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‘I j
~ the southern Somali Basin indicates that a buried portion of the Chain
Ridge sector of Owen Fracture Zone extends at least to 7.5°S. In areas where
crustal ~ge may be estimated on both sides of the fracture zone, either by
eleva-” - or by other methods, the sea floor to the west is at least 30 m.y.
olde .Lars that to the east and may be considerably older. The trend of the
fracture zone and the age of its segments control the time and direction of
movement for India relativ6 to Africa and Madagascar. In addition they
limi t the number of proposed reconstructions and indicate that the Western
Somali Basin is a small remaining part of the original Tethys. These
constraints result in a model for the area which considers Gondwanalarid
dispersal in the Western Indian Ocean. ‘~~~~

-

The final stages of development of the Somali Basin correspond with the
• destruction of the Tethys with the final marine regression in northern India

during Middle Miocene. Neogene sedimentation rate determinations for the
Somali Basin show considerable increases between the Miocene and Recent,
in spite of the fact that the basin is becoming larger and deeper. It
is proposed that the dessication and subsequent elevation of the area in
northern India caused by structural evolution resulted in the development of
a land-sea heating contrast which drives the southwest monsoon , and due to

• 
. increased upwelling and productivity it is recorded by increased sedimenta-

tion rates in the Somali Basin.

The late Quaternary sediment record of the area indicates maintenance
of these large scale circulations with little change in sea surface
temperature as determined from nannofossil assemblage variation , and
occurrence of upwelling over a broader area as indicated by the distribution
of coarse carbonate. Several significant bottom water incursions into the
basin are interpreted from analyzing the total carbonate curves hut their
effects do not extend to the area of maximum upwelling due to depression of
the CCD by high productivity .
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ABS TRA CT

The paleooceanoqraphic development of the Somali Basin
in the Northwestern Indian Ocean is determined through con—

~iderinq the structura l evolution of the area ; its influence
on Neogenc atmospheric and oceanic circulation as indicated in
the sediment record; and variation in these circulation systems
as seen in late Quaternary sed iments. Chain Ridge forms the
main structura l element of the Somali Basin. Correlation of
geophysica l measurements along its topographically elevated
portion with geophysica l transecL~ in the southern Somali Basin
i n d icates tha t  a buried por t ion  of the  Cha in  Rid ge sector of
Owen Fracture Zone extends at least to 7.5 S. In areas where
crusta l age may be estimated on both sides of the fracture zone
t~ither by elevation or by other methods, the sea floor to the
west is at least 30 m . y .  older than tha t to the east and may
be considerably older. The trend of the fracture zone and the
age of its segment -

~ control the time and direction of movement
for India relative to Africa and Madagascar. In addition , they
Un it th e number of proposed recon~ tructions and indicate that
t~ e Western Somali Basin is a small remaining part of the
ori~~inal Tethys . These constraints result in a model for the
area which considers Gondwana larid dispersal in the Western
Indian Ocean.

The fina l stages of development of the Somali Basin cor-
respond wi th the destruction of the Tethys with the fina l marine
re;ression in northern India during Middle Miocene . Neogene
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sedimentation rate determinations for the Somali Basin show
considerable increases between the Miocene and Recent , in spite
of the fact that the basin is becoming larger and deeper. It
is proposed that the dessication and subsequent elevation of
the area in northern India caused by structura l evolution
resulted in the development of a land-sea heating contrast which
drives the southwest monsoon , and due to increased upwelling
and productivity it is recorded by increased sedimentation rates
in the Somali Basin.

The late Quaterna ry sediment record of the area indicates
maintenance of these large sca le circulations with little change
in sea surface temperature as determined from nannofossil asson-
blage variation , and occurrence of upwelling over a broader area
as ind icated by the distribution of coarse carbonate. Severa l
significant bottom water incursions into the basin are inter-
preted from analyzing the tota l carbonate curves but their
effects do not extend to the area of maximum upwelling due to
depression of the CCD by high productivity.

Thesis Supervisors: Dr. J. R. I-Ieirtzler ~~en~ or Scientist)
Dr. D. A. Johnson (Assistant Scientist)
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I INTRODUCT I ON

The sea floor spreading hypotheses (Hess , 1962) and

related work on magnetic anomalies (Vine and Matthews , 1963;

Heirtzler , et al., 1968) structural features (Wilson , l96’°~

their globa l implications (McKenzie and Parker , 1967; Morgan ,

l9hH), and related sea floor elevation (Sclater , eL al ., 1971)

have in little over one decade revolutionized the understanding

of the structura l evolution of ocean basins.

During the latter oart of this decade routine drillin g in

th e  deep cean provided the necessa ry da ta to beq in to interpret

the -i e ( iL f l l ( � f l t  record in terms of this mobile framework . Using

tO shorter Pleistocene deep sea sections as a conceptua l model ,

the initi al studies examined direct corollaries that grew from

knowledge of the structural evolution such as alterations in

c u i r n t  paths (Berggren and Hollister , 1974) or calcium car-

bonate e- ei’ensation depth (Berger , 1973) and the first palco—

oceanogra phic studies that directly investigated past oceanic

conditions through analysis of components of deep sea sediments

were completed. One of the next steps in utilizing plate

tect on i - - to understand all phases of earth history will be in

examining the indirect corollaries to ocean evolution that

II._ — L_ . . .  ~~~~ .c~~isc - 5Tii!~i”’ - . .
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are due to changing plate geometries such as long term effects

on cl ima tic and me terolog ica l variables which in L u r n  ar e  recorded

as significantly different ocean conditions.

These problems in pa leooceanography which recent technica l

and intellectua l developments have fostered require ability in

a variety of fields. The investigator must in genera l be able

to develop the structural evolution of the ocean basin, under—

stand the salient characteristics of the Pleistocene sedimenta ry

record , and through examining the Cenozoic or earlier sediments

from the area consider the variety of changes that they may m di-

cc te.

This thesis will consider the pa leooceanographic record

in sediments of the Somali Basin , northwestern Indian Ocean ,

and its relation to the structura l development of the area .

Obviously, such a broad scale undertaking , even though limited

to a specific geographic area , requires specific investigations

with the framework of  the overall problem if it is to meet with

any success. Accordingly, processes involved in three specific

a reas of ocean evolu tion wi ll be exa m ined.

~~~~~~~~~~~~~~~~~~~~~~~~~~ 
________
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‘14
Fi r st , as in studies of other oceans the structura l frame-

work for the evolution of the area is deve loped. Second , the

initiation of the most prominent oceanographic feature , the

monsoon , is investigated by comparing Neogene sedimentation with

Recent sedimentation. Third , late Quaternary sedimentation is

treated in n-ore detail to determine Recent oceanographic varia-

tion. 

~~~~~~~~~
‘--.‘ 

-~~~~~~~ _________ 
-— -

-- L -:~ ~~~~~~~~~~~~ ~~~~~~~~~~ 
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II. CHAIN RIDGE AND THE STRUCTURA L EVOLUTION OF THE SOMALI BASIN

INTRODUCTION

The complex and relatively recent evolution of the Indian

Ocean has attracted work on the structure of the area both to

examine its development and to consider the basic mechanisms

of plate motion, in the western Indian Ocean I heto examj nat i n s

U t structura l history have , in the past , been confined to those

areas where a readily discernible magnetic record of sea floor

evolution is available . However , a major portion of the western

Indian Ocean , the Somali Basin , has not been incorporated in

jr-nerd evolutionary schemes because initial analyses of avail-

able data from the area did not y ield r e a d i l y  interpretable

structura l or magnetic trends. Nonetheless , an understanding

o~ the evolution of this area is crucial to understanding t h e

in itia l stages of Gondwanaland dispersal as well is the more

r~~cc-nt stages of basin evolution .

The objective of this section is to place constraints on

p la ti mnot ions occurring during Gondwa na land di spe rsa 1 by

exam ini ng the bas i c  proper t ies  of the major fracture zone in the

Somali Basin area . In order to do this the southwestern ext ent

of Cha in Ridge has been examined; the age of the usa floo r - ~n

_____________________________________— • —  — 
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oppos i te sides of the ridge has been inferred; and a model for

the origin and evolution of the ridge and surrounding basins

has been constructed .

Past examination and speculation about the Somali Basin have

led to a variety of possible interpretations of its history .

Gregory (1920) shows the first indication of a major fault in

the northwestern Indian Ocean which he indicates borders the

coasts of Africa and Arabia. The John Murray Expedition (Wise—

man and Seymour Sewell , 1937) showed the f i r s t  b at h y m e t r i c

Lnterpretations of the area which enabled Matthews (1963)

ifter the initial International Indian Ocean Expedit ion in-

vestigations to realize that a major fault scarp , called Owen

Fracture Zone, displaced the northern end of the Carlsberg Ridge.

Wilson (1965) considered this offset a transform fault , and

its southwestern extension was mapped tangent to the East African

coastline by him . Further work during the International Tnd.ian

Ocean ~- ‘xpedition (Heezen and Thai-p. 1964) resulted in a physio—

graphic diagram of the area which tended to align Owen Fracture

/on ’ with the Amirante Trench and the east coast of Madagascar.

Specific investigations of the Chain Ridge portion of Owen Frac-

ture Zone and surrounding Somali Basin were reported by Bunce

et al. (l~)61- , 1967) who related a change in the seismically
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“4 determined sedimen t thickness to the location of Chain Ridge.

Fisher et al. (1968) on the basis of previous International

Indian Ocean Expedition results and their own investiga t ion s

of the Amirante Trench and surrounding magnetic patterns

concluded that a major left lateral shear occurred since mid—

Mesozoic along 52° — 54° E and moved Madagascar south with

respect to the Seychelles.

A more recent phase of work in the Northwestern Indian

Ocean has been the major syntheses which are often based on

sea-floor spreading and and plate tectonics (McKenzie and

Parker , 1967; Morgan , 1968). Morgan (1968) considered the

Arabia—India branch of Owen Fracture Zone as a transcurrent

fault. Le Pichon and I-Ieirtzler (1968) examined magnetic

anomalies and were able to determine a late Cenozoic pole of

opening for the Carlsberg Ridge. Ewing et al. (1969) assembled

sedimen t thicknesses throughout the area , and Laughton , Matthews

and Fisher (1970) summarized results from all preceding investi-

gations. McKenzie and Sclater (1971) developed an evolutionary

sequence based on observed magnetic anomalies , their synthetic

equ ivalents , and a major change in spreading direction .

The present analysis relies on a combination of geophysical

survey results and those from deep ocean drilling . Fisher and

.1 ~~~~~~~~~~~~~~~
-
~~
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Bunce ot il . (1972) and Simpson and Schlich et al. (1972),

in preliminary reports of Deep Sea l)rilling results were able

to ind ica t e minimum and in some cases tenta t ive ages for base—

s ent  in the  Somali Basin area . Burroughs and Bunce (1973)

mapped part of t h e  buried extension of Chain Rid ge and

e st  ~b1ishi’J that the lea Lure f o rm s a major age disc set m utt ~

in t h e  S o n a  I i  Basin.

The qenera l princi ples of sea-floor spreading and plat e

tectonics (Hess , I962~ Vine and  Matthews , 1gL$~ McKenzi e- a n d

Parker , 1 o 7; and Morgan , 1968) allow a var iet y of method For

dote  rn i n  i ng past plate motions. Crusta l age a nd r e l a t ive

s pr e ì i i n  rates isa y he de te rm i ned liv sea f l o o r  n a T n e t  i c  a n o f l a I i s

or the titerma I and hence eleva t i i  history of the elate. ~ g i on

ot an inlividua I c on t i nen t  or gr ou p s  of cost inents with respect

to the earth s s di pole may he let crinined by paleon ’aqnet  isv- and

pol a r wandering p a t h s  ( M c E l h in n y ,  1973) . As e a r t h q u a k e s  o f t e n

- e f i n e  p r e - e n i  p l a t e  b o u n d a r i e s  t h e i r  foca l p l a n e  so lu t  ions may

he used f- determine relative motion directions between plates

which may i iso be determined by the strike el transform faults.

I I continents were it one Lime Lo ;et icr , m a t c h i n g  of cen t .inen t al

ed j e s  may a l so  prove useful.

Of  I he  above , three approa ches err most. use l i i  c iiie ideninq

the limit i t  i - -ne of the ava ilable d a ta i.e the Somali Basin. I-’i r
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th e t r en d of the f rac ture zon e if adequately mapped and

understood will provide information on the relative direction

of p la te  mot ion . Second , sea f loor  age d e t e r m i n a t i o ns on each

side of the f r a c t u r e  zone place c o n s t r a i n t s  on the chronology

o f the  p l a t e  m o t i o n s .  Th i rd, th e f i t  of cont inent s th at wer e

at one time contiguous provides additional constraints .

— -- - 
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GENERAl. c}IARAc’rERISTICs OF FRACTURE ZONES AND RIDGES

Partially or completely buried ridges similar to Chain

Rid ge occur in many areas of the oceans and are of ten  due to

shearing along faults. A brief analysis of their morphologic

and geometric variability forms a basis for investigating Chain

Rid ge. .-\lthough all gradations occur, most of these l ineaments

lie either roughly parallel or roughly perpendicular to the

spreading direction .

Explanations for ridges parallel to the spreading direction

ha”e grown out of analyses of the properties of a transform fault

(wilson , 1965) extended to a sphere (McKenzie and Parker , 1967;

Y e r -q~~n , lU t , 8) .  S t r u c t u r a l  t r ends  e x t e n d i n g  from the o f f s e t s  of

~he spreading axis became known as fracture zones.  Menar i  and

Chase’ ( 1 07 0 )  have summarized an earlier definition of fracture

zones as long and narrow bands of irregular topography chara —

ten sed by volcanoes , ridges , and scarps and often separating

different regional depths. While the morphology of the

associated ridges or scarps may vary , the trend of the fracture

zone is presumed to lie parallel to the spreading d i r e c t i o n  at

the time of its creation along the transform fault (Menard and

-\ ts.- ’ t t er , 1968).

- -s~~~ -~~~~- . -  ~~~- - ~~~ - 
- - -— •
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Other ridges occur perpendicular to the spreading direction

as a part of the continental marg in or nearby deep sea.. Early

work by Drake, Ewing, and Sutton (1959) delineated a prominen t

basement ridge at the edge of the shelf along the east coast of

the United States. Such features are presumably due to the

initial rifting processes. If the initial rifting occurs along

a zone para l le l  to the spread ing di rection, the resultant

strike—slip motion between two sectors of continental crust

may result in a shelf edge basement ridge that runs parallel

to the spreading direction . As margins are more commonly of

the normal  r i f t i n g  type , th i s  is rare.

In the Equatorial Atlantic the deep sea ridges associated

with fracture zones merge in some cases with continental offsets

resulting in a series of transitional features (Le Pichon and

Hayes, 1971; Hayes and Ewing , 1970). To deal with the variety

of ridges found in this setting Le Pichon and Hayes (1971)

suggested several definitions: marginal fracture ridge, a high

standing ridge from shear between two sections of continental

crust or shearing of continental crust against ocean crust;

intermediate ridge, a marginal fracture ridge shearing agains t

a marg inal f r a c t u r e  ridge; ocean fracture zone, shear between

two sections of oceanic crust; transverse ridge, ridge joining

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~
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a pro longat ion  of marg inal offsets. These general ridge

characteristics and their relationship to the spreading

proces s form a background for Chain Ridge studies.

~~~~~~~~
-- 

~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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GEOP !IY STCAL PROI-’TLE S IN TI lE SOMALI BASIN

Bathymetric , gravity, magnetic and seismic profilinq

data from recent cruises were examined to investigate the

southwestern extension of Chain Ridge and the basins

bordering it. The track lines (figure  1) cross the ridge

and its buried extension at several locations , and in addition

give limited coverage of the basins on either side .

Chain Ridge 8°N Pro f i l e s

Seismic profiles in the vicinity of 8°N on Chain Ridge

near the junction with the Carlsberg Ridge show a series of

four or five acoustic basement ridges (figures 2—5). Here,

as elsewhere, acoustic basement is defined as the coheren t

reflector that forms the main elevated portions of the ridge

and where visible below sediments a rough paraboloid surface.

When sampled it is basalt (Bunco et al., 1967) and ,therefore ,

corresponds to layer 2 material a’. defined for other oceans

(Ludwig et al., 1970). As the morphology of this surface must

r e f l e c t  some of the processes in f r a c t u r e  zone format ion it will

be examined  in 1 ~ht  of the genera l  cha rac t e r i s t i c s  of r idges

and fracture zones mentioned previously. In all crossings

( f i gu r e s  2-5)  a prominen t peak to the west is noted .  Of ten
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Fi gure 1.

Location of ship track in vicinity of Cha ir

Ridge (inset) w i t h  respect to major north-

F 
western Indian Ocean features. Bathymetry

is simplified from r~~ughton (1966) and

Fisher et al. (1968), and magnetic anomalies

are from McKenzie and Sciater (1971).

_ _ _ _  _ _ _ _ _ _  
- . - - .
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Figure 2.

Line A. Free-air gravity profile , magnetic
pro f i l e  (wi th  reg iona l f i e l d  removed) and
continuous seismic profiles from west to
east in the Somali Basin.
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Figure 3.

Line  B. F r e e — a i r  g r a v i t y  p r o f i l e , n i a q ne t i . c
profile (with regiona l field removed) and
continuous seismic profile from west to
east in the Somali Basin.
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Figure 4.

Line c. Free-air gravity profile, magnetic

profile (with regiona l field removed) and

continuous seismic profile from west to
east in the Somali Basin.
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Figure 5.

Line D. Free—air gravity profile , magnetic

profile (with regiona l field removed) and

continuous seismic profile from west to

east in the Somali Basin.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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a similar large peak to the east is presen t (Lines B, C, D)

together  wi th  o ther  basement hi ghs . These e levat ions  to the

east may form shorter length ridges as suggested by Laughton ’ s

(1966) bathymetry an~ Matthews (1966) discuss ion  a l though the

line to line morphologic similarity of the observed topo-

graphic features here is not striking. These basement ridges

display true slopes of up to approx imately 80 similar to

other fracture zones (Menard and Chase , 1970). The free—air

gravity is obstrved to change from slightly negative to

slightly positive on every crossing from west to east

(figures 2—5). In lines B, C, ard D the two major ridges

show a slight reduction of associated magnetic signal amplitude

while the area in between shows an increase.

The sediment sequence in lines A—D is recorded as a series

of closely spaced acoustic reflectors which in some lines

(western sectors of A , B, and D) is underlain by a transparent

section . rrh e thickness of sediments overly ing basement varies

from over 2 seconds of two-way travel time to the west to

sediment—free elevated portions of the ridge , to 0.5 seconds

or less sediment cover in the eastern sectors of lines A and

B. Acoustic reflectors are generally assumed to repi~esent.

variability in sediment properties and the large lic-rizontal

IL ~~ _ _ _ _ _  
_ _ _ _
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extent of the reflecting surfaces should then indicate a

sed imenta t ion  process resu l t ing  in s imi lar  properties

is present over an area as extensive as the reflector

i t se l f. Almost all the reflectors in lines B, C, and D

are f l a t  ly ing and general ly para l le l  although they are

t r u n c a t e d  by the ridge. To the west of the main peak in line

A some reflectors lie conformably over the basement structure

whi le  others are f l a t  ly ing . Depth to sediment su r face  is

similar throughout lines C and D with the exception of a

small elevated pond in line D. However , line A shows 3

areas of sediments to the east of the ridge whose sediment—

water surface~~ er äT ë tb b~~~eaiiiEThan tl~~~~~ 
- - - - -

~~~ 

--

corresponding surface to the west of the ridge. Similarly

line B shows two elevated sediment ponds .

The level of the sediment—water interface together with

the morphology of the reflecting surfaces may be used to develop

some qualitative arguments concerning the history of the area .

With much less detailed seismic profiling coverage of the area

Ewing et al. (1969) proposed that since the reflectors in the

Somal i Basin appeared sim ila r to those in the Indus Cone , they

must have been deposited by turbidites. Neither a reasonable

source area nor geolog ic evidence for the proposed turbidit es

_ _ _  ~~~~~~
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‘14 has been iden t i f i ed  to the nor th  or west of Chain  Ridge .

E x am i n a t i o n  of l ines A—D shows extensive pockets of sediments

between Chain Ridge and the Carlsberg Ridge. The sediment-

water interface to the east can be closer to sea level than

that to the west (lines A ,B). In other cases (lines C and

D) the sediment—water interface is at the same level on both

sides. Line D also shows a prominent elevated sedimen t pond

in the riLige area . Thus, th e fa vored explanation f rom these

obsee--a t i ons r iv be predominant].y pelagic sedimentation .

~Iowever , turbi iite movement along strike or from the east

and west of the ridge might result in the- same pattern .

—- - Uplift nov be indicated but not required by sediment pondiiig

in the central portion of the ridge (line D).

In a (llition to analysis of the shape and level of the

upper  s u r f a c e  of sediment the lower sur face  is also impor tan t .

To the west of the major ridge on line A , the strong basement

re flscf or clips under two para l le l  r e f l ec to r s  in the sediment

sequence .  The lowermost becomes the deepest observed reflector

in the western basin and the absolute depth to basement remains

u n c e r t a i n  a l t h o u g h  it is clearly greater than the deepest ob—

served reflectors. Thus, in the wes tern  basin  onl y a minimum

depth for basemen t may be specified .

IL ~~
— 
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Chain  R i d g e  2 ’N P r o f i l e s

Basement morphology in l i nes  E and F ( f ic i ur e s  6 , 7)

shows an area of m a j o r  basement e levat ion of about 35 kms

in width . In line S two major peaks to the west are bordered

by other smaller peaks to the east. To the south in line F

the total ~~idth of the fracture zone is somewhat less. Total

elevation of basement over the surrounding sedimen t surface

in this area is or-1y approximately 300 m whereas in the 9°N

section s it was 2000 m . Al though th e basement structure here

is similar to the sections further north the expression of all

ridge features is reduced and no associated magnetic variation

across the ridge is apparent.

