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Salt Diapirs Bordering the Continental Margin of

Northern Kenya and Southern Somalia

Abstract. The presence of newly discovered diapirs of presumed salt origin is
documented for the continental margin of northeastern Kenya and southeastern
Somalia. These structures are probably a manifestation of a significant thickness of
Lower Jurassic evaporites deposited during the rift and early-drift stages of the
separation of Madagascar from the African continent.

The proximity and parallelism of salt
formations to continental margins and
their presence at conjugate locations on
both sides of the mid-ocean ridges have
led several investigators to believe that
the deposition of salt is related to pro-
cesses active during the very early sepa-
ration of the continents (/). In this report
we document the presence of newly dis-
covered diapiric structures that border
the continental margin of northeastern
Kenya and southeastern Somalia. We
believe that these structures are salt dia-
pirs on the subsided continent and on the
embryonic ocean floor created during
the separation of Madagascar from the
mainland of Africa.

Salt deposits have been inferred on the
basis of geophysical measurements be-
neath the sea floor of many rifted or
passive continental margins and have in
some instances been confirmed by drill-
ing (I, 2). Often, these deposits appear
on seismic reflection profiler records as
prominent diapiric structures. In places,
they border the margins at conjugate
locations on both sides of the mid-ocean
ridges; for example, salt diapirs are ob-
served on seismic reflection profiles on
the continental margins of the South
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Atlantic Ocean north of the Rio Grande
Rise~Walvis Ridge complex (3) and bor-
dering the conjugate margins of Morocco
and Nova Scotia (I, 4) and of the Red
Sea (5). Similar salt deposits have been
inferred on the Atlantic continental mar-
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gin of the United States as well as its
predrift location off northwestern Africa
(6).

Cruises 3618 and 3619 of R.V. Vema
(see Fig. 1 for navigation) were devoted
to studying the evolution of the western
Somali Basin and East African continen-
tal margin by the use of geophysical
techniques (multichannel seismic reflec-
tion, seismic refraction, gravity, magnet-
ics, and echo sounding). Implicit in this
study were the kinematics of the Mada-
gascar-Africa separation.

Investigators have proposed several
reconstructions for the fit of Madagascar
in the Gondwana supercontinent (7). The
weight of paleomagnetic evidence (8),
physiographic evidence (9, 10), and
inferences from gravity measurements
(11) strongly suggests that Madagascar
moved south from northeastern Kenya
and southeastern Somalia (Fig. 1). If this
is correct, the margin bordering most of
Kenya and Tanzania was created by the
transform motion of Madagascar along
Africa; the margin of northeastern
Kenya and southeastern Somalia was
formed by the rifting and drifting of
Madagascar from Africa. The ship’s
track for the first of the two cruises was
planned to determine the structures as-
sociated with the separation of Madagas-
car from the African continent. A major
discovery of this cruise was the observa-
tion of a diapir field located on the con-
tinental margin of northeastern Kenya
and southeastern Somalia. The diapiric
structures are observed only on that por-
tion of the continental margin formed by
the rifting of Madagascar from Africa,
they are not observed on the transform
margin. Figure 1 shows the relative mo-
tion of Madagascar from Africa, based
on the poles and rotations given by
Bunce and Molnar (10), together with the
location of the zone of diapiric structures
as observed on seismic reflection rec-
ords.

A typical crossing of the rifted section
of the margin showing the diapirs is
given in Fig. 2. The tops of the diapirs
are covered, in general, by sediments
with thicknesses between ~ 0.50 and
~ 0.75 second of the two-way travel
time (~ 450 to ~ 675 m, based on a
sediment velocity of 1.80 km/sec deter-

Fig. 1. Map of the study area. Madagascar is
rotated back to its prebreakup position adja-
cent to East Africa according to the parame-
ters of Bunce and Molnar (10). The track lines
of R.V. Vema cruises 3618 and 3619 are shown
as thin solid lines. Davie Ridge, the fracture
zones (FZ) of Bunce and Molnar (heavy solid
lines), and the gravity high (dashed line) are
marked. The evaporite province is cross-
hatched. Profile A-A’ appears in Fig. 2.
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mined by sonobuoy wide-angle reflec-
tion methods). The synclines between
diapirs together with the arching and
thinning of the strata overlying the dia-
pirs suggest that the structures are in-
deed intrusive (12). The absence of resid-
ual gravity or magnetic anomalies above
individual diapirs, together with com-
pressional seismic wave velocities in the
range of 3.5 to 4.2 km/sec beneath the
tops of the diapirs, indicates the sedi-
mentary, as opposed to igneous, nature
of the structures (13). In some cases the
intensity of deformation between the in-
trusive structures is greatest at depth and
decreases upward, suggesting contem-
poraneous deposition and halokinesis
(Figs. 2 and 3). Dissolution of the evap-
orites and associated faulting may ac-
count for the depression in the sea floor

