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Summary. The ‘magnetic quiet zone’ in the eastern Gulf of Aden is located 
between the oceanic crust of Sheba Ridge and the continental crust of Arabia 
and Somalia, and is separated from both by important structural boundaries. 
The seaward boundary is marked by the end of the seafloor spreading 
magnetic anomaly sequence and by a basement depth discontinuity. The 
landward boundary is marked by escarpments made up of a series of normal 
faults. These escarpments extend from 2-3km below sea-level to 1500m 
above sea-level and are equivalent of the ‘hinge zone’ found at mature con- 
tinental margins. The magnetic field in the quiet zone is flat in some areas and 
in others is characterized by anomalies of up to several hundred gammas 
which are correlatable over distances of up to about 20 km and which appear 
related to basement topography. The basement lacks the topographic slope 
characteristic of mid-ocean ridge flanks and is characterized by moderately 
rough relief. The crustal structure appears quite heterogeneous and where the 
crustal thicknesses have been determined, they are slightly greater than those 
of oceanic crust. New heat flow measurements show high values (95.7-- 
123.3 mW m-2) in the quiet zone with values decreasing from Sheba Ridge 
toward the coast. 

The unusual structure of the quiet zone and the observations that more 
opening appears to have occurred between Arabia and Somalia than can be 
accounted for by the oceanic crust of Sheba Ridge leads to the suggestion 
that the magnetic quiet zone was generated by diffuse extension of con- 
tinental crust through a combination of rotational (listric) faulting and dyke 
injection. This possibility is investigated using both a ‘stretching’ or ‘litho- 
spheric attenuation’ model and a model in which a portion of the extension 
occurs through dyke injection. It is found that these models can adequately 
match the observed heat flow and basement depths although very large 
amounts of extension (0 = 4-6) are required in the deep seaward portion of 
the quiet zone. This results in more extension than is compatible with the 
documented motion between Arabia and Africa. 

However, formation of the magnetic quiet zone occurred over a period of 
10-15 Myr rather than instantaneously as assumed in the simple models. 



172 J. R. Cochran 

When the effects of a finite length rifting episode are considered, less 
extension is required and the observed geophysical data are consistent with a 
diffuse extension origin for the magnetic quiet zone. 

Introduction 

Since the early 1970s when Drake & Burk (1974) characterized continental margins as ‘a 
belt of ignorance extending sinuously across the Earth’s surface’, considerable effort and 
imagination has been expended to study the structure of passive continental margins and the 
processes which operate during rifting. Much of this work has been directed at the old con- 
tinental margins around the Atlantic where the age of the margins has presented several 
problems in studying their origin and evolution. 

Studies of the subsidence history of the eastern margin of North America have shown 
that the tectonic subsidence recorded by the sediments decreases exponentially with time 
(Sleep 1971) which can be explained simply in terms of cooling of a heated lithosphere 
(Sleep 1971; Steckler & Watts 1978; Keen 1979). Recently several models invoking various 
mechanisms have been proposed for continental rifting and the development of a continental 
margin (Sleep 197 1 ; Falvey 1974; McKenzie 1978; Royden, Sclater & Von Herzen 1980). 
All of them can produce similar subsidence rates at mature margins since they all involve 
cooling and thermal contraction at that stage. It is primarily during the first 20 30 Myr that 
the models vary in the predicted subsidence (or uplift) and heat flow. However, the great 
quantity of sediments (as much as 15 km) on the margins from which well data are available 
both obscures the basement structures and has made it difficult to sample the earliest sedi- 
ments, the nature and accumulation rate of which would provide information on the rifting 
process. 

Seismic and drilling work on the ‘starved’ Atlantic margins of the Bay of Biscay (de 
Charpel et al. 1978; Montadert et al. 1979) has delineated a basement structure consisting of 
large tilted fault blocks apparently bounded by listric faults and has provided valuable 
information on the structure of the margin and on the style of deformation during rifting. 
However, the sediment starved nature of these margins prevents determination of the sub- 
sidence history, and the age of the rifting (Albian- Aptian) prevents direct measurement of 
the transient thermal effects of the rifting. It is thus important to find suitable young con- 
tinental margins which can yield information on the rifting process. 

The Gulf of Aden is a young ocean basin formed by the rifting of Arabia away from 
Africa (Fig. 1). The rifting process began in the late Oligocene or earliest Miocene (Somali- 
land Oil Exploration Co. Ltd 1954; Azzaroli & Fois 1964; Beydoun 1966) and the oldest 
magnetic anomaly over Sheba Ridge, the mid-ocean ridge in the Gulf of Aden, is Anomaly 5 
(about 10 Myr BP) (Laughton, Whitmarsh & Jones 1970;Cochran 1981). In the eastern Gulf of 
Aden, there is an approximately 80 km wide area between Anomaly 5 and the coast, much 
of it deep water, in which the magnetic field is either flat or consists of magnetic anomalies 
which are not correlatable from track to track. The nature of this ‘magnetic quiet zone’ is 
crucial to understanding the formation and evolution of the margin because it is found 
between the demonstrably oceanic crust of the Sheba Ridge and the demonstrably continental 
crust on shore; and probably developed during the early stages of rifting, prior to the 
initiation of seafloor spreading at Sheba Ridge. It is apparently equivalent to the region 
between the hinge zone and the East Coast Magnetic Anomaly off the eastern coast of the 
United States. 

The purpose of this paper is to use geophysical data, primarily from a recent cruise of 
RV Vema, to describe the structure of the magnetic quiet zone and to discuss a model for its 
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formation and the evolution of continental margins in general. This study will concentrate 
on the Arabian margin of the Gulf of Aden between 47"E and 52"E (see Fig. 1) both 
because our data are concentrated in that area and because it is away from the complicating 
influence of the Afar hot spot. 

Continental margin of the eastern Gulf of Aden 

The bathymetry and tectonics of the northeastern Gulf of Aden are shown in Fig. 2. 
Seismic reflection profiles across the magnetic quiet zone from Vema cruise 35 are shown in 
Fig. 4. Bathymetric, magnetic and gravity data are shown in Figs 5--7 as profiles projected 
along N 32" E parallel t o  the fracture zone trend. The location of all tracks is shown in Fig. 
3. The magnetic anomaly and fracture zone identifications in Fig. 2 are from Cochran 
(1981) and are discussed in detail there. The magnetic anomalies (Figs 2 and 6) record sea- 
floor spreading on Sheba Ridge for the past 10Myr at a half rate of about 1.1 cmyr-' and 
the data are consistent with Arabia-Somalia poles and opening rates given by McKenzie, 
Davies & Molnar (1970) and Minster & Jordan (1978). 

M O R P H O L O G Y  

The morphology of Sheba ridge is dominated by NNE-SSW trending ridges and troughs 
resulting from the closely spaced fracture zones; the ridges represent normal oceanic seafloor 
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Figure 3. Location of ship tracks for profiles in subsequent figures. Track identifications correspond to 
those on the profiles. 

and the troughs fracture zones. On the ridge flanks, the ridge and trough morphology is 
buried beneath sediments, resulting in small abyssal basins and a gentle continental rise with 
low relief. Except between 51" E and 52" E where Wadi Hadramawt, which drains much of 
the southern Arabian highlands, has built an appreciable fan, the continental slope is steep 
and continues with only a very narrow coastal plain as an escarpment rising up to a plateau 
at an elevation of 1000-1500 m. The escarpments were formed by normal faulting which 
has been dated as late Oligocene or earliest Miocene (Aquitanian-Burdigalian) (Somaliland 
Oil Exploration Co, Ltd 1954; Azzaroli & Fois 1964; Beydoun 1966). The elevation of the 
plateaus which flank both sides of the Gulf of Aden appears to have accompanied or 
closely followed the faulting (Azzaroli 1968). 