‘I’he sediment a ry sequenc (- is thicker to t h e  west: , i n

of 2 seconds , and thin (0.5 5cc) to the east whore it displays

a more prominent transparent zone (figures 6, 7). The sea

floor is at a similar depth on both sides of the rid ge. At 2’
~N

the ri /Iqe is characterized by subdued , but similar , features to

those fa r t he r  nor th .

- ~~~~~ - S ~~~~~~~~~~~~~~~~~~~
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Figure 6.

Line E. Magnetic profile (with reg iona l
f i e ld removed) and continuous seismic
p r o f i l e  from west to eas t  in the Somali
Basin.
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Fi gu re 7.

Line F-. Magne t i c  p r o f i l e  ( w i t h  regiona l
field removed) and continuous seismic
p r o f i l e  f rom west to eas t  in the Somali
Ba sin .
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Chain Rid ge Buried Scarp 3.5°S and 7.5S

Line C (figure 8) at 3.5°S and line H (figure 9) at 7.5°S

in addition to other work in the area (Francis et al., 196~~

Schlich et al., 1972) demonstrate a significant change in the

depth and in the configuration of basement reflectors in the

central Somali Basin. The features are remarkably simi In-

to those descr ibed at 2 ° N and therefore silijel - el t h e  continua-

tion of the fracture zone southward through this a sea .  i~

sedimentary sequence with acoustic layering and  a cent ly

undulating deepest observed reflector at two seconds or greater

( f igures  8 , 9) t e rmina tes  at the buried scarp. Beyond the

b u r i ed  scarp, to the east, a sediment sequence of 1 second or

less lies above a rough layer 2—type oceanic basemen t. Thi s

change is observed in line i; (3 ry)~ 4R .~~~E )  , in I I n c  I ’

48. 5 ’V~ , by ~- ‘ r a n ci s  eL al. (l~uh ) (7.7°S, 47°i-~ exact location

not i et .~rmined Inc to s t a t i o n  sp a c in g  and na ’ -’i q a t i  on system ) , a nd

ny S ch l i c h  et a] .  (1972) ( 3 . 5~~S , 4 8 .5 0 E ) where  i t  is most clearl’-

shown . To the east of the b u r , e - d  scarp the basement reflector

outcrops (Schlich et al., 1072 , l ine 11) as it does to the north .

It mus t be emphas ized  t h a t  the dat i present (-d here inh ic a te that

t h e  p resen t  f r a c t u re zone an~i there fore  pas t  p l a t e  boundary  is

the huriei scarp and not the f i r s t  l i n e a r  topograph i c  high to the

-— — - -  
- ___________  
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Fi gure 8.

Line G. F r e e — a i r  gr a v i t y  p r o f i l e , magne t i c 
-

p r o f i le  (wi th  reg iona l f i e l d  removed)  and -

continuous seismic profile from west to east
in the Somali Basin. Arrow to left shows
relatively flat lying deepest observed reflec-
tor which is presumed to be a sedimentary
horizon above basement . Arrow to right (east)
shows rough reflector typica l of oceanic
b a s e m e n t .
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Figure 9.

Line I-I. Free-air gravity profile , magnetic
profile (with reg iona l field removed) and
continuous seismic profile from northeast
to southwest in the Somali Basin. Arrow to
left of figure indicates deepest observed
reflector there which has  rough upper sur-
fa ce typica l of oceanic basement layer 2.
Arrow to right of figure shows relatively
flat lying deepest observed reflector which
is assumed to be sedimentary indicating far
greater depth to basement .
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east of it. In line G the free-air gravity anomaly increases

to the east of the buried scarp and the magnetic record

indicates some possible low amplitude variation in contrast

to the smooth zone to the west. However , neither of these

clearly demark the structural boundary that is observed by

seismic profiling.
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Ch A R A C TE R I S T I C S  A t’JD EXTENT OF CIIAIT-I R T D C E ANI) TIlE BURIED SCARP

The total extent and general characteristics of Chain

Ridge may be compiled from data presented here and elsewhere

in the l i t e r a t u r e. The morphology of the oceanic basement

that  cha rac te r i zes  the f r ac tu re  zone consists of a distinct

change in regional depth to basement across the feature which

is obscured by sed imenta t ion  throughout  its lenqth , and to the

n o r t h  p rominen t  peaks that exten d well  above the ah yssal  p la in s .

The bathymetric expression of the fracture acne is shown

in figure 10. In the northern section , lines A-D, often two

major peaks,as well as other smaller peaks, rise over 2 kms

tho;e the abyssal plain on both sides of the fracture zone.

In the  more sou t h e r ly  corss inqs  peak s of d i m i n i s h e d  s i ze  r i se

only a few hundred meters above the surrounding ahyssal plain .

The change in depth to regional basement is consistent in

so i ar- i c profiles across the fracture zone and will be treated in

more  i e t a i l  lat e r .  This d i f f e r e n c e  exceeds about 2 kms as

e x a m i n a t i o n  of the se ismic  p r o f i l e s  shows n e ar ly  s i m i l a r  levels

fo r  the ahvssa i  p la in  on e i ther  side of the f rac t u t e  zone but

a change in total sedimen t th ickness. In the central Somali

firm near 3.5 ’ S where sediments mask any bathymetric expression

of Li~ r age , the variation in regional depth is most clearl y

shewn by Schl ich et al. ( 1 9 7 2 ) .

______________________  ~~~~~~~~
-—-



_____ 
-

51

‘
~1

Figure 10.

Ba thymet r i c  cross sec t ions  of Cha in  E~~dqe .
I n each case the ab y s sal  pla in to the
west of the r idge is a t  about  5000 i f .
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Analys i s  of the morphology of Chain Rid ge in ava i lab le

bathymetric and seismic data indicates at least two types of

d e f o r m a t i o n  may be responsible  for the f r a c t u r e  zone . In the

northern section s and at its southern topographic extreme the

f r a c t u re zone of ten has two m a j o r peak s separ at ed by a trough

which could be due to shear between two plates . At ~~~~~~

(Bunco  et al ., 1967 , f i g u r e  3 , p. 2 549)  block f a u l t i n g  is

indicated . Line D slightly north of there and data from 3.5°S

(Schl ich et a l . ,  1972 , p la te  1) indicate block faulting may be

important . The multiple ridge morphology is characteristic of

other fracture zones (Menar d  and Chase , 1o70)  as is the

scarp shown by Schiiich et al. (1077).

Variation in free-—air g r a v i t y  and in magnet ics  across the

structure is of little help in mapping its exten t with the

present coverage. Free-air gravity follows topography in the

elevated nor t ions of the rid ge ( l i nes  A—D) but is insens i t ive

to the -rariation in basemen t depth across the feature in the

southern portions of the basin (line G or Talwani and Kahale ,

in press). Available magnetic data do not indicate that the

f ra c t u  r~ t ollows an ide n t i f i a b l e  pa ttern ~is has boon proposed

for th . :-ae r e at u r es  elsewhere (Schouten , 1974) .

_ _ _ _ _ _  j - :~--~~ =~ _ _ _ _



The ex ten t  of the f r a c t u re  zone may be examined both by

its own characteristic features and by those of the sea f loor

it bounds . The Chain Ridge portion of Owen Fracture Zone

extends as a topographic feature from the Carlsberg Ridge to

about 2 °N in the Somali Basin (figure 11). A buried scarp

separates two different sediment th icknesses and types of

sea floor south of that point; the scarp continues to 7.5°S.

At 3 .5” S these data  together wi th  some of Schlich et ii. (1972)

and Francis et al. (1966) demonstrate the same consisten t

change in sediment thickness.  Chain Ridge wi th  i ts  bur ied

scarp trends semi—parallel to the coastline and approximatel y

38() to 860 kms o f f s h o r e  along the entire mapped length of the

lqe ( f i gure  11)

~Jhile the extent of the fracture zon e may be extrapolated

to 7.5’ S its relationship with sea floor and continental

str uc tu r~~s at the northern tip of Madaqascar (12 °S) cannot be

dot m e d  on the basis  of t h i s  data  alone . An a l i gnment w i th

one of the roughly north—south trending structure3 on Madagascar

appears I ik~e] y. The eastern boundary fault of M a d ag a s c a r

(Pepper and - ‘vorbart , 1962) trends nortb -northeast on a line

p trallel to but east of the f r a c t u r e  zone;  th is  prec ludes  a

s imp l ’ rd ationship between the two. Fisher n t i J .  ( 1 0 6 H )  foutv~

- ~~
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Figure 11.

Morphology and extent of fracture zone .
The single bold line to the south

separates areas of regiona l basement

depth variation only. Triang les indi-

cate bathymetric extent of ridge .

Line to north is presumed trend of fracture

zone through ridge area . 
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this eastern boundary fault coincident with other sea floor

structures along its strike to the north . Various western

boundary faults on Madagascar have been identified (Gregory ,

1920; Pepper and Everhart, 1962) and could also be related

to the extension of Chain Ridge. An extension of the short

northeastward facing portion of coast: at the northern tip of

Madagascar  if  extended wou ld in t e r sec t  the f r a c t u r e  zone at

7.5’ S. Eich of these possibilities has significantly differen t

implications for the tectonic features and evolution of the

ar ea and will be treated in more detail later .

- 
:~~~~~~~~~~~~~~~~~~~~- ~~ _ _ L
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-~L EVATION-AGE DETERMINATIONS FOR BASINS BORDERING CHAIN RIDGE
2~~N — 8’~N

An indication of age may be derived by considering crustal

elevation (Sciater , Anderson , and Bell , 1971). By compiling

the seismic profiles already discussed with others from the

area (CHAIN 43 , VEMA 19, and GLOMAR CHALLENGER , Leg 24) the

twe—way travel time to oceanic basement may he contoured for an

area in the Somali Basin (figure- 12). Basement is assumed

to he tv-pica~ oceanic layer 2 material , basalt similar to that

dred ged from Chain Ridge , and is traced on the profiles from

the rid ge area outcrop where it was sampled (l3unce et al., 106?)

ou twar into the bas in s  to either side. To the west of the

ridge the deepest observed reflector is not continuous with

the r Ige reflector , and exhibits a smoother character as well;

so i t  is assumed to o v e r l i e  oceanic basement  wh ich  in tha t  area

ret iins undefined. A second map of the area (figure 13) shows

the two-way t ravel time from the sediment surface to the deepest

observed r e f l e c t o r. From these two sets of i n f o r m a t i o n  and

using arruifed compress ional  wave ve loc i t ies  for  wate r  ( 1 . 4 5  krn /

sec) an -h unconsolidated sedim ent (2 km/se-c) (r~~ing et al. , 1969)

the hi ~~tance from sea level to oceanic basement may be computed

on both ~ icIes of Chain Ridge from visually determined average

___________________ ___ -- - -- - - 5 - 5- ---
.
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F i gu r e  12 .

Two—wa y travel ime in seconds to oceanic
base-in-nt . The basement reflector ~ias been
t r a c e d  f rom where it outcrops on Chain
Rid ge into the basins on either side . Where
the reflector outcvops on Chain Ridge it has
been sampled , identified as basalt , and dated
as a p p r o x i m a t e l y  90 r r . y.  (Bunce et al. , 1967).
To the west of the tidge oceanic basement is
g r ea t  r t ha n  8 SCC -rids but  not  spec i f ica  I ly

it ’ i ne a a i t is be I ew th e  I h-cpes t obs - r y e - I l

- f l e e t  er
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Figure  13.

Two—way travel time in seconds from t h e
sediment surface to the deepest observe-li
reflector. In the ridge area and to the
east  th is char t  is represen ta t ive  of
tota l sediment thickness. To the wes t
of the rid ge it represents sediment thick-
ness alieve the (lee-pest observed r e f l e c t  /11
WI i cli  i s a ssunied t~ a be a sed inienta ry
h o r i z o n .  
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s t - 5 1 1 n , I - n t  t h i c k n e ss  O d h ie s  a: 101 l ow:

1). 7 SoC 0 . 3 Sec
1: - is t 1 . 1  ~~ - ‘sec 1- 2 -, iL / sc-~ - 5~~, 2 km

2 2

7 .0 sec 2 . 0 soc
1. -IS ku/sec  -~ ks ‘m e  7 .  J~ kni

7

a- -a 1 10 1 : e l e - ’ — : i r i o m s  111 1~ . ’ b c o r r~ ~‘t  ed l i , c c - w - i c i e r i n q

t h e ~~
- f t ects of sad i ii en t  l oad ing  ( ~cI a ter  , A i ’ ’  lOr i -OTh an a  Bc ii ,

1971; h l v n - : l n , a n , 1 1) 7 3 ) .  i f  an i s o st at i c ’  mode l  w l ’i c h  assumes a

negl iqib 1 e ien~ i. i ’~- coat t a rt  a t~ t:Ii Ii so of t he -  I I L1~ espue  so is

Use l , l~e ego iva cii t d ep t h  t r on  so- h i  s e n t  l a s h i n g  is

/
0 111 f~w

w h e r e  
~e - ~ 1 li oil  1 t  / l I ’}) th

= w a t e r  ~i~- pt h

- - 1 . 3 gm/cm 3

2.4 1315

= I . 0 q r ,

c1 = -;edinent n i ckn e s s

_ _ _ _ _ _ _ _ _ _  —~~



-

~~~~~~~~~~

64

then to the west of the r id ge:

d = 5 km + ~~~ 
gm/cm 3 - 2.4 gm/cm3 

2 km = 5.8 km
3.3 gm/cm 3 - 1.0 gm/cm 3

whereas to the east:

3 3
3 .3 gm/cm - 2.4 gm/cm

1.  = 4.8 km + _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  0 . 5  km = 5.0 km
3.3 gm/cm3 - 1.0 gm/cm 3

To translate these elevations into ages and determine the

accuracy of the method several data sets must be compared as

in f i g u r e  14. The axis of present day spreading forms the

reference point for theoretical and observed bathymetric profiles ,

the ele-”stion determined ages , and the magnetic anomalies which

are all plotted in kms from the crest. Comparison of observed

ba thymet ry  ( t h i n  l i n e )  with cont inuous  sp read ing  t heo re t i ci t i

bathymetry (hold line) and theoretical bathymetry incorporating

a pause in spreading (dashed line) from McKenzie and Sciater

(1971) shows that an uncertainty of 5 m .y. on the theoretical

hathymetry time scale is not uncommon and that th e elevation on

this profile is not particularly sensitive to the proposed pause

in sprea:hinu . The divergence between observed and  theore t i ca l

b - i t l ~-,- r - e t r v  may be even greater beyond 500 kms due to sed imon ta—

tion . For these reasons the theoretical. curve (bold line) is

—-5 
—
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~- es  11 dnr age est l ost a from basement a
t ion .  The-sic- t i~ ca 1 1 nd i a n  let -a l l  dept H Cu s o
(ba LII  l i n e ) , t h e or et  ica  1 cu va w i t h  pa use
in s j i r i ’s Ii  nq ( da sh e d  line ) a s h
hathiyiuo t sy ( t h i n  i i  10 1 l O S t (‘ /1 as sh own i n
i ns et )  ir e  p1 t t e 7  r~~1~:-; disLi noc - f r o  .t h -
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l J 7 1 ;  ~ - : ‘ eiiz ie a o l  H - - l a t e r , I °7 1) .
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u sed  LO e s t i m a t e  the ages of the c o n t r a s t i n g  ~~i l I C H  of the

f r a c t u r e  :one a s s u m i n g  the ba s in s  on ei t h e r  s ide are un b a r —

l a i n b: normal oceanic basemen t .

The iqe  of t h e  sea f loor  may Lhen be i n f e r r e d  by p l o t t i n g

t u e  depth to basement  from c o n t r a s t i n g  sides of the f r a c t u r e

zone on the theore t i ca l  curve  of depth - ‘ersu s aqr-  for the

I n d i a n  1 scan ( f1i - in r e  14) der ived ho Sc la tr i r , ,-\i’id -r son , and

H e l l  ( 1  97 1 ) .  The av er a g e  co r r ec t ed  ocean ic  basement  depth

t o the east — of Cha in  Rid ge be tween 2~ S f l i  8 ’N ( f i g u r e  14)

v i o l - I s  an P a c e-n e  iqe (a p p r o x in : at  ely  ~S0 n n y . )  . To the west

c if  C h a in  - i J q e  t h e  average  correc ted  depth of oceanic  basement

IS I t  ( e  i st  6 h i s - - • wbi i chi by t h i s  i n t e r p r et a t i o n  g ives  an - c e  in

rs-:cass of 1)0 - .v.  (upper  Cr o t  aceous )  if  th is  sector of t h e

be i sin  l iar  Pc-en t orI  c-H by the ro r i u s i  sp r e a d in g  prccoss  . Th ’-

- x - i - ~ f i - ~~€ ’ is -a’: no t  IC t e 1 r i n e - 1  Tv: t h i s  metho d in Lb is area ,

~~~~~~~~~ L e cu i s e  of the b a t  }o I-eLrv versus ace relation used

h ar e  r j n s e n s i ti v~ b -vend 80 n . y .  Thus, the  sea f loo r  cou ld

he i nch olde r , m ak i n g  the  age  - I i  scontinui v across the r id ge

( 1, 0 5  gr e a t e r .

The a ge — e l  evat ion  cal  cu l at  ions  b r - s c - l i t  ad ar e  c ar i - ccl . - c i

Ii - : t h e  qt ’~~~~~t th i ckness  of s eI i i n : e l’ t a to ( l i e  W e s t  of t h e  r i d q e

______________________________ - .5—
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and presume that the basin there is underlain by normal oceanic

layer  2 basement  wi th  a veloci ty of approx imate ly  5 km/sec

as has  been obse rv ed elsewhere in the oceans (Ludwig et al.,

1970). This assumption is supported by the work of Francis

et al. (1966) who report such a velocity in some of their

western Somali Basin lines .

~1enard (1967) in considering basins of abyssal  depth s

but containing extensive thicknesses of sed iment established

some criti~ria for their recognition on the bas i s  of r e f r a c t i o n

data and speculated they could be found in the geologic

record. The Gulf of Mexico (Menard , 1967) is cons idered  to

be the type example of the advanced stage of development for a

sma l l  bas in  surrounded by continent (figure 15). The western

Somali  Basin  may well qualify as having been ~i smal l ocean basin

u n d er l a i n  by t r a n s i t i o n a l  c r u s t  as is ind ica t ed  by a compar ison

of re r j ct i o n  resu l t s  there  (F ranc i s  et a l . ,  1966) with the

Gulf of Mexico. In each case 2—6 kms of sed iments  (vel oc i ty

1. 8 — 3 . 8 km/ see)  over l ie  approximately  3 kms of layer  2

rs ,at e r i a l  (ve loc i ty  around 5 km/see) wi th  layer  3 and upper

mantle below.

- .  - - - - —- - - - - -- - - - - - ----— - -:~~~~~~~~~-
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F igu r e  15.

Compar i son  of c r ust a l  sec t ions  in the
Som a l i  Bas in  (Francis  e t a l . ,  1966)
2 ° 5 5 s , 47 ° 0 2 ’ E  and Gul f  of Mexico
(~Hr-n i u - I , 1967) . Other :-oma li Basin
sec t i o n s  neare r  1\fr ica show up to - -1 k n s
of se-himents (Francis et a l . , 1966).
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DISCUSSION

Sum~ar~ of Somal i  Basin Sea Floor ~ges

The existence of an age difference across Chain Ridge

and its southern extension may be examined in severa l ways

(fioure- 16) .  The most direct evidence comes from samp ling the

s e d i m e n t  aeguence on either ~~de of the structure . This has

bee n ,I- :ne -  to the n o r t h  ( S i t e s  2 ( 4  and 2 1 i 5 )  b i t  the results arc

i n c o n c l usi v e  dU e t o  the s h a l l o w n e s s  of the p e n e t r a t i o n  to the

w e s t  (F i she r  and  Bunce et a l . ,  S i t e  235 , 1 9 7 2) .  However , the

dat a  presen ted he re in d ica te  the lineation extends into the

s uth centra l Somali Basin whe e two additiona l Deep Sea D r i l l i n g

J r  lj e c t  s i tes  ( 2 10 , 24 1) a re  located (S impson  and  Sobl ich  at

~~~~ 
1d 7 2 ) .  I f  the fracture zone bounds sea floor of different

o r i g ins t hen t h i s  should  be e v i d e n t  ove r i t s  sou the rn  sect ion as

w e l l  as in the n o r t h  where it  is a topographic structure . I n

t h i s  sou t h e rn sect ion the b a sa l  s ed imen t s  a t  the eastern site ,

740, were earl y Eocene on top of basalt (Simpson , Schlich et al .,

l~~7 2 )  . J\t site 241 on the East African side of the fracture

s ane t i e  drilling was terminated considerably above basement in

- i d le Eocene t o  m i d d l e  C r e tac e~- i i s  l i t h i f  ic-d brown muds ton e

sha le and  c h a l k  ( S impson , Sch l ich at _a l . ,  1 9 7 2 ) .  Thus , site

