Isopachs (in metres) to a prominent, deep reflector observed on
3.5 kHz records in the 'fault' survey, Locations of apparent
faults are also shown.
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Figure 3.2

Bathymetric chart of GME, in metres corrected for velocity of sound in seawater. Based on
soundings collected along tracks of Figure 1.1, with interpolation of contours between tracks
guided by GLORIA data (Fig. 3.3).



Figure 3.3
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Physiography of GME deduced from GLORIA images. Fine stipple: areas of
moderate-to-high GLORIA backscattering, corresponding to basement outcrop
or abyssal hills and small seamounts draped by pelagic sediment; broken
lines: acoustic lineations reflecting turbidity current pathways; coarse
stipple: area of debris flow. Heavy lines outline area insonified by
GLORIA. Boxes indicate positions of GLORIA sonographs shown in
Fiqure 3.4,
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Total sediment thickness inferred from seismic reflection profiles. 108
data have been combined with the data presented in Enclosure 3 of Duin &
Kuijper (1983). Two-way travel-time observations have been converted to
depths using the expressions shown: see text for further details.
Isopach interval is 250 m, with heavy lines every 1000 m.
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Figure 3.6

Total depth to basement inferred from seismic reflection profiles, assuming the same
travel-time/depth relation as for Figure 3.5. Contour interval 250 m. I0S data have been
combined with data from Enclosure 2 of Duin & Kuijper (1983). Heavy lines show locations of
profiles in Figures 3.8 to 3.10.
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Figure 3.7

Variation of carbonate compensation depth (CCD) with time in the North Atlantic, after Van
Andel (1975) and Tucholke & Vogt (1979). Cross-hatching indicates areas of uncertainty or
finite range of CCD. Also shown is the predicted track for 92 My old seafloor, assuming
that it was created at the Mid-Atlantic Ridge at a depth of 2600 m and subsequently followed
the normal age-depth curve of Parsons & Sclater (1977), The effects of a simple two-stage
sedimentation model are also shown, though it is emphasised that the actual history may have
been more complex (see text).



-53-

(wy] yidep -xddy

*ZH 0ST 03 QG Ssem pueq Aousnbauy builp4ooay *uoL3}e3aJdduaajul JO SfLe3}ap J04 XD
939S pue ‘uol3ed0| 404 9°¢ dunbL4 995 °uOL3eIdAdUIIUL YIIM Q) 9 L404d UOLIID[4O4 DLWSLIS JO Jded g°¢ m;:m_m

wy 0z "xddy

juswaseg
/ dweed0

vi/pie o 2k m ot 60 80/¥1E

0-L - d

m-m ) ,.v, ) M

; - g o

$

®

. <

et 3

L w

&3 L=




-54~

(wy] yydep -xddy

*ZH 0S1
03 0§ Aduanbauy buipu0day *U0L3eo0| 404 9°¢ dunBL4 d3S°Ss3|nes [lews 40 suoirjrsod agedpul

UOL3J9S 9A0Qe SPRIYMOUUY *uotje3adduajul Y3M ‘H9 9| 1joud UOLIII[JBU4 OLWSLIS JO 3Jdeq 6°€ 94nbL 4
r -1
wy Oz "xddy
\a\
N
a
o) . —b Juswaseg
)¢ P
e - g - dluesdp
_— =8 -
N\ "
mw\_mwm N.w P.w @—, m.o w.o NO\M_.M
« - -6
S-1 -
0-L - o

5.9 - , S

»

0-9 - <

5

o

S-G - @

0-G -




-55~

*ZH 0SZ 03 08 Aduanbauy bulpua02dy  *u0L3ed0| L0 9°¢ dunbL4 93§ °S3|hey i
LLewsS 40 SUOL3tSod 93eILpuUl UOLFIDS DAOGR SPRIUMOUUY  *u0L3e3aududiul Y3tm ‘) 9 140uad UOLIII[404 DLWSLIS JO Jude( 0T°€ 9unbL4

wy gz "xddy

Jusweseq
slueadQ

o]
g
v

gL/9l¢e Ll 9l St vi 1] 8 cl (43 oL/9ie
: , ! e

S-L -

0:f ¢t “mle

jwy) yydep ‘xddy
{s] awy} Aem-omi




-56-

of¢

o¥e

09C

o€ o2 0L 0
————

MY W 00y < Sl g+ Vv Hun alaym ealy @
3913 W 00 < St E+V Hun aseym eauy [ ]

ddS SOl uo
.(padojaasp Ajood 10 ulelIaoUN) s)neq e

dHS SOl U0 pPaAIasSqo S}ned =
dHS yodInQg uo paAIasqo s}neq v
1SV3 HO313IN 1v3HO

ol€

oCt

o€C

obe

092

Figure 3.11
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Figure 3.13 Examples of 3.5 kHz records across apparent
faults. Profile locations shown in Figure 3.12.
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