BASE: M E N T  M 0 K P H O  LO G Y 

In the area of the Hadramawt fan, the basement reflector on the seismic profiler records dies 
out just landward of the quiet zone boundary (profiles V35-08-V35-10, Fig. 4). Seismic 
refraction data (Fig. 8, Tables 1 and 2) over the Hadramawt fan show that the basement in 
the quiet zone is 500-1000 m deeper than in the older part of the Sheba Ridge, where the 
basement is visible. The depth difference is decreased, but not removed when the effects of 
sediment loading are considered (see Fig. 14). Further west, where the basement is visible 
in the quiet zone (profiles V35-12-V35-16, Fig. 4), the ridge flank-quiet zone boundary is 
consistently marked by  a sudden increase in the basement depth. 

The basement reflector in the quiet zone is characterized by several hundred metres of 
relief with individual features of the order of I0  km wide (Fig. 4, profiles V35-13-V35-15) 
and in general is similar in appearance to oceanic crust although less rough than the crust on 
Sheba Ridge. Recent multichannel seismic studies (for example, de Charpel et al. 1978; 
Boeuf & Doust 1979) have shown a difference between normal oceanic crust and that found 
beneath some continental margins, which consists of asymmetric features which have been 
interpreted as rotated fault blocks of continental crust. It is not possible to distinguish 
between the two types of basement on single channel seismic reflection profiles such as 
those in Fig. 4 because of the high vertical exaggeration (about 20 times). However, the 
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Figure 4. Seismic reflection profiles from the eastern Gulf of Aden. Heavy vertical lines mark the boundary 
between the Sheba ridge flank and the magnetic quiet zone. Sheba Ridge rift valley can be seen on profiles 
V35-08, V35-09, V35-10. Profiles end 20 miles(37 km) from shore. Location of profiles is shown in Fig. 3 

quiet zone crust is found at a relatively constant depth, lacking the topographic gradient of a 
mid-ocean ridge flank. This observation is true not only for the time sections shown in Fig. 
4, but also when sediment velocity information from wide angle reflections (Table 1) is used 
to calculate the depth to  basement. If this region is oceanic crust generated on Sheba Ridge 
between 10 and 20 Myr BP,  a 500 m increase in depth (roughly 0.5 s in Fig. 4) would be 
expected from south to north across the quiet zone (Parsons & Sclater 1977). 
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M A G N E T I C  ANOMALIES 

There is a pronounced change in the nature of the magnetic anomalies over the quiet zone 
near Fracture Zone C. East of there, the magnetic field is remarkably flat with no anomalies 
greater than a few tens of gamma (profiles V35-08-V35-11, Fig. 6). In the westein profiles 
there are magnetic anomalies with amplitudes of up to about 450 gamma in the quiet zone. 

EASTERN GULF OF ADEN 
TOPOGRAPHY 

Figure 5. Topography profiles from the eastern Gulf of Aden. Location of profiles is shown in Fig. 3. All 
profiles have been projected along N 32" E. Dashed vertical line shows location of the axis of Sheba Ridge 
and solid vertical line shows ridge flank- quiet zone boundary. 

A few correlations are shown in Fig 6 for the western area. They are generally in the 'vee' 
of a track into and out of the margin, so that the correlation is only over a distance of about 
10 km. Even over that distance there are significant changes in the anomaly amplitude. 

There is a difference of as much as 2 km in the depth to baselnent in the area of smooth 
magnetic anomalies east of Fracture Zone C and the rougher magnetic to the west (Fig. 9), 
but that in itself cannot explain the differences in the character of the anomalies, as upward 
continuation of magnetic profile V35-15 by  2 km still gives magnetic anomalies of the order 
of 200 gamma. This suggests that either the basement rocks under the two regions are 
different or that the two areas have had a different tectonic history. 
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EASTERN GULF OF ADEN 
MAGNETICS 
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Figure 6 .  Total intensity magnetic anomaly profiles from the eastern Gulf of Aden. Location of profiles is 
shown in Fig. 3. All profiles have been projected along N 32" E. Heavy vertical lines mark the ridge flank 
- quiet zone boundary and on profiles V35-12-V35-16, some anomaly correlations within the quiet 
zone. Fine vertical lines shown correlations with theoretical anomalies generated from the geomagnetic 
reversal sequence of La Brecque, Kent & Cande (1977) with inclination 12" and declination 0". 

C R U S T A L  S T R U C T U R E  

The seismic refraction profiles in the Gulf of Aden quiet zone (Tables 1 and 2, Fig. 8) show 
a very heterogeneous structure. An upper crustal layer with a velocity in the range of 4.0- 
5.5 km s-l and a thickness of 1-2 km is present in most of the profiles. The lower crustal 
velocity, however, varies greatly from about 6.0 to 7.4kms-'. Some of this scatter may be 
due to basement dips or topography as evidenced by the different velocity structures found 
in the reversed pairs of profiles R4-R5 and R6-R7. However the variations are considerably 
greater than those shown by the reversed profiles. There is also some degree of geographical 
grouping of results at least to the extent that adjacent stations tend to be similar. For 
example, stations R17, R18 and 6218 which are located between the Alula Fartak Fracture 
Zone and Fracture Zone A have relatively high velocities of 6.9-7.2 kms-' for the main 
crustal layer while stations R4, R7 and 166 which are located between Fracture Zones A and 
C show lower velocities (6.0-6.6kms-'). Mantle arrivals were not recorded on any of the 
Vema 35 stations and previously published data (Nafe, Hennion & Peter 1959; Laughton & 
Tramontini 1969) give crustal thicknesses in the magnetic quiet zone at only three locations. 
Station 6218, in our study area has a typical ocean velocity structure and a 9.65 km thick 
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EASTERN GULF O F A D E N  
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Figure 7. Free-air and isostatic gravity anomaly profiles from the eastern Gulf of Aden. Location of 
profiles is shown in Fig. 3 .  All profiles have been projected along N 32" E. Dashed vertical line shows 
location of the axis of Sheba Ridge and solid vertical line shows ridge flank - quiet zone boundary. 

crust (Table 2). Stations 6233 and 169 in the far western Gulf of Aden show 7.2-9 km thick 
crust and an oceanic velocity structure, although with a rather low Layer 3 velocity 
(6.5 km s-'). These stations were interpreted by Laughton & Tramontini (1969), Laughton 
et al. (1970) and Girdler & Styles (1978) as indicating that the magnetic quiet zone is under- 
lain by  oceanic crust. Crustal thicknesses determined for stations on the Sheba Ridge range 
from 3.76 to 9.42 km and average about 5.5 km. Thus the crustal thicknesses determined for 
the quiet zone tend to be slightly thicker than those determined for Sheba Ridge, although 
the two ranges overlap. 

G R A V I T Y  A N O M A L I E S  A N D  E X T E N S I O N  O F  F R A C T U R E  Z O N E  F A B R I C  I N T O  T H E  

Q U I E T  Z O N E  

All available data were used to construct a free-air gravity anoinaly map of the north- 
eastern Gulf of Aden at a 10 mgal contour interval (Fig. 10). Details of the data set are given 
in Table 3. The gravity anomalies over Sheba Ridge reflect the bathymetry with both the rift 
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Table 1. Vema 35 sonobuoy refraction stations in the Gulf of Aden. 