- - - 
STT - ~~~~

-
~
-
~~~~~~
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Figure  lo .

Somali Basin seafloor ag e s . Age s i n bra cke ts
are determined by elevation (where they border
Chain Ridge) and by the m agn e t i c  a n o m a l y
sequence (McKenzie and Sciater , 1971). Deep
Sea Drilling Sites in the area are shown by
large sol id dots ( F i s h e r  and Bunce et al.,
1972; Simpson and Schlich et al., 1972).
Ages in parentheses  i n d i c a t e  a sediment  age
above basement while other ages are at or very
near  basement .  The smal l  sol id dot is the ag€-
a t  the  base of a p i s t o n  core (Pim m et a l . ,
1972) . Ages with wavy underline are potassium—
argon dates on dredged hasalts (Bunce et al.,
1967; Fishier eta!., 1968) . Continenta l areas
are dated by Baker and Miller , 1963; and
Pepper and Everhart, 1,63. Island dates are
by ilajash and Armstrong , P-)72.
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241 , according to Simpson and Schlich , et al. (1972), indicates

a minimum age of approximately 100 m.y. to the west of the

lineation while to the east site 240 shows basal sediments of

Eocene age which together indicate an age difference of at least

40 m .y. across the lineation .

Other age d e t e rm i n a t i o n s  in the area (figure 16) tend to

c o n f i r m  the interpretation that t’-ie ridge and its buried extension

sepa ra te se-a floor of different aqLa . To the north age elevation

calculations indicate th a t  basemen t  ~iqe to the we-st of the frac—

Lure zone is in excess of 80 m .y., while that to the east is

around 50 m . y .  which is confirmed by anomalies 23 and 25 as

shown by McKenzie and Sclater (1971). However, in the same area

Bunce at al. (1967) give a potassium argon date for basalt dred ged

from the ridge crest of 89.6 -1 .5 m.y. but at such great depth

in the  sea the accura cy of the d a t i n g  method (Wasserburg  and

Hayden , 1955) may be in doubt.

In the southern Somali Basin those areas tha t have been

dated  show a v a r i e t y  of ages conskst en t  w i t h  more t han  one

d e f o r m a t i o n  e v e n t .  The con t i nen t a l areas , the Seychelles and

Madagasca r , have  Cambrian or older mat erials in some areas

(Baker and Miller , 1963; Pepper a n d  !verhart , 1963). The Comores

are pre lr rninantly Pliocene and Pleistocenc- (Ha ~ash and
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Armstrong , 1972). To the east potassium—argon dating on basalt

from the wall of the Amirante Trench indicates an age of 82 -t

16 ni.y. (Fisher et al., 1968).

Fracture Zone Constra ints on Plate Motion

Due to the lack of readily identifiable magnetic anomaly

sequences in the Somali Basin , its structural history has eluded

previous  a n a l y s i s .  1-howe ve r , c o n s t r a i n t s  on p la te  mot ion  and

therefore the evolution of the area may be established by the

trend and morphology of the lineament and their relationship to

the geometric properties of plate tectonics.

Bathyr—etric (Matthews , 1966), seismic (Bunce , et_al .,

1967), and data presented here on the t r en d  of the fracture zone

have  been compil e i in fi— Tur e- 11 . If the location and extent of

the  f r a c t u r e  zone ar e  related to t i e  --pc - sin -j of the In d i a n  Ocean ,

th en the termi nation of  t i e  f r a c t u r e  zone should i n d i c a t e  those

portions of crust that were p r e v i i - i s l y  adj a c e n t , and if spreading

has been uniform and aymmctric then those portions of crust

should be equidistant from the p r- - al - n t spreading center. In

addition f - u  these constr aint s to bol l , t h e  initial fracture

z nrc -  err-m a tions n -u ~~t he ~aes -rr’e h . i Ic it cannot be cl e i ro n—

stra ted t h a t  a l l  thei- e criteria are n e t  or the basis c’t a v a i l a b l e
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io ta , i t  is i n s t r u c t i v e  to compa re the lenqth of fractur e zone

bra nches to determine if they are compatible with those concepts

and the main features of the basin . The elevated portion of

C h a in  R i d ge ex te n ds abou t 1000 kms southwestward from the Carls-

berg . With the buried scarp included , the tota l extrapolated

distance to 7.5 °S is more than 2310 kms (figure 17). I f  it con—

t i n ue s  to  t h e  n o r t h e r n  t i p  of M a da g a s c a r  its t o t a l  l eng th  w i l l  be

in excess of 2700 kms and if either bounda ry fault for Madagascar

was part of the same feature the total length would be far greater .

The northeastwa rd trending branch of Owen Fracture Zone extends

s a topographic  f e a t u r e  for  1440 kms or on the basis of magnetic

data (McKenzie and Sclater , 1071) 1675 kms where it joins what

has been tentatively identified as a spreading center. An exten-

sion of Owen Fracture Zone has been proposed along a fault that

has been mapped on land to the H i n d u  Kush (Matthews , 1966) which

would add approx u i at e l v  800 kms to t h e  tota l length of the

fracture zone . While the exact structura l relationships at the

distant end s of the fracture zone remain to be determined there

is a si-Jnif icant I]ifference between the length of the two

br ar ch i e s .  This d i s c r e p a n c y  in branch lengths indicates a

so- p ta s-so floor spreading model does not incorporate all the

- 
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Figure 17.

Fracture zone branch lengths. Location
of the fracture zone determined by this
paper and Laughton (1966) ba thymet ry  wi th
the trend drawn along peaks. Circle with
cross ind ica tes  previous l y mapped maximum
southern  topographic ex ten t .  Faul t  t r ends
simplified from Nowroozi (1971) at the
north end and Peppe r and Everhart (1963)
in Madagascar .
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~lbserva t ions .

Frac tu re  zone models tha t incorpora te  va r ious  observed

morphologies provide some additiona l information for this area .

In the Mena rd and Chase (1970) terminology Chain Ridge is a com-

bination scarp and grea t ridge in the northern sector while in

the southern sector it is primaril y a buried sca rp . In all cases

this scarp faces toward Africa . Le Pichon and Hayes (1971)

assume that the main elevation of a fracture zone is due to the

shear along plate boundaries. In addition Le Pichon and Hayes

( 1971)  were able to a s s ign  some v a r i a t i o n  in morphology to the

shear between crust with different properties and origins. (low—

ever , as the northern sector of Chain Ridge is the- most high ly

elevated their criteria when directly applied here would imply

that it is a high standing ridge caused by continent-continent

shear . While m i c r o c o n t i n e n ts  may ex i s t  in the western Somali

Basin it is unlikely that the conditions for the Le Pichon and

[h i s (1071) model are met. The elevation of the ridge is more

I i ~ .s ly an- ’ t - - variations in the nature of the shearIng process

- ‘s- 1 .-oa th of the fracture zone rather than the variation

- p~~ ;e r i as  of  t he  materials on e i t he r  side of i t .

.5
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Sea F loor  ~~~g and Fr a ctu r o  Zone Trend Con t r a i n t s - -n r n 1 i o r - 1
C :itinent a l Reconstructio iis

Using  t he  i n f o r m a t i -an  p r e v i o u s l y  developed -~n sea i I r s - u

ar i d  f r a c t u r e  zone t r ends  the proposed c o n t i n e n t a l  recons 1 rI ot ions

for t he a re-a may be examined. Tue ~econSt ruct ion consi stent w i t t i

the new d a t a  presented here will indicate poss illie pi —Cenozo ic

evoluL tOI l - pat  t - - un; for the basin .

I n  f i gure  18 the e a r l ie s t  a t t emp ts to r e-c o nst r u c t  Gondwa na —

land (Weqner , 1929; DuToit , 1937) relied on notching similar

geolog ic histories for the different land masses . The Wegene r

uppe r Ca rhon.i f e rou s  r e c o n s t r u c t i o n  ( 2 7 0 — 3 2 0  m . y .) - h o e s  not show

Mada ga s c a r  h ut i nd ica t -:s a ur sa 11 seawa y a long t h i -  cast.  coast  of

A f r ic i  . Ma j o r  - s e e - on  i n t r u s i on  in  t h e  a r ea  occur ri- I l during t h e

Eocenc due to t he  n o r t h w e s t wa rd m o t i o n  of I n d i a  ( W eg e ner , 1929)

D u T o i t  (1037) snows the south end of Madagasca r opposi te  t h e

A f r i c a n Coas t  a t  lO °S and a small sea in t h e  western Somali Basin -

t h ro~~g h o -~ t the  Mesozo ic .  H e i r t z l er  a n d  B u r r o u ghs (1971) on t he

basis or geophysica l data  from th e Mozamb ique Channe l also favor

a s o u thw a rd n i-jration for Madagascar. These reconstructions

imp ly a pre- ’erozoic seaway in the weutei - n Som a l i  Bas in  w i t h

he SO t iWO rd III igration of Madagascar. Constra m t  s of t h i e  new

da ta tar- er the pre—Cenozoic Western Somali Basin seaway but  l i m i t

-
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Figure 18.

Proposed Indian Ocean Reconstructions.

A. Wegener (1929)
B .  DuT o tt  (1937)
C. Tarling (1971)
D. Diet z and Holderi ( 1970)
E. Smith and Hallam (1970) 
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the  s o u t h w a r d  mot ion of M a d a ga s c a r .

This  cons t r a in t  of a t  least Mesozoic sea floor ages for

the Western Somali Basin is supported by the Tarling (1971) work

based on paleomagnetic polar wandering data and geologica l infor-

mation. Sea floor in the area could be 250—300 m.y. old

(Tarlinig, 1971). DietZ and Holden (1970)  favor initial con-

tinenta l separation at 180 m . y .  with an active spreading center

paralleling the coast. The extent of the fracture zone and its

relation to pre-Cenozoic crust precludes the Dietz and Holden

(1970) mechanism for Mesozoic sea floor in the area but supports

the T a r l i n g  (1971) concept of a minor  p r o t o — I n d ian  Ocean ” fo r

the  area .

The Smith and Flallam (1970) compute r  f it  f o r  th e  500 m

contour indicates the present day Western Somali Basin corres-

ponded with the location of Madagascar and India until the break-

up of Gondwana land during the upper Creta coons. dowarbut ts

( 1 9 7 2 )  has  used the Smith and Hallam reconstruction to relate

Cretaceous development in the East African ru ts with the south—

eastward movement of continent - s out of the present day Somali

Basin area . Sea floor age and  f r a c t u r e  zone trend information

presented earlier exclude this evolutiona ry history because the

_ _ _ _ _ _ _ _ _ _  _ _ _  —— -5. —-5— — - ——- ---— -— —-- - —---- - __.__ i —.—---.--~~~~~~~~~ -~~~~~~~~~ - -—- —:.~~~~~ I. — ----5.—
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sea floor in the Western Somali Basin is older than permitted

by this interpretation and because the proposed Sowerbutts (1972)

rifting direction would cross the fracture zone trend.

In su~imary, the Wegener (1929) and DuToit (1937) data may

not contradict the new data presented here but the Dietz and

Holden (1970) and Smith and Hallam (1970) reconstructions clearly

do and are not acceptable . Thus , the Tarling (1971) Gondwanaland

configuration fits best with this data as it permits the trend and

age difference associated with the fracture zone to be conserved.

_____  ~~~~~~~~~~~~~~~ 
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MODEL FOR SOMALI BASIN EVOLUTION

New data presented h er o -  and  results previously presented

in the literature form three methods for constraining plate

n-o tic -n as treated in the discussion. These constraints are the

basis of a Somali Basin evolution model. The buried extension

of Chain Ridge borders Mesozoic sea floor to the west. The

present day Carlsberq Ridge is termina ted at its north end in

t h e  Owen Fra c t u r e  Z on e . 
- 
Therefore , it is l i k e l y  that  the Ea r ly

Cenozoic Carlsberg Ridge as shown by Fisher et al., 1971 ter-

n in a t e d  in a zone of s h e a r i n g  p r e s e n t l y  marked by the buried

e x t e n s i o n  of Ch a i n  Rid ge . The t r end  of t s- f ra c t  ( l i e  zone  may

t u e - r e  f o r e  be used to l oca te t i e -  cent  m e n  t I  t l o i t  bo rder  it s  te r —

ii m a  t i o n s  f r o m  the t in .e  of Gondwana lan di  to t ~a -  p r ese n t .

F i g u r e  l9A rep re sen t s  the proposed m i t  i at i o n  of sp r e a d i ng

~~Is t h e  ea s t e r n  h - n k l l j  B a s i n  a rea . C o nt i n e n t  loc a t i o n s  a re

c o n t ro l le d  by the  f ra c tar e  zone location as well as the Tarling

(1971) reconstruction. The western Som a l i  Basin wh ich was at

this tir e a branch of the Tethvs is underlain by naterial with

- in oceanic basement velocity (Franci s et al., 1 966; Schlich

et - i l .  , 1 Y7 2 )  and , there  fo re , may 1o-pre .Ient much older lea  floor

re la  ted to sp read ing  tha t r e s u l te d  in t he  f o r m a t i o n  of t he  Tet h y s .

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _- 
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Figure 19.

Schematic evolution of the Somali Basin . Africa
is assumed fixed while India ’s hypothetical posit ion
is controlled only by the trend of a single fracture
zone .

-.
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The Western Somali Basin could have been a small area of the

Tethys underlain b-s oceanic crust , surrounded by continents ,

r a p i d ly  s e d i m e n t i n y, and  l t 1 si d i n g . Under  those condi t ions  i t

would have been tran siti -na l ocean to continent crust as des-

cribed by M e nar d  ( 1e 6 7 1.

The m a x i m u m  mapped s o u t h e r n  ex t en t  of the f r a c t u r e  zone

(7.5°S) is south -~ t the  Seychelles microcontinent (4.5 °S). Three

possibilities arise from this observation and the model ’s inter-

preta t ion of the mechanisms responsible for basin evolution.

F i r s t , the  s out h e r nmo s t  p o r t i o n s  of the fracture zone could be

aligned with and therefore indistinguishable from another simila r

basement fracture ~ind therefore the Carlsberg would have always

been north of the Seychelles. Second , the Seychelles could have

rrc-vecl n o r t h  at some time after the initial formation of the

scarp. Third , the spreading axis could have jumped in such a

rr~inner tha t it isolated the Seychelles.

Extensions of the fracture zone beyond 7.5°S may also

ind i cate severa l interesting possibilities for the structura l

history of tha t area . The fracture zone nay be related to any

oil three linear features on Madaga scar. They are the eastern

boundary fault (Pepper and Everhart , 1963), a fault along the

western boundary of the island (Gregory, 1920; Pepper and Evo rsiart ,

_ _ _ _ _ _ _ _ _ _ _  -5 - _ _ _ _
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1963), or the trend of the northeast facing coast of Madagascar

as evidenced by contours in the Fisher et al., 1968 ba thymetry .

Any or all of these features may be related to deformation

processes other than those associated with Owen Fracture Zone.

However, it is unlikely that the fracture zone would terminate

north of the Madagasca r region so it is reasonable to speculate

on the structures its extension would imply . If it  extends  to

the western boundary fault of Madaga scar then the faulting would

clearly be related to processes other than the termination of a

spreading center (the present day Carlsberg) in an extensive

fault as the continenta l materia l (Madagascar) would be in bet-

ween the two. A change in trend of the fracture zone would align

it with the northeast facing coast of Madagasca r and then if the

spreadinq center is to remain orthogona l to the fracture zone an

even greater migration totaling approximately 90° in the trend

of the spreading center is implied. Finally, if the eastern

boundary fault of Madagasca r is to be an extension of the frac-

ture zone as can be implied from others extrapolations (Heezen

and Tharp, 1969; Fisher et al. , 1968) then the fracture zone

must be transformed eastward perhaps by a small spreading center

trending east-west and located north of Madagascar. Specific

determination of the proposed ancient spreading center ’s relation-

ship to the Seychelles and the frac ture zone ’s trend in the

—“1~~
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Madagascar area await - urther -reop hysical surveys of the

southern Somali and n~- r them Ma - earene B a s i n s .

F igure l9B r e p r e s e n t - -- the  ea r l y s tages of Gondwanaland

dispersal in the W e s t e r n  Somal i  B as in  area . The buried scarp

which is an extension of the fracture zone indicates a pre-

dominantly northward trend for the motion of India with respect

to Madagascar and Africa for this initial episode . A similar

trend for India ’ s motion during early dispersa l has been indi-

cated by McKenzie and Sclater (1971) from the direction of the

Chagos Fracture Zone and these indications of north-south motion

may have been contemporaneous du r ing  the ear l y Cenozoic.

D u r i n g  S tage  B , t h e  l i n e am en t  was composed of an inac t ive

scarp south of the spreading center and a zone of active shearing

nor th  of the s p rea d i n ; center  and  ex t end ing , pe rhaps  to the

n o r t h e r n  bor-ler  of  I n d i a . Thus , the transfornl f a u l t  sector  of

t u e  f r a ct u r e  zone  wou ld  have connected  a sp read ing  cen t e r  w i t h

a zone of subduction or crustii l shortening between India  and

A sia in the Tethys .
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“4 Figure 19C represents the conditions resulting in the for-

mation of the more northeasterly trending section of the fracture

zone which coincides with the elevated portions of Chain Rid ge.

At this time the format ion  of the M i d-I n d i a n  Ridge f rom the origi-

nal north—south Chagos Fracture Zone resulted in the Carlsberg

Ridge trending northwest—southeast. Thus , the adjustment in

spreading direction which resulted in Mid-Indian Ridge formation

(McKenzie  and  Sciater , 1971) may have also resulted in the change

of fracture zone trend and morphology observed north of 3.5°S.

The change from pure s t r ike  s l ip motion along what is now the

Mid-Indian Ridge to spreading could have resulted in a component

nil overthrusting which might be responsible for the elevation of

basement forming Chain Ridge.

A l t h o u g h  a change in the t rend  of the f r a c t u r e  zone has

occurred in Stage C the shear is along a fault connecting a zone

of sp r ead ing  w i th  a zone of subduct ion  as in Stage B.

Fi gure 19D r ep resen t s  the fina l major structura l event in

the evolution of the fracture zone . The ope -iing of the Gulf of

Adon at Sheba Ridge during the Miocene (Fisher and Bunco et a l . ,

1972) re ; i l t e - 1  in a major rearrangement in plate boundaries.

The n o r t h e a s t - s o u t h w e s t  t r end  of the  f r a c t u r e  zone is m a i n t a ined
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but  due to the i n it i a t i o n  of a new spreading center to the north

a ridge-ridge transform fault is the most active zone of shearing .

D i f f e r e n t i a l  mot ion  a long  the northeastern branch is possible as

no ted  by McKenzie and Sclater (1971), if there is a difference in

the ra tes  of sp read ing  north and south of the fracture zone .

The model  demons t r a t e s  t ha t  f r a c t u r e  zone t rend and  mor—

phology ,  age of the sea f loor , and c o n t i n e n t a l  r econs t ruc t ions

form a set of c o n s t r a i n t s  from which the e v o l u t i o n  of the Somali

Basin area may be deycloped. In so dom e at  l eas t  th ree  m a j o r

phases of f r a c t u r e  rone developn -ent  may a l s o  be d e m o n s t r a t e d .

First , the di’~-parity in fracture re-ne branch lengths as well as

deformation at its termina~ ions i n d i c a t e s  possible  s t r u c t u r a l

change related t-— the fracture zone occurred in these pre—

dom i n a n t l y  c o n t i n e n t a l a r e a s .  Second , one phase of f r a c t u re  zone

deve lopment  in the Jeep sea occurred w a c o  it was connec t ing  a

spreading center with -a zone of subduction . And t h i rd , the o the r

phase of oceanic fracture zone  deve l op ruen t  occurred when the

active portion of the rrac tu r c zone connected two r i dge s .
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CONCLUS IONS

Geophysica l observations and interpretations in the Somali

Basin area lead to conclusions about the main fracture zone , the

basins that border it and possible development schemes for the

region. The southwestern extension of Owen Fracture Zone con-

sists of a northeast—southwest trending elevated portion known

a s Cha in Ridge and a buried sca rp  which is an ext ension of it

that runs more north—south to the vicinity of Madagascar (7.5°S).

It may align with and be related to any of three faults associated

with Madagascar. The major change in trend and morphology of the

fracture zone appears related to changes in the style of basin

evolution .

Regiona l depth to basement and sediment thickness show a

great increase from the eastern basin to the western basin and

when age-elevation and other method s of determining sea floor

age are used the western basin is at least 30—40 m.y. older than

th~ eastern and possibly much older than that. Seismic refrac-

tion measurements show at least part of the western basin to be

floored h’: oceanic crust which could have developed during the

Grr~r~tion of the Tethys whi le  e x t e n s i v e  Mesozoic sed imen ta t ion

in this sea nearly surrounded by continents resulted in the

___________________________________ * ~~~~~~~~~~~~~~~~~~~~
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formation of a crustal section similar to the oceanic—

continental section shown by Menard (1967).

The trend and morphology of the fracture zone , sea f loor

age, and proposed reconstruetions form constraints on an

evolutionary model of the area . The early Cenozoic Carlsber-j

Ridge termit~ated in the north—south trending scarp that ~ ders

Chain Ridge and defines the initial northward compone~ India ’ s

movement away from the Weste~~ Somali Basin. In a su:~~equent

phase of evrJution , the ridg~ —trench nature of the fracture zone

was mainta ined but formation of the ‘~1id-InJian Ridge coincided

with a more northeasterly trend for  the fracture zone and the

formation of Chain Ridge. A final stage of development occurred

after ~he Miocene formation of Sheba Rid ge during which the

northeasterly trend w~ s nn intaine d hut the m a i n  shear along the

f r a c t u r e  zone w~~s ilon g a r i — r i t~ e s c ’ t o r .

F i n a l l y , ~ he s t i d y ot possi1~le cont in ’m t to c o n t i n e n t

f r a c t u r e  zon s l e n d s  to qel er ~l D r C pI r~ i c r  of theT wh i ch may be

u s e f u l el  rewhe~~~. U n d e r  c e r t i i n  c on c l i t i  or s  a f r a c t u r e  ione ’

rela t ion ship to con t i l r e n t F  and  i t s  branch l eng th  l i m i t  poss ible

bas in  e v o l u t i o n  sch em er  and control  r ec o n s t r u c t i o n  f i t s .  One

1 i n e . i ~~€ t r i  h i ve  se’ era l  s~ r i c t  ~;r a l  h i r t or i es  wi th , n some

ci se s , t h y  d i f f e r e n t  chronologic  ~p is rHi s represen t e d  by d i f f e r e n t

- _________
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trends and morphologies along strike . Because fracture zones

transect abyssal plains which be far from spreadinj centers

and o f t e n  have poor ma m et L c  ~ecor ds , they place c o n s t r a i n t s  on

ea r ly  ocean bas in  e v o l u t i o n  and in many a r eas  may form the only

direct structura l link between continenta l ma rgins and present

day spreading centers.

-~ _- —- -~~~ 1~~~~T _  - - -
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III NEOGENE SEDIMENTATION IN THE SOMALI BA SIN
AND THE INITIATION OF MONSOON CIRCULATION

INTRODUCTION

Previous pa leooceanographic studies have utilized pa leon—

tolog ic , sedimentolog ic, and plate tectonic principles to infer

the past physica l and chemica l features of the oceans through their

related biologica l and geological record s. Expansion of thi s

method of studying earth history into new geographic area s and

earth processes is inevitable . Indeed , the possibility of cx—

aninincj any hypothesis about a paleooceanographic phenomenon by

utilizing the constraints imposed by severa l basic fields of

i n q u i r y  means that not only may the specific phenomena be examined

in d e t a i l  bu t  also through comparison of interpretations refine-

ments in the parent scientific fields may be deve loped.

This section will develop a model of Neoqene sedimentation

in the Somali Basin which relates the observed increase in sedi-

n e n t at i o n  rates  to the initiation of monsoon atmospheric flow

th rough assoc ia ted  hi gh sea s u r f a ce p r o d u c t i v i t y  due to upwe l l inq .

A:~ background some previous pa leooceanographic studies will be

r e v i e w e l and the cha rac te r is t i c s  of northwestern Ind ian  Ocean

at r i ~~~pt~e r i c  sys tems wi l l  be presented . Sed imen ta t ion  ra te  deter-

n i n a t t c n s  and hypotheses for  the i r  v a r i a t i o n  w i l l  then form the

- -_ •  ~~~~~~~~~~~ —~~~~ ---~~~~~~- -~~~~ --_-_ ---- — -~~~~~-
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basis for evaluating paleooceanographic processes.

Past paleooceanographic studies illustr ate t h e  grea t

divers ity of methods  tha t  h iv e  been u n p l~~ve3 .  Biogeographic

d i s t r i bu t ions  a t  sea wi th  a s table  con t inen t  ocean c o n f i q u r at i o n

have been used to predict past ocean currents (Fcll , 1967). How-

ever , bi nj eoq ra p h ic  d i st r i b u t i o n s  have a lso been even more  sic-

c e s s f u L i v  used t o  e l abora t e  on con t i nen t a l c o n f i g u r a t i o n s  by

analyz i f l ( j  t cr r e s  t r i a l  f a u n a s (McK enn a , 1973) or to ce t e rn ine t a o

paleooceanog r aph ic f c i t u r r s  th e m s e lv e s  in the n u b i l e  co nt i n~~n t —

ocea n f r amework  (Ber q j r e n  and Ho l l i s t e r , 1974) .  Pa st  v ar i a t i o n

~n the  ca rbona te  rvster (Berger , 1u 73  I: I i n i n n , 1 9 7; )  and f e

loca t i on  of equa to r i a l p r o I i ~c t i v 1  t’: wi t h i e r n n• t ~ p late rn’’e—

n-en t (Hce~:e n et  i i . ,  1973)  h av e  a l so  d e l i r ’ i t e l  r a  or p ab  n—

o cca nn e r a ph i c  ch a n q s w i t h i n  t : ~~ p l a t e  tec t on  i ’  r ir :~ wr r k . Thc

of ocean evoh .t  iO fl v a iso h e n  no t ed  in  ca l c ar e c is

nTlnnop l inh t an d i ’r er s i  j es which  i ncr ea  ~e a t  t~ ~nier f na ion ep i —

can i r r n ta  1 s a n s  ( t i  ~~, lh 7  ~
) - In i t i a l n s ~el  r t  ol~ es a r e t he

o n l y  a ‘ 1  o pt  S t o  g ive  a ph ys ica  xp ln n at  ion  I n n  t h e  observed

e~~f ~~~’ hurendy k a l .  , 1 7 2 ) .  T ’ s , most  w a s h  to s at  h a s

• t i ~~ hn~~~rva t ion  of ‘ i  c h i n j e s  at - I sore p h v s i  cii

c x r l  - t i t i n f a r  % h  c a u s er  rd c h a i n ma~, g re a t l y  oi ancc ’ in t e r —

s t a n d m n :  af th e p r - v : e n ses .
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This study concentrates on a substantially different

paleooceanograp h ic phenomenon, the effects that major plate

motions can have on atmospheric flow. Therefore, it both des-

cribes paleooceanographic change through the deep sea sediment

record and infers the cause in terms of the past atmospheric

c i r c u l a t i o n.

CIRCULATION SYSTEM S

The primary features of ocean circulation in the Somali

Basin are all affected by seasonally reversing monsoons. The

atmospheric circulation is prim~ ri1y a result of a varying i r i s o l a —

tion pattern over the northwestern part of India where seasonall y

alternating high and low pressure systems develop . tn winter in

the northern hemisphere the land is cold in northern . India and

Pakistan and  the resulting surface pressure is high (1016 m b) as

shown i n  f i gu r e  20 (Ramage  et a l . ,  1 9 7 2 ) .  The resul t  is an o u t —

1 1  W of air toward the ocean with sea level velocities of 10

k n c t .  In  f~~ - sun;pio r this same land area is warm ; surface pres—

so re .  are lower (995 mb) and an inflow of air from the ocean at

15—2 ()  ~ n )t.~ occurs  ( f in u r e  2 0 ) .  This  i n f l o w  is a ided by con-

tra  t i nq h iga  p re s su re  a rea s in sou thern  A f r i c a  and  a t  67E , 37S

( 1 0 2 +  n h )  in the southern Indian Ocean.

_________________ 
=:.~ ~T7~!jo~— ~~~~~~ 
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Figu re  20 .

W i nd  directi on and sea lev l p r - sure ,
January and j u ly , w e - t e n t  I n d i a n  Ocea n
simp lified fran Ramaqe r L al ., 1972.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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Mo nsoon c i r c ul a t i o ns  a r c  forced by c o n t r a s t s  in  t h e r n a l

properties between continents and oceans (Simpson , 1921). Al-

though no simple complete theoretica l treatment of them is avail-

able (1-lolton , 1972) a model proposed by Sankar-Ra o and Saltzma n

(1969) relies only on the effects of ocean continent heating con-

trasts and shows many features normally observed . Thus, a simple

analysis of the heating contrast which is due to the differing

th erm a l capacities of the surfaces is extremely important for the

.1 interpretation of the monsoon circulation. The Sanka r-

i haltzma n (1969) model heats areas proportiona l to the

difference between the mean low level air temperature and ground

surface temperature . Over the ocean an empirica l heat balance

equation in lancjleys per day may be expressed as:

wh e re 
~

1 t = Qs — Qr — 

~b — 

~ e —

- net heat balance at surface

) - = rate of incoming short wave radiation modified by
cloud cover ( i n s o l a t io n)

= r a t e  of r a d i a t i o n  r e f l e c t i o n  a t  s u r f a c e

r a L~ of emission of back r a d i a t i o n

p, - r a t e  of cooling ir on  eva poration

sensible heat loss to atmosphere
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and over the ocean 
~ e f f  the e f f e c t i v e  r a d i a t i o n  at  t h e  sea

su r f ace ,

Q0 f f  Q g — 

~ r

is equa l in m a g n i t u d e  to Qe and  an order of m a g n i t u d e  l a rge r  than

~h 
(Ramage , 1971). In the I n d i a n  Ocean the heat equiva lent of

the total ra :iiationa I energ’: adk d per i n  it t ire and area is

233 ly da~~ of w h i c h  211 lv Ja~~~ are removed in latent heat of

evaporation an d  19 ly Ia~~~ a i r  r e n a - a n :  as sensible hea t trans-

f e r r e d  t o  the  a tn c ~~pss re (Budyko e t a l .  , 1 62 )  -

However , n lan os h. r Io ni n j  t i e  n o r  h w e a t a r n  Tndian Ocean the

obse rved pr e t: : i n a : c t  ly  try clm n:t tes (Landsbe r c t  a l .  , 1°63) imply

sig n i f i c a n t  cha n ~es i c r  s : ’  t er m s  in the 1- eat balance eq iation.

It ~ is ass u r e :  j i a l fo r  P i t  a t  I s a l  .‘
~ 

wh i ch is  a l u n d  ion of

ab so i u e ‘r : ~~~r a t L l r ’ 1 ’  t o  t he  fou rth riawe r s i l l  I n e ar ly  v j :i n l  for

. t c b i .  Q r w i l l  var ~ us t i e  albodo cO t so o sr l a c e s ,\I ich  f o r  w n t r r

a t  a s l u r  i l t i t : :  I o t  > 3 5~ i s  7~ wh er e a s  v e g e t a t i on , 21i , or

sa nd 4 , (E ag leson , 1970) r e f l e c t  n - i t c h  more s h o r t wav e  r a d i a ti o n .

ave r ion I is I n  r :den t  on the soil t vpe , depth  to the  w a t e r

t ab le , and  lr ~o:~i t  a nd c:~zi r a c to r  of v e g e t a t l a i c  which  cr 1 : - a it to

h: rui - ;u I -  ‘t r i a b l e .  In  a r e a s  whet-c t i ~~ w a t e r I ~ b1e is be low the

lii i  i s ot  c a p i ll a r y  a c t i o n  e v a p o r a t ion  ceases  w h i c h  c x c l m i d e i

- ~~~~~~ 
~~i=-
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increasing the moisture in the air except t h rough transp i r a t i o n

when the water table is deeper than 1.3 m (Berry et al ., 1945).

As evapotranspiration in atid lands is considered small , evapora-

tion over the sea could be much greater because of the depression

of the water table (Berry et al ., 1945). Thus , if the net heat

ba lance at the surface , Q5t’ is to be equivalent over land and

sea the terms in the heat ba lance equation indicate a considerably

higher sensible heat loss to the atmosphere over the land than

over the ocean due to the variation in evaporation between the

two . This variation which exceeds the effects of albedo dif-

ferences accounts for the heating and low pressure formation

over India which is a prima ry driving force of the summer monsoon.

CIlI ONOLOGY OF FINA L STAGES OF BASIN EVOLUTION

The structural development of the area as synthesized in

ic nodel (figure 19) results in two major changes. The centra l

p o r t i o n  of the Tethys Ocean is bisected by the northward motion

of India and Africa , and the remaining areas , the Mediterranean

Sea and Indian Ocean , are  i so la t ed .  Border ing  c o n t i n e n t s  change

p o s i t i o n  w i t h  respect to one another resulting in a substantially

d i f f e r e n t  r e l a t i o n s h i p  of land to l a n d  and  land t o  sea .

-
- ~~~~~~
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The Gondwana land reconstructions (fi gure 18) indicate the

extent of the pro-Cenozoic Tethys w h i l e  the f r a c t u r e  z one trend

(figure 17) cant rol S the goon et n c  development  of the present

bas i n.  As i n d i ca t e d  t 1c~ wes te rn  Somal i  B a s i n  -.as an a r ms  of the

Tethys which r e n a m ed ocean throughout the d e s t r u c t i o n  of the

Te t h y s .  The e a s t e r n  Som al i  B a s i n  was formed by sea f loor  spread-

ing du r ing  the  Cenozoic and caused the no r thward  mi g r a t i o n  and

eventua l c o l l i s i o n  of I nd i a  w i t h  As ia .

T et r e s t r i a l  f au n a s may be used to establish that t ime when

con vergence of the A s i a n  and I n d i a n  c o n t i n e n t a l  a r eas  had r e su l t ed

in  s u b s t a n t i a l  la nd c o n n e c t i o n s .  M a n : n n u l i a n  mi gra t i o n  between

I nd ia  a n d  A s i a  as p o st u l a te d  by Ncponna  ( 1973)  has  not  been

sp e c if ic ’ c i  due  t o  lack of adequa te  a s semblage  i n f n r n a t  ion .  110w—

over , mamma l i t n  in L ir at i on  be t ween A f r i c a  and  A si a  has  been de te r—

n i n e — I  a t 18 p • v. , ~a r l v  ‘-~~ icene , (va n C ou v or i ns , 1974 , persona i

communi c a t i o n )  wh ich indicates that bifurcation of the  Teth ys

occur red  b y that  t ime . To the e a s t  Powell  and  Cona ih a n  (1973)

i nd i ca t e  an  the bas i s  of s t r a t ig ra phic  sec t ions on land t o ot

ccl  u s  i be twoes  I n d i a  and a p r o t o - T i i e t z m n land  mass  occurred
4

p r i o r  t : N i  i d le  E~~Cene , but  c r u s t  a 1 fracture within India ( r ~a t

Eocene-Oli j a c e n e )  and undert hrusti sig and °n i-cequent

.
-
~~~~~~~

—- 
_____ ___________ 
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u p l i f t  (Miocene-Recent) were later. Thus, in spite of brief

incursions of paralic and non—marine conditions in the Paleogene ,

marine influences were not completely removed from northern India

u n t i l  Middle Miocene (Wadia , 1966; Powell and Conaghan . 1973) .

In suniniary the structural evolution of the Somali Basin has pro-

found implications for events to the north . The initial division

of the Tethys into two separate oceanic areas and dessication o

t h e  n o r t h e r n  I n d i a — P a k i s t a n area was comp lete by the la ter  par t

of the Middle Miocene .

I)ETERMINATION OF NEOGENE SEDIMENTATION RA TES

To examine  the e f f e c t s  of s t r u c t u r a l change on oceano-

gr a p h i c  e v o l u t i o n  the sediment type and accumulation rates for

fou r  Somal i  Bas in  Deep Sea Drilling Sites have been determined

( f i g u r e  2 1 ) .  /‘s tota l of 95 samples was examined  to develop the

Neogene nannofossil biostratigraphic zoriation at each location.

sampling intervals were determined by initia l reports (Fisher

and  Bunco et al., 1972; Simpson and Schlich et al ., 1972) as

well as the location of cores within the drilled section. In

o n l y  one loca t ion , s i te  236 , did cont inuous  cor ing provide an

u n i n t er r u p t e d  sec t ion .  Smear s l ides  of u n t r e a t e d  subsanip les

of the section we re prepared for  viewing at  1250 x in phase

contrast light. Table 1 shows the distribution of calcareout; 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Figure 21.

Location of sampled Deep Sea Drilling
Program sites in the Somali Basin.



07

2
o 0o 0 0
r

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~

(\j~~
~~~~~/ 

~~~~

__
~~~~‘\~~~~ 

c~-

~~~~ ~~~~~~ ~

-

~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

\

- 

~~~~Ti
’ —-~-- - J----- 



_

108TABLE 1

M a r t i n i  ( 1971) Nannofoss il  Zonat ion of Somali Ras in  Sed iments .
Numbers in Columns Indicate Core-Section Which Are Assigned
to the Zones to Le f t .  (cc = Core Catcher)

N a nn f o s s i l  zones Si te  234 S i te  235

E. huxleyi
G. oceanica ~4—3 , 2 — 3 , 1—5 , l— l
P. lacunosa )
D. brouweri
D. pen tar ad i a tu s
D. surculus  9—l , 7—3 , 6cc , 5—l
R. pseudoumbilica 1-2 , 1-1
D. asyrnmetricus
C. rugosus 9-2
c. t r i c o r n i c u l a t u s
D. quinqueramus 1—5 , 1—4 12—3 , 11—3 , 11—1 , 10—2 , 10—1
D. calcar is  3— 1 , 2—4
D. hamatus 5—1 13— 1
C. coalitus 

~~14cc ,14-2D. kugleri
D. exilis 6—1
S. heteromorphous 15—4 , 15—1
H. p~1iape rta
S. heleninos
I) . drugg i
T. carinatus 11—1 ,10—3 ,9—1
1 . ciperoensis

-
~~~~~~~i __ __ 1_ - . - --— °-—-—--
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TABLE 1
(cont i r~u ecl)

Site 236 Site 241

S. huxleyi )3cc ,3_ 2 ,3-1 , 15— 5 , 4— 1 , 3— 6 , 3-l , 2-5 ,
C. oceanica 2—1 ,1-1 1—5 , 1—1
P. lacunosa
D. brouweri
D. pen ta rad ia tus  ‘r 4—2 ,4—1 ~‘ 8—i ,8—4,6—l
D. surculus
R. pseuc~oumbilica
D. asymnietricus
C. rugosu s
C. t r i c o r n i c u l a t u s  5— 1 , 4—3
D. quiri queramus 14—1 , 13—5 , 12—5 , 11—3 , 10—3 , 9 — 2

12—1 , 10—1 , 8—1 ,
6—5 , 6— 2

D. calcaris  15—6 , 1 5 — 3 , 15—i
D. harnatus
C. coali tus
D. k u gle ri
D. e x i l i s
S. heteromorphous 17—6 ,16-6
H. ~~p1iaperta
S. belemrtos
D. druggi
T. carinatus 16—1 ,15—3
S. c iperoensis  2 0 — 2 , 19— 3 

- 
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nannopiarikton and hiostrati jraphic zonation based on th e standard

zonation scheme of Martini (1971). The results of the nannofo~ si1

b i o s t r a t igraphic  zonat ion  have been converted to absolute time by

comparison with the Neogene time-sca le suggested by Berggren

(1974). The chronostratigraphy of the sites has been plotted on

the scale of total penetration for each site along with nanno—

fossil preservation (figure 22). Those data allow the sediment

accumulation rate for each time interva l to be calculated (Tab le 2)

and p lot ted  ( f i gu re  2 3 ) .

