L=

brought to you by . CORE

View metadata, citation and similar papers at core.ac.uk

provided by Columbia University Academic Commons

18

Earth and Planetary Science Letters, 78 (1986) 18-32

Elsevier Science Publishers B.V., Amsterdam - Printed in The Netherlands

(51

Conrad Deep: a new northern Red Sea deep.
Origin and implications for continental rifting
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A previously unknown deep, here called Conrad Deep, was discovered during an extensive geophysical survey of the
northern Red Sea in June, 1984. Conrad Deep is located at 27°03'N, 34°43’E, only 90 km south of the Gulf of Suez and
is the most northern deep yet discovered in the Red Sea. It is located within a well developed axial depression which
also contains Charcot Deep, 100 km to the south. The axial depression is associated with abundant recent deformation
and is situated at the peak of a regional heat flow high extending across the rift. Conrad Deep is typical of the small
northern type Red Sea Deep. It is 10 km long, 2 km wide and has a maximum depth of 1460 m. It is associated with
high and variable heat flow values and large magnetic anomalies. There is no evidence of a dense brine layer. Detailed
analysis of the geophysical data implies that the deep probably results from a very recent ( < 40,000 years) intrusion into
continental type basement. The formation of a well defined axial depression associated with very high heat flow and
small deeps resulting from isolated intrusions may be the first step in the transition from continental extension to

seafloor spreading,

1. Introduction

The Red Sea can be divided into three distinct
and different sections, each characterized by dif-
ferent morphology and structure (Fig. 1). Each of
these sections appears to represent a different stage
in the development of a continental margin and
establishment of a mid-ocean ridge spreading sys-
tem [1]).

The southern Red Sea, between 15°N and 20°N,
is characterized by a well developed axial trough
which has developed through normal seafloor
spreading during the last five million years [2]. The
axial trough becomes discontinuous north of 20°N
and a transition zone is located from there to
about 23°20’N in which the central Red Sea con-
sists of a series of “deeps” alternating with shal-
lower “intertrough zones” [3]. The northern Red
Sea consists of a broad trough without a recogniz-
able spreading center, although there are a num-
ber of small, isolated deeps.

The purpose of this paper is to discuss some of
the results of a 1984 cruise of the R.V. “Robert D.
Conrad” in the northern Red Sea. We will de-
scribe a small, well-defined, elongated deep which
we call the “Conrad Deep” and discuss the origin
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of the small northern Red Sea deeps and their
significance for the nature of the extension occur-
ring between Africa and Arabia and for the transi-
tion from continental rifting to seafloor spreading,.

2. Red Sea deeps

A characteristic feature of the Red Sea is the
presence of a series of “deeps” which occupy the
axial section of the central and northern Red Sea
and are associated with hot brines and metallifer-
ous sediments [4-6] (Fig. 1). The best known and
most studied are a series of large well developed
deeps between 20°N and 23°20'N. These deeps
are similar in appearance to the axial trough
spreading center found in the southern Red Sea,
with steep sides, a rough bottom and large mag-
netic anomalies [3,4] (Fig. 2). Numerous heat flow
measurements in the Atlantis II Deep and Nereus
Deep show high heat flow with large local variabil-
ity [7,8]. The heat flow pattern along with the
presence of hot, metalliferous brines in a number
of the deeps implies vigorous hydrothermal circu-
lation and a shallow heat source. Basalt has been
recovered from central volcanic ridges in several of
the deeps [8] supporting the hypothesis that they
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are discontinuous segments of a mid-ocean ridge
type spreading center [1,9].

In contrast, the intertrough zones which sep-
arate the deeps are shallower with gently sloping
sides, a smoother bottom and no significant mag-
netic anomalies (Fig. 2). The intertrough zones are
underlain by at least 800 m (0.9 s) of sediments
and Upper Miocene Reflector S (top of the
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evaporites) is continuous across the axis of the
Red Sea within them [3].