S t a t i o n  

V35R4 

V35R5 

V35R6 

V35R7 

V35R8 

V35R9 

V35R10 

V35R11 

Y35RlZ' 

V35R13' 

Y35R14 

V35R15' 

L a t . t  

14"37.1' 

14'37.7' 

14'26.4' 

14'27.7' 

13'30.4' 

1390. 1 ' 

13'3.2' 

13O24.3' 

13-37.6 ' 

14'16.7' 

14'16.0' 

14"9.2' 

Long .t Water 

51-12.5' 1.247 

51O9.1' 1.388 

50'47.7' 2.029 

50"49.4' 2.015 

48O10.5' 1.779 

46'12.2' 1.455 

46'31.6' 1.364 

47'42.0' 1.669 

48O47.5' 1.793 

49"24.1' 1.094 

49O59.0' 1.851 

50"12.5' 2.327 

THICKNESS (kin) LAYEWSUM 
Sediment Layers Crustal Layers VELOCITIES 

HZ H3 "4 H5 H6 '2 '3 '4 '5 '6 '7 
.524 
1.771 
.470 

1.858 
,658 

2.687 
,567 

2.582 
,426 

2.205 
1.445 
2.900 
1.466 
2.830 
1.355 
3.023 
,423 

2.216 
1.213 
2.307 
.984 

2 . 8 3 5  

.766 
3.093 

1.319 ,262 ,939 2.563 1.84 2.77 3.00 4.1 4.8 6.3 
3.090 3.352 4.291 6.854 
,653 ,854 ,617 1.162 (1.84) 2.55 3.55 4.1 4.75 5.4 

2.510 3.364 3.981 5.143 
,903 .806 1.167 1.83 2.76 2.99 5.3 6.0 
3.590 4.396 5.563 
,901 ,708 ,720 1.81 2.49 3.33 3.85 4.6 
3.482 4.191 4.911 
,517 .559 ,812 1.341 1.81 2.04 3.08 4.15 5.4 7.4 

2.721 3.280 4.092 5.433 

3.936 5.464 
1.036 1.528 (2.3) 3.5 4.95 5.55 

2.30 4.8 

1.98 6.8* 

.383 1.829 1.855 
2.599 

2.03 

.785 2.09 3.6 5.65 
3.619 

1.91 

V35R16 14-1.5' 50-22.6' 2.378 ,585 ,789 ,986 (1.9) 4.2 5.2 6.05 

V35R17 14"16.2' 51'26.3' 1.969 ,314 ,964 ,464 1.121 1.485 1.58 2.48 3.35 4.1 5.9 7.2 

V35Rl8 15O7.8' 52.4 4' ,338 1.141 1.589 (1.9) 5 .0  7.0 

2.962 3.752 4.738 

2.284 3.248 3.712 4.833 6.319 

1.478 3.067 

( ) =assumed velocity, * =poorly determined value, #=bottom layer is from wide angle reflection off 
crustal appearing reflector. 
t = mid-point of profile. 

Table 2. Previous seismic refraction stations in the Gulf of Aden (Laughton & Tramontini 1969) 

END POINTS THICKNESS (kin) LRYER/SUM 
WEST EAST CRllZTAL LAYERS VELOCITY 

S t a t i o n  L a t .  Long.  L a t .  Long. Water  Sediment H2 H3 vH20 v l  "2 v3 V4 

165* 13'54' 52-45' 13'29' 53"23' 1.98-2.67 0.23-0.55 0.85-1.36 6.84-4.44 1.50 1.85 4.11 6.44 7.55 

166* 13'58' 50'36' 14"17' 51'00' 2.48-2.00 0.74-1.54 1.22-1.95 1.50 1.83 4.60 6.61 

12-53, 48'35' 12-53, 49'10' 2.22-2.45 0.40-0 28 2.36-1.64 1.50 (2.08) 4.07 6.71 167* 

168* 11'38' 46"48' 11-38, 47"16' 1.97-2.00 0.44-0.61 2.13-1.53 1.50 (1.83) 3.94 5.79 

169* 12-41' 46"Ol' 13-02, 46-35, 1.31-1.48 1.33-1.12 1.85-1.57 6.25-5.90 1.51 1.90 4.25 6.52 7.82 

6215/6219* 13'33' 51"43' 14a29' 52"19' 2.22 0.95-0.35 2.30-1.33 2.49-4.93 1.51 (2.0) 4.81 6.65 7.94 

6218 14"Il' 51"32' 14'46' 51"53' 1.61 1.52 1.51 6.62 1.51 (2.0) 5.30 6.90 8.45 

6228 . 12"03' 48'01' 12'12' 48"37' 2.17 0.41 2.81 1.51 (2.0) 5.22 6.96 

6233 10'50' 44-39, 10'56' 45"22' 1.39 1.16 2.88 4.33 1.52 (2.0) 4.33 6.54 8.16 

6235/6236* ll"44' 43'57' 11'48' 44'40' 0.52-0.89 0.65-0.28 2.03 6.39-3.42 1.52 (2.0) 3.98 6.40 7.06 

6239 ll"54' 45'29' 12"Ol' 46"04' 1.10 0.42 1.71 2.05 1.52 (2.0) 3.99 6.15 7.14 

2.21-3.52 3.06-4.58 9.90-9.02 

3.22-3.54 4.44-5.49 

2.62-2.73 4.98-4.37 

2.41-2.61 4.54-4.14 

2.64-2.60 4.49-4.17 10.74-10.07 

3.17-2.57 5.47-3.90 7.96-8.83 

3.13 4.64 11.26 

2.58 5.39 

2.55 5.43 9.76 

1.17 3.20 9.59-6.62 

1.52 3.23 5.28 

( ) =assumed value, *=reversed profile. 

valley and the WE-SSW ridge and trough morphology quite evident. The magnetic quiet 
zone is also characterized by  a series of NE-SW oriented gravity highs and lows which 
appear related to the ridge flank and fracture zone fabric of the Sheba Ridge although in 
general they are not a direct continuation of the pattern found on the ridge flank. Instead, 
the landward continuation of fracture zones, which are marked by gravity lows on the ridge 
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SEISMIC REFRACTION STATIONS IN THE GULF OF ADEN 
QUIET ZONE 

SHEBA RIDGE 

( 1 Assumed voliie 
* Poorly determined value 

I '1 Crust 

k?\w Montle 

Figure 8. Seismic refraction sections obtained in the Gulf of Aden. Location and tabulation of the 
stations is given in Tables 1 and 2. 

flank, tend to  fall along gravity gradients. A striking example of this is the continuation of 
Fracture Zone B which appears to control the gravity pattern associated with the 
Hadramawt fan. 

It appears from the sediment isopach map (Fig. 9) that the fracture zones extend into the 
quiet zone not as distinct morphologic features, as they are on Sheba Ridge, but rather as lines 
along which basement features terminate. Other than the Alula Fartak Fracture Zone, the 
only fracture zone which can be traced as a basement feature into the quiet zone is Fracture 
Zone F, which is marked by a basement ridge in the magnetic quiet zone as far landward as 

Table 3. Summary of instrumentation and navigation used for gravity measurements. 
Cross-coupl ing 

Cru i se  Year # Measurements Gravimeter Nav iga t i on  Cor rec t i on?  

VEM4 33-06 1976 471 Graf-Askania Gss-2 Sate l  li t e  Yes 

VEM 33-07 1976 480 Graf-Askania Gss-2 S a t e l l i t e  Yes 

VEM 35-02 1978 820 Graf-Askania Gss-2 S a t e l l i t e  Yes 

CHAIN 43-2 1964 115 LaCoste-Rmberg C e l e s t i a l  No 

CHAIN 100-4 1971 510 M. I .  T. V i b r a t i n g  S a t e l l i t e  

ATLANTIS I 1  93-18 1977 437 M.I.T. V i b r a t i n g  S a t e l l i t e  

OCEANOGRAPHER - E 1967 28 Graf-Askania Gss-2 Sa te l  1 i t e  No 

METEOR 1968 65 Graf-Askania Gss-2 Cel es t i  a1 No 

DISCOVERY 67 1967 1234 Graf-Askania Gss-2 Celes t i  a1 No 

OWEN 61/62 1961-62 215 Graf-Askania Gss-2 C e l e s t i a l  No 

OWEN 62/63 1963 265 Graf-Askania GSs-2 C e l e s t i a l  NO 

gimbal mounted 

S t r i n g  accelerometer 

S t r i n g  accelerometer 

SHACKLETON 3/75 1975 1093 LaCoste-Rosberg S a t e l l i t e  Yes 
P l a t f o n r  mounted 



The magnetic quiet zone, eastern Gulf of Aden 183 

we have data. It is also unique in having a fracture zone ridge associated with it while most 
of the fracture zones are marked by troughs. The ridge, which is paralleled on the east by a 
basement trough, dies out to seaward. Fracture Zone F, like the Alula Fartalc Fracture Zone, 
is associated with a major offset in the continental margin. The majority of the fracture 
zones, however, are not associated with offsets in the margin of the same magnitude as the 
offsets to which they correspond on Sheba Ridge. 