West-northwest

__ Sea floor_

6 Ymuhi’p}g

Two-way travel time (seconds)

observed above the easternmost diapir in
Fig. 3 (14). Coherent reflections from the
interiors of the diapirs are absent, and
diffraction patterns occur on the flanks
of the structures; both observations
strongly suggest that the diapirs are
cored by evaporites. Furthermore, the
tectonic setting—restricted or closed cir-
culation basin—as derived from the ma-
rine magnetic anomaly pattern (13), and
the occurrence of diapirs along only the
rifted part of the margin, imply that these
diapirs represent the movement of salt.
We cannot rule out that the diapirs are of
shale origin; presently only drilling could
accomplish that. The age of the pre-
sumed salt movement has yet to be de-
termined; however, the arching and thin-
ning above the diapirs in the Middle to
Late Tertiary section (Fig. 3) suggests

East-southeast
A

Fig. 2. Single-channel seismic profile of line A-A’ (see Fig. 1 for location). Note the individual
diapirs in the western segment of the profile, grading into an intensely deformed zone seaward.
Still farther to the east is a buried channel of probable Late Miocene age, with underlying

deformation (14).

West-northwest

East-southeast

Fig. 3. Two distinct diapirs

(see Figs. 1 and 2 for loca-
tion), as they appear on 12-
fold stacked nonmigrated

Two-way travel time (seconds)

g

multichannel seismic rec-
ords. The sediment defor-
mation becomes more in-
tense with depth between
the two diapirs. The de-
pression in the sea floor
directly above the easterly
diapir is possibly the result
of salt dissolution.

the continuation of deformation into
Neogene time.

In addition, we observe a zone of very
intense structures on the downslope sec-
tions of the profiles (Fig. 2). We are able
to trace a reflector beneath this de-
formed zone at a depth of ~ 8 seconds of
two-way travel time. We do not know at
present the origin of this zone; it is
probably a large slump or gravity slide
that may have been initiated by salt
movement farther upslope. The possibil-
ity cannot be excluded that some diapiric
structures are present within this zone
of deformation.

On the basis of magnetic anomaly
identifications in the western Somali Ba-
sin, we believe the age of the presumed
evaporites to be Early Jurassic (/3).
Deep Sea Drilling Project site 241, situat-
ed seaward of the diapirs (15), bottomed
~ 1.8 seconds of two-way travel time
above acoustic basement in Upper Cre-
taceous clays and siltstones. The oldest
sediments recovered by drilling in the
coastal region off southeastern Somali
and northeastern Kenya were ~ 3 km of
mid-Upper Jurassic to Lower Creta-
ceous marine shales (16). None of the
coastal wells here have penetrated sedi-
ments older than mid-Late Jurassic, and
no evaporites have been encountered.
However, about 3 km of evaporites of
Permian (?) to Early Jurassic age have
been drilled in an isolated graben border-
ing the transform margin of coastal Tan-
zania (17).

We believe that the fit of northern
Madagascar to Africa such as that pro-
posed by Bunce and Molnar (10) provid-
ed the restricted basin environment nec-
essary for evaporite deposition. Unless
there has been a ridge crest migration
leaving all the evaporites on the African
side, one would expect to see similar
diapiric structures bordering northern
Madagascar. It has been suggested that
such ridge crest migrations occur during
the initial separation stages of other ar-
eas (18). We did not observe diapiric
structures on our track lines off northern
Madagascar; the ship may not have ap-
proached close enough to the coastline
to permit us to observe them, if indeed
they are present. Drilling onshore and
offshore in the northern Madagascar re-
gion through the entire Mesozoic section
has not penetrated evaporites (/9).
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Carbony! Sulfide and Carbon Disulfide from the

Eruptions of Mount St. Helens

Abstract. Ash from the massive 18 May 1980 eruption of Mount St. Helens readily
gave off large amounts of carbonyl sulfide and carbon disulfide gases at room
temperature. These findings suggest that the sulfur that enhances the Junge sulfate
layer in the stratosphere after volcanic eruptions could be carried directly to the
upper atmosphere as carbonyl sulfide and carbon disulfide adsorbed on ash particles

Jrom major volcanic eruptions.