Seafloor spreading anomaly 2 (1.7 m.y. B.P.) is
not present at the Atlantis II Deep or Nereus
Deep [3] suggesting that seafloor spreading has
only recently started in the deeps and that the
intertrough zones represent regions in which an
organized spreading center has not yet become
established.
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Fig. 1. Map of the Red Sea showing division into three sections representing different stages in the development of the margin.

Location of “deeps” is also indicated.
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Nereus Deep, which extends from about 23°N
to 23°20'N, is the furthest north of the large well
developed deeps (Fig. 2). North of Nereus Deep
there are no morphologically or geophysically
identifiable features in the northern Red Sea that
can be interpreted as localized spreading centers.
Early seismic reflection studies in the northern
Red Sea [10,11] showed that Upper Miocene Re-
flector S is continuous across the axis, that the
upper surface of the evaporites is deformed and
that the deformation, although most severe in the
center, extends completely across the sea.

There is a series of isolated deeps in the north-
ern portion of the Red Sea, some of which are also
characterized by hot brines and metalliferous sedi-
ments [5,6] and which are usually, although not
always, associated with large amplitude magnetic
anomalies. The difference between the large, well
developed transition zone deeps and the smaller
northern Red Sea deeps can be seen in Fig. 2.
Bannock and Vema Deeps are both significantly
shallower and smaller than Nereus Deep. They are
15 km long, less than 5 km wide and reach maxi-
mum depths of about 1600 m [8,12] and both have
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relatively flat sediment covered bottoms. A small
peak, from which dolerite has been dredged and
which is associated with a large magnetic anomaly,
is located in Bannock Deep [8]. No igneous rock
has been recovered from Vema deep and a large
magnetic anomaly is not observed there.

Until recently, the only other axial deeps re-
ported in the northern Red Sea were Kebrit Deep
at 24°44'N and Al Wajab Deep near 25°20'N,
Oceanographer Deep at 26°17'N, an off-axis deep,
is a small oval depression about 1 km across which
is well away from the center of the Red Sea near
the Brothers Islands [5,6] with which it may be
tectonically related.

Recently Pautot et al. {13] reported the dis-
covery of the Jean Charcot Deep at 26°15'N.
Charcot Deep is 10 km long, 6 km wide with a
maximum depth of 1490 m. It has a central ridge
from which volcanic rocks have been recovered
and is associated with a large magnetic anomaly.

3. Conrad Deep

During the summer of 1984, R.V. “Robert D.
Conrad” conducted an extensive geophysical study
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Fig. 2. Map of Central Red Sea spanning the boundary between the Transition Zone and the northern Red Sea region of continental
rifting. Note difference in morphology between Thetis and Nereus Deeps, the northernmost of the transition zone deeps, and Bannock
and Vema deeps, the southernmost of the northern Red Sea deeps. From Bonatti et al. [8).



of the area north of 26°N in the Red Sea. One
result of this survey was the discovery of a previ-
ously unknown deep at 27°03'N, 34°43'E which
we will refer to as Conrad Deep. It is slightly more
than 100 km north-northwest of Charcot Deep
and 90 km south of Ras Muhammed, the southern
tip of the Sinai Peninsula. Small deeps are thus
found along the entire length of the northern Red
Sea and appear to form an integral part of the
tectonic processes occurring there.