Origin of the magnetic quiet zone 

The crust of the magnetic quiet zone in the northern Gulf of Aden occupies a unique and 
important position in that it is found between the demonstrably oceanic crust of the Sheba 
Ridge and the demonstrably continental crust of the high plateau of southern Arabia and is 
separated from both by distinct structural boundaries. There is insufficient seismic reflection 
data to document the subsurface structure in the southern Gulf of Aden. However, magnetic 

530 

I I 16. 
50. 5r 52. 

I 

a 

Figure 9. (a) Sediment isopachs in seconds of two-way travel time from the eastern part of the study area. 
Area covered by less than 0.25 s of sediment is stippled. Light lines show location of ship tracks with 
seismic reflection data and heavier lines seismic refraction stations used in constructing the map. Triangles 
show location of heat flow stations. Boundary between ridge flank and quiet zone is marked by heavy 
lines where it has been clearly identified. Letters identify fracture zones terminating scctions of ridge 
crest. (b) Sediment isopachs in seconds of two-way travel time from the western part of the study area. 
Area covered by less than 0.25 s of sediment is stippled. Light lines show location of ship tracks with 
seismic reflection data and heavy lines seismic refraction stations used in construcing the map. Triangles 
show location of heat flow stations. Boundary between ridge flank and quiet zone is marked by heavy 
lines where it has been clearly identified. Letters identify fracture zones terminating sections of ridge 
crest. 
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data show the presence of a magnetic quiet zone of similar width and surficial appearance as 
that found in the northern Gulf of Aden (Laughton et al. 1970; Girdler et al. 1980; Cochran 
1981). 

It is possible to estimate the total amount of opening between Arabia and Africa indepen- 
dent of the magnetic anomalies found on Sheba Ridge. Cochran (1981) used the 105 km of 
strike-slip motion documented along the Dead Sea Rift (Quennell 1959; Freund et al. 1970) 
and an estimate of 30 km of opening in the Gulf of Suez (Freund 1970) to calculate that a 
total of about 5.43" of opening about the McKenzie et al. (1970) pole at 36.5" N 18" E has 
occurred in the Gulf of Aden. This results in the conclusion that 300 km of motion between 
Arabia and Africa has occurred in the eastern Gulf of Aden, while the seafloor spreading 
magnetic anomalies account for about 220km. Thus, according to  this estimate, about 
80 km of extension were involved in generating the total of about 140 km of deep water 
found on both sides of the Aden between Sheba Ridge and the continental margin. 

Thus, the width of the quiet zone is about twice the amount of opening estimated to have 
occurred during its formation and, since there is no apparent structural boundary within the 
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quiet zone which could mark the edge of the oceanic crust, there is some difficulty in 
ascribing its origin to simple seafloor spreading either as a continuation of that now 
occurring on Sheba Ridge or during an earlier phase of spreading (Laughton et al. 1970; 
Girdler et al. 1980). If the entire width of the magnetic quiet zone is oceanic crust, then the 
solution is basically that of McKenzie et al. (1970) who fit the 500 fathom isobaths in the 
Gulf of Aden. As will be discussed below, this solution leads to severe space problems in the 
Red Sea. Cochran (1981) suggested that the region was not generated by classic seafloor 
spreading at an organized mid-ocean ridge, but rather resulted from ‘diffuse extension’ 
through a combination of rotational faulting and dyke injection without a definite spreading 
axis. 

In addition to the kinematic argument, geophysical data also suggest a different origin for 
the crust of the magnetic quiet zone and that of Sheba Ridge. These include the abrupt 
change in the magnetic anomaly pattern which coincides with the distinct structural 
boundary and the lack of a topographic slope across the quiet zone. 

The seismic refraction data, on the other hand, have been used to  argue that the crust in 
the quiet zone is oceanic in origin (Laughton & Tramontini 1969; Laughton et al. 1970; 
Girdler & Styles 1978), since the three stations which reach mantle in the quiet zone show 
an oceanic velocity structure and crustal thickness within, although at the upper end of, the 
range of normal oceanic crustal thicknesses (Table 2, Fig. 8). A major difference between the 
quiet zone crust and that found in most oceanic regions is its great heterogeneity with the 
main crustal layer velocity varying from 6.0 to 7.4km s-l (Tables 1 and 2, Fig. 8). 

The conclusion that we draw from the available data is that the magnetic quiet zone was 
not created by  seafloor spreading at Sheba Ridge, but rather evolved during the approximately 
15 Myr interval between the onset of rifting near the Oligocene-Miocene boundary and the 
beginning of organized seafloor spreading at 10 Myr BP. It would thus appear that the crust 
beneath the quiet zone is thinned and altered continental crust. The major tectonic factor 
involved in the development of the magnetic quiet zone has been extension, but we suggest 
that this extension occurred not at an organized spreading centre but rather diffusely over 
an area perhaps 100 km wide. 

A possible analogue to the magnetic quiet zone is Afar, where extension has occurred 
over a wide area through a combination of normal faulting which has resulted in fault blocks 
being rotated by  as much as 45” (Black, Morton & Veret 1972; Morton & Black 1975), and 
of dyke injection and fissuring with associated volcanic activity (Barberi et al. 1975; 
Christiansen, Schaefer & Schonfield 1975), resulting in a thin crust (Ruegg 1975; Makris et 
al. 1975) which Ruegg (1975) describes as ‘of oceanic character’. I t  is only recently (within 
the past 1Myr) that the volcanic activity and extensional tectonics in Afar have begun to be 
localized at organized ‘axial volcanic centres’ which may mark the beginning of mid-ocean 
ridge tectonics in the region (Barberi, Tazieff & Veret 1972; Harrison, Bonatti & Stieltjes 
1975; Needham et al. 1976). 

An aeromagnetic study of Afar (Courtillot, Galdeano & Le Moue1 1980) shows regions of 
high amplitude (500-1000 gamma), short wavelength (10-20 km) anomalies and regions of 
longer wavelength, lower amplitude (less than 200 gamma) anomalies. Although the 
boundaries do not exactly coincide, the high amplitude anomalies appear to be associated 
with low lying areas of the Afar depression which have been covered by basalts of the post 
4Myr BP Afar Stratoid series and are severely affected by extensional tectonics (Barberi et 
el. 1975; Christianson et al. 1975). The ‘quiet’ magnetics on the other hand tend to be 
associated with the higher standing areas of the Danakil and Tadjura highlands which, 
although intensely faulted into a series of tilted blocks (Black et al. 1972), have been less 
affected by  the recent phase of dyke injection and extrusive volcanism. 
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Figure 10 (b) 

In the next section we will examine the diffuse extension model for the formation of a 
continental margin to determine whether it can satisfy the geological and geophysical con- 
straints imposed by  the data from the eastern Gulf of Aden. 