In figure 23 the sediment accumulation rate shows a genera l

increase between the early Miocene and the Recent . 1n all cases,

present deposition rates exceed early Neoqene rates. Durino tin

r iddle Miocene all sites show increasing rates . During late

Miocene time sites 235 and 236 remain constant while 234 and 241

i ncrease rapidly. Site 241 decreases in the Pliocene while the

o t h e rs  remain leve l or increase. All sites show late Pleistocenc

inc r :i i - c p

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -
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Figure 22.

N a n n o fos s il  chronos t r a t ig r - aphy and occurrence
in Somali Basin Deep Sea Drilling sites 234,
235 , 236 , and  241. The n a n n o f o s s i l  b i o s t r a t i —
graphy according to the M a r t i n i  (1971)  z o n a t i o n
was de te rmined  as shown and the zones were
converted to absolute  t ime us ing  the Berggren
(1974)  c o r r e l a t io n .
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TABLE 2

Somali Basin Neoqene Sedimentation Rate Determinations

DSDP Core Late Quatornary Pleistocene Pliocene
Sites Numbe r P i s t o n  Cores

Thickness m Thickness m
Rate n/n .y. Rate m/m.y. Rate m/m.y.

234 34 45 nd nd

235 32 48 67 106
36.2 33.6

236 36 < l b ’  18 29
9.7 9.2

241 59 ~~ 3 l+  72 140
59 ~~ 50 38. c 4 4 .4

* Ave rage of  Ap p on t hx  I I  & I I I  results for Core 36

+ Appe n di x I I I  

- ~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ __ _ _ _ _ _
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TABLE 2 continued

Somali Basin  Neogene Sedimentation Rate De te rmina t ion

Upper Middle Lower
Miocene Miocene Miocene

Thickness m Thickness m Thickness m
Rate rn/my Rate rn/my Rate rn/my

64 
~~~~~~~~~. 97

196 131
33.8  2 9 . 1

71 40 16
12.9 8.8 2

4— 
~~~~~~
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Figure 23 .

Sed imen ta t ion  ra te  p l o t t e d  w i t d ~ r e sp ec t
to age for  the w e s t e r n  I n d ia n  Ocean
si tes 234 , 235 , 236 , aI ’si 241. Ra te s  as
d e t e r m i n e d  in Table 2 are  p lo t ted  in
the midd le  of the  t ime i n t e r v a l they
represent.
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CA USES OF SEDIMENTATION RATE VARIATION

Pelagic  deposi t ion in the deep sea r e su l t s  in sedimentation

rates that often vary from 1 to 10 m/m.y. (Mena rd , 1964). Higher

accumula t ion  ra tes  have been observed under areas of high produc-

tivity (Hays, et al., 1969) and in areas adjacent to continents.

In genera l, as a basin becomes larger through sea floor spreading

a greater number of sites should show reduced sedimentation rates

as the locacions become more remote from land and deeper. In

a d d i t i o n  the subsidence of the sea f loor  o f t e n  br ings  la rger

areas into the depth of significant carbonate dissolution

resulting in decreased sediment accumulation rates.

Late Quaternary sediment accumulation rates have been

cletern ined through radioca rbon and nannofossil biostratigraphic

age determinations on piston core materia l (Appendices II and

I I I ) .  In  the nor thwes te rn  Somali  Basin Recent sed im en t

a c c umu l a t i o n s  are  somewha t h ighe r  (54 m/ r n . y . )  t h a n  those in

the equatorial areas ( ~~ 45 m/m.y.). In both cases the rate

is higher than that generally associated with deep sea pelagic

s e d i m e n t a t i o n  in a m a j o r  ocean bas in.
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Therefore , genera l conceptions of sed iment accumu lation as

ment ioned  above do not f i t  the pa t t e rn  in the Somali  B a s i n .  In

the Somali Bas in  the genera l t r end  is toward a g rea te r  accumula-

t ion of sediment  through t ime as the bas in  becomes both deeper

and larger (figure 23). This increase in pelagic sediment

a c c u m u l a t i o n  can only  occur i f  a new source of sed iments  develops

or if a process hindering the accumulation of sediments abates .

The latter may be checked by examination of figure 22 for the

sedimentation rates in the nannofossil free sections of the cores.

If dissolution predominates the general trend should show a pat-

tern of accumulation variation through time tha t reflects prima r-

il y the deepenin I of each siLo and secondarily the variation in

the CCD. Howeve r, the  genera l t r end  in f i gure  23 is of greater

a c c u m u l a t i o n  th rough t ime r a t h e r  than  less.

To tes t the [er r o r  h~ pethesis of a new sour ce o f s e d i m e n t

supp ly severa l pessihilities mu s t  be considered. As noted

earlier toe main ep isode of H i m a l ay a n  u p l i f t  oc c u r r e d  during

the nid-Miocene and could save caused a substantia l increase of

terrigenous sedimentation that would affect t i e  genera l pattern

of basin sediment evolution. The western Somali Pasin would be

cut off f rom such sedinentation by both t c : e  Cc -ri be rg zinc] Chain

— -  ~~~ —-~~~~~~
— 

- 
— : - --- ---~~~- ._ ~~~~~~~~~
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I<idcje. However , with variation in morphology of the plate

bou n d a r i e s  some sediment could get into the area . Indeed t h i s

appears to be the case for site 235 which is e a st  of Chain Ridge

where the Miocene sedimentation rate is uniformly higher than

elsewhere .

Increased  b i o q e n i c  p r o d u c t i v i t y  is tb~ rensaining new source .

I f  the increased se d i m e n t a t i o n  ra te  is due to the e f f e c t s  of a

greatly increased biogenic input then: (1) this biogenic material

shoula be recognized in the sedimentary section ; (2) a new sourcc

of biogenic material from the surface waters must be postulated;

(3) ph~’sica l oceanographic conditions must  have changed to make

the surface water productivity increase possible.

Examination of figure 22 allows a qualitative evaluation of

the effects of the nannofossil carbonate component on increased

post mid-Miocene sedimentation rates. As previously noted dis-

solution is not primaril y responsible for the sedimentation rate

variations . Althoug h turbidite deposition had been proposed for

the basin (Ewing et al ., 1969) initial descr iptions of the

drilling sites (Fisher and Bunce et al., 1972) as well as

sediment properties observed in these samples indicate such

i r ~ c~~- ses are noL significant. Thus , the increased sediment 

---- - - -- - -----
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accumulations must be due to greatly enhanced hioqenic input

of which the nannofossil component is a part .

As the greater sediment accumulation continue s to the

present time the new source of bioqenic material in the surface

waters implied by the greater sediment accumulation rates r u s t

be observable in today ’ s ocean. This sets rce is the extell s 1-0

upwelling occurring in the northwestern Indian Ocean w h i c h  res ,lts

in an annua l p r o d u c t i v i t y  fo r  the a rea of i b - c : L  t w i c e  t h e  a~~e r i

rate for the world ocean (Ryther , et al., 1966). Thus , scdine nl

accumulation rate data indicate significant upwcllinq sa y n a - c

begun in the Indian Ocean during the mid-Miocene to Pliccene .

To determine whether the variations indicated b\ t o -- - ~~ç d j -

n ient record are  s u b s t a n t i a t e d  the land  sea c o n f igu r a t i o n  a ss  t h e

forces  responsible  for  present  day c i r c u l a t i o n s  m u s t  be ~x a ’- - i neJ .

As p r e v i o u s l y  noted land  sect ions  in India  i n d i c a t e  t~~e f i n a l

m a r i n e  r egress ion  occurred d u r i n g  midd le  Miocene . Td :;e tec~ en i

evolution of the area resulted in the transformation of a

previousL y ocean area to a continenta l area . The ensuing \‘aria-

don in the therma l properties of the surface initiated the land—

sea heating contrast presented earlier. Greater warming could

then occur in the lower a tmosphere over India causing the

c-sa r~l (-t en ct ic circulation. Contemporaneously the basin r eac h e d
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approximately its present configuration . Thus , with a major

element forcing present monsoon flow , the Indian sum mer hea t

low, the upwelling system could have been i n i t ia t e d  in Middle

to upper Miocene on the basis of independent physica l, strati-

graphic and plate tectonic evidence which supports the inter-

pretations drawn of the basis of the deep s~ a cedinentary

record alone .

5U~~’Jd- Y AND CONCLUSIONS

The Ne o ;cne s e d i m e n t at ion  r e c or d  has been e x a m i  t ie d  in f o u r

northwestern Indian Ocean Deep Sea Drillin -~ sit s -s . Nannofossil

biostrati graphic zonations of each site have b c-n converted to

abs -l o t t ime an ! :-c; iiment iccuni u l.ation sO en were determi ned.

All s i t  a have  - ;n it I cant N o -  ~C I ~ I se d im  t i L I c i  rat e 1 r c r c c n  sos

+ 15--SO ~~~~ . y .  wh i ch -on avel ige ais c: ;iisi le rablo: P i gher  than

s ort i i  p e l a g i c  sedinientoti )lt r O l  Cs.

1:xanination of the ii Lho t +gv o~ t o te  s ; - I i r e n t s  as  well as

the preservation of the calrtrco sis nannofossi Is ind icates the

dran.i t ic increase in sedimentation rates may be due to increased

bi e-icni c productivity in the surface waters. Present day surface

prodsio t ivi ty ~n the northwestern India n Ocean i s appi I lxi nc-) t ely

twic e th at of the wor l d ave ra ge (R y t h e r  et  a l .,  l )66)  due to

-
. -

~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~ --- - -
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upwelling and is reflected by hi gh later Quaternary sedimentation

r a t e s .  The i n i t i a t i o n  of monsoon condi t ions  which cause the h i gh

productivity may be speciflell by determining when high rates of

sedimentation were first observed . Data from these sites indi-

cate an Upper Miocene to Pliocene initiation for the main monsoon

f l ow , associated upwelling, and high rates of sedimentation.

Once the chronology of the change in the  circulation systems

has been specified through the geolog ic record the effects of

significant changes in the structura l history of the basin may

be considered with respect to the components forcing toe atnios-

pheric and oceanic circulations. The heating contrast between

continent and ocean which is r e l a t e d  to the the rm a l properties

of the surface is a primary driving force for the monsoon. Flow—

ever, during the early Cenozoic the relationsh ip of land and sea

in the area was sufficiently different to preclude such a

m e c h a n io n  . Examination of the oceanic and continenta l struc-

tural records for the area demonstrates that marine influences

were not  ron -ey ed from northern India until middl e piocene

( Powell and C or c olh a n , 1973) . Thus physica l conditions in the

atmosphere neces-izsry for monsoon flow may h av e  been net icy

middle Miocene while he predominant ocean circulat ion and
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productivity effects recorded in marine sediments indicate an

Upper Miocene to Pliocene initiation.
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TV TATE QUI\TERNARY SEI)IMENTATTON
AND OCEANOGRAPh IC VARIABILITY

IN TRODUCTION

Previour Work

Deep sea sediment stud ies provide an extensive and

detailed record of past oceanographic and climatic conditions

for the last severa l hundred thousand years . Because of the

v a r i e t y  of carbonate litholog ies and the sensitivity of each to

various oceanographic and climatic pa rameters the  carbonate com-

ponen t of pelagic sediments has been studied extensive l y in the

A t l a n t i c  and Pacific oceans. This section will pre°ent analyses

of carbonate sediments from Somali Basin and will infer from

the v a r i a t i o n  in specific se d i m e n t  p roper t i e s  changes in the

bottom and surface water conditions.

A fter an initia l period of descriptive studies the under-

standing of pelagic sediments was greatly expanded by Arrlienius

(1952) who stud ie I equatorial Pacific sediments and was z i b Le  to

relate ca rbonate amount and litholoqy to clin iat ic cycles by

assus-nin tha t decreased tota l carbonate reflosted dec ss oa c c ]

prodoctivitv during interglacia ls. In a more recent st c l i :  o f

the equatorial Pacific I-lays et a l .  l f t t 9  used naqnet ir

hh. - -—  
~~~ - — — ~~~~~~~~~ . _ t 

~~~~~~~~~~~~~~~~ 
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stratiqraphy, paleontologic analyses , and total calcium ca r-

bona te  to demonst ra te tha t the last carbonate maximum is corre la-

tive with the Wisconsin glaciation and therefore by extrapolation

there  were probably eight major glacial fluctua t ions during the

last 700,000 years.

In the A t l a n t i c  Er icson et a l .  (1961) determined past

climatic fluctuation through variations in the Foraminifera

fauna and Enicson (1970) compared this with results from the

Pacific which indica ted to him tha t warm surface waters in the

icocific were at least partly synchronous with cool Atlantic

waters. In other Caribbean work Emiliani (1961, 1966) has

equated oxygen isotope variation in the carbonate fraction with

os surface paleotemperature ignoring the fractionation due to

ice  f o r m a t i o n .  Broecker and van Donk (1970)  t r e a t e d  t h i s  fur-

t h e r  t a c t o s  in the  oxygen isotope record and indica ted the

; n i l i an i  ( l ~~( 16) isotopic f l u c t u a t i o n s  represented the l a t t e r

part of the Pleistocene only. Shackleton and Opdyke (1973)

used magne t ic s t r a t ig raphy  and the assumption of uniform sedi-

r r e n t i a t  i on  rate to deLermine the chronology of an e q u a t o r i a l

PacjI~ic o x y - J en  isotope curve . The i r  r e s u l t s  i n d i c a t e  ages f o r

he b ou n d a r i e s  s l igh t l y  grea te r t h a n  those of Broecker and

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _  —
~~~~~~
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van Donk ( 1 9 7 0 ) .

Recent work in the Atlanti ’ ‘~~c I n t v r e  of_al., 1o72) has

extended to rnappinq the geographica l extent of various b r an  m i -

fera and coccolith assemblages to otermine surface water con-

ditions over a large area of the North Atlantic during the

Pleistocene . Variation bet ween left -ccoilecl G I ~~Li j er in a

pachyderina (cold) and abundant fine c a r h s a t e  led their to

develop a model in which high latitude -b lacials are ca rbonate

n-.i n i n a ; I r i t e  r srec ] ia te la t i t  udes h a v e  Lw-s c ’S i b a n a  t .e n - o x  i ins due to

coccolith productivity zone  m igr zsti on~ and a sing le carbona te

maxima occurs at the c ~ost o r . ~uian t itati - - e  tc r-peraturo ‘- ‘aria—

t i on t h r o ugh  L i t -  is c c  r r cn t . i~ be ing cft L( STIS i Se l l  t h rough rela t i sq

pre sen t  sea surface c vs~lit ions I -o fossil ass€ : ! gages this a ftc

f a c t  or  a n a ly s i s  (Iscch ric: and i< ipp , l .c71) and  -lea c-cut fa ne

t a re f o r  18,000 yrs EP has been d ete nt m e d  ( M c l n t ’ i e , 107~~)

Cc sk i  ( 1973) ci i  S r OV i Ow e c  t h e ma in P1 i s t c - c o n e  no rono logic a

an-1 r o t e - I  the disparity between the c-r i q i c a l  oxy g en  isotope curve

of En -.i liani ( l - ~-- 1 )  , a later more c-c -c t nsively I t a t e d  c ’ c c  rye  (Rona

an d  E c n z l i a n i  , 1°o~~) and the chrono~ o1;r- c c c + l : j c c : h’: O r - le ck e r  and

van ) -of (1970) . t~h t ins the Emi  l i a n i  cc rye 01 i g i t s  1 iy p laced t oe

four rain glacia l stages in the last 500 , 001) ~ ez1rc  Er ic cc c n a n d

- 
. 
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W o l l i n  (1968) ,  Broecker and van Donk ( 1 9 7 0 ) ,  and Ruddima n

(1971) a l l  ind ica te  the four  m a j o r  glacia l stages occur du r ing  a

2 m . y.  t ime period . As more dates and climate fluctuation data

become available the long t ime scale rece ives more suppor t.

Disso lu t ion, te r r igenous d i lu t ion, and sea su r face

productivity variations may each be related to climatic change .

In  cons ide r ing  A t l a n t i c  sedimenta t ion  ra tes  Broecker , et a l .

(1958) were able to demonstrate that a decrease in the deposi-

tion rates of carbona te and clay fractions occurred at 11,000

years BP in core A 180—74 (O°03’S , 24°lO’W) with the rate of

coccolith sedimentation decreased by a factor of approximately

2. Thus , in some areas  interva ls of high carbonate sedimentat ion

in spite of terrigenous dilution equate with cold surface waters .

h owever, in a later model based on chemical reasoning and core

data , Broecker (1971) found the tota l rate of CaCO3 accumula-

tion in the equatoria l regions of all oceans is constant but

coarse foraminifera l carbonate is lower during Atlantic glacials

but higher during Pacific glacials. The fine component is almost

u n i f o r m  (Broecker , 1971) through t ime . In add i t ion  examinat ion

of a limited number of accumulation rates implies greater solu-

tion during glacials (Broecker, 1971). Berger (1973) has 

~~~~ — 
-
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. 
-
. 

~~~~~ ~~ ~~~~~



_

128

considered the effects of ca rbona te dissolut ion which he asserts

are  i n t e n s i f i e d  d u r i n g  i n t e r g l a c i a l s  which removes the need for

involving productivity variations to account for tota l carbonate

amounts.

In contrast to the Atlantic and Pacific Oceans the Indian

Ocean carbonate record and its relation to climatic change have

not been investigated in comparable detail. Initial northwestern

Indian Ocean studies were undertaken during major , often world-

wide expeditions and concentra ted p r i m a r i ly on descr ip t ions  of

morphology (Wiser nan  and Seymour Sewell , 1937) and  sediment  type

(Murray, 1899, 1909); Stubbings (l939a , b) and Schott (1939).

The Swe d is h Deep Sea E x p e d i t i — c n  ( 1 9 4 7 — 4 0 )  conc luded  t h i s  phase

-s~ explor- -i t ion with descri rition of the carbonate sequence of

n~- n  t hw es t e r n  Ind ies: ; Ocean cores (O la u s s o n , 1960)  . Research

connec t ed  w i t s  the in t e r n a t i o n a l I n d i a n  Ocean E x p e d i t i o n  d u r i n g

the  1960 ’ s resulted in a ge n era l su r fa ce s ’ s i i i n e n t  descri pt ion

p repa r o t  by Bezrcikoy ( 1 9 6 4 ) ,  and  spec i f ic  con p o r t en t s  were t rea  t e ll

j f l  ~~~~~~~~~~~~~~ ca rbonate (Wisersa n , ~~~~~~~~~~~~~~ c l a y m i n e r a l s

( G r i t  f i n , et i i . ,  l9~~8; Goldbe rg and G r i f f i n , 1070; B i scaye ,

1065; an ’ !  t n t i  1 sedinont thickness ba -u ’ !  -o n s e i r n - i c  - I o t a

( E ; w L n  ~~, +o  a l. , l e ( 9 )  . In  a d d i t  i n , :enc ra l secli r c~ c ;t ud ie s
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concentrating on specific area s such as the northwestern Indian

Ocean (Konta , 1968) or Arab i an  Sea (S tewar t , et e l . ,  196 5 ) and

the - s t c e l f  o f f  Somal ia  (M i~i1ler , 1966 .. 1967) have been completed.

Paleontolog ic studies of the major microfossil groups such

as R a d i o l a r i a  (N i g r i n i , 1967) ,  d ia toms  (Kolbe , 1956) and

Foraninifera (Conolly, 1967 ; 1-’r en i ch s , l s,0; Be and Tolderlund ,

1971) provide some of the necessa ry backqround data for climatic

studies . Previous climatologica l inferences have been drawn 
-

from Indian Ocean sediments. Philipp i (1912) related the dis-

appearance of tropica l Foraminifera and appearance of red clay

as being due to cooling of water temperatures. Stubbings (1939)

examined the ratio Globigerina bulloide s, implying cooler waters

to Glohorota l ia men ard i i ,  i n d i c a t i n g  warme r wa t e r s  and in i 132

cm core in the southern Somali Basin he found four  h igh va l ues

indicating to h i m  cooler periods. Through a detailed ana lysis

of two centra l Indian Ocean cores rich in Foraminifera Oba (1967)

was able to i n f e r  an a l t e r a t i o n  in surface water temperatures.

In addition he found that high to ta l  carbonate in the equa to r i a l

areas was deposited dur ing  g lacia l ages .  Olausson et a l .  (1971)

trea t the Somali Basin area in greater detail and use the

variation in the carbonate contribution of different size fractions
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to consider variations in sea s u r f a c e  cur r e n t s .  Vincen t  ( 19 7 2 )

examined Foraminifera fauna s from severa l southwestern Indian

Ocean locations and in cores free of marg in sedimentation processes

was able to see fauna l changes which indicated a Pleistocene-

Holocene sea surface temperature change of 5°C or less.

Descript ive P~,~~~ cal Oceanography of the S o m al i  Bas in  Area

The Indian Ocean differs from other oceans in some respects

due to its special geographic configuration. First , the Somali

Basin is landlocked to the north which effectively excludes any

north-south circulation driven by Arctic water. Second , the

Somali Basin has sill depth s which preclude significant present

Jo’; Antarctic Bottom Water circulation (\‘cirren , 1974). Third ,

the qeoc r a ph i c  a r rangement  of ocean and c o n t i n e n t  and the i r  con-

t r a s t i n g  thernia 1 pr cp- cr l  ics t nt e t hc r  w i t h  seasona l f l u c t u a t ions

in solar  r a d i a t ion  r esuin  s in r e v en - ca l  of winds  and s u r f a c e

c u r r e n t s  ove r much of t h e  O o rs -al i B a s i n .  These t h ree  f a c t o r s

are p r e d o m i n a n t  ly respcnsib lc  1-s r the large sca le a sp e c t s  of

the circulation in the area ; t r e e include the monsoon current

system , the equat’crial current oy s te r s , and bott om currents .