The deep is located in the center of the Red Sea
within a 20-30 km wide axial depression (Fig. 3)
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which is a consistent feature of the Red Sea
throughout the survey area. It is characterized by
depths generally in the range of 1100-1250 m and
is often, although not always, bounded by scarps
of up to a few hundred meters height. However,
unlike the axial trough of the southern Red Sea,
this shallow depression is completely covered with
a thick sedimentary layer including Upper Miocene
Reflector S (Fig. 4). Charcot Deep, near the south-
ern end of the survey area, is also located in the
axial depression. The small, oval shaped Oceanog-
rapher Deep is located outside the axial depression
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Fig. 3. Heat flow, free air gravity anomaly, total intensity magnetic anomaly and bathymetry profiles over Conrad Deep projected at
N60°E. Extremely high heat flow value of 605 mW m~2 occurs within the deep but appears displaced here because the trend of the
deep is not perpendicular to the projection (see Fig. 4). The heavy line in the heat flow plot was fit by eye to indicate the overall trend

in the data,
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Fig. 4. Single channel water gun seismic reflection profiles across Conrad Deep. Lines 44’ and BB’ also cross the boundary between
lthe marginal areas and the axial depression which is marked here by fault scarps. Reflector S is seen as strong arrivals that occur
0.2-0.4 seconds below the seafloor under both marginal regions and axial depression. Location map shows the position of the profiles
in relation to the scarps bounding the axial depression (heavy dashed line) and Conrad Deep (outline). Approximate horizontal scale
is indicated.
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Fig. 5. Seabeam map of Conrad Deep. Contours are at 10 m intervals. Sound velocity of 1500 m s~
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approximately 35 km west of Charcot Deep. About
25 km north of Conrad Deep, the position of the
axial depression shifts from the center of the Red
Sea toward the west so that it is aligned with the
entrance to the Gulf of Suez.
Conrad Deep is a steep sided trough 10 km
long and 1-2 km wide with the long axis oriented

(A) CONRAD DEEP MAGNETIC ANOMALIES

N20°E, parallel to the trend of Gulf of Agaba. A
Seabeam survey of the deep (Fig. 5) showed it to
have a relatively flat bottom sloping down from
about 1440 m in the south to 1460 m in the north
with a small ridge 30 m high, approximately 300 m
wide and 1.6 km long occupying the central part
of the deep. A small rise surrounds the deep at a
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Fig. 6. A. Observed total field magnetic anomalies over Conrad Deep. Contour interval is 50 gammas. Control is indicated by small
Boundary of axial depression shown by heavy dashed lines. B. Total field magnetic anomalies over Conrad Deep with regional field
removed by subtracting a best fitting plane from the data. Contour interval is 50 gammas.

dots. Data is from 1984 Conrad and 1978 Jean Charcot cruises, Conrad Deep is outlined by fine lines near the center of the figure.

distance of 2-4 km. Several oval-shaped features rad Deep at the base of the scarp forming the
approximately 1 km in diameter and 150 m high
are located in line with the southern end of Con-

boundary of the axial depression (Fig. 5). These
may be small salt diapirs.
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can be identified to the edge of Conrad Deep, but
becomes disturbed and difficult to follow beneath
the deep on either transverse or longitudinal pro-
files (Fig. 4) although a strong reflector is found
beneath the deep at a depth of 0.5-0.6 s below the

Seismic reflection data (Fig. 4) show that sub-
bottom Reflector S, which has been shown to be
the top of a massive Miocene evaporite sequence
[14,16), is found at a depth of 0.2-0.3 s below the
seafloor beneath the axial depression. Reflector S
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Fig. 7. Free air gravity anomalies in region of Conrad Deep contoured at 10 mgal intervals with control shown as fine dots. Conrad
Deep is indicated with hachured outline. Boundaries of axial depression shown as heavy dashed lines. Areas with anomalies greater

than + 10 mgal are ruled.



seafloor. Since this reflector is present on both the
lines crossing the deep and those running along it,
the reflector is probably real and not a side echo
or other artifact.

Conrad Deep is associated with large amplitude
magnetic anomalies (Figs. 3, 6) which in map view
take the form of two dipole pairs (Fig. 6A). The
center of the northern dipole is located in line with
the axis of the deep, but about 5 km to the north.
The center of the southern dipole also occurs in
line with the deep and lies 5 km to the south. Note
that the maximum amplitude of the southern posi-
tive anomaly is not well constrained by our data.