Thermal models for the development of a continental margin 

The simplest and most widely used model for diffuse extension and the subsequent 
evolution of the extended area is the 'stretching' model proposed by McKenzie (1978). This 
model starts with a unit length of lithosphere of thickness E with a crust of thickness tC over 
an isothermal asthenosphere with a temperature of the order of 1300-1350°C. A simple 
linear temperature gradient is assumed in the lithosphere (Fig. 1 la). At time T=O, the litho- 
sphere is instantaneously extended to a length p in some unspecified manner (Fig. 1 Ib). In 
order to conserve mass, the lithospheric thxkness decreases to Z//3 and the crustal thickness 
to tc/P while the asthenosphere passively rises in response to  the lithospheric thinning. 
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STRETCHING MOD€L 

(MCKenrle 19M) 
INTRUSION MODEL 

(Royden et al) 

A 

I t - m  c I-- 
i -  a - ~ 

T 
i 

Figure 11. Simple models for crustal extension. In both models a unit length of lithosphere (A) is, at time 
T=O, instantaneously extended to length p (B) resulting in a change in the temperature structure. In the 
stretching model, the extension is accomplished by thinning the crust and lithosphere to l / p  of their 
original thickness In the intrusion model, it is accomplished by the intrusion of dykes of mantle material 
from the asthenosphere. With time the lithosphere thickens and the thermal gradient returns to its original 
state (C). Knowledge of the initial and final temperatures and the densities of crustal and mantle materials 
allows the heat flow and surface elevation to  be calculated as a function of time. 

The result of the lithospheric thinning is an isostatic adjustment, referred to as the 'fault 
controlled subsidence' by Sclater & Christie (1980), which is due to the fact that the 
extension results in changing the mass distribution. This adjustment can be determined by 
simply balancing mass columns and is given by  

where po and pc are the densities of the mantle and crust respectively, both at O"C, pw is the 
density of seawater, a is the coefficient of thermal expansion assumed to be the same in 
crust and mantle and T1 is the asthenospheric temperature. 

Once the extension has occurred, the lithosphere will start to thicken as heat is conducted 
to the surface and with time will return to its equilibrium thickness (Fig. 1 lc) which is deter- 
mined b y  a balance of the heat being conducted to the surface and the heat supplied to the 
base of the lithosphere. Since the initial and final thermal states are known, the temperature 
distribution and thus the surface heat flow can be determined as a function of time. Know- 
ledge of the thermal structure and thus of densities as a function of time also allow the 
subsidence history of the extended region to  be calculated (McKenzie 1978; Royden & Keen 
1980). 

A second model of diffuse extension, proposed by Royden et al. (1980) is based on 
extension through dyke injection. Intense dyke swarms into the continental crust have been 
reported along the Atlantic margin in Greenland (Myers 1980) and from the margin of the 
proto-Atlantic 'Iapetus' ocean in New Brunswick (Rast 1979) as well as the eastern margin 
of the Red Sea (Coleman et at. 1975) where the dykes were found to  date from the early 
Miocene, very close to the time of initial rifting. Dyke injection is a very active agent of 
crustal extension in Afar (Barberi et al. 1975; Christiansen et al. 1975) and volcanic activity 
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in the Gulf of Aden quiet zone is confirmed by recovery of 13 Myr old basalt at DSDP site 
23 1 (Shipboard Scientific Party 1974). 

Extension through dyke injection results in a different initial temperature distribution 
than the stretching model (Fig. I la) with higher temperatures near the surface. Tlus heat is 
quickly lost resulting in higher subsidence rates during the time immediately following the 
stretching episode (Royden et al. 1980). However, after about 10 Myr the behaviour of the 
two models is very similar and it is probably not possible to  distinguish between them from 
subsidence and heat flow data except very early in the lustory of the margin. 

Although McKenzie (1978) discussed his model in terms of areas of extension within 
continents, it has been applied to  the early stages in the development of continental margins 
by Royden & Keen (1980) and Steckler & Watts (1980). Royden & Keen (1980) also 
discussed the possibility of allowing the asthenospheric thinning to  be greater than the 
amount of crustal thinning. This represents the case where the lithosphere is being actively 
thinned from below rather than asthenospheric upwelling being the passive result of the 
extension. The final depth toward which the crust subsides is determined by the amount of 
crustal thinning and is independent of the lithospheric thinning. The subsidence rates and 
heat flow, on the other hand, are determined by  the temperature structure of the lithosphere 
and, except for a very short time after the stretching event, are independent of crustal 
thickness. 

In this study we will consider a two-dimensional model which also allows the stretching 
parameter (3 to vary across the margin and which takes into account lateral heat conduction 
(Steckler & Watts 1980). We will apply this model t o  the magnetic quiet zone in the Gulf of 
Aden to determine how well it can explain the observed geological and geographical 
constraints. 

Calibration of model 

The parameters used in the modelling (Table 4) were chosen to  give an internally consistent, 
isostatically balanced system. Values of 2.8 and 3 . 3 3 g ~ m - ~  were chosen for the 0°C 
densities of the crust and mantle respectively and a mid-ocean ridge crest, defined as a 5 km 
thick crust at a depth of 2.5km underlain by 1333°C mantle was chosen as a reference 
section. This implies that, for a 125 km thick lithosphere and a linear thermal gradient, the 
pre-extension continental crust, assumed to be at sea-level, has a thickness of 3 1.2 km. The 
isostatic compensation depth is assumed to  be at 125 km. 

The expression for Parsons & Sclater's (1977) parameter C3which gives the total thermal 
expansion of the lithosphere at the mid-ocean ridge has also been slightly modified. They 

Table 4. Values of model parameters. 

Parameter 

Lithospheric thickness 
Continental crustal thickness 
Crustal density (0°C) 
Mantle density (0°C) 
Water density 
Coefficient of thermal expansion 
Asthenospheric temperature 

Thermal dif fu sivit y 
Thermal conductivity 

K 

k 

Value 

125 km 
31.2 km 
2.8 g cm-3 
3.33 g cm-3 
1.03 g cm-3 
3.40 x 10-s"C-l 
1333°C (ideal) 
1350°C (Sheba Ridge) 
0.008 cm2 s-' 
0.0075 cal (deg cm s-') 
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assume that the asthenospheric density is identical to po, the 0°C density of mantle material. 
In fact, for po=3.33 g ~ m - ~ ,  the density at 1333°C will be 3.18 which is significantly 
different. The revised form for C3 is 

If this expression is used to determine a, the lithospheric coefficient of thermal 
expansion, a value of 3.4 x OC-’ is found, which is slightly greater than that determined 
by Parsons & Sclater (1977). 

It is important not t o  pick the model parameters casually. The range of crustal densities 
chosen by investigators utilizing the McKenzie (1978) model vary from 2.78 g cm-3 (Le 
Pichon & Sibuet 1981) to  2.9 g ~ m - ~  (Royden & Keen 1980). This small difference in density 
results in a difference of 700m in the initial ‘fault bounded’ subsidence for p = 2  and over 
1 km difference for /3 = 4. Similarly, various investigators have used crustal thicknesses of 
30 or 35 km. This difference changes the initial subsidence by 600 m for /J’ = 2 and 900 m for 
p = 4 .  

Contraints on the model 

In previous studies (Steckler & Watts 1980; Royden & Keen 1980) the subsidence history, as 
recorded by the sediments, has been used as a constraint in examining possible extension at a 
continental margin. Since the Gulf of Aden is a ‘starved’ margin, the subsidence history 
cannot be determined. At DSDP site 231 in the quiet zone on the southern side of the Gulf, 
it was only possible to determine that water depths have been nearly constant (i.e. deep) 
over the past 13 Myr (Shipboard Scientific Party 1974). Other information on the evolution 
of the margin must therefore be found to constrain and test the models. We will consider 
three constraints; the total motion between Arabia and Africa, heat flow data from the 
magnetic quiet zone and the present-day basement depths. 