The eruptions of Mount St. Helens
have provided a unique opportunity to
study the sequence of volcanic events
that precede and follow the massive da-
citic explosions of volcanoes. We report
here our studies of gases emitted directly
by the volcano and those adsorbed on
the ash particles. It has been demonstrat-
ed that the Junge sulfate layer in the
stratosphere is enhanced after volcanic
eruptions (/). It has been suggested that
the SO, from volcanic eruptions is the
source of sulfur for this sulfate layer (2,
3); however, we have found that volcan-
ic ash releases COS and CS, but no SO,
or H,S at room temperatures, which may
be another significant mechanism for the
transport of sulfur from volcanoes to the
stratosphere. The idea that the nonvolca-
nic COS and CS, might be a source of
the sulfate layer has been suggested by
several investigators (4, 5). Hobbs et al.
(6) observed that H,S [~ 1 part per
million (ppm)] was the dominant sulfur
gas close to the ash plume of the major
18 May and 25 May 1980 eruptions at 3 to
5 km. Small amounts of COS and CS,
were also observed. The flux of SO,
increased dramatically only after 23
May, and SO, became the dominant gas
after the 13 June eruption. These results,
together with ours, suggest that SO, may
not be the major sulfur-containing gas
emitted from the volcano until after the
major explosive eruption. Thus COS and
CS,, adsorbed on ash, may be more
important contributors of volcanic sulfur
to the stratosphere.

We collected volcanic ash both before
and after the major eruption of Mount St.
Helens on 18 May 1980, and from a light
aircraft we collected air samples of the
volcanic emissions. The air was collect-
ed in stainless steel flasks, with inert
internal surfaces (rendered inert by the
SUMMA process), reaching pressures of
1.35 to 2.0 atm. The trace gases studied
were found to be stable in the containers
and were analyzed within a few hours
after collection. The gases emitted by the
volcano underwent great dilution by am-
bient air before we could collect them,
and so we measured CFCl; (F-11) and
CF,Cl, (F-12) in all the samples to obtain
an estimate of the dilution factor. If we
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assume that F-11 and F-12 are entirely
man-made, the dilution factor D is equal
to (1 — »)~1, where r is the ratio of the F-
11 concentration in the plume sample to
that in ambient air.

The ash samples, collected at several
distances from the mountain, were
sealed in the field in airtight 2- and 4-liter
stainless steel cylinders fitted with Nu-
pro SS-4-H-4 bellow valves. We used
this arrangement of valves to first desorb
trace gases from the walls of the contain-
ers under vacuum and then to purge the
containers with a synthetic contaminant-
free zero air at 150° to 200°C in the
laboratory before filling them in the field
with volcanic ash. Samples processed in
this way have proven to be free of con-
taminants as compared to samples casu-
ally collected in plastic bags or glass jars.
In addition to the direct analysis of the
gases in the headspace above the ash in
the field samplers, 100-g samples were
removed and transferred to similarly
cleaned 1.5-liter Pyrex flasks fitted with
graded seals to Nupro SS-4-H-4 valves.
All the samples were pressurized to 1.0
atm with dry synthetic air and were
allowed to stand for at least 4 days
before being analyzed. The COS and CS,
were measured by gas chromatography-
mass spectrometry (GC-MS) isothermal-
ly at 0° and 100°C, respectively, on a
glass column (0.64 cm by 2.7 m) packed
with 10 percent OV-101 on Chromosorb
W. We made quantitative measurements
on 5-ml samples, using single-ion moni-
toring at mass-to-charge ratio (m/e) 60
for COS and m/e 76 for CS,. Additional
GC-MS scans were made on larger air
samples (~ 500 ml) concentrated by a
cryotrap. In this case the samples were
injected onto the column at 20°C, and
then the temperature was raised at 8°C
per minute to 150°C. The COS and CS,
were measured independently with a
flame photometric detector (FPD-GC),
which was also capable of measuring
H,S, SO,, and dimethyl sulfide. The CS;
was measured with an electron-capture
detector (EC-GCQ) in the analysis of the
halocarbons present in the samples.

The results of the air analyses are
shown in Table 1. The absence of any
CS, in the majority of these events and in
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