Free-air gravity anomalies (Figs. 3, 7) show a
strong NW-SE lineation reflecting the large-scale
trends in the bathymetry. The axial depression is
associated with a large-amplitude gravity low with
a magnitude of about —40 mgals. Free-air gravity
highs of magnitude 15-25 mgals are found coinci-
dent with the scarps marking the boundary of the
axial depression. No free-air gravity anomaly can
be directly associated with the deep and the grav-
ity trends cut almost perpendicularly across it.

The axial depression is associated with the center
of a broad heat flow high extending completely
across the Red Sea shown in Fig. 3. The details of
the measurements comprising this heat flow pro-
file will be presented elsewhere. The heat flow
values in the vicinity of Conrad Deep are shown in
Fig. 5. The mean of the values in the axial depres-
sion, excluding those in the Conrad Deep and two
values at the base of the scarp to the southwest, is
285+40 mW m~2 (6.8+1.0 pcal cm™2? s1),
Four measurements were made on the floor and
the slopes of the northern end of Conrad Deep.
The highest value was found on the floor, 605 mW
m~2; the other values decreased steadily up the
walls of the deep. An unusually low value of 56
mW m~2, was measured on the northern wall of
the deep. The bottom water temperature at the
floor of the deep is 21.52°C, 0.04°C greater than
temperatures in the surrounding waters outside the
deep. No water column reflector was observed on
the 3.5 kHz echo sounder during our survey of the
deep and there is no evidence of a hot brine layer.

4. Discussion

The Red Sea deeps, both the Iarge transition
zone deeps and the smaller northern deeps, are
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commonly attributed to intrusions, and volcanic
rocks have been recovered from a number of them
[8,13]. The relationship of the deeps to igneous
activity is further demonstrated by the frequent
coincidence of large amplitude magnetic anomalies
with the deeps. The transition zone deeps between
20°N and 23°N (Fig. 1) are associated with lin-
eated magnetic anomalies [3,8] and appear to be
small seafloor spreading cells. Where there are
magnetic anomalies over the smaller northern Red
Sea deeps they are not lineated, but rather take
the form of dipole pairs [8,13] suggesting that they
result from isolated intrusions into a relatively
non-magnetic crust.

The magnetic anomalies surrounding Conrad
Deep take the form -of a pair of dipoles and
three-dimensional modeling shows that two sources
are required to explain them (Fig. 8A, B). A single
source extending under the deep would produce a
magnetic high over its southern end and a mag-
netic low over its northern end rather than a pair
of anomalies. The sources must be located under
the region of steepest magnetic gradients and are
thus about 5 km to the north and to the south of
the deep in line with it near the edges of the axial
depression. Although the location of the sources is
well determined, the exact dimensions and depths
are not well constrained as demonstrated by the
source pairs in Fig. 8A and B, although bodies
elongated perpendicular to the deep better repro-
duce the elongation of the observed anomalies.

For a magnetization of 30 A m™', approxi-
mately 10 km® of magnetized material are required
for each of the sources perpendicular to the deep
(Fig. 8A). The sources parallel to the deep (Fig.
8B) are 12 km® and .35 km® in volume for the
southern and northern sources respectively. The
greater volume for the northern body results from
the fact that it must be placed deeper to match the
shape of the observed anomalies.

The axial depression is fault bounded in the
vicinity of Conrad Deep and it is possible that
igneous material was intruded along these faults to
form two distinct bodies (Fig. 8A). A second ex-
planation is that the deep results from the intru-
sion of a single dike which underlies the bathymet-
ric deep and extends to the faults bounding the
axial depression. This explanation accounts for the
morphological expression of the deep and the high
heat flow associated with it. The observed mag-
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netic anomalies could then result from the fact
that it was intruded so recently that only the tips
of the dike have cooled sufficiently to acquire a
remanent magnetization (Fig. 8B).