T O T A L  M O T I O N  B E T W E E N  A R A B I A  A N D  A F R I C A  

As discussed above, Cochran (1981) estimated that 80km more motion has occurred 
between Arabia and Africa in the eastern Gulf of Aden than can be accounted for by the 
seafloor spreading magnetic anomalies. This estimate is based on the well-documented 
motion of 105 km along the Dead Sea Rift (Quennell 1959; Freund et al. 1970) and an 
estimate of 30 km of opening in the Gulf of Suez (Freund 1970). Freund’s (1970) estimate 
of 30 km of opening in the Gulf of Suez is based on McKenzie et al.’s (1970) supposition 
that the crust under the Gulf of Suez might be thinned by a factor of 2. This is not 
supported (or ruled out) by any published seismic refraction data. 

McKenzie et al. (1970) assumed that 60-90 km of opening occurred in the Gulf of Suez 
in order to rotate the Red Sea shorelines together. There are several difficulties with this 
assumption. As pointed out by Freund (1970) and Robson (1970), the width of themarginal 
rifts of the Gulf of Suez is only aboat 60-70 km, or less than the proposed opening. Space 
problems also occur in Afar where a large quantity of pre-rift rocks are exposed in the 
Danakil highlands. In addition, metamorphic gneisses overlain by Cretaceous and Palaeocene 
sediments are found on Zabargad Island (Bonatti, Hamlyn & Ottonello 1981) 75km 
offshore in the Red Sea between 23” N and 24” N implying that the entire Red Sea cannot 
be underlain b y  oceanic crust as assumed by McKenzie et al. (1970). 

At the other extreme, Robson (1970, 1971) argues that not more than 5-10km of 
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extension could have occurred in the Gulf of Suez. Robson (1971) mapped rotated fault 
blocks tilted by as much as 35" along the eastern margin of the Gulf of Suez. These are 
bounded by high angle normal faults, commonly with throws of several hundred metres. 
Robson's conclusion that opening is minimal is based on the assumption that these faults 
remain straight with depth. Garfunkel & Bartov (1977) conclude that 15--20 ltm of opening 
could have occurred in the southern part of the Gulf of Suez, but again state that they 
assume constant dip on the faults 'for lack of better information'. There is no direct 
evidence concerning whether the faults remain steep or whether they flatten with depth in a 
manner similar to the faults observed along the margin of the Bay of Biscay (de Charpel et 
al. 1978) in which case considerably more opening could have occurred. 

Thus 30km of opening across the Gulf of Suez implying 135km of motion at the 
northern end of the Red Sea is probably a reasonable estimate. It is, however, a loose con- 
straint and could vary by 10-15 Itm without contradicting available geological evidence. A 
change of 15 km in the total amount of motion between Nubia and Arabia in the northern 
Red Sea implies a change of 33 km in the motion between Arabia and Somalia in the eastern 
Gulf of Aden. Therefore, we will take 80km as a best estimate of the amount of motion 
between Arabia and Somalia, but recognize that in fact it is in a range of about 50- 110 km. 
It thus constrains the amount of motion, but only loosely. 

Heat flow 

Seven heat flow stations were occupied in the Gulf of Aden along two lines from the 
magnetic quiet zone onto Sheba Ridge during Vema cruise 35 in 1978 (Table 5). Previously 
obtained heat flow values in the Gulf of Aden (Von Herzen 1963; Sclater 1966; Haenel 
1972) are listed in Table 6. All stations within the study area are located on Fig. 2. 

The V35 measurements were obtained with a multipenetration apparatus, so that at each 
station several measurements were made approximately 1 km apart. This allows a check on 
the representativeness of any particular measurement and in all cases there was small scatter 
in the measurements indicating that they are representative. The environmental evaluation 
(Table 5) is based on the system of Sclater, Crowe & Anderson (1976). Thermal conduc- 
tivities determined from piston cores taken on each of the heat flow lines were used in 
calculating the heat flow. 

Table 5. Vema 35 heat flow stations in the Gulf of Aden. 

S t a t i o n  

V35 3-1 

V35 4-2 

V35 6-4 

v35 7-5 

V35 8-6 

v35 9-7 

v35 10-8 

H i t  

1 
2 
3 
1 
2 
3 
4 

1 
2 
3 
1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 

L a t i t u d e  

14O32.9' 
14"30.8' 
14'29.7' 

14"21.9' 
14'22.2' 
14'22.5' 
14"22 3 '  
13'54.4' 
13O54.6: 
13O56.2 
13"26.4' 
13O25.6' 
13-25.4' 
13"08.9' 
13"08.2' 
13'07.8' 

12-58.6' 
12'58.0' 
12'57.4' 

12-42.1 '  
12" 43.4' 

Longi tude 

50'30.8' 
50-31.7' 
50O32.6' 

50'26.9' 
50'27.3' 
50"27.6' 
50% .7 '  

5O"I 4.1 
50"13.0' 
50'13.0' 
47"51 .9 '  
47-50.1 
47O48.8 ' 
47O37.8' 
47'36.6' 
47035.74 

47Y7.4 '  
47"26.6' 
47-28.8' 

47'29.1 
47O29.8' 

Depth 

1776 
1874 
1914 

2001 
1992 
1984 
1998 

2460 
2457 
2455 

1912 
1932 
1930 
2042 
1971 
201 1 
1880 
1856 
1854 

2193 
2202 

(m) 

Sediment 
Thickness 

secfm 

1.5 
1700 

1.6 
1865 

.6 
580 

1 .0  
1080 

.45 
410 

.55 
520 

. 5  
455 

N . T .  

5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 

5 
5 
5 

5 
5 

Environ. 
Eval .  

A 
A 
A 
A 
A 
A 
A 
II 
B 
B 
A 
A 
A 

A 
A 
A 

B 
B 
8 
D 
D 

Gradient 

,102 
,119 
.112 

.126 
,116 
,118 
,125 

,155 
,163 
.143 
,123 
,123 
,121 

.128 

.119 
,132 

.136 
,146 
,147 

. I78  
,182 

Conduct iv i t y  Q 
w / m T  w / m z  

,938 95.7 
111.6 
105.1 

.938 118.2 
108.8 
110.7 
117.3 

.938 145.4 
152.9 
134.1 

,934 114.9 
114.9 
112.1 

,934 119.6 
111.1 
123.3 

.934 127.0 
136.4 
137.3 

.934 166.3 
170.0 
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Table 6.  Previously published heat flow measurements in the Gulf of 
Aden. 

Conduct iv i t y  Q 
S t a t i o n  L a t i t u d e  Lonqi tude Oepth w/m"C m / m 2  Reference 

7-1 ' 12'27' 47"07' 1820 ,849 250.4 Yon Herzen (1962) 
7 -2 '  12"57' 48'16' 2205 ( .804) 151.6 
7-31 13"17' 48'15' 2425 ,758 134.8 
7-4'  12'54' 49"38' 2200 (.804) 103.4 
7-5' 1Za25' 50'33' 2420 ,846 129.4 

5226 11'07' 54"03' 4028 .871 64.9 S c l a t e r  (1966) 
5227 11'39' 47-50, 1900 .896 160.4 
5229 12"29' 47"02' 2197 .959 257.5 
5230 12'56' 46"36' 1600 ,904 136.1 

213 
214 
269 
273 
287 
290 
295 
308 

44'30.9' 
64'4R 4 '  
49"8:3' 
47'52.0' 
46"31 .8' 
45044.8 
42% .6 '  
4 4 ~ a . a ~  

11019.1' 
11"Ol.O' 
12'46.4' 
1 Z"20.5' 
12'11.6' 
11 "58.4' 
1 l031.?'  
lZ"1.6 

953 
1357 
2635 
2296 
2300 
1562 

206 
1491 

.s is 
,787 
,825 
,879 
,837 
.796 
,695 
,691 

74.9 
123.1 
178.8 
42.3 

277.2 
104.3 
46.5 

190.5 

Haenel (1972) 

The results of correcting the heat flow measurements for the thermal blanketing effect of 
the sediments is shown in Table 7. The corrections were calculated using the method 
described in Turcotte & Ahern (1977) and Langseth, Hobart & Horai (1980). The calcula- 
tions were carried out for three different times of sediment accumulation; 25 Myr which is 
approximately the time of rifting, 10 Myr which is the age of the adjacent seafloor and thus 
represents a minimum time, and 15 Myr which is an intermediate value. The correction was 
generally small (< lOmWm-') except for the two stations on the lower Hadramawt fan 
where it was as great as 25 mW m-'. The heat flow values from stations on Sheba Ridge gave 
values which are near, although slightly below, predicted values (Parsons & Sclater 1977) for 
their age. The values in the quiet zone are generally high and indicate a high temperature 
gradient and relatively thin lithosphere beneath the magnetic quiet zone. 