-
~~~~~

. 
~~~ 

- 
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The southwest  monsoon a t mo s p h e r i c  and oceanic circulation

system predomina tes during the summer months , May to September.

D u r i n g  tha t  t ime a hi gh pressure area in the South Centra l Indian

Ocean and a low pressure area over northern India are responsible

for the atmospheric circulation which in turn drives the nea r

surface oceanic circulation.

Water mass properties and dynamic topography delineate

the features of  the southwest monsoon . In figure 24 sea surface

tempe rature for July 1963 ( W y rt k i , 1971) is sriown . A l t h o u gh the

details vary from year to year the genera l nature of the phenomenon

remains , and upwellinq along the coast of East Africa is represen-

ted by cooler waters (25°C and less) while the central portion

of t h e  ocean has  wafers above 28°C. A wedge of wa rm s u r f a c e

wa te r  may he seen enterinu from the G u l f  of A d e n — R e d  Sea area

which is common for this month (Warren , Stomme l , and Swallow ,

l~hi0) . Dynamic t opography of the area (Bruce , 1068; Duing ,

1970) reveals a complex series of cyclonic and anticyclonic

cells with associated flow patterns. Thus , the Somali Current

does n o t  sepa ra t e  from the coast s imply but  ra ther in a complex

circular [low .

__________________________________________  ______  ‘.4
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Fi gure  2 4 .

W e s t e r n  I n d i a n  Ocean sea su r f a c e  tempe ra-
ture  in January and July 1963. I so the rms
are contoured at 1°C intervals based on
Wyrtki (1971)
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The ve locity and t ranspor t  of the Somali Current have been

discussed by severa l authors including Swallow and Bruce (1966),

and Bruce (1969; 1970; 1973). Dur ing  1964 the Somali Current

(0—200 11:; )  increased in width between 0° — 8°N, had a speed

exceeding 200 cm/sec and turned east near 9°N (Swallow and Bruce ,

1 9 6n ) .  The depar tu re  of the c u r r e n t  f rom the coast results in a

variable pattern of upwelling related to the currents. For

example , in A u g u s t  1970 separate regions of upwelling at 6 ° N and

lO °N, each associated with separate seaward turning branches of

the current , were observed (Bruce , 1973). Subsequently the two

branches merged.

D u rin g  the northeast monsoon , front November to March , sea

surface temperature shows very gent le horizonta l gradients and

no u p wel l i n q  in the n o r t h e r n  Somal i  Bas in  ( f ig u r e  24b). Currents

associated with this northeast monsoon systcnr may reflect con-

t i n u a t i o n  of the summe r circulation although at qreater depth

(B r u c e  and  V o lk n r an n , 1969) .

-_
c - s c a r ci ren l at i cn . i n  ti-ic ’  I nd i an  Ocean shows many

features in c(’mr I c g r  with the  Pac t  f i c  bu t  i t  is sub jec ted  to a

s e - i - - n s a  I sever-cal of a tmosphe r i c  c i r c u l a t i o n .  Nea t  s u r f a c e

e q i i t u r : ; a l  c i r c u l a t i o n  sys tems  a re  gene ra l ly composed of westward 

TT~~~~ -~~~~ - 
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f l owing  north equatorial currents at lO °N, an eas tward  f l o w i n g

n o r t h  e q u a t o r i a l  counte r  cur ren t  a t  5 ° — lO ’N , a westward flowinq

sou th  equatoria l current 5”N to 5 S  with an eastward flowing sub-

surface equatoria l undercurrent imbedded in it , a westward flowing

intermediate equatorial current below this system (5°N to 5 °S,

> 250 m) and an eastward flowing south equatorial counter-

cur ren t  at approximately lO °S to l 5 S  (Philander , 1973). Vari-

able atmospheric condi..ions over the Indian Ocean modify this

typ i c a l l y  P z - c i f i c  Ocean scheme .

During the northeast monsoon the relatively shallow surface

d r i f t  f lows south a long the coast of Somal ia  and  tu rns  east  a long

the equator , w i t h  the countercurrent flowinq on both sides of the

e q u a t o r  d u r i n g  November and December (Wyrtki , 1973). But d u r i n g

January-April the countercurrent is entirely south of the equator

with its southern boundary near 10 S (Wyrtki , 1973). In March

194 at 58 F the eastward flowing equatorial undercurrent was

ohscrvc I a t  an  average speed of 100 cm/sec below the westwa rd

f le w in g  su r f ace  c u r r e n t s  which have a transport of 40 m i l l i o n

m3/sec. At  6 1 E  in March 1963 the undercurrent had a maximum

velocity ot 10 - 00 cm/sec ( T a f t  and  K n a u s s , 1967) which Swallow

(1 1 7 )  sos related to the variation in wind s t r e s s.

_ _ _ _ _  ~~~~~0~~
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However , during the southwest monsoon major changes in

c i r c u l a t i o n  in the nor thern  I n d i a n  Ocean have large effects on

the equatorial current pattern. In July when the Somali Current

is strongest , all flow north of the equator is eastward with the

c o u n t e r c u r r e n t  s h i f t e d  nor th  and  jo ined to the monsoon c u r r e n t

while the south equatoria l current strengthens in its location

(Wyrtki , 1973). Taft and K n a u s s  (1967)  we re unable to observe

the e q u a t o r i a l  u n d e r c u r r e n t  d u r i ne  the s o u t h w est  monsoon of

1963. Swallow (1967) found early in the southwest monsoon an

undercurrent was present. However, Bruce (1973) reported that

d u r i n g  A u g u s t  a we stward cor:;ponent e x i s t e d  f ran ,  the equator to

S N while the eastward flowing undercurrent when observed was

at 1 - 2 S. Thus the undercurrent was con siderab ly d i m i n i s h e d

(transport east ~ x io
6 m3/c-uc ) and its axis was shifted south

(Bruce , 1o7 3).

In  ana l ogy wi th  the P a ci f i c  the ex t en t  of upwell inq

a s s o c i a t e d  w i t h  the  Ind ia n Ocean e~~cia to r ia l c u r r e n t s  may he

cons ide red .  At  the ou t se t  three  f a c t o r s  must be acknowledqed.

F i r s t , a c o m p l e t E  ph ys ica l e x p l a n a t i o n  of upwel1~~n:;g : \ st e n s

inco rpo ra t ing  a l l  t~ - ei r  v a r iab i l i t y  is not available . Second ,

in the physica l sense upwellinq irplies vertica~ velocities

- .— 
— -  
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which although they have not been adequately measured are usuall y

inferred from water mass characteristics. And third , upwelling

in the biologica l sense impl ies  a n  increased availability of

nutrients in the photic zone and the productivity associated

with it. The sedimentary record being even farther removed

records certain facets of the increased productivity . Cromwell

(1953) and Stomme l (1960) describe divergent surface flow on

the equa tor due to westward wind stress with 0 Coriolis force

at the equator but poleward transport in regions away fron the

equator where Coriolis force increases . Such a mechanism could

explain equatorial upwelling in the Indian Ocean during one-half

of t h e year. Reports of upwelling in the equatorial I n d i a n  Ocean

are not -de ta i led although most investi gators find some indication

of it ccurriny under present conditions (Knauss and Taft , 1964).

J 0 - w e v e r , at the Cl sist of Africa the divergence of the south

egoo ’ rL al current during the southwest monsoon results in up—

welling as part of the current joins the Somali Current while

the rest turns south (Duncan , 1970)

-~~~~~~
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The Somali Basin is isolated from bottom waters in adjacent

basins by the Carlsberg Ridge on the north . To the south and

east the mid—Indian ridge and Mascarene Plateau form a barrier.

Directly south the Mozambique Channel is quite shallow but just

northeast of Madaga scar the Amirante Trench deepens to over 4 kms .

The s i l l s  in the t rench area (9 °30 ’ S , 54 ° 15’ E and 9~~l5 ’ S , 53 ° l5 ’ E)

al though not adequate ly mapped appear too shallow (4200 - 4400 in

and 4000 - 4200 m) to permit the deepest few hundred meters of

Mascarene basin water t o  e n t e r  (War ren , 1 97 4 ) .  The b o t t om

potentia l temperature minimum in the southern Somali Basin is

0.82°c wh ich corresponds with the 3900 m isotherm at 12 °S in

the Mascarene Basin. Bottor water current velocities east of

Madagasca r of 6—7 cm /sec (Warren , 1971) are therefore not expec-

ted in the Somali Basin.

P r im a ry Productivity in the Somali Basin Area

P r i m a r y  p r o d u c t i v i t y  in the  Somali Basin has  long been

rec’-)qnjzc’ I as a function of circulation and its seas na l varia-

bility. h owever, due to the large area a n d  complications in-

t roduced by carbon a s s i m i l a t  ion m e a s u r e men t  l et s  i 1 e l  r e a  s u r e —

in e r t - ;  a l l - ow i n g  ~easona l mapping have  rot been cnn-p le t c i . Ryther

and Menz e i  (1965)  rneas 11re~ n u t r i e nt s  in the post—southwest

: L~~~~~-~=~---~ ~~~~~~~~ - —- - ------ ~~
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m o n s o o n  season and found n u t r i e n t  c o n c e n t r a t i o n  in the cen t ra l

A r ab i a n  Sea (n i t r a t e  56 .2  ug A/l) about twice that of the Sargasso

fea ( 2 ” .0 ug A/ l )  in  the  North Atlantic , In spite of its high

product ivity the system is :ju i t e  f r a g i l e  as R y t h e r  and MenZel

(1965) demonstrated tha t the standing crop of organisms repre-

sent s ai)proxima te lv one d a y  of primary productivity.

Prima productivity maps (Ryther , et al. , 1 366; Kahanova ,

106R ) and discussions (Krey, 11713 ) note a reas of high production.

F v t h ur , et al  (1966), although not including seasona l variability

( t i c u r e  23), were able to demonstrate high productivity north of

the S o u t h  E q u a t o r i a l  C u r r e n t . The Soma l i coast shows h i gh

L r c - l s ’ ’tivitv associated with the upwellinq of nutrient rich

s ene r waters . Mean daily production (0.35 qC/m2) is about

wice t he a ver a g e  ocean va lue  but p r o d uc t i o n  va lues  va ry w i t h i n

t w c l or t er s  of m a g n i t u de  ( R y t h e r , et a l .  , l9i9c)

l t ; t a p l a n k t - n in the Somali Basin area has been predicted

by t r -  ( 1 9 7 3 )  and  sampled in i so la t ed  a r eas  by Zernova  and

Iva rnu ( 1 1 ( 4 )  and Thorrington-Smith (1971). In the most recent

s t u - h :  T - i o r r i n q t o n — S m i t  h (1971) was able to r ecogn ize  f o u r  p h y t o —

h u h  - c  ra ph i c c q  ions i n  the e q u a t o r i a l area f rom 60 ° — 70 ° E ,

~orrc of which arc specificall y related to the equatorial

______________________________ - - 
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Figure 25.

Western Indian Ocean sea surface productivity
measured in grams of carbon assimilated per
m2 per day as shown in Ryther et al., 1966.
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undercurrent.

Zooplankton communities have been related to divergence

zones, poor divergence zones, and stable stratification zones in

the surface waters (Timonin , 1971). Of the zooplankton , forarnini-

fera have received the most attention in plankton tow work . Be

and Tolderlund (1971) mapped occurrences of foraminifera in Indian

Ocea n surface waters but did not consider seasona l variability.

G1ob i~ erina bulloides occurred in great numbers just south of

the horn of Africa presumably associated with upwelling there .

Zobel (1971) in a more detailed study of plankton tows

near the Somali coast during the northeast monsoon found , The

absolute abundance of foramini [era is dependent on the  presence

of upwellinq water. ” (p. 1333) and the species distribution is

intluenced by horizonta l mixing of surface water. She niaps

cli ctributions of Globiger ino ids  s a c c u l i f e r,  G. ruber, Globoro-

talia eciltra ta, Globigerinella siphonifera which occur in amounts

gr e a t e r  than 30’,V- a long the Somali coast. G. bulloides is shown

to occur up to 3Ot~ in the more act ive  upwell ing a reas  a long  the

coast  of India .

— ----—- -
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In summary both tota l product iv i ty  and occurrence of some

specif ic  organisms re f lec t  the predominant  physica l oceanographic

fea tu res  of the Somali Basin.  Upwelling areas unique in the

world ’ s oceans mark the Somali Basin .  Tota l productivity twice

the world average is found there . Diatoms genera l ly  appear

more prevalent in upwell ing areas (Krey,  1973) and the distr ibu-

t ion  of G. bulloides is a lmost exclusively l imited to such areas

(Be and Tolderlund , 1971; and Zobe l , 1971) while  to ta l  produc-

t i v i t y  of fo r amin i f e r a  increases in upwelling areas (Zobel, 1971).

OBJECTIV ES

The objective of this  section is to examine the late

Q u a t e r n a r y  carbonate record of the Somali  Bas in  and i n f e r  the

principa l oceanographic  and climatic processes responsible for

i t .

Th i s  f i nal  step in the combined analysis of the structura l

and sedimentologica l evolution of the Somali Basin will therefore

concen t rat e  on present  condi t ions  in the ocean , their  sediment

record , recent va r iab i l i ty  indicated by the sediment record , and

the mechanisms  responsible .  Whereas , on a time sca le of struc-

tura l evolution the sediment record was determined by the

evolu t ion  of large scale ocean f e a t u r es , the shorter  la te

~~TT —-- - - - 
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Q u a t e r n a r y  carbona te record may r e f l e c t  changes in the ma in

ocean f e a t u r e s .  The method of s tudy and data co ’ lected w i l l

be discussed in the next section. This forms a basis for under-

standing the major processes whose fluctuation in turn is the

foundation of paleooceanographic and paleoclimatic change which

are  d iscussed  in the f i na l sect ion.

METHOD OF STUDY

Ei ghteen  cores f rom the Somal i  Basin  ( f i gure 26)  were

sampled and  smear s l ides were prepared and examined under the

light microscope . Visual estimations of the various components

were tabulated and displayed as variation down core (Appendix I).

This  i n f o r ma t ion coupled wi th  core descriptions forms the basis

of l i t h o l o g i c  v a r i a b i l i t y  observed in the cores .

Selected cores were t rea ted  in more d e t a i l  and nanno—

fossil variability down core was established in the light micro-

scope as a genera l index of temperature variability (Appendix

IV) . Radioca rbon ana lyses  were obtained f rom 5 cores which had

been sampled on the basis  of preliminary nannofossil age deter-

rrinations and published literature in the area (Appendix III).

This information on 18 core s f rom the area  was supp lemented  by

publ ished da ta f r o m  10 Swedish Deep Sea Expedi t ion cores in the

Somal i  B a s i n  (O laus son , 1960) .
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Figure 26.

Core locations in the Somali Basin area .
Core numbers ~ 100 indicate  samples
taken on the Swedish Deep Sea Expedit ion ,
Olausson (1960). Other numbers re~fe r to
cores described in de t a i l  in Appendix I .
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CORE LITHOLOGY

Carbonate Content  of the Somali  Basin Cores

The carbona te content f rom a t o t a l  of 28 cores in the

Somali  Basin area was used to in t e rp re t  the sediment  record

from the area . In sp ite of water  depths equa l to or g rea te r

than 5000 m onl y very few cores display sections that are free

f rom n a n n o f o s s i l  and f o r a m i n f e ra carbonate .

In  the 18 cores described in Append ix I, carbona te content

han been visually estimated through the foraminifera and nanno-

fossil components visible in the smear slides. This method ,

which e s t i m a t e s  amoun t  f rom observed cross section areas , is

sens i t i ve  for  low ca rbonate  v a lu e s  but as ca rbonate inc reases

i t s  d i sc n i m a t or ;  power i s  reduced.  Cores 40 , 61 , and  25 show

s u b s t a n t i a l  m t  E I ’ z o l s  tha t are  free of carbonate; other cores

d i s p l a y  c o n s i d e r ab ly  lowered v a l u e s  in seine sections (Appendix

T ) .

Chemica l determi ation of t ota l ca rbonate was reported on

l f l  gwe h i s h  Deep Sea Expedition Cores from t h e  Somali  Bas in

(nlaurson , 1960) . However , the calis cc of the nariability was

neve r 11 scu- ;oe l i . Throughout the basin aur-r a ~ t ~t a 1 ca rbonate

va 1-ic - of 40 to 50% or more are common . Some curses notably

_ _ _ _ _ _ _ _  
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core 154 show carbonate  va lues  of less than 10/ in conjunction

with sharp increa ses.

L i t h olo g ic Variability of Late Quaternary Somali Basin Sediments

The main components of Somali Basin sediments and their

q u a l i t a t i v e  v a r i a b i l i t y  are shown in Appendix I .  Inorgan ic  com-

ponents  include detrital grains , rnicronodules , zeolites , volcanic

shards , and clay minerals. Detrita l grains and clay minerals are

more common and amount  to about 101- of each sample  by visua l

estimate. A few cores — 25, 60, and the lower part of (-d. —

e x h i b it  very  hi gh pe rcentages  of sand and  s i l t  s iz e  d e t rit a l

grains. In core 25 which is from the A lula Fartak Trench the

s ou r c e  of the high detrital content is most l i ke ly  Saud i Arab ia .

Cores  oU and  61 in the sou thern  Somal i  B a s i n  a re  probably in-

flue nced by rive r input in the Cape Deiqado area (lO °S in East

Africa ) -and subsequent gravity transport of the material.

The siliceous component of the sediments includes all

n— crystalline silica from diatoms , radiolaria and sponges.

I c l t l  : - ~~ these components were v i s u a l l y  e s t ima ted  sepa r a t e ly ,

th e . - - i r e  present i d  as a sum in the curve s for  each core.

_ _  ~~~~~~~~~~~ ~
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The calca reous material has been divided into foraminifera

and n a n n o f o s s i l s  which u s u a l l y  represent  coarse and f i n e  f r a c t i o n

ca rbonates respec t ive ly .  Observa t ions  of coarse carbonate in

other oceans have been an i m p o r t a n t  pa r t  in i n t e r p r e t i n g  varia-

b i l i t y  in la te  Qua t e rna ry  ocean processes which may be related

to climatic change . W. Schott (1935) was the first to note

fluctuation in coarse foraminifera l ca rbonate in Atlantic sedi-

ments and he related it to glacial—interg lacial variations .

Arrhenius (p. 57 , 1952) found incle se - in L-oraninif era l concen-

t r a t i ons  in the e q u a t o r i a l  P a c i f i c  s e d i m e n t - which  he a t t r i b u t ed

to lower temperature surface waters and upwe l 1m g. Erniliani

(1955) found a correlation between the coarse carbonate fraction

> 6 2u )  and  oxygen isotope curve s which was subsequently treated

in more detail by Broecker (1971). Broecker ’s (1971) analysis

of three  A t l a n t i c  cores i n d i c a t e s  t h a t  the coarse fraction

>64 or ~ . 7 5  u )  ca rbonate  a c c u m u l a t e s  a t  a h ig her  r a t e  d u r i n g

interglacials p. 256) while tota l carbonate remains nearly

constant. P a c i f i c  cores i nd i ca t e  the converse (Broecker , 1971 ,

p. 256 ;  Ar r h e n i u s , 1952) wi th  f o r a rn i n i f e r a l shel ls  being depos i ted

a t  a h i g h e r  r a t e  d u r i n g  g l a c i a l s .  Broecker (1971 , p. 261)  i n f e r s

from accumulation rate data that more dissolution occurred in all 

- ~~—- ITTi TT~ -~~~~~~~~~ 
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oceans d u r i n g  i n t e r g i a c i a l s  than  g l a c i a l s  and t h a t  inc reased

coarse re la t ive  to f i ne  ca rbonate in Pacific glacials reflects

grea t er interglacia l dissolution there . Berger (1973) reaffirmed

these indications of greater interglacial dissolution . Olausson

(1971) h a s  shown that an appreciable change in foraminifera per

u n i t  volume of sediment reflects a change in supply or thssolut ion

which he asserts (p. 377) could be caused by climatic va r iations .

In summary,  observations of the v a r i a t i o n  in coarse carbonate hav e

fo rmed  the bas is  of a subs t an t i a l u n d e r s t a n d i n g  of la te  Qua ter—

nary sedimentation in the Atlantic and Pacific Oceans even though

some details of interpretation are in dispute . Therefore , observa-

tion of the coarse carbonate fractio i in t he  I n d i a n  Ocean may

reasonably be expected to be of importance .

I n  the  past  s iev ing  has  been used to I - f  er ic  isle the amount

of coarse materia l but because this fraction say c o n t a i n  siliceous

material (Arrhenius , 1952) and the calcareous foran-iinifera l tests

are subject to physica l degradation or dissolution (Broecker ,

1971) t hey  as wel l  as the juvenile forms may be in the fine

f r a c t io n  which  would in t roduce  an e r r o r .  Point—counting w o i l d

:- ;cch s t a n t L a l l , ’ reduce these e r rors  in i d en t i f y i ng  the  a m o u n t  of

~c)iT lrninifera l carbonate in a g iven sample a t the cos t of g r e at l ~
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increas ing the time for a n a l y s i s. Visua l es t imates  of the

percentage of the field of view occupied by foraminifera l car-

bona te provided a reasonable comprom ise between accuracy and

speed which enables large number s of samp les to be considered

giving a wide geographic and s t r a t igraphic coverage .

In Appendix I over 500 samples fr~~ 18 different cores

were ana lyzed us ing  th is  method . As successive samples from an

ind iv idua l core were examined a commonly recurrent  pa t tern  of

absence and then presence usually not exceeding a few tens of

percent was n o t e d .  As the observed va r i a t ion  is p r i m a r i l y  of a

presence-absence n a t  i r e  the methodology should q u i t e  a c c u r a t e l y

r e f l e c t  t h e  ~ d icc ie n t i r y  sec- s I . A s  v a r i a t i o n s  in coarse ca r—

bona t~ p r ov ed  uci p t - i l e l s e w h e r e, an  index to i nd i ca t e  in which

Somali Basin c- x~~s t ie enrichment in coarse carbona te occurs

more frequently was c i e v i s~~~l. 1-lach peak in the f o r a r n i n i f e r a l

carbonate curve was counted for a g iven core and s t anda rd ized  wi th

respect to the l eng th  of the core (Table 3 ) .  Thus , if  sed imen ta—

tic n rates do not vary too greatly throughout the basin these

number-- c provide a measure of how frequently the process is

occurr in i at  t h e  different core locations. The chronology of

and cau se  for the ca rbona te l i t h o l o g i c  variation w i l l  be t rea ted

in following sections.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - - -
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Frequency of F o ram Enr ichmen t Per Un i t  Length of Core

Water Core Total
Core Depth Length Number
Number Corr is Cm Foram Beds Beds/~

25 5329 570 0 0

26 4680 1142 5 .44

27 5102 1146 8 .70

29 5106 1156 10 .86

30 5049 1106 5 .43

32 5123 959 3 .31

34 5004 895 5 .56

35 5101 1053 12 1.14

36 4576 866 6 .69

411 5426 599 2 .33

41 3433 511 8 1.57

59 4444 f1 50 8 .94

4 1132 815 2 .25

Id 4897 1005 1 .10

62 4425 973 8 .82

hr- 3 Sflte 580 4 .69

Fr- - 4001 106 2 1.89

PC~
) 398 5 875 11) 1.14
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CORE BIOSTRATIGRA PHY AND SEDIMENTATION RATES

Late Quaternary  Na r inofossil  Assemblage Variat ion

In Appendix IV an approximate index for paleotempera ture

assessmen t is discussed.  The approach indicated by that method

which employs a r a t io  of Gephyrocapsa ~~~~~~. plus Emiliania  huxley i

versus al l  other nannofoss i l s  wil l  be applied to Somali Basin

sediments .

Core 62 at the nor th  end of the Mozambique Channel  was

sampled at a 10 cm i n t e r v a l  to 150 cm. In each sample 300

ind iv iduals  were observed and th~ r a t i o  ca lcu la ted  as shown in

Table 4. Presen t day sea surface temperature in that  area

(6 ° 4 6 ’ S )  varies between 25—26~ C in July to over 28°C in Decem-

ber (Wy r tk i , 1972) and the surface sediment sample showed a

ratio of 6.15. The ratio down to 150 cm in that core (figure

27) fluctuates from less than 4 to over 10 but remains within

the e q u a t o r i a l  t e m p e r a t u r e — r a t i o  domain i n d i c a t i n g  sea s u r f a c e

t e m p e r a t u r e  in tha t  area remained  abou t 26 ° to 29 °C for the

interva l sampled .

Core PC9 located in the upwell ing  area near  the horn  of

A f r i c a  a t  11 ’ 511 ’N  was a lso sampled to a depth of 460 cm and the

ra tio wa s ca lcu la ted  ( Table 4 ) .  At the sedim en t su r f a c e  the
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Figure 27.

Ratio of ~~ p~iyrocapsa ~pp. + Emilianiahuxleyi to other nannofossil species
in cores PC 9 and 62. (See Appendix IV
for description of method.)
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ratio is 0.81 and averaged sea surface temperature in the

area varies from 24° — 25°C in July to around 26°C in

December (Wyrtki , 1971). Thus, present conditions place

PC9 in th e sensit ive area of th e Pac i f i c  rat io curve ( see

Appendix , Figure 44, 9°N) where the value is rising rapidly

cons is tent  wi th  h igh equatorial temperature. However , in the

same area a slight temperature decrease would result in the

ratio remain ing below 1.0. Considering these factors indicated

in the Pacific curve, Core PC9 shows cont inuous r e l a t i vely cool

temperatures for its latitude throughout the sampled interval.

Sediment Ages and Sedimentation Rates

The variation in total carbonate and its lithology

throughout the Somali Basin and the mechanisms responsible can

be related to an absolute chronology through age dating

appropriate sediments. Table 5 is a sunirnary of Appendices II

and III which contain dates for various sediment horizons.

Although in most cases exact dates are not given , the resulting

minimum or maximum given allows comparison of the sedimentation

ra te .

The c’eographical variation in sedimentation rate during the

period 0 — 170,000 years is shown in figure 28. Central portions

- - - ~~~~~~~ ~
_ - •_
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Core 0-40 , 000 0- 170 , 000 Er ro r

59 ‘-3.1 “5.0

26 ~3.6

27 — — —

30 ‘.3.0 £6.5

32 -—— 4.8 ±0.7

34 --- 4.5 !0.6

35 — - -  4.8 4-Q • 4

‘2.4 i4.5

41 — —— 3.2? 0 . 4

HF 3 --— 4.0 ~0.3
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Figure 28.

Somali  Basin  s e d i m e n t a t i o n  ra tes ( cm/
1000 years) for the past 170,000 years
determined by first occurrence of
E mu l i a n i  h ux l e \-t  (Appendix II).

_____________________________________  - - - --- ---~ - ~~~-



- - -~~~~--- -— - -—~~~~~

1130

AVERAGE SEDIMENTATION RAT E
IN CM/1000 YRS , 0-170,000 YRS

I O°N - 

I

/(/~7~~\- 

~~~~• ~~~~~~~~~

“

,,
/~~~~~~~~-4.5 ~~~~~~~

00 - . 
~o0
0 

“4.8 
~t5

10s -~~~~~ ~~~~~~~~~~~~~~

40”E 50° 600

-- 
--

~~~~~~

-

~~- - -  _~~~~~~~~~~ T~~~~~~~iT — ~~~ 
- 

--- ~~ — -- - ----- - - —---
- - -- - - - .

--



-_ — - - -- -~ - -—

161

of the ba sin away from the coast show consistent sedimentation

rates  of less than 5 cm/l000 years . In the western part  of

the basin near the equator sedimentat ion rates exceed 5 cm/b OO

years and the entrance to the Mozanibique Channel in the south-

western por tion of the ba sin shows a rate tha t may be as h igh

as € cm~~100O yea r s .  In the northwestern sector of the basin

sedimenta t ion  rates  in excess of 5 cm/l000 years to over 7 cm/

1000 years  are recorded. This sector of the basin  alse exh ibits

the highest productivity values which mav in part be respon-

s ible for  the increased s ed imen ta t i on  rates .

Table 5 also indicates maximum average sedimentation rate

for the period 0 - 40,000 years on the basis of radiocarbon

resu l t s .  Those ra tes  are with the exception of PC9 all less

than the ra tes  over the longer t ime period .

• ~~~~~~~ 
—--—~~~~~~~~~
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~~ DISCUSSION

Late  Q u a t e r n a r y  V a r i a Lt o n  in Carb onate Conten t and Bottom
W a t e r  I n t ru s ion

The carbonate content  of Somali  Basin cores from smear

s l ide  and chemical  ana lyses  displays two general patterns .

There are cores w i t h  about  50/ or more CaCO 3 which show m i n o r

f l u c t u a t i o n s  of t o t a l  ca rbona te .  In a dd i t i o n  a second set of

cores displays the same s~~C x i r r i j c - -  va lues  bu t  also shows much lower

minimum values of total carbonate with some carbonate free

sections being noted . The total amount and characteristics

of the carbonate component of pelagic sediments is commonly

used to interpret events in the ~verly ing water masses . Carbon-

ate content may - ar- v due to productivity , dilution , or dissolu—

tifl . However , cor-dition s in the Somali Basin indicate that

4issolution may be the overriding factor ar~ therefore the

hypothesis that carbonate values reflect that process will be

examined .

Figure 211, a composite plct of core latitude versus depth ,

shows t- h’~ Swedish Deep Sea Expedition cores (Olausson , 1960)

- m d  ‘hos e described here  (Appendix  I ) .  The possible  A n t a r c t i c

Bot’  om - .- ; a t ’ .- r sources  for the bas in  are those J e o c r  ibed h” ~~i r r e n

(11174) m i  the line from the shalbowest sill depth separates cores
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Fi gure 29 .

La t i t ude  versus  wa ter depth of Somali  Bas in
cores.  Locat ion of s i l l  is ind ica ted  by
bars where the flow could enter the basin
(Warren , 1974). Below the solid line are
cores which have significant sections free
of carbonate. The dotted line encloses
those cores shown by triang les in which
t o t a l  carbonate  r e g u l a r ly va r ies by
greater than 30~~. Triangles refer to
Swedish Deep Sea Expedition cores (Olausson ,
1960) and circles refer to cores in Appendix I.
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with continuous carbonate records from those with sections

free of carbonate. Although the bathymetry of the area is

not know’n in great detail cores 61 and 40 most likely lie in

a single basin that could be influenced by the influx of bottom

water. Core 25, which is free of carbonate throughout is from

a separate and isolated environment, the Al ula Fartak Trench

far to the North.

In order to further evaluate the effects of bottom water

on Somali Basin sediments the present bottom water and sedi-

ment su rface condition s must  be examined in grea ter  d e t a i l .

The deep western boundary current flowing northward along

Madagascar is largely blocked from entering the Somali Basin

by the shallow sill (Warren , 1974). That portion which enters

the Somali Basin mixes with overlying waters sufficiently to

lose the low bottom temperature of the Madagascar and Mascarene

Basins (Warren , 1974). Some transport of bottom water into the

basin has been indicated by the occurrence of isolated specimens

of the high latitude diatom flora in surface sediments of the

southern Somali Basin (Burckle et al ., 1974).  However , bottom

p h c t o g raph s  taken in the same area as core 61 show no c u r r e nt

de r ived  f ea tu res  which prec ludes  any l a rge  m a g n i t u d e  bottoni

flow ( f i g u r e  3 0 ) .  Thus , avai lable  data  ind ica tes  presen t

- ______- - ~~~~--~~~~ ---~~~~~~~~~ - - - -_ _--------~~~~~~
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Figure 30.

Sea bottom photograph at Station 61.
Absence of current der ived f e a tu r e s
ind ica tes  that  if bottom water is
ente r ing  the bas in  the ra te  of f low
is low.
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c o n d i t i o n s  a d m i t  l imi ted  bottom wa te r  t r a ns p o r t  n o r t h w a r d

from the Mascarene Basin through a sill which may be at either

4-~O0 - 4200 m or 4200 — 4400 m ( W a r r e n , 1974) .

In the past a greater supply of bottom water to the

Mascaren e  Basin could have resul ted in more of i t  cross ing the

s i l l  i n t o  the Somal i  Bas in .  As increased bottom wa te r  ac tiv it y

may be recorded by a reduc t ion  in to ta l  carbonate  the occurrence

of c a r b o n a t e  f r e e  sect ions in cores 61 and 40 may form a bas i s

for interpreting Somali Basin sediments. First the other

possibilities must be considered. If carbonate cycles are

sole ly  due to  f l u c t u a t i o n s  in productivity then absence of

ca rbonate  i m p l i es  a lack of c a r b o n a t e  produc nq organ isnir ;  i n

the s u r f a c e  w a t e r s . In a d d i t i o n , as the lack of t h i s  p r o d u ct i v i t y

would not reasonably he i so la ted  nearby cores should show a

sin ; i 1 m ~ absence of carbonate .  However , con t inuous  carbonate

records ar e  found n e a r  core 61 (see cores 60 and 62 in A p p e nd i x

I)  an i n e a r  core 40 (see cores 41 and 36 in Appendix I ) .  Like-

wise terrigenous or r i l i c e o u s  d i l u t i on  could not expla in  to tal

absenc of ca rbona te  as even a la rge  r e l a t ive  c o n t r i b u t i o n  cou ld

nut eliTinate all carbonate. The th i rd possible explanation for

the lack of carbonate in certain sectors of cores 40 and 61 is

dissolution exceeding supply due to increased bottom w a t e r  flow

k—- ‘
~~~~~~~~~ —- ---- — -