This possibility may be investigated by model-
ing the cooling of a rectangular dike in three
dimensions. The method used is an adaptation of

(A) CONRAD DEEP MAGNETIC MODEL A

34°30'

a technique developed by Steckler {17]. We con-
sider the dike to have been intruded at a constant
temperature T, and to extend from a depth
below the seabottom to a depth where the regional
temperature reaches T,. We will assume a linear
temperature gradient consistent with the regional
heat flow. The temperature distribution resulting
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(8) CONRAD DEEP MAGNETIC MODEL B
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Fig. 8. A. Model total field magnetic anomalies of Conrad Deep region calculated for source bodies oriented perpendicular to the
deep. Calculations were made for an equally spaced grid of points at 2 km intervals in the map area shown and contoured at 50
gamma intervals. Source bodies were three-dimensional polygons 1-1.5 km thick with their lower surface 5 km below sea level. A
magnetization intensity of 30 A m~' was used with direction given by the geocentric dipole formula. Earth’s field direction was that
given by IGRF for 1984. Conrad Deep is indicated by the hachured outline and margin scarps are shown as heavy dashed lines. B.
Model total magnetic field anomalies of Conrad Deep region calculated for source bodies oriented parallel to the deep. The northern

body extends from 5 to 10 km in depth and the southern body extends from 3 to 7 km in depth. Other parameters are as discussed in
Fig. 8A.
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from the intrusion of the dike can thus be ex-
pressed as:

T(x, y, 2, 1)
z 1 (x—xy) (.\'—xa)]
=T,= + - |erfc———~ — erfc——=~
% " 4 Vakt Vakt
(y=n) (y—va)]
X | erfc — erfc —
vkt Vaki

i . [ Nmz 122k sad
x[ > Ay Sm( : )e'“ wkisa

N=1

where x;, x,, y, and y, express the horizontal
extent of the dike, k is the thermal diffusivity and
the Ay’s are Fourier coefficients of the initial
thermal anomaly created by the dike. The last
term, in z, expresses the vertical cooling, and the
terms in x and y the horizontal cooling of the
dike by conduction. Magnetic modeling shows
that five to six times the volume of magnetized
material is required at each end as in the center to
produce a pair of dipolar anomalies. The three-di-
mensional thermal modeling demonstrates that
conductive cooling through the ends of the dike is
not sufficient to create such a distribution. A long
rectangular dike loses heat most quickly at the top
corners and along the top horizontal and vertical
edges. The thermal modeling shows that triangular
prisms of material cooled below the magnetic
blocking temperature form at the same rate along
the four top edges of the dike. The cooling at the
corners and along the vertical edges does not
result in sufficient amounts of additional material
cooled below the blocking temperature to form
distinct dipole anomalies at each end of the dike.
Thus, either massive hydrothermal circulation
must be invoked along the faults bounding the
axial depression, as is suggested by the low heat
flow values at the southwestern fault scarp; or the
magnetic anomalies must be assumed. to result
from two distinct sources. The NW-SE elongation
of the magnetic anomalies suggests that these in-
trusions occurred along the faults. This is also
suggested by the deeper and less likely depths
(5-10 km) required for the northern source when
they are assumed to be parallel to the deep. A
small amount of material intruded below the deep,
perhaps connecting the two bodies, cannot be
ruled out and indeed is suggested by the high heat
flow values within the deep. The distribution of

heat flow values does not allow detailed delinea-
tion of the geometry of the body as has been done
for intrusions in the Gulif of California [18-20].

Whichever model is correct, Conrad Deep is
associated with an isolated intrusive event. The
high heat flow values indicate that this intrusion
occurred relatively recently, since modeling indi-
cates that the conductive heat flow anomaly would
be largely dissipated by 40,000 years. The N20°E
trend of the deep is the trend of the Gulf of
Aqgaba and is also commonly found as a fault
trend associated with rifting in the Gulf of Suez
and on shore around the northern Red Sea [21-24]
and has been observed as a prominent lineation
by the space shuttle imaging radar [25].