It was assumed in the calculations discussed in the next section that the heat flow in the 
undisturbed continental crust is 58.5 mW m-' (1.4 hfu) based on four valves obtained from 
bottom hole temperatures in wells in north-eastern Somalia (Evans & Tammemagi 1974). It 
was also assumed that the heat flux from the asthenosphere is 33.4mWm-' (0.8 hfu) 

Table 7. Correction of heat flow measurements for sediment blanketing. 
Sediment 

S t a t i o n  H I T  m/rnZ (rn) 10 m.y. 15 m.y. 25 rn.,y. 
Q Thickness Cor rer ted  Value f o r  Aae 

" Q u i e t  Zone" S t a t i o n s  

V35 3-1 1 95.7 1700 117.3 113.2 109.1 
2 111.6 136.8 132.0 127.2 
3 105.9 128.8 124.3 119.8 

V35 4-2 1 118.2 1865 147.6 142.0 136.4 
2 108.8 135.9 130.7 125.6 
3 110.7 138.3 133.0 127.8 

146.5 140.9 135.4 4 117.3 

v35 7-5 1 114.9 1080 131.1 128.0 125.0 
2 114.9 131.1 128.0 125.0 
3 112.1 127.9 124.9 122.0 

v35 8-6 1 119.6 410 125.9 124.7 123.6 
2 111.1 116.9 115.9 114.8 
3 123.3 129.8 128.6 127.4 

Ridge Flank Sta t ions  Age(rn.y.1 Corrected Value 
V35 6-4 1 145.4 580 7 158.4 

2 152.9 166.6 
3 134.1 146.1 

v35 9-7 1 127.0 520 8 137.2 
2 136.4 147.3 
3 137.3 147.3 

v35 10-8 1 166.3 455 4* 181.7 
2 170.0 185.8 

Station is in a fracture zone. Age is average of ages of ridge flank on 
either side. 
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parsons & Sclater 1977; Lachenbruch & Sass 1978), that 25.lmWm-* (0.6hfu) is con- 
tributed by radioactive elements in the continental crust, and that the radioactive elements 
are distributed through the crust so that their contribution to the heat flow is inversely 
proportional to crustal thickness. 

P R E S E N T  B A S E M E N T  D E P T H  

Even though it is not possible to obtain the entire subsidence history of the Gulf of Aden, 
one point on it, the present basement depth, can be determined and serves as a constraint 
on acceptable models for the evolution of the Gulf. 

Table 8. Sediment parameters used in calculating unloaded basement 
depth (Fig. 12). 

Depth (m) Velocity (km s-’) Density (g ~ r n - ~ )  

0-500 1.82 
500-1500 2.5 

> 1500 3.2 

1.90 
2.15 
2.30 

The sediment thickness data used in constructing the isopach map in Fig. 9 were con- 
verted from time to depth using velocity information from wide angle reflection data (Table 
8). The basement depth was determined at each point, and an ‘unloaded’ basement depth 
computed on the assumption that the mass of the sediments is locally compensated. The 
sediment densities used in the procedure are given in Table 8. In preparing Fig. 12, the 
corrected basement depths were averaged over an hour of ship track in order to smooth our 
short wavelength variations and make the general level more apparent. 

Model calculations 

Profie V35-10 was chosen as a typical profile across the magnetic quiet zone for modelling 
purposes. This choice was based on the fact that the profile is nearly parallel to the flow 
lines well away from fracture zones, has a clear magnetic pattern and is less than 15 km from 
the heat flow stations on profile V35-11, so that they can easily be projected on to it. (No 
usable magnetic or seismic reflection data are available from profile V35-11.) The bathy- 
metric profile was continued on to shore using the Saudi Arabian Ministry of Petroleum and 
Mineral Resources topographic map of the Arabian Peninsula (US Geological Survey 1972). 

The three model constraints discussed in the previous section should be adequate to test 
the crustal extension model and, if it proves satisfactory, to define the behaviour of the 
lithosphere during &he pre-seafloor spreading stage of its development. The basement depths 
are determined by a combination of subsidence due to crustal thinning and uplift due to 
thermal expansion, the heat flow is primarily determined by the lithospheric thinning, and 
we have limits on reasonable amounts of crustal extension. Thus the amount of crustal 
extension and lithospheric thinning can be varied to match the observed unloaded basement 
depths and the heat flow and crustal extension constraints used to determine whether the 
values are obtained are reasonable. 

R I D G E  C R E S T  D E P T H  

A difficulty with the model calculations is that the ridge crest depth on Sheba Ridge varies 
from about 1800 m in the eastern section of our study to and about 1300 m in the western 

I 
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Figure 12. (a) Smoothed, unloaded basement depths in the eastern part of the study area. Contours are in 
metres. Basement depths were calculated from water depths (Fig. 2) and sediment thicknesses (Fig. 9) 
averaged over an hour of ship tracks. Sediment velocities and densities given in Table 8 were used to 
calculate sediment thickness and loading effect of sediments. Boundary between ridge flank and quiet 
zone is marked by heavy lines where it has been clearly identified. Letters identify fracture zones 
terminating sections of ridge crest. (b) Smoothed, unloaded basement depths in the western part of the 
study area. Contours are in metres. Basement depths were calculated from water depths (Fig. 2) and 
sediment thicknesses (Fig. 9) averaged over an hour of ship tracks. Sediment velocities and densities given 
in Table 8 were used to calculate sediment thickness and loading effect of sediments. Boundary between 
ridge flank and quiet zone is marked by heavy lines where it has been clearly identified. Letters identify 
fracture zones terminating sections of ridge crest. 

section. The shallow ridge crest depths are the result of a general shallowing of Sheba Ridge 
from 2500 m near the Owen fracture zone to sea-level at Afar. The average unloaded base- 
ment depths in the magnetic quiet zone also vary from east to west with depths of about 
3200 m found east of Fracture Zone C decreasing to 2500-2600 m west of Fracture Zone 
F, so that the average depth difference between the ridge crest and the quiet zone remains 
constant. The gravity field does not reflect the shallowing of the ridge and both the heat 
flow values on the ridge flank and the subsidence away from the ridge crest are very similar 
to the expected values according to Parsons & Sclater's (1977) empirical curves. 

The shallowing of the Sheba Ridge crest toward Afar appears related to the presence of 
the Afar hot spot and is thus most likely of thermal origin with higher temperatures and thus 
lower densities found at some depth in the mantle. One manner in which this can be 
simulated is by  increasing T,,  the equilibrium temperature in the mantle beneath the litho- 
sphere. If a value of 1600" is assumed for T ,  , then the resulting mid-ocean crest depth is 



The magnetic quiet zone, eastern Gulf of  Aden 195 

Figure 12 (b) 

1800 m. However, changing T,  will also substantially change both the subsidence rate away 
from the ridge and the heat flow; neither effect is observed. 