- -- - ~~~~~~~~~~~~~~ - --- - -~~~~~~ - -—~~~~~~-~~~~~ 
--—

~~~~~~~

169

“Cl

northward into the Somal i Basin . Such increased bottom wa ter

ac tivity would aff ect the deeper portions of the bas in as well

as those closer to the source of bottom wa te r .  Both these

considerat ions are met as demons trated in f i g u r e  29 wh ich

shows cores with carbonate f r ee sections as be ing the deepest

in the basin.

Only a trace of nannofossil carbonate was found in

4897 m at the sediment water interface of core 61. However ,

other cores further north in the basin and up to 200 m deeper

(figure 29) contain carbonate at the surface (core 32 in

Appendix I, for example). Core 40, although deeper , is farther

f rom the source of bottom water and may be isolated by topo-

graph ic ba rr iers and th e r e f ore conta in s a grea ter amount of

carbonate in present surface sediments.

Past increases in the total amount of bottom water may

have caused significan t dissolution in cores in the Somali Basin

wh ich apart from productivity or dilution variations should

affect the deepest cores the most. The effected cores should ,

as noted earlier , h ave large f luc tuations in total pelagic

carbonat e wh ile those well above should be un a f f e c t ed by

d issolu t ion an d ma inta in relat ively high total carbonate through-

out. To test this hypothesis 10 cores from the Somali Basin for
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which to ta l  carbonate  has been determined wi l l  be examined

(Olausson , 1960). Figure 31 a and b shows respectively West

to East and South to North transects of cores with the core

tops plotted according to water depth as shown to the left.

Cores 148, 149, 154, 155, and possibly 156 all exhibit cyclic

variation in total carbonate with maxima greater than SOY and

near zero minima . Dependent upon the total carbonate amount

that is chosen to indicate presence or absence of bottom water ,

these cores, even though carbonate does not fall to zero, may

be used to indicate substantial influxes of late Quaternarv

bottom water- into the basin. Jlollister et al. (1974) found

carbonate under present day Antarctic Bottom Water in the

Samoan Passage which indicates substantial presence of bottom

water does not necessarily remove all carbonate. The shallowest

core w i t h  s u b s t a n t i a l  ca rbona te  decreases  (148 at 4405 m)

establishes the upper bathymetric limit of possible bottom water

in f l u e n ce  d u r i n g  the sampled i n t e r v a l .  However , core 1 ~6 and

core 157 occur 600 m deeper in the northern limits of the basin.

There  core 157 displays almost no f l u c t uat i o n  in  t o t a l  ca rbona te

while core 156 displays minor total carbonate ~ariation s . Their

lack o f  li~-so 1ut ion cycles may be e x p lai n e d  b” con sl -ir ’ri ng the

effects of enhanced productivity in the northern :bn-~i Ii Basin.

- _ _-- -- - - - .. - -~~~~~
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Figure’ 31.

Total ca rbonate contents of Swedish Deep
Sea Expedition cores (Olausson , 1960).
Core top corresponds to d e pt h  a t  which
core was t a k e n .  See F iq ir e  2 ’; for  loca —
iun of cores . Fi qu re 3la r ep resen t s  a

west to east section . Figure 3lb rey’~~’—
sents a s— -uth to north section.
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A n a l o g o u s  to e q u a t o r i a l  Pacific observations (Arrhenius ,

1952) high productivity off the’ coast of Somalia (Ryther

et al., 1966) may have suppressed the effects of dissolution .

In summa ry , the dissolution effects related to increased

bot tom water  du r ing  the Pleistocene have extended over most of

the basin as shown in figure 32 and resulted in an approxi-

mately 800 m elevation of dissolution effects from 5200 m to

4400 m. High surface water productivity in the north has

obscured the effect of d i s s o l u t i o n  there . These cycles  in

dissolution are related to increased bottom water flow which

is the primary controlling factor for Somali Basin carbonate

cycles.

Late_ Q - m C l t e r r i a ry_ Variat ion in Ca rbona to l itho logy

Exar~i n a t  ion of the smear  s l ide  a n a l yse s  of o re s  pre—

sented in Appendix I demonstrates a discont n u ou s  -uj u en c e  of

foramin ifura deposition is common at most sites. Pi r - ’- - m - ~i s  Indian

Ocean studies (Stubbings , 1939; Oba , 1967; Olausson et al ., 1971)

have concentra to l on t h e  foran-iinifera fraction of the sediments

t o let r inc past  o c e a n o g r a ph i c  c o n dit  ions .  ‘l’here Lore , this

sect ion will examine t h e  p hob ic  uaus ’s for orn i  i n i  f e r a

_ _ _ _ _ _ _ _ _ _ _ _ _  
4 -~~~~~• - _ _ _  - 
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Fiqure 32 .

Ar e a  of Som a l i  Bas in  ( s h a d e d )  where dissolu-
t i on  cycles  are inferred from variation of
total carbonate i~~~Swedish Deep Sea Expedition
cores (see f i gu re s 26 , 3 1 ) .  Hydrog r aphic  work
and ;~ -- ; t u l a t e d  s i ll  depths sugges t  tha t at
most the uppe r portions of Mascarene Basin
bottom water flo’-;s into the Somali Basin today

~\-,a r y e n , 1 ,74) 

-.--
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enrichment in the sediments which could be due to selective

issolution , gravitational sedimentary processes , or varia-

tion s in supply from the sea s ur f a c e .  Be fo re  d e t e r m i n i n g

the cause of these f o r a m i n i f e r a  layers in the sediments  the

following must be established: First , the determinations as

shown in Appendix I rely primarily on presence—absence analysis

in the smear sl ides and not on comparisons of many v i sua l ly

estimated percentages . Second , the foram layer frequency de-

r ived  ir and of i t se l f  is only a measure  used to i nd i ca t e  in

which areas the process occurs more o f t en . Third , the method

does not requi re  any f u r t h e r  assumpt ions  be made bu t  rather

tes ts  the ava i lab le  f requency  data against the parameters

associated with the processes that could control them.

D i s s o l u t i o n  has been shown to a f f e c t  the to ta l  carbonate

con ten t  of many cores in the bas in  and t h e r e f o r e  mi ght he

expected to control the occurrence of foraminiferal tests. if

so, shallow water cores should displ ay the greatest number of

foraniiniferal tests while in deep water almost all forarniniferzi

should he absent. According ly f igure 33 which shows the fre-

quenc’,’ of forarn bed occurrence versus water depth shou ld  d i s p l a y

a linear trend . The great variability in frequency from 0.1 to
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Figure 33.

Frequency of Foraminife ra test occurrence
versus water depth in the Somali Basin.
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1.0 bed/rn in the deeper water (5100 m) indicates t h a t  althouqh

dissolution may have an affect on the occurrejice of forams

it is not the predominant factor in these Somali Basin sedi-

ments.

Similarly if gravitational sedimentary processes such as

slumping or turbidites are responsible for small scale formation

of beds then a causative relationship between topography and

occurrence should result, large scale gravitational sedimen-

tation processes should be visible in the cores as coarse

grained terrigenous material or sharp contacts between distinc-

tively different lithologic units but such features occur only

rarely and can thus account for only a very small fraction of

the total number of beds. Similarly graded beds , another

sign of redeposition , were not macroscopically visible. A

general index of sea bottom morphology was determined by drawing

a c i r c l e  of 10 l at i t u d e  around  each core and  the number  of ~fl0 m

contours up slope from the core for t h a t  a r e a  was ~l e tc r n  i nc~1 . in

f i gure  34 if gravitational processes predominate a linear re-

lationship between foraminiferal test occurrence and a measurc of

the neces.;ary topography for down—slope movement should emerge.

However , the lack of that correlation indicates that on the basis
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Figure 34.

Frequency of Foraminifera test occurrence
versus sea bottom topography.
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of this data g rav i tational sedim en tation processes alone are

not responsible.

Relationsh ip between Carbonate Lithology and lipwelling

If foramin iferal  test occurr enc e is related to

variation in surface water productivity then present areas

of product iv ity and general late Quaternary productivity

should show some similarities assuming the variation induced

by glacial and interglacial conditions in the area is a matter

of degree and not kind. Studies of the surface water assemblage

of Foraminifera in the northwestern Indian Ocean have shown

anomalous occurrence of Glob igerina bulloides near the equator

off the Somali Coast (Zobel, 1971). Thus, if G. builoides only

flourishes in these near equatorial latitudes because of upwellino

then its occurrence should coincide with other indications of

upwelling during the late Pleistocene . Data from core 156

(Olausson et al., 1971) allows a test of this hypothesis by

permitting a comparison of total forarninifera numb er  w i t h  p e roen t

bulloicics in the same samples. As shown in figure 33 every fo r a r ~

inc rease in the core has a cor respon d ing increase in G. bulloides

indicating a high degree of co rre lat ion  between t o ta l  for a n ’-~~f l i t ” r a

number and an indicator organism for upwelling. In twc cases

- 
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T

Fiq iye 35.
- 

Globigerina bulloides and total number of
pelagic Foraminifera in core 156
(Olausson , 1960).
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(~0 Cm and  525 cm to 757 cm a h i gh percentage of G. b u l l o id e s

is not matched with a high tota l foraminifera number. However,

t h i s  r e l a t i o n s h ip of ~~~. b u llo i d es  to a rea s of upwelling makes it

an t ’ poss ibly  o ther  f o r a m i n i f e r a  species h i gh l y unreliable as

c l i m a t i c  i n d i c a t o r s  under  such cond i t ions  un less  the possible

changes in the upwelling system are considered . G. bulloides

most commonly indicates water temperatures of 5—10 °C (B~ and

To lde r lu n d , 1971) which is at least b C  cooler tha n was ob-

served during either monsoon in 1963 (figure 24). This cooling

of surface waters coincidenta l with increased numbers of

forarninifera s must reflect increased upweliing as near equatorial

j i a c i a l  c o n d i t io n s  in other oceans r e s u l t e d  in tempe r atu r e

decreases  of less t h a n  2 C  ( M c I n t y r e , 1 9 7 4) .

F ij u r e  3h shows the distribution of foraninifera l beh -~ per

n- core and the distribution of p r o d u c t iv l t v  u n d e r  p r e s e n t

c on d i t i o n s  is shown in figure 25. The high frequencies off the

coast of Somal ia  and  in the e j u a t o r i a l  reg ions a re  s i m i lar  t o

h i g h  p r o d u c t i v i t y  under  p resen t  c o n d i t i o n s  a t  each of these

loca t ions ( f i g u r e  2 5 ) .  As t o t a l  f o r a n in i f e r a  numbers in p resen t

surf Ice ‘.,Iters and upwelling are hi 3 Iily correlated in the north—

fe in Indian Ocean (Zobe l , 1971) the cor r e l .a t ion of h iqii

productivity and upwellirig should follow.
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Figure 36.

Frequency of F o r ar n i n i f e ra l tes t  occur rence
pe r meter  of core in the Somal i  B a s i n .  
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On the basis of t I e  p a t t e r n s  shown the h i gh pr esent  da y

upwelling off the coast of Somalia coincides with a frequency

of 1 bed/rn or more. Equatorial upwelling may have been more

predominant in the past as a high frequency is present there but

only partially supported by present day productivity values.

In the southern part of the basin the divergence in the South

Equatorial Current is not clearly indicated by the foramini-

feral frequency but  this may r e f l e c t  an i n s u f f i c i e n t  number of

cores in the area. In summary , Somali Coast upw&ling appears to

ho~.-c p r e d o m i n a t e . i  d u r i n g  the la te  Quate rnary  to p resen t  while

equatorial upwelling was more significant during the late

Quaternary . Thus , in the Somali Basin these indications of

cooler surf-ice waters are primarily due to upwelling and may

there fore more accurately indicate wind stress at the sea sur-

face .

~ (s’1ali Basin  Paleooceanographic  Record and Climatic

Previous investigations of climatic change as described

in the introduction to this section have generally interpreted

t h e  cirhonate record in pelag ic sediments and its dilution ,

dis s o l u t ion , and changes in supply as being univariant with

___________________ --- 4-- - - -~~~~~~-
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respect to climat ic phases. Consequently , the terms glacial

and interglacial have been attached to an increase or decrease

in each of these factors a f f ecting th e carbonates and d iscussion

has centered upon which causes are significant in di fferent

areas and at different climatic phases. However , data from

the Somali Basin suggests that dilution , change in supply ,

and dissolution may not vary in simple fashion with respect to

time and each other. Therefore, the assessment of climatic

change should be developed on the basis of distinct components.

The record of total carbonate in the Somali Basin exempli—

fies one process, dissolution , that reflects climatic variables.

As indicated by dissolution in cores 148, 149, 154, and 155

the quantity of bottom water entering the basin through time

has varied . To the extent that the rate of bottom water

formation controls the rate of its entry into the Somali Basin

the record of di ~solut ion reflects condition s at the site of

bott :op . w Lte r  format ion thousands of miles away rather  than the

nor thwes te rn  In d i a n  Ocean Pleistocene climate. Thus , that record

ri-av not be r ep re sen ta t ive  of f l u c t u a t i o n s  in local s u r f a c e

c o n d i t i o n s . For those the record of sea su r face  tempera ture

an~ u p we l l i n g  in cores above the zone of d i sso lu t ion  provide

more  in~ c rrnat ion . The nannofossil—temperature record of ‘-ore 62



l’,n

in the southern Somali Basin (figure 27) spans over 29,000

years when age is determined by approximations from nearby

cores 59 and 63 (Appendix II). By analogy with present

conditions the nannofossil record indicates a intenance

of the equatorial temperature regime of 26°C to 29°C over the

time interval. A similar temperature record at core PC—9

in the northern Somali Basin covers 0 — 92,000 years as

determined by approx imate sedimentation rates for that core

(Appendices II and III). Present sumn’er sea surface tempera-

ture conditions (figure 27) range as low as 22°C due to the

upwelling. The sediment surface nannofossil ratio of 0.8

reflects this anomalous cool condition which is the equivalent

of the flora found at 35°N in the Pacific as determined by

Okada and Honjo (1973) and tabulated here (Appendix Iv).

Fluctuations in the ratio of between 0.4 and 1.4 for the past

90,000 year s r e f l ect main tenanc e of 22 — 24°C conditions which

in turn indicates continual upwelling at this latitude through

the time period . In addition , the lithologic record of foranunifera

enrichment is consistent with the upwelling interpretation .

In summary , the most significant Pleistocene fluctuation s

recorded in deep Somali Basin sediments reflect bottom water pro-

cesses that may be occurring far fr ~ n the local area . A

T~:~~ 1E TTT~~~~ - -
~~

----
~~~
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shallower water ce in the basin indica tes  local sea s u r f a c e

temperature remained relatively coiistant south of the equator.

Upwelling to the north was intensified and spread over a

greater area according to the foraminiferal record but no

sign i f i cant tempera tu re  changes were observed in the presen t

day upwelling area.
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SUMMARY AND CONCLUSIONS

The late Quaternary record of Somali Basin sedimentation

has been examined using data from 28 piston cores. Of these

smear slide descriptions for 18 coress are presented in

Appendix I while total carbonate determinations on 10 other

cores are presented in Olausson (1960). The nannofossil

assemblage in some of the cores was examined for its climatic

and chronostratigraphic record. Maximum ages for five cores

were obtained using radiocarbon .

Examination of the sediments revealed several characteristics

of the carbonate record for which processes have been determined .

The major characteristics are (1) total carbonate absence in

certain intervals of those cores from below 5200m;(2) large

fluctuations in total carbonate in cores from 5200 to 4400 m

except in the northwestern portions of the basin ; (3) constant

relatively high total carbonate ( 7 50%) in cores above 4400 m;

(4) periodic foram enrichment in layers of cores from al.1 depths.

These main characteristics of the carbonate record are caused

by (I) bottom water incursions in thc M~ir~nte Trench area and

subsequen L dissolutjon of carbonates except u n d e r  the area of

extremely high productivity ; and (2) upwelling which from plankton

tow and surface sediment work has been demonstrated to cause
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g r e a t e r  f o ram in i f e ra l productivity and by inference must have

occurred over larger areas of the basin in the past.

By con side ri n~; e f f e c t  of the mechanisms responsible  for

cha nges in the carbona te  record , indications of past climate

emerge . On a globa l scale to the extent tha t bottom water

e n t r y  is de te rmined  by i t s  ra te  of f o r m a t i o n  carbonate  dissolu-

t i on  in the  Somali Basin indicates climatic conditions at the

si t e  of bot t on -wo t er  forma t ion . On a loca l scale  occur rence  of

f or a m iri i fe ra 1 ent• i c h i n en t  in se d im e n ts  over  a Ta rqc a i e d  may

r e f l e c t  upwe l I inq in t h e  past  cove red a la rger  po r t i on  of the

b a s i n  ar d  as i r is p r er e n tl y  caused by w i n d  s t r es s  a i rod i  f i c a —

ion  of t h ~ w i n  ~~~~~~ is imp l ied . Sea s u r f a c e  paleo—

t r  o~~r 1t  u r ~ a~~;~ 1cm na n n o t o s s i l  a :  n U l a q o s  i n d i c at e  no

1 a m ~~e ( ‘ ‘ T o  a r i a t ~i )n  iu s t  s o uth  of t h e  e q u a t o r  or  i n  t h e

0 rr (’sc:~ d a y  we llin ~~.

:ya: i na t i~~m , t the  Sci a i i  B a s i n  cc rb nate r e c o r d  leads to

~;rsne ccnclus I S I S  a t o l t  t l i t ’  interpretation ol p e l a g ic  ca rbona te

r ecords  in ~~‘ i it ’  ra 1 . 1) ~ .lu t ion , cl i s s olu t  ion , a n d  supp 1y dO not

necessa r i ly  v ry un  i 1cm l y in response to loca l c l i m a ti c

c o i i l i  i ons  is has p m e v i o i i s lv o f  t e n  }~~~‘v ’ f l  z ssunic ’ d (Broecker ,

1~)7 1. I ’ m  r ’xan’p 1~~’)  . I :ach r e f l e c t  a d i  f t e r e n t  ;I o c e s s  in the

_ _ _ _ _ _ _ _ _ _  --•
~~~~t~~
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ocean which may respond to local or worldwide  cl imat ic change

at a different rate which excludes the commonly used glacial-

interglacial chronology as reviewed in Cooke (1973) for their

variations except over large time scales.
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V SUMM/\RY OF RESULTS

The main paleooceanographic processes of the Somali

Basin have been studied through examining three areas -

structura l evolution of the basin , Neogene sedimentation and

initiation of monsoons , and Pleistocene sedimentation and recent

oceanogLaphic variability. The initiation and variability of

large scale oceanic  processes can on l y  ‘be considered when the

c o n f i g u r a t i o n  of the b a s i n , tTh r a i n  d r i v i n g  forces for  f low ,

and  a r ea n s  of m t  or p r e t i ng  t he  -i ed i n i e n t  record of the oceanic

pr ocesses a re known .

The s o u t h w e s t e r n  s ec t ion  of  owe n F r a c t u r e  Zone in i t s

Cha in R i  J ; e  and bur  ie  J p or t i o n s  ext en d s  a l nos t  to rv iadaqasca r .

The y are  a n o  i n  c on s t r a i n t  on So ma l i  B a s i n  e v o l u t i o n  in absence

of use~ U1 e n a  I S O )  Ic r ecords  to the west  of the l in e a t i o n .  Age—

e l e v a t i o n  a n d  other i e th o d s  used to de te rmine  the age d i f f e r e n c e

ac ro s s  t h e  f r a c t u r e  zone show t h a t  the wes t e rn  bas in  is a t

loa~~t 30-4 1) m . y .  o ld e r  than  the e a s t e r n  b a s i n  and may be con—

siderablv older still . The extreme tiiickness of the sedimentary

sec t i  in  to t h e  west  of the  r idge i n d i c a t e s  t h a t  the  area west oi~

th e  f ro  m i r e  zone  m a y  he t r an s i t i o n a l c rus t  r e m a i n i n g  f rom the

- 
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origina l formation of the Tethys. A mode l for evolution of

the area is presented in which the trend of the fracture zone

controls the terminatio-i of the main northern Indian Ocean

spreading center as well as the movement of India  awa y f rom

A f r i c a .

Nannofossil biostratigraphic analyses of t ou r  deep sea

drilling sites in the Somali Basin area have lieen used to estab—

lish Neogene sediment ages and sedimentation rates. All sites

show large late Neogene increases in sedimentation rates when

Miocene and Recent ra tes are compared in spite of the fact that

the basin is becoming large r and deeper. Increase] biogenic

productivity in surfa ce water” could best explain the sedimenta-

tion rate increase , and therefore as the increased productivity

should be related to upwclling and monsoon flow . These sites

indica te the main flow was initiated during Late I~ic)cene to

Pliocene . That time is shortl y after the middle Miocene fina l

nirine regression from northern Ind ia and probable initiation

of the land sea heating contrast that drives monsoon f low.

Examination of the carbona te record in l a te  Q u a tern a r v

p i s t o n  cores t rom the  Somali Basin provides data on recent

sedimentation rates and oceanographic changes. Dissolution

result in I in tot a 1 ca rbonate remova 1 in the late Qua ternary

-
__~I~T ~~~~~~~~~~~~~~~ ,, :::~~ —~--~~~ - -



197

occurred below 5200 m while large fluctuations in tota l ca rbonate

were noted in cores taken from 5200 m to 4400 m except in the

nor thwes t e rn  por t ion  of the b a s i n .  There hi gh p roduc t iv i ty

r e su l t ed  in the c o n t i n u i t y  of the tota l carbonate record even

at great depth . Sporadic late Quaternary bottom water  i ncu r s ions

th rough  the Amira nte Trench area may account  for  the ca rbonate

dissolution . Periodic foran~inifera l enrichment has been related

to upw&ling and its occurrence in greater areas of the basin in

the late Quaternary has b icatecl . Surface temperature

determinations from nanr iostratigraphy indicate no

large—scale changes in te m perature at two locations in the basin.

Pa leooceanoqraphic studies include a broad range of dis-

ciplines w i t h i n  the earth sciences and as such enable new per—

spective s on the record of earth history to be developed. These

structura l and sedimentary studies of the Somali Basin ind icate

t i m ’  owe r of a method which has synthesized elements of the

eart s me t e o r ol o gi c , climatic , structural , and oceanographic

history th r o u g h analysis of deep sea sediments in the north—

w i  t or n  Indian ~)cean.



- .

198

BIBLIOG RAPHY

Arrhenius , G., 1952 , Sediment cores from the East Pacific , Reports

of the Swedish Deep Sea Expedition 1947-1948 , Vol. V.

Fa sc . I.

Baker , B .H.  and J .A .  M i l l e r , 1963 , Geology an d geochronology

of the Seychelles I s l ands  and s t r u c t u r e  of the f loor of

the Arab ian  Sea , N a t u r e  199: 346—348 .

Be , A .~~. I I . ,  and D .S .  Tolderlund , 1971 , Distribution and ecology

of flying pianktonic Foraminifera in surface waters of

the Atlantic and Indian Oceans in B. M. Funrtell and W. R.

Riedel , The Microp alaeon to logy  of Oceans, 105-150, Can”bridqe .

Berger , W .H., 1973 , Deep-sea carbonates : Pleistocene dissolution

cycles , Jour, of Foram . Res . 3: 187—195.

Berger , t’ .FI., 1973 , CenozOic sedimental ion in the Eastern

trop ical Pacific , Geol . Soc. America Bull. , Sd : 1q41 —1 q54~

Berqq ’en , W.A. , 1974 , Cenozoic  Time Scale: Geological Applications ,

in ahA. Berggren and J.A. Van Couvering, Paleoqeography

and Paleobiogeography : O r g a n i s m s  and C o n t i n e n t s  in t ime

and  space , Woods Hole Oceanographic I n s t i t u t i o n  Graduate

E l uc a t i o n  Program Symposium , June  1974 .



199

Berggren , W .A .  and C . D .  H o l l i s t e r , 1974 , i n  press , Paleoqeography,

Paleobiogeography and the History of Circulation in the

Atlantic Ocean in W.W. JIay ,editor,Geological History

of the Ocean Basins , Amer. Assoc. Petrol. Geot .

Berry , F.A., E. Bollay and N.R. Beers , 1945, Handbook of Meteoro-

logy, McGraw Hill Book Co., Inc. NOW York , 1068 p.

Bezrukov , P.L., 1964 , S e d i m e n t a t i o n  in no r the rn  and c en t r a l

parts of the I n d i a n  Ocean , U . S .  Na va l Oceanographic

Office , Trans . 265, 15 p.

Biscaye , P. E., 1965, ~1ineralogy and sed i m e n t a t i o n  of Recent

deep—sea d c v j O the A t l a n ti c  Ocean and ad j a c e n t  seas

and oceans , Geol. Soc. Am. 76: 803—832 .

Bruce , T .G . ,  1968 , Compar ison of near—surface dvn anr i c topography

d u r i n g  the two monsoon s in the wes tern  I n d i a n  Ccoan ,

Deep—Sea Res. 15: 665-G78.

Bruce , J.G.,, 1960, A further estimate of maximum transport

of the Somali current , Deep—Sea Res. 16: 227—228.

Bruce , J . G .,  1970, Notes on the Somali curren t m stem during

the sou thwest  monsoon , Jour. Geophys . Res . 75: 4170—4173 .

Bruce , J .G., 1973 , Large—scale variation s of the Somali current

d u r i n g  t h e  sou thwes t  monsoon , 1970, Deep—Sea Res . 20:

837—846.



—

200

Bruce , J . G .,  and G. Volkmann , 1969 , S~ me measu remen t s  of c u r r e n t

o f f  the Somali coast during the northeast monsoon , Jour.

of Geophys . Res . 74:  1958—1967 .

Broecker , W .S .,  1971 , Calc i te  accumula t ion  ra tes  and g lacia l to

interglacial changes in oceanic mixing in K.K. Turekian

ed . Late Cenozoic Glacial Ages , p. 239-265, Yale Univ. Press.

Broecker , W .S.,, K .K .  Tu r e k i a n  and B. C. Heezen , 1958 , The relation

of deep sea sed imentation rates to variation s in climate ,

Am . ~Jour .  Sci . 2 56 :  503—5 17 .

Broecker , W .S . , and J. van Donk , 1970, Insolation changes , ice

volumes , and the ~ l8 record in deep-sea cores , Review of

Geophysics and Space Physics 8: 169—198.

F3ti d yko , “1 ,1., , N.A . E f i m o v a , L .I .  Zubenok , and L.A. Strokina , 1962,

Heat balance of the Earth ’ s surface , Akad . Nauk . USSR , Isv .

Ser. Geogr ., no. 1, p. 6—16.

Burckle , L .H . ,  K.  Venkatarathnani , and J .D .  Booth , 1974 , Sediment

t r a n s p o r t  by A n t a r c t i c  Bot tom Water  in the Western  I n d i a n

Ccea n , 805 55: 312.

Bukry , D., 1973 , Low latitude coccolith biostratigraphic zonation ,

in Initial Reports of the Deep Sea Drilling Project 15:

t )H  5—703 .

L ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~

- - -  

~



201

Bunce , E .T. , C .O .  Bowin and R.L. Chase , 1966, Preliminary

resu l t s  of the 1964 c ru i se  of R/V CITAIN to the Ind ian

Ocean , Phil. Trans. Roy. Soc. A. 259 : 218-226.

Bunce , E,T,,, M .G. Langseth , R.L. Chase , and M . Ewing , 1967,

Structure of the Western Somali Basin , J. Geophys. Res.,

72: 2547—255~~.

Burroughs , R.I1. and [.T. Bunce , 1973 , Chain Rid ge: Implications

for Northwestern Indian Ocean evolution (abstract), EOS

54: 330 .

Conolly , J . R . ,  1067 , P o s t g l a c i a l — g l a c i a l  change in c l i m a t e  in

the Indian Ocean , Nature 214: 873—875.

Cooke , H .B .S . ,  1973 , Pleistocene chronology : Long or short? ,

c)ua t . Res.  3: 2 0 h — 2 2 0 .

Cromwell , ‘F. , 1953 , C i r c u la t i o n  in a m e r i d i on a i  p lane  in the

central equatorial P a c i f i c , J . ~1ar . Rcs . 17:  196—213.

D ie t ;:, 7 .S .  and 1 .C. J io lden  , l ’)70 , ITe con s t  ru c t  i on  of Panq ira

brr ’ i k i m p  ,i~cl dispersion of continents , Porn, ian to Present ,

J. Ceophvs. Res., 75: 4039—4956.

Drake, C.L.,, ‘1 . Ewing,  and G .H .  Su t ton , 1 0 0 , C o n t i n e n t a l  m a r q i r i s

an l q cosvnc l ines : the east coast of ~ or t b  Am e r i c a  n o r t h  of

Cape H a t t e r a s  in Phys ics  and C hem t s t r y  of t he  E a r t h :  l ondon ,

~O rqcr’en Press , 3: 110—198.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - 
~~~~~~~_ “, - ——-— -- - - -  ‘ —