Conrad Deep is located within a well defined
axial depression, as is Charcot Deep to the south.
The form of the deformation within the axial
depression tends to be shorter-wavelength folding
and faulting than in the marginal areas where the
deformation appears to result from more widely
spaced faulting and salt diapirism (Fig. 9). De-
formation also extends from depth to the surface
more frequently in the axial depression than in the
marginal area.

Seismic reflection lines consistently show a
thinning of the average post-evaporite sediment
thickness towards the axial depression. This could
either be the result of tectonic thinning with the
greatest extension near the center or of a more
abundant sediment supply near the margins. A
systematic variation in conductivity with depth in
cores collected on the 1984 Conrad cruise [26],
which is apparently related to glacial climatic vari-
ations, suggests that the sedimentation rates in the
center of the Red Sea have been at least as great
as those in the marginal areas over the past 100,000
years.

Although the marginal areas show signs of con-
tinuing tectonic activity as evidenced by the graben
in Fig. 9, these data suggest that the main site of
extension and tectonic activity at the present time
in the northern Red Sea is the axial depression.

Additional support for this conclusion is pro-
vided by the coincidence of the axial depression
with the peak of a regional heat flow high that
extends completely across the Red Sea rift (Fig. 3)
implying that the axial depression marks the loca-
tion of maximum lithospheric thinning. The coin-
cidence of the axial depression with the maximum
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Fig. 9. Water gun seismic reflection line crossing the western margin and axial depression approximately 30 km north of Conrad
Deep. The graben 12 km from the southwest end of the profile and the salt diapirs beneath the block between the graben and the
axial depression are evidence of continuing deformation on the margins. The shorter-wavelength deformation reaching the surface
and the thinner sediments above Reflector S in the axial depression, however, suggests that tectonic activity and extension are now

concentrated in the axial depression.

heat flow is further demonstrated by the observa-
tion that where the axial depression is offset to the
west, the maximum heat flow values are also off-
set. The interpretation of gravity and seismic data
suggests that the marginal areas are made up of a
series of rotated fault blocks [27]. The intrusion of
isolated bodies into the axial depression at Conrad
and Charcot Deeps may mark the first step in the
transition from the block faulting type of exten-
sion characteristic of the marginal areas to exten-
sion largely by intrusion at a localized axis.

5. Summary and conclusions

(1) The newly discovered Conrad Deep is a
fairly characteristic “northern” Red Sea deep. It is
an elongated, steep sided rift, 10 km long and 2
km wide with a maximum depth of 1460 m. Con-
rad Deep is located in the center of the Red Sea,
110 km northwest of Charcot Deep and 90 km
southeast of the entrance to the Gulf of Suez. It

thus extends the region associated with deeps to
the northern end of the Red Sea.

(2) Conrad Deep is associated with large and
variable heat flow values (56-605 mW m™~2) and
with large amplitude dipolar magnetic anomalies.
Detailed modeling shows that the source of the
magnetic anomalies are intrusions of highly mag-
netic bodies into a relatively non-magnetized base-
ment—these intrusions must be roughly 10 km® in
volume and are located at both ends of the deep,
apparently along the faults bounding the axial
depression. The high heat flow values within Con-
rad Deep imply that this intrusion must have
occurred relatively recently (within the past 40,000
years).

(3) Both Conrad Deep and Charcot Deep are
located within a well defined 10-25 km wide axial
depression which marks the axis of deepest water
throughout the survey area. The axial depression is
located at the peak of a heat flow high extending
completely across the Red Sea rift. The presence
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of large isolated intrusions within the axial depres-
sion may mark the beginning of a transition from
the block faulting characteristic of the marginal
areas to a more localized axis of extension accom-
panied by intrusions which may eventually result
in the establishment of an organized seafloor
spreading axis.
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