A second way to produce the observed shallow depths is slightly to increase the tempera- 
ture gradient in the mantle down to depths of several hundred kilometres (Zielinski 1977, 
1979). Thus the shallowing of the Sheba Ridge toward Afar is assumed to be due to a 
gradual increase in the temperature gradient. The increase in temperature gradient results in 
shallower depths without significantly altering the ridge subsidence or heat flow. This model 
can be simulated by increasing T,  slightly (only about 20" is necessary if the increased 
temperature gradient is assumed to continue to a depth of 400km) and by shifting the 
reference depth for the model from sea-level to 700m above sea-level, which, due to the 
slightly lower mantle densities, is the height at which the prerifting continental crust is in 
isostatic equilibrium. 

Results and conclusions 

Calculations were carried out for two cases, one using a 'stretching' model that treats the 
stretching of the crust and thinning of the lithosphere as separate variables, and a second in 
which half of the extension is considered to have occurred through dyke injection and half 
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Figure 13. Model for development of the continental margin using stretching model. A segment of con- 
tinental lithosphere 125 km thick with a 31.2 km thick crust (A) is extended as shown in the lower part 
of (R). Fine lines show 'boxes' used in model calculations. Numbers show p values for crust and litho- 
sphere. Upper diagram of (B) shows configuration of the rift valley at the time of the beginning of sea- 
floor spreading. A mid-ocean ridge is assumed to develop in the centre of the rift valley (dashed Line). 

through faulting. The results of the model calculations are shown in Figs 13 and 14. Fig. 13 
shows the amount of diffuse extension and the shape of the rift valley for the 'stretching' 
model immediately following the rifting episode. The rift valley shape for the best fitting 
dyke injection model is similar. Fig. 14 shows present-day (10 Myr post-rifting) profiles for 
both cases considered and compares the calculated depths and heat flow to  the values 
observed in the north-eastern Gulf of Aden. 

It can be seen in Fig. 14 that both models can explain the observed depths and heat flow, 
but that a great deal of extension is required, primarily to create the 60-70 km wide zone of 
deep water landward of the Sheba Ridge flank. The total amount of extension for the 
stretching model is 118 km (assuming the northern and southern quiet zones to be similar). 
Of this extension 95 km occurs in the deep central 120km of the rift. Only slightly less 
extension is implied by the dyke injection and stretching calculation (1 15 km of which 
92 km occurs in deep area seaward of the hinge zone). If 50 per cent of the extension is 
through dyke injection, the calculated stretching factors imply that 35-40 per cent of the 
crust seaward of the hinge zone consists of dykes. 

The calculated amount of extension in the deep quiet zone is such that the average crustal 
thickness is reduced to 5--8 km, which is nearly the thickness of the oceanic crust ( 5  km in 
OUT model) and is slightly less than the observed crustal thickness of 7.2-9.7 km (Table 2). 

The observed crustal thicknesses can be used to obtain an upper bound on the amount 
of extension that has occurred in the deep portion of the quiet zone. If the crustal thickness 
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Figure 14. Comparison of model results at 10 Myr after initiation of seafloor spreading with observed 
parameters in the Gulf of Aden for 'stretching' model and for a model in which half of the extension is 
by stretching and half is by dyke injection. Solid heat flow curve gives model calculations for the stretch- 
ing model and dashed curve for the dyke injection/stretching model. Open circles give observed heat 
flow and solid circles give heat flow corrected for thermal blanketing of sediments. All measurements at 
each station are within the circle. Observed basement depths on profile V35-10 were corrected for 
sediment loading to give unloaded depths which are compared with calculated model depths. 

under the quiet zone is 9 km, then a p of 3.5 is implied and the total amount of extension 
involved in creating the central 120 km of the rift valley in Fig. 13 is about 85 km, or 10 km 
less than that predicted by the model. It should also be remembered that this represents a 
maximum estimate since the crustal structure is quite heterogeneous and the crustal thick- 
ness may well be greater at other locations where mantle arrivals were not recorded (Talwani 
et al. 1978). 

The amount of extension required represents a serious problem with the application of 
the simple instantaneous stretching model to the Gulf of Aden quiet zone. There is, 
however, at least one factor not considered in the model which could result in an over- 
estimate of the amount of stretching. This is that the extension does not occur instan- 
taneously, as assumed in the models, but rather over a period of 1G-15 Myr. The effect of 
a finite extension time is that heat loss and thus subsidence will occur during the rifting 
stage. Jarvis & McKenzie (1980) investigated the effects of a finite extension time and con- 
cluded that, for a 15Myr rifting event, about 10 per cent of the thermal subsidence will 
occur during rifting rather than post-rifting as in the instantaneous extension models. The 
effect of a finite extension time on the basement depths in the Gulf of Aden was investi- 
gated by approximating the pre-stretching thermal gradient with an error function, the 
equilibrium form for a cooling half space. The thermal gradient was then modified by both the 
lithospheric thinning (a constant stretching rate was assumed) and by thermal conduction 
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(Haxby, private communication). This is an approximate method, since it uses a cooling half 
space rather than a plate model. However, it gives an analytical solution that is more 
tractable than the method used by Jarvis & McKenzie (1980). 

The result of the above calculation is that if the extension is assumed to occur over a 
period of 12 Myr, then the instantaneous extension model predicts depths that are about 
250m too shallow 10Myr after the extension ceases for values of /3 greater than about 2 .  
Thus less extension than required by the instantaneous model is necessary to reproduce the 
observed basement depths. For the ‘stretching’ model this result means that /3 values of 3.4, 
4 and 4.8 are required for the three ‘boxes’ making up the deep quiet zone rather than the 
values of 4 , 5  and 6 required for the instantaneous model. 

This method cannot easily be applied to the dyke injection model since that mechanism 
results in an entirely different temperature distribution (Fig. 11). However, the effect of a 
finite extension time would be even greater since the dyke injection mechanism brings more 
heat near the surface where it will be rapidly lost. Thus we can calculate that the crustal 
extension factor for the case in which 50 per cent of the extension occurs through dyke 
injection averages less than about 3.6 across the quiet zone which puts it within the 
constraints imposed by the crustal thicknesses. The total extension across the entire rift is 
then less than 109 km implying that the total motion between Arabia and Africa is within, 
although at the upper limit, of the range of reasonable values. 

Conclusions 

The ‘magnetic quiet zone’ in the eastern Gulf of Aden is located between the clearly con- 
tinental crust of Arabia and Somalia and the clearly oceanic crust of the Sheba Ridge, and is 
separated from both by distinct boundaries. It is characterized by moderately rough 
topography at a fairly constant depth which is a few to several hundred metres deeper than 
the adjacent ridge flank, a heterogeneous crustal structure and, where Moho depths were 
determined, a crustal thickness slightly greater than that of the oceanic crust of Sheba Ridge. 
The magnetic field is flat in the eastern part of the study area and characterized by 
anomalies of a few hundred gamma which appear related to basement relief in the western 
part, 

It is suggested that the quiet zone originated by diffuse extension of continental crust 
through a combination of rotational normal faulting and dyke injection. This mechanism 
is able to explain qualitatively the structures found in the quiet zone which appear to be 
neither completely oceanic nor completely continental. 

Simple quantitative models for diffuse extension (McKenzie 1978; Royden er al. 1980) 
can duplicate the observed depth and heat flow data in the Gulf of Aden quiet zone, but to 
do so require large amounts of extension. The simplification of instantaneous stretching in 
the models causes an overestimate of the amount of extension necessary to produce the 
observed depths. When the effect of the extension occurring over a 10-15Myr interval 
rather than instantaneously is taken into account, then, provided that a major component of 
extension occurred by dyke injection, the amount of extension is within the bounds set by 
geographical constraints and observed crustal thicknesses. 
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