- S ’ . —-_‘----- ~~~-- 
5—

202

Dt~ing , w . ,  1970 , The monsoon reg ime of c u r r e n t s  in  the I n d i a n

Ocean , m t . Indian Ocean Exped. Oceanogr. Mono. 1 , 1)8 p.

Duncan , C.P., 1970, The Agulhas current , Doctoral dissertation ,

Univ. of Hawaii , 76 p.

DuToit , A .L., 1937, Our Wandering Continentr, Oliver and Boyd ,

Edinburgh .

Eagleson , P.S., 1970, Dynamic Hydrology, McGraw lu ll Book Co.,

New York , 4 2  p.

Emiliani , C., 1955 , Pleistocene temperatures , J. Geol. 63:

538—578.

Em i l i a n i , C . ,  1961 , Cenozoic climatic changes as indicated by

s t r a t igraph y and chronology of deep—sea cores of Globi—

gon na ooze facies , Ann. N.Y. Acad . Sci. 95: 521-536.

l’~m i l i an i , C . ,  1966 , Pa leo tempera tu re  anal y s i s  of the Caribbean

cores P6304—8 and  P 6 304—9 , and a g e n e r a l i z e d  t empera tu re

curve for the past 425,000 years , Jour, of Geol . 74:

109—126.

Ericson , P . 13. ,  1970 , Pleistocene c l ima tes  in the A t l a nt i c  and

Pacific Oceans , A comparison based on deep sea sediments ,

Science , 167 : 1483—1485.

- ,L , , .; ~~~~~ -~~~~~~~



.— -
~~~~~~

203

Erieson , D.B., N. Ewing, G. Woll in , and B.C. Ileezen , 1961 ,

Atlantic deep sea sediment cores , Geol. Soc. Am . 72:

193—286 .

Ericsoii , D.B., and 0. Wollin , 1968, Pleistocene climates and

ch ronology in deep-sea sediments , Science 162: 1227-1234.

Ewing,  M . ,  S. E i t t r e i m , M. Truchan , and J.I. Ewing, Sediment

d i s t r i b u t i o n  in the Indian  Ocean , Deep-Sea Res . 16:

23 1—248 .

Fell , H.B., 1~~1’7 , Cretaceous and Tertiary surface currents of

the oceans , O~ eanogr. M a r .  Bio l .  A n n .  Rev.  5: 317—341.

F i E r ier , R.T., E . T .  T3uace , P . J .  Cornock , D . C .  Clegg , D.S.

Cronan , V .V.  Darn i a n i , L . Dm i t r i e v , I) .J . J .  K insma n ,

P .11. Ro th , 7 .  ‘rhicJe , nd 1hs .  Vincen t , 1072 , Deep Sea

Dr i l l i ng  P r oj e c t  in Dodolanc i , Ge ot imcs , September , 17:

17—21 .

I’ I ~f’ r’ , R . T .  , C.°. ) ‘ m q e l  , i n )  T.~” .C. E T Ude , 1968 , Basalt s

dr ’  i d  f r om  the  A m i r a n t e  Rid ge , W e s t ern  I n d i a n  Ocean ,

Deep—~
’ c ‘es, 15: 5 2 1 — 5 3 4 .

Fisher , P.L., .5 .0. Sclater and D.P. NclKenzie , 1071 , The evolu—

* i n n  of t h e  c e n t r a l  I n d i a n  R id ge , We s t e r n  I n d i a n  Ocean ,

l i m i T .  0 ( 0 1. Soc. A n ., 82:  5 5 3 — 5 6 2 .

5 - :  
~~~~

‘ ‘ 
~~

-
~~~~~~~

-- 
-

~~~ 

. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . ---—



- - - -5 . 5-- S 
~~~— -‘-~~~~~~. S

204

Franc is , T . J .G . ,  D. Da vies , and M . N .  lu l l , l°~~
(’ , C ru s t al

s t r u c t u r e  between Kenya and the  Seychelles , Phil. Trans.

Roy . Soc . A. 259 : 240-26 1.

Frerichs, W.E., 1968, Pleistocene-Recent boundary and Wisconsin

glac ial bios t ra t igraphy in the northern Indian Ocean ,

Science 159: 1456-1458 .

Gartner , S., 1969, Correlation of Neogene planktonic foraminifer

and calcareous nannofossil zones , Trans. Gulf Coast Assoc .

Geol. Soc. 19: 585-599.

Gartner , S., 1973 , Absolute chronology of the late Neogene

calcareous nannofossil succession in the equatorial

Pacific , Geol. Soc. Am. 84: 202l~-2034.

C,eitzenauer, K.R., 1972, The Pleistocen e calcareou s nannoplankton

of the subantarctic Pacific Ocean , Deep—Sea Res. 19: 45—60.

Goldberg, E.1J . and J,J. Griffin , 1970, The sediments of the

n o r t h e r n  I’ iian Ocean , Deep—Sea Res. 17: 513—537.

Gregory , J.W . ,  1920 , The African Ri ft Valleys , Geogr . J. 56:

1 3 — 4 7 .

Griffin , J.J., H. Windom , and i:.D. Goldberg, 1968, The distri-

bution of clay minerals in the world ocean , Deep—Sea Res.

15: 433—459.

____________ -5--~L ‘~~o - ---- - ~~—



- -x ’  — -~~~ -~~~ 
— .~~- . ,- ‘ S -- ‘ S . -5-- -,

205

Hajash , A. and R.L. Armstrong, 1952 , Paleomagnetic and radio-

metric evidence for the age of the Comores Islands ,

West Central Indian Ocean , Ea. and P1. Sci. Let. 16:

231—236.

Haq, B.U., 1973 , Transgressions , cl imat ic change and the

d i v e r s i t y  of calcareous nannoplankton , Mar ine  Geology

15: M25—M3 0.

flay, W.W ., H.P. Mohler , P.H. Roth , R.R. Schmidt , and J.E.

Boudreaux , 1967, Calcareous nannoplankton zonation

of the Cenozoic of the Gulf Coast and Caribbean-Antillean

area and transoceanic correlation , Gulf Coast Assoc. Geol.

Soc. Trans . 17: 428-480.

Hayes , D.E. and N. Ewing, 1970, North Brazilian Ridge and

adjacent continental marg in , Amer. Assoc, Petrol. Geol.

Bull., 54: 212.5—2151 .

Hays , J . D . ,  T. Saito, N.D. OTidyke , L.l1. Burckle , 1969, Pliocene—

Pleistocene sediments of the equatorial Pacific: Their

paleomagnetic , biostrati.graphic , and climatic record ,

Geol. Soc. Am , 80: 1481—1514.

- ~~~—— . --5
.5 —S— -S ,~~~~~~~~~~~~~~~ —~‘-  , . — - ‘ S  ~~~~~~55 -



2

Heezen , B.C., T.D. MacGregor , H.P. Eoreman , G. Forristal , 11.

* Hekel , R. Ilesse , R.H. liosicins , E.J.W . Jones , A. Kaneps ,

V.A. Krasheninnikov , II. O}cada , and M.D. Ruff , 1973 ,

Diachronous deposits: a kinematic interpretation of

Post—Jurassic sedimentary sequence on the Pacific Plate,

Nature 241: 25—32 .

He ezen , B.C. and N. Tharp , 1965, Physiographic diaqram of the

Indian Ocean , the Red Sea, the South China Sea , the

Sulu Sea and the Celebes Sea , Geol. Soc. Am. Inc., New

York .

Heirtzler , J.R. and R.H. Burroughs, 1971 , Madagascar ’ s palco—

position : new data from the Mozambique Channel , Science

174: 488—490.

Ileirtzier , 5 .R., G.O. Dickson , J~.M. Herron , W .C. Pitman , and

X . LePichon , 1968, Marine magnetic anomalies , geomagnetic

field reversals , and motions of the ocean f loor  and con—

I i r m e n t s , Jour. Geophys. Res. 73: 2119—2136.

l i en s , H .P . , l9~~2 , H i s to ry  of ocean bas ins , in Petrolog ic

Studies , Buddington Volume , 599—620 , Geol . Soc. Am .,

Boulder , Colorado.

~~~~~~~~~~~~~~ ~~~--
. .5 -_ _ _



207

Hollister , C .D . ,  D.A. Johnson , and P.F. Lonsdale , 1074,

Current controlled abyssal. se (1!mentation : Samoan

Passaqe , Equatorial West Pacific , Jour. Geol. 82:

27 5—3 00.

Hol ton , t .R., 1972 , An Introduction t.~ F~’p,amic Meteorology,

Academic Press, New York , 319 p.

uyndman , R.D., 1973 , Evolution of the Labrador Sea, Can.

J . Ea r th Sci . 10: 6 3 7 — 6 4 4 ,

Imbrie , 1 , and N.G. Kipp , 1.971 , A new micropalcontological

method for quantitative paleoclimatology : Application

to a late Pleistocene Caribbean core , in N.E. Turekian

editor , L a t e  Ce n o z o i c  Glacial Ages, ~~~ . 71—181 , Yale

U n i ’~. Press , New t l a v e n .

Kab an ova , Yn . °. , 1060 , P r i m a m -v p roduc t ion  of the  n o r t h e r n  part

o~ th e In d i a n  Ccean , Oceanology 8: 21 4 — 2 2 5 .

En i u s s , J .A.  m d  B .A . ‘Pa It , 1964 , E q u a t o r i a l  u n d e r c u r r e n t of the

In d i a n  ocean , Science 143: 3 5 4 — 3  5( ’ .

Eolhv , t .W . , 1957, Diatoms from equatorial Indian Ocean cores ,

er )(rt s of Lii - Swedish I)eep Sea Expedition , 1947—1948,

( 1 ) :  1— SI) .

KOn I i , . , 1 0 8 , Pet r o l  Inq’~ o f  muds  f r o m  the n o r t h w e s t e r n  region at

I } ‘  r n  ii in Ocean , Woods h ole ( ceanoqr .  T n s t  • Ref. No. 68—5 .

~ c’ p. .~~~i i~

- — - -- 
~~_ . . T ~T ~~~~_ 5’_~~ .-- . _ L5.



_ _  _ _ .5 ~~~~~~~ ~~~

208

Krey, J., 1973 , Primary production in the Indian Ocean , in

13. Zeitzschel , editor , Biology of the Indian Ocean,

p. 115—126 , Springer—Verlag , New York.

Landsberg, H.E., 1-1. Lippmann , K.H. Paffen and C. Troll , 1963 ,

World Maps of Climatology, Springer—Verlag 28 p. and 5

maps.

Laughton , A . S . , 1966, The Gulf of Aden , Phil. Trans. Roy . Soc.

A.  2 59 :  150—171 .

Laughton , A . S . ,  D . l l .  Matthews , and R.L.  Fisher , 1)70 , The

structure of the Indian Ocean in Maxwell , A.E ., editor ,

The Sea, Volume IV, Part II, p. 543—586 , Wiley Inter—

science , New York.

Laughton , A .S., R .B. Whitmarsh , and M.T. Jones , 1971 , The

evo lu t i on  of the Gulf of Aden , Phil. Trans. ~oy. Soc.

A 267:  2 2 7 — 2 1 , 6 .

I~ePichon , x . and D . E .  Hayes , 1971 , Mar g inal  o f f s e t s, fracture

zones , and t.he early opening of the South Atlantic , J.

Geophys. Res., 76: 6283—6293 .

LePichon , ‘. and J . R .  Heirtzler , 1968, Nagnetic anomalies in

the Indian Ocean and sea—floor spreading, 3. Goophys. Res .

7 3 :  2101—2117 .

_ _ _ _ _ _ _ _- 
i_~5L~~~. ~~~~~_— .. - ~~~~~~~~~~~~~~ 

-
~~~~~



- .~~~~~. ‘ - .-- ~~~~-- -~~~~ ~~~~~~~~~ — - —-- - - .

2 0 1

Lohmann , G.P., 1974, Geographic variation s in Cenozoic calcite

compensation depth , in W.A . Berggren and J.A. Van

Couvering , Paleogeograpliy and Paleobiogeography:

Organisms and continents in time and space , Woods h ole

Oceanographic Institution Graduate Education Program ,

Symposium June 1974.

Ludwig, W .J., J.E. Nafe, and C.L. Drake , 1970, Seismic refrac-

tion , in The Sea, A .E. Maxwell , editor , Volume IV , Part

I, 53-84, Wiley Interscience , New York .

Luyendyk , B.P . , D . Forsyth , and J. D. P h i l l i p s , 197 2 , E x p e r i m e n t a l

approach to the paleocirculatiori of the oceanic surface

waters , Geol. Soc. America Bull. 83: 2649—2664.

Martini , 5., 1971 , Standard Tertiary and Quatern~ary calcareous

nannoplankton zonation in Farinacci , A., editor , Proceedinqr

of the II Planktonic Conf. , Rome , Edizion i Tecnoscienza ,

p. 7 3 9 — 7 8 5 .

Martini , E. and T. Worsley , 1969, Standard Neogene calcareous

nannoplankton zonation , Nature 225: 289—290.

Matthews , D.hI ., 1963 , A major fault scarp under the Arabian Sea

displacing the Carlsberg Ridge near Socotra , Nature , 198:

950—952.

~

1 
S ~~~~~~~~ ~~~~~~~~ 

—-5



“—5 ,-~~ .—‘ 5’ - ,’ - ‘ — — — —-5 —---- -:- ‘ --‘5-—. .-

210

Matthews , D . E I . ,  1966 , The Owen F r a c t u r e  Zon e and the no r the rn

end of the Carlsberg Ridge , Ph i l .  Trans .  Roy. Soc . A

259 : 172—186.

M c E lh i n n y ,  M . W . ,  1973 , Paleomagnetism and Plate Tectonics ,

University Press, Cambridge , England 358 p.

McIntyre , A., 1974, World-ocean isotherm map during an ice-

age, 18,000 years ago (abstract) EOS 55: 259.

McIntyre , A .,, and A.W.H. Be, 1967, Mo der n coccol ithophorida e

of the Atlantic Ocean , I. Placoliths and Cyrtoliths ,

Deep—Sea Res. 14: 561—597.

‘ iclntyre , A . ,  A. W.H. Re , and M . B .  Roche , 1970, Modern Pacific

Coccolithophoridae: a paleontological thermometer , Trans.

N .Y.  A cad . Sci . 32 :  720—731 . .

McIntyre , A. and F. McIntyre , 1071 , Coccolith concentrations and

d i f f e r e n t i a l  solution in oceanic sediments , in R.M . Funnell

a nd w. ~~~, Riedel , editors , The Micropaleontology of the

oceans, p. 253—261.

~c’l ntvr * , A., W .F. Ruddiman , and R. Jantzen , 1972 , Southward

p e n e t r a t i o n s of the  North Atlantic polar front: faunal and

floral e”idence of large scale surface water mass move-

m e n t s  over the last 225 ,000 years , Deep—Sea Res. 19:

61—77.

_ _ _ _  -
5- .

- , 
.
5 — -  ~~- - . “ .- - - -5 — 

‘i:-



211

McKenna , M.C., 1973 , Sweepstakes , filters , corridors , Noah ’ s

Arks , and Beached Viking Funeral Ships in Paleogeo-

graphy in 15.11. Tarling and S.K. Runcorn editors

Implications of Continental Drift to the Earth Sciences,

Vol. I, p. 295-308, Academic Press , New York .

McKenzie , D.P. and R.L. Parker , 1967, The North Pacific: an

example of tectonics on a sphere, Nature 216: 1276—1280.

McKenzie , D.P. and J.G. Sclater , 1971 , The evolution of the

I nd i an  Ocean s Ince the late Cretaceous , Geophys. J.R.

Astr . Soc. 25: 437—528.

Menard , 1I.W., 1964, Marine Geology of the Pacific , McGraw—Hill

New York , 271 p.

Menard , 1I.W ., 1907, Transitional types of crust under small

ocean bas ins , J. Geophys . Res., 72: 3061—3074.

Menard , l1.W . and T. Atwater , 1968, Chanqes in the direction of

s ea- f l o o r  s p r e a d i n g ,  N a t u r e  2 19: 463—467 .

M e n i r l , E I . W .  and T. F. Chase , 1970, Fracture zones , in The Sea,

Vol. 1!, Part 1, A .E. Maxwell , editor , 421-444, Wiley

Tnterscience , New York .

M o r i a n , W .3. , L ’) 08 , Rises , trenches , great faults and crustal

blocks, 3. Geophys . Res., 73: 1950-1982.

5 . . 
~~~~~~~~~~~~~~~~

‘
~~~~~~~

‘ - 
-. , L ~~~~~~~~~ 

‘



— _.~~~.. .— ————. ——~~~ 
__  5 ’ ’  ‘S

212

Muller , G., 1966, Grain size , carbonate content , and ca rbona te

mineralogy of Recent sed iments of the Tndian Ocean off

the ea s t e rn  coast of Somal ia , Die N a t u r w i s s e n s c h a f t e n  21:

547— 5 50 .

Muller , G., 1967, The II C l — s o l u b l e  iron , manganese , and copper

contents of Recent Indian Ocean sediments off the eastern

coast of Somalia , Mineraliun i Deposita 2: 54—61.

N ur r a y , 7., 1890 , On the m a r i n e  depos i t s  i n  the In d i a n , Southern ,

and A n t a r c t i c  Oceans , Sco t . Geogr. Nag. 5: 405-436.

Murray , J., 1909 , On the depths and marine deposits of the

Indian Ocean , Rept . Percy Sladen Trust Exped . to the

Indian Ocean 1905, II , No. 13 , 355—39 6 .

Niqrini , C., 1067, Radiolaria in pelag ic sed imen t s  from the

Indian and Atlantic Oceans , Bull. Scripps Inst. Oceanogr.

11: 1—125.

Nowroozi , A .A ., 1971, Seismo—tectonics of the Persian Plateau ,

i ’:astern Tu rkey , Caucasus , and Hindu Kush Reg ions, Bull.

Sei,sn’ol . Soc . Am. 61: 3 1 7 — 3 4 1 .

f b i , T.., 1967, Plank ton i c  f o r am i n i f e r a  From the deep—sea cores

of’ the Indian Ocean , Sci . Rep. Tohoku Univ . 2nd ser.

(Geol.) 38: 193—219.

5 ’  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~,



213

Okada , H. and S. Ilonjo , 1973 , The distribution of oceanic

coccolithophorids in t h e  P a c i f i c, Deep—Sea Res. 20:

355—374.

Okada , H.  and S. h l or ijo , 1973 , Distribution of coccolithophorids

in the Nor th  and Equatorial Pacifi c Ocean : quantitative

data on samples collected during Leg 30, Oshoro Maru ,

1968 and Leg IlK 69—4 , I lakuho Maru ,  1969 , Woods h ole

Oceanographic Inst. Tech . Rept. 73—81 , 59 p.

Olausson , E., 1960, Description of sediment cores from the

Indian Ocean , Reports of the Swedish Deep Sea Exped .

1947—1948, Vol. 0, No . 2: 51—88 and plates .

Olausson , E., R.U. lIaq. G.B. Karisson , and I.U. Olsson , 1971 ,

Evidence  in Indian Ocean cores of late Pleistocene

changes in oceanic and atmospheric circulation , Geologiska

F~ reninqen i Stockholm Forhandlirigar , 93: 51-84.

Pepper , J.F. and G . M .  Everh a rt , 1963 , The Indian Ocean: the

qeology of its bordering lands and the configuration of

it s  floor , U.S. Geol. Survey , Misc. Geol. Investigation s

1-380 , 33 p. and map.

Philan ler , S.0.hl ., 1973 , Equatorial undercurrent: measurements

ira] theories , 5” nn, of Geophys. and Space Phys. 11: 513—570.



_ _ _ _ _ _  
— ‘- -

~~~~
- - 5 ’S- S

~~~~~~~
- .
- _

214

P h i l i p p i , F . ,  1912 , Die grundproben der deutschen . S~ bpolar

expedition in Drygalski , F., Deutsche S’~idpolar Exped.

1901— 1903 , Ba n d . 2 , He f t  6 , p. 431—434.

Pimm , A . C . ,  R . H .  Burroughs an d E.T. Bunce , 1972, Oligocene

sediments near Chain Ridge , northwest Indian Ocean :

structural .mplication s, Mar. Geol. 13: M14—Ml8.

Powell , C. EcA. and P.J. Conaghan , 1973 , Plate tectonics

and the Himalayas , N a.  and P1. Sci . Le t . 20:  1— 12.

k a m a g e , C , S . ,  1971 , Monsoon Meteorology, Academic Press ,

New Yo rk , 29o p.

kan ’a q e , C. S. , F . R .  N il b r , C. J”fferies , 1972 , Meteorolog ical

Atlas of tia~ i n t e r n a t i o n a l  In d i a n  Ocean Expedition, Vol.

I The Surfac ’ C l i r~,at of l O t 3 and 1964 , U . S . Go v t

P r i r mt in q  O f f i c e , x i ii  p. and 144 char t s .

Rona , F . and C. E n i l i a n i , 1969 , Abs o lu t e  d a t i n g  of Car ibbean

cores f l1 , IO 4~~S a n d  P i4— ’ , Sc ience 163 : nl —6 8 .

Rudd ira n , W . F . ,  1971. , P l e i s t o c e n e  s e d i m e n t a t i o n  in the equ a-

torial. Atlantic: stratigraphy and faunal paleoclimatoloqy ,

0’’ol Soc . Am . 82: 283—302.

kv ther , ~J . 11.,  J .  . H a l l , A. C. Pease , A.  l3ak un , M .N. Jones, I 9 6 u ,

Prinai ’y orqanic production in relation to the chemistry

and hv f r o g raphy of the Wes te rn  I n d i an  Ocean , L imnol .  and

Oceanogi- . 2 :  371—380.

- 
,.= _______.—5

~

~—



_ _ _ _ _ _ _ _ _  
‘ . 5’ —

215

Ryther , J.hI . and D.W. Menzel , 1065, On the production , compos i-

tion , and distribution of oirganic matter in the Western

Arabian Sea, Deep—Sea Res. 12: 199-2u9.

S a n k a r— R a o , M. and B. Sa l tzman , 1969, On a steady sta te theory

of global monsoons , Tellus 21: 308-330.

Schlich , R., F. Aubertin , J.R. Delteil , L. Leclaire , P.

Magnier , L. Montaclert , P. P a t r i e t , and P. Valery ,

1972, Donnies nouvelles sur le sub—stratum du Bassin

de Somalie a ’ partir d’ un profil de sismique reflexion ,

C.R. Acad , Sc. Paris 275: Dl33 1.. -l334 .

Schott , W ., 1935, Die foraminiferen in dem ~quatorialen Tell

des Atlantischen Ozeans , Wiss . Erqebn . Deutsch . Atlantic

kxp~~d . “Me teor ” 1925—1927 3: 43—134.

Schott , k ., 1939 , Deep sea s e d i m e n ts  of the In d i a n  Ocean in

‘rrask , P.1). editor , Recent Marine Sed iments, p. 396—408,

A m e r .  Assoc. Petrol. Geol.

Schouten , H.P., 1974, Magnetic anomalies over fracture zones in

the  lower magnetic latitudes of the central North Atlantic

(abstract), EOS 55: 232.

Scalter , J.G. , R.D. Anderson , and M.L, Bell , 1971 , Elevation of

rid ges and evolution of the Central Eastern Pacific , J.

Geophys. RCS . ,  ‘76:  7888—7915.

~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ _~~~~~~~~~~~~~~~~~~~~~~ ‘ ~~~~~~~~~~~~
.‘ -—



- - 5 - -- - ---

216

Shackleton , N.J. and N.D. Opdyke , 1973 , Oxygen isotope and

paleomagnetic stratigraphy of Equatorial Pacific Core

V28—238: Oxygen isotope temperatures and ice volumes

on a l0~ year and 106 year  scale , Jour .  Quat . Res . 3: 39- 55.

Simpson , E.S.W., R. Schl ich , L. LeClaire , W.A. Girdley , C.

Moore , S. ‘~‘1hite , T.L. Va l l i e r , C. M u l l e r , B. Zobel ,

J. Siqal , J. Gieskes and B ,V.  Marsha l l , 1972 , Leg

25 DSDP Western  Ind ian  Ocean , Geotimes 17: 21—24.

Simpson , G.C.  1921 , The southwest  monsoon , Quat .  Jou r .  Roy .

Meteorol . Soc . 47:  151—172.

Smith , A.G. and A. 1-lallam , 1970, The fit of the southern

c o n t i n e n t s , N a t u r e  ~7 5 :  139—144 .

Sowerbutts , ~~~~~~~ 1972, Riftinq in eastern Africa and the

fragmentation of Gondwanaland , Nature 235: 435—437 .

Stewart , R.A., 0. Pi lkey and B.W. Nelson , 1965, Sediments of

the n o r t h e r n  Arab ian  Sea , M a r i n e  Geol. 3: 411—427.

Stomniel , II., 1960 , Wind drift near the equator , Deep—Sea Res.

2 0 8 — 3 0 2.

Stubbings , ll. G., 1939, The marine deposits of the Arabian Sea ,

Rep. Joh n Murray Exped. 3: 32—158.



217

Stubbings , H.G., 1939, Stratification of biolog ical remains

in marine deposits , Rep. J ohn Murray Exped. 3: 159—162 .

Suess , H.E., 1956, Absolute chronology of the last qlaciation ,

Science 123: 3 55—357 .

Swallow , J.C., 1967, The equatorial undercurrent in the

western Indian Ocean . In 1964, Stud . ‘Prop. Oceanogr.

M i a m i  5: 15—36.

Sw a l l ow , J.C., and J.G. Bruce , 1966, Current measurements off

the Somali Coast during the southwest monsoon of 1964,

Deep—Sea Res. 13: 861—888.

Taf t , B .A .  and J.A . Knauss , 1067 , The equa to r i a l  u n d e r c u r r e n t

of the Tndian Ocea n as observed by the Lusiad expedition ,

Bull. Scripps Inst . ( cea n oqr .  I.

Talwan i , N . a nd D .C .  Kahle , in press , Notes on the free—air

gravity map of the Indian Ocean in C. Udintsev , editor ,

International Indian Ocean Geophysical Atlas.

‘J’arling, D.hI., 1971, Gondwanaland , paleomagnetism and continental

I r i f t , N a t u r e  2 2 9 :  17—21.

Thorrington-Sm ith , N., 1971 , West  I nd i an  Ocean phy toplank ton :

a n u m e r i c al  investiga tion of phy tohydrographic regions

and the i r  c h a r a c t e r i s t i c  phytoplankton assoc ia t ion, M a r .

B io l .  3 : 115—137.

____  _ _ _ _ _



S - —5- - - 5-5---~~ ‘ — ‘ 5  5

218

Timonin , A .G., 1971, The structure of plankton communities of

the Indian Ocean , Mar. Biol . 9: 281—289.

Van Couver ing ,  J.A., personal communication

Vincent , E. S.,  1972, Oceanography and late Quaternary planktonic

f o r a m i n i f e ra , Southwestern Ind i an  Ocean , Doctoral

D i s s e r t a t i o n, Univ .  of S. C a l i f .  353 p.

Vine , F.J. and D.H. Matthews , 1963 , Magnetic anomalies over

ocean ridges , Nature 199: 947—949.

Wadia, D.N., 1966, Geology of India, 3rd ed. revised , English

l anguage Book Society , London 536 p.

War ren , B . ,  1971 , Evidence for a deep Western  Boundary Current

in the South T n i i a n  Ocean , Na ture  2 2 9 :  18-19.

W ar r e n , 8. ,  197 4 , Jeep flow in the Madagascar  and Mascarene

has i n s , I ) eep— Jea Res . 21. : I — 21.

Warren , B., I I .  S tomme] , and J.C. Swallow , 1966, Water masses

mr f n e  t ~‘rns of f ]  ow in the Sa’nali Basin d u r i n g  the

southwest. monsoon of 1964, D.~ep—Sea Res. 13: 825—860 .

Y u o o ’r b ~~r q ,  G .J .  an ]  k .~~. Ha y den , 1955 , A40 —K 40 d a t i n g ,

u T ’ c h :p’ lca el cosmochin~ica Acta 1: ‘~l — 60.

~‘Jq rer , .
‘
~.. , 1) 2 4 , The O r i g i n s  of Cen t  n e nt s  and Oceans ( t r a n s —

lat e l  trom 3rd German cdi Lion ) Methuen and Co. , Ltd .,

I,o n do n , 2 1 2 p.

- 
,,-,5.,’_t__ ii IT~~~~— 

—- . ‘ 
~~~~~ ~~—



5 ’ . 
“ ~~~~~~‘ ~~~~~~~~~~~~~~~~~~~~~~~~~ ‘ ‘~~~~~~~~~~~~~~~~~~~~~ ‘

219

Weser , O.E., 1972, A classification of marine sediments

(abstract) Geol. Soc. Am . Spring Meeting Hawaii ,

Wilson , J.T., 1965, A new class of faults and their bearing

on continental drift , Nature 207: 343—347.

Wiseman , J.D.H., 1965, Calcium and magnesium carbonate in

some Indian Ocean sed iments in Sears , ccl. Progress in

Oceanography 3: 373—383.

Wiseman , J.D.IJ., and R.B. Seymour Sewell , 1931 , The floor

of the Ar a b i a n  Sea , Geol. N ag. 74:  2 1 9— 2 3 0 .

Wyrtk i , i’~., 1971 , Oceanographic atlas of the International

Indian Ocean k,~pediLion, U.S. Gov ’ t Print ing Office ,

531 p.

Wyrtk i, K., 1973 , Physical oceanography of the Tndian Ocean ,

in B. Zeitzschel , ed ., The Biology of the Tndian Ocean,

p. 18—b , Sprinqor—’7erlaq, New York .

Zeronova , V., and U.A. Tvanov , 1967 , Distribution of net—sampled

phytoplankton as effected by hydrologica] conditions in

the North Indian  Ocean , U.S. Naval Oceanographic Office ,

‘l’ r an s .  331 , 14 p.

1

_ _ _ _ _ _ _ _ _ _ _ _  

. 5 -—-- ‘ •2— 



_ _  -‘5 --_-5 ._ 5 - 5 — -—- — -‘— 5

220

Zobel , B., 1971 , Foraminifera from plankton tows, Arabian Sea :

Areal distribution as influenced by ocean water masses

i.n Farinacci , A., ed ., Proceedings of the II Plankton

ConE., Rome , Edi2ion i Tecnoscienza , p. 1323—1335.



22 1

APPENDIX I

Core Descriptions

The Quaternary sedimentation record in the Somali Basin

has been determined principally from 18 piston cores taken in the

area (Figure 26 and Table 6). The sediments have been classified

under a system proposed by Weser (1972) with slight modification

to include descriptive color terms and obvious structura l informa-

tion. i n so doin g macroscopic observation of the cores has been

combined with smear slide analyses to identify sediment types.

For each core the results of the smear slide ana lyses have been

comp iled as visua l estimates of the tota l percent  of the s l ide

c o n t a i n i n g  i nor ga nl c  m a t e r ia l , F’oraminife ra , nannofossils , and

siliceous tests. Inorganic nateri al includes cletrital grains ,

micronodules , zoolites , vo lcan i c  sha rd s , and clay. It. is

un man ly c< . r l pose d of  s i l t  and  c lay s i z e  m i n e r a l gr a i n s  r e f e r r ed

to as i n t i t e .  Foraminifera include planktonic and benthonic

foraninifora . The very ra re occurrences of pteropods are  a l so

inc lim le I i n  t h i s  category t o  simplify presentation . Nanno—

f o s s il s  i n c l i k .’ a l l  calca reous n a n n o fo a s i l s .  S i l i c e o u s  materia l

i n c l i i d e  I tO ’ ‘ in  ) m ’ p r r ) l i s  sil i ca te at s of J i a t o n i . ; , radiolaria ,

si 1 i co f la m ’ I Ui , a n d  zp ~ nqe  sp i Cu les
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Throughout the text cores are referred to by their core

numbers except for cores taken on Chain 99, leg 8 wh ich are

noted by their station numbers to avoid an overlap in t he  core

numbering systems . The proper number for each location has been

underlined in table 6 and used in f i gure  26.

-



-

Core 2~ l4 u 01 1N 5l °48.2’ i: 533a r

0-121 cr Very dark olive , nannofossil bearing , silica rich ,

terrigenous lutite with layers of coarser material

at: 4—15 , 34—43 , -10— 50~ and 85—12 1 cm.

121-570 cr Light olive green , mottled darker , siliceous rich ,

nanno terrigenous lutite with browner areas at 130 ,

140 , 155 , 290 , 315 cni .

Ca re_ 2u 7~~48’N 56°l2 .2’E 4600 is

0-29 cn Brown jrading to brownish gray green , lutite bearing ,

nanno rich , siliceous ooze.

2o— l22 cm Gray green lutite ‘bearing , nanno rich , siliceous ooze.

122-14 9  cm Very l ight  g r ay  green , lutite bearing, nanno rich ,

siliceous ooze with visibly coarsening grain size

below 141.

cia Gray green lutite bearing , siliceous nanno 007. 0 ~~~ic~

is foran rich 149—310 cm w i th  sp a r s e  b l a c k  specs

149-205 cm , and sliq h t ly darker below 300 r~ dark

g r a y  green sec t ions  390—430 , 4 6 2 - 4 02 , 5 0 5 — 5 3 - 1  cm.

514—54o cm Off white foram ‘bearing , lu tit bearing, nanno

S i  liceous ooze with darke r m o t t l e d  a r i a s .

- . -~~~~~~~~~~~~~~~~ ‘ ~~~~~~~ - ‘~~~~~~~~~~-- - - _ _ _ _ _ _ _
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F L~~~U 1’ ( 37.

Visuall y e. tiniated p i ’r c i ’ n t a q e s  ol p r i n c i p~~1
c n p , m i e n t s  in s m e a r  slides I m’ nr ’ c a.a’s 25 ,
26, 27, and  2 0 .
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54 9-000  cm G r ay  green lutite bearing , rnicronodule bearing ,

foram bearing, siliceous nanno ooze with mottling

and with darker coloration 585—603 , 664—700, 736—

748 cm.

800-870 cm Gray green lutite bearing , nanno—forani siliceous

ooze w i t h  son’~ color l a m i n a t i o n  800—810 cm.

870—lO8n en Gray green lutite bearing nanno siliceous ooze with

some mottling and olive gray green sections 920—960

and 1030-1047 cm .

l086—lll () cm Off white to light qray green , lutite bearing ,

nanno ooze with some t ro t  t li ng .

1110—1142 cm gray ’  green , l’iitit .e bearing, silica rich , nanno ooze.

Core 27 7 ~~( ~~ 54 4 1 F 5102 rn

0— 15 eta Brown interlayered w ith oray, lut i te boa r i n g , n ann o

r ich , s i l i c e o u s  ooze .

15—25 cm Very  da rk  g r a y  green , l u t i t e  1. e l r i n ; ,  siliceous—

nanno-ooze .

25—175 en Light and dark gray green , l u t i t e  h e a r i ng , fo ram

bearing , siliceous nanno ooze .

175-225 cm Gray ~reen , lut ite bearing , silica bearing , nanno

rich , foram ooze with sha rp c o n t a c to . 

‘-5 . - ~~~~~~~ 
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22 5 —2 4 i .~ cm Light and dark  g r a y ,  l u t i  to b e a r i ng , I C )  an l)e~i [1 1’
~~1

nanno siliceous ooze.

24e-283 cm Pale green , lutite bearing , foram r i c h , silica rich ,

nanno ooze.

283-319 cm Gray mixed with olive lutite bearing , nanno sili-

ceous ooze.

319-350 cm Pale green nanno siliceous ooze.

350-372 cm Olive lutite bearing, siliceous nanno ooze .

372-406 cm Pale green , lutite bearing , f o ram  rich , n ann o

r ich , s i l iceous  ooze.

406-454 cm Gray  g rad ing  to olive , l u t i t e  b e a r i n g ,  fo ram rich ,

nanno siliceous ooze; visibily coarser 434-443 en’

with abrupt bottom contact , and olive below with

a n g u l a r  basa l, con t ac t .

454-526 en Pa le green , lutite hearing , forar: bearing , nanno

siliceous ooze.

526—539 cm Pale green , nanno bearing, siliceous rich , forant

a -se with sharp contacts.

539-632 cm Light olive , grading to gray and olive , grading

t o  ‘lark olive , grading to light gray , and to pale

green , lutite hearing , nanno siliceous ooze .

‘ — —-——-5 
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632—673 cm Olive lutite bearing, nanno siliceous ooze.

673-778 cm Dark pale green lutite bearing , nanno siliceous

ooze.

778-803 en: Pale green lutite bearing , nanno siliceous foram

ooze with sharp basa l contact.

803—872 cm Olive lutite bearing , nanno rich , siliceous ooze .

872-89g cm Foram bearing , nanno siliceous ooze.

894-917 cm Olive nanno bearing , siliceous terrigenous lutite.

917—98~ cm Gray with olive grading to pale green below 929,

lutite bearing , forani rich , siliceous nanno ooze .

983-1008 cm Pa le green silica rich , nanno rich , forant ooze.

1008—1028 cm Olive grading to gray, lutite bearing , siliceous

nanno ooze.

i028—1106 cm Pale green , lutite bearing , foram bearing , nan no

rich , siliceous ooze.

1106—1146 cm Pale green silica bearing , nanno bearing , foram

Ooze.

-~~~~~~~ ~~~~~~~~~~~ -5 
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Care 2° 6” 53.5’N 54°41.2’E 5106 is

0-9 cia Brown and gray green lutite bearing, nanno rich ,

siliceous ooze.

C _ I l ,  era Pale gray green lutite rich , nanno rich , foram

bearing to foram siliceous ooze coarser 87-196

en with abrupt basa l contact.

1 “ -~~l3 er’ L i gh t  and dark gray, grading to light gray and

olive , grading to light olive , lutitc rich , foram

r i ch , nanno rich , siliceous ooze.

313-468 cm Pale green foram bearing , lutite rich , nanno rich ,

siliceous ooze with coarser ma teria l 455-468 cm .

468—500 cm Light olive to gray below 489 cm foram bearing ,

lutite rich , nanno siliceous ooze.

508— 504 cr Olive and gray lutite rich , nanno rich , s i l i c eous

005 (‘

5o;-622 cm Pale gray green lutite rich , nanno siliceous ooze

with siliceous foram ooze 616—622 cni terminated

by abrupt  bottom c o n t a c t .

622— 651 en’. Olive lutite bearing, nanno rich , siliceous ooze.

— ,~~~~~- . -  ‘ — ‘— -— 
~~ ,,r~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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651-821 cm Pale green foram bearing , lutite rich , na nno

rich , siliceous ooze with nanno bearing lutite

rich siliceous foram ooze 798—821 cm having

ab rup t  basa l c o n t ac t .

821-850 cm Olive foram bearing , nanno bearing , lutite rich ,

si l iceous ooze.

850-878 cm Pale green nanno bearing , lutite bearing , sili-

ceous rich , forant ooze with sharp contacts .

878—895 err Dark olive lutite bearing, siliceo”~ ooze.

895-911 cm Pale green foram bearing , lutite rich , nanno

s i l iceous  ooze .

911—928 cm Very dark olive gray, nanno bearing, lutite rich ,

siliceous ooze.

928—939 cm Gray and mot t l ed  dzt ’k  d ive gray, liitite rich ,

nanno siliceous ooze.

930—1043 cm Pale grec i .Foram boaniog , nanno hearing , lut,ife

rich , siliceous ooze.

11)43~~1156 cm Ol i v e  and gray grading to pale green at 1060 cm

foram bearing, lutite rich , nanno rich , siliceous

ooZe

-—55-. -5~~~~~~~~~~~~~~~~~~~~~~~~~ --’ T~~~~~ 
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Core 30 4”27.7’N 5l °08’ E 504 9 m

0-3 Cii i Brown lutite bearing , siliceous nanno ooze.

3—57 cm Gray green l u t i t e  rich , s i l ica  rich , nanno ooze.

57—90 cm Pale green lutite rich , foram rich , nanno

siliceous ooze.

90-146 cm Very light green lutite bearing , micronodule

bearing , silica rich, foram nanno ooze.

146-160 cm Very dark gray green , lutite rich , siliceous

nanno ooze.

160—226 cm Gray lutite bearing , siliceous rich , foram

nanno ooze.

226-265 cm Pale green lutite rich , nanno rich , siliceous

ooze with black and gray mottling.

2(5-320 err, Pale green lutite rich , nanno rich , siliceous

ooze .

320-350 :ra Gray lutite bearing , silica rich , nanno ooze .

350-412 cia Mottled gray green foram hearing, lutite bearing,

siliceous nanno ooze.

412-409  en’ Dark  green to olive nanno lutite siliceous ooze

with black specs.

~~~~~~~~~~~~~~ -.-.~.-,,_s. ,J ,  
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Figure 38.

Visually estimated percentages of principal
components in smear slides from cores 30,
32 , 34 , and 35.
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409—523 en Dark ly nio t tled ~T r a y  green lut i to  r i ch , si l i ceou s

n an no  ooze .

523—600 cm Gray green lutit o hearing , siliceous rich , nanno

ooze.

600-666 cm Gray green lut .ite rich , siliceous rich , nanno ooze.

601 _078 cm Ligh t gray lutite bearing , siliceous rich , nanno

05)5C ”

678—702 cm Pa le gie~-n hit i t ~~‘ b e an  n g ,  f or ~in  r i c h , siliceous

ia nno 0

702 — 717 cm Green l i r t i t e  r i c h , r’t a n n t  rich , t oram siliceou s

ooze w i t h  s t e e p l y  d i p p i ng  l~ I s a l  con t a c t .

717—735 cr 01 ive  o i ’eon g r a d i ng  to  pa le  green  s i l i c a  r ich ,

lut ito rich , rum rica , nanno ooze

7~~5 — 7 3 8  cit g r e C ’n l’itite r i c h , fo r a m  r ich , nanno s i l i ceous

ooze .

738—701 eta  Pa i g reen fo r am  bearing , lutit o rich , silica

rich , n a n n o  ooze.

761—013 cm Olive lutite rich , silica rich , nanno ooze .

0 14 — 8 3 6  cnI  V e r y  light g r a y  intl to bearing, foram bearing,

silica r i ch , nanno ooze.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _- ‘  
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836-1007 cm Pale gray green lutite rich , siliceous nanno ooze.

1007-1106 cm Pale gray green lutite rich , siliceous nanno ooze.

Core 32 3°13 .3’N 52 °39.8’E 5123 m

0-6 cm Brown grading to gray lutite rich , silica rich ,

nanno ooze.

6-44 cm Olive lutite bearing, foram bearing , siliceous

bearing nanno ooze mottled gray green at base.

02-125 cm Olive silica bearing , lutite bearing, nanno ooze.

125-430 cm Li ght g ray  green l u t i t e  bear ing , s i l i ca  bearing ,

nanno ooze.

4 3 3 - 4 50 ciii Light gray lutite rich , silica rich , forani nanno

ooze.

450-660 en: Olive grading to gray  green foram bearing , lutite

hearing , silica rich , nanno ooze.

660—740 CU Gray green foram bearing, lutite rich , si l i c a  rich ,

nanno ooze .

740-90’ cni Gray green mottled light gray in uppe r section

(740-751), and all olive in lower section (880-

906), lutite bearing , silica rich , nanno ooZe.

90u— 95) en gray green lutite hea ri r ig , silica r ich , na nn o  ooze.
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Core 34 2 ’52’N 50°l3’ E 5004 iii

0-18 cm Brown grading to pale green , lutite bearing ,

nanno rich siliceous ooze.

18-40 cm Olive grading to greenish nanno irch , lutite

siliceous ooze.

40—202 ciii Intensely mottled olive , gray, and pale green

grading to olive by 156 cii i , lut ite rich , occa s-

sionallv loram rich , nanno siliceous ooze with

indurated black lutitc- at 43 and 146 en..

202-236 ciii Olive lutite rich , nanno siliceous ooze.

236—308 cm M o t t l e d  pale g r e e n  and g r a y  w i t h  o l ive  l u t i t e

r ich , n anno  s i l i c e o u s  ooze to 280 ciii ; with gray

and pai,e lrer’n , grading to olive , forani bearing,

n a n n  rich , s i i i c c’ nio~ 1 ut  it o ’  a nd  b l a c k  in dur a t e d

lut , i to’ 298—308 cm.

308—41° en Olive w i t h  gray mottling at base lutite rich ,

n a n n o  r ich , s i l iceous  ooze.

410—454 era Light gray with dark gray mottles grading to pa le

green mottles , lutite rich , nanno siliceous ooze.

4 ‘1 +-e66 cu Pale green grading to olive with pale green and

some gray lutite rich nanno siliceous ooze.
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666—686 cm Pale green i n t e n s i v el y  m o t t l e i l  w it h  o l ive , l i i ; a t ,

and dark  gray micronodule bearing , lutite bearing,

nanno  s i l iceous  ooze with small pebbles at base.

686-715 cm Pale green mottled olive and gray grading to olive

l u t i t e  rich , nanno siliceous ooze with pebbles at

ha se.

715-729 cm Pale green intensely mottled light and dark gray and

olive foram bearing , lutite rich , nanno siliceous

ooze.

729—827 cm Olive with some gray micronodule bearing, lutite

r ich , nanno  s i l i c eous  ooze.

827-871 cm Light olive mixed with pale green grading to pa le

green nu i c ronodul e  bea r i ng ,  l u t i t e  rich , nanno

siliceous ooze.

071-895 cm Olive with pale green lutite bearing, n a n n o

s i l i ceous  ooze .

_ _ _ _ _ _ _ _ _ _  ~~.
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Core 35 05’56.8’N 53 19.8’E 5101 m

0—26 ciii Brown grading to green lutite rich , siliceous

nanno ooze.

26-42 cm O f f  white  lu t i t e  bearing , nanno rich , s i l iceous

foram ooze.

42-62 ciii Olive lutite rich , nanno siliceous ooze with black

specs.

62—69 cm Light gray lutite bearing , foram bearing, sili-

ceous nanno ooze.

69-90 cm Very l ight  gray  green l u t i t e  bear ing , s i l iceous

nanno ooze with black specs.

90-119 cm White lutite bearing, forann rich , siliceous rich ,

nanno ooze.

119-150 cm Gray green lutite bearing , siliceous nanno ooze.

150-200 cm Olive li,rtite bearing , nanno siliceous ooze .

200—204 cm W h i t e  lutite bearing, siliceous nanno ooze.

2 )4—229 cm White and green foram bearing, lutite rich ,

siliceous nanno ooze.

229-205 cm Olive lutite rich , nanno siliceous ooze.

285-300 era Gray and olive lutite bearing , siliceous nanno

ooze.

-5 ~~~~~~~~~~~~~~~~~~~~ — -- - --~~~~! 
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300—325 cm W h i t e  foran t  r i c h , l u t i t e  r i c h , nanno ;i l j e eoii~

ooze .

325—358 cm Olive nanno bearing , lutite bearing, siliceous

ooze.

358—383 cnn Gray green and gray mottled green lutite rich ,

nanno  s i l iceous  ooze.

383—403 cii Olive lutite bearing , nanno siliceous ooze.

403-520 cm Olive grading to light gray green lutite bearing ,

siliceous nanno ooze.

520-595 cm White lutite rich , foram rich , nanno rich , siliceous

ooze.

505—603 cm Light gray lutite bearing , siliceous nanno ooze.

603—627 cm White lutite bearing , nanno rich , furam s i l i ceous

ooze.

~27— 657 cm Olive lutite bearing, siliceous nanno ooze .

t) 57— O’Q cm Li ght  and dark mottled olive , lutite bearing ,

s i l i c e o u s  ooze.

080-698 cia Gray lutite hearing , siliceous nanno ooze.

e’ i H - 7 17  cii’ Gray lutite bearing , nanno rich , foram rich ,

siliceous ooze .

7 1 7 — 7 4 0  en: Bright green gray lutite bearing , nanno

siliceous ooze.

_ _ _ _ _ _ _ _ _ _ _ _  ‘ ---——--
~~~~~L ,~~
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740—755 cm Black mottled olive , lutite bearing , foran~ rich ,

nanno rich , siliceous ooze .

755-774  cm W h i t e  nanno bearing , forann rich , siliceous ooze.

774-788 cnn Dark gray green to brown lutite bearing , nanno

siliceous ooze.

788—795 cm Pale off-white ,jreen lutite bearing , nanno

s i l i c e o u s  ooze.

795-803 cm Olive layers in light gray lutite bearing, foram

r ich , nanno  s i l i ceous  ooze.

803—807 era W h i t e  l u t i t e  b e a r i n g , nanno  r ich , foran ~ rich ,

s i l i ceou s ooze .

807—980 cm Olive an.l gr e en  lu t i t e  h e a ri n g ,  s i l i c e o u s  r ich ,

n anno  ooze .

980—987 en Light gray and green foram bearing, na nno b e a r i n g ,

lutito rich , siliceous ooze.

097—1028 err Greenish gray lut ite bearing, s i l i c e o u s  r i c h ,

nanno OOZe.

1050—1053 ciii White lutite bearing , forani bearing , nanno rich ,

siliceous ooze.

I
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Core 36 0°14.5’N 56°03.S’E 4576 iii

0-16 cm Light buff with gray mottles siliceous nanno ooze.

16—122 cm Dark buff with gray ish buff and gray mottles

grading to dark buff mottled lighter , lutite

bearing, siliceous rich , nanno ooze.

122-160 cnn Light buff to off white lutite bearing, occasionally

foram bearing, siliceous rich , nanno ooze.

160—199 cm Off white foram bearing, lutite rich , siliceous

nanno ooze with abrupt lower contact .

199—261 cm Light buff lutite rich , siliceous rich , nanno

ooze.

261—280 cm Light gray and pale green lutite bearing, silica

bearing, foram r ich , nanno ooze.

280—288 cm Pale green micronodule bearing , silica rich ,

nanno rich , foram ooze with sharp and dipp ing

bottom contact.

288-312 cm Olive grading to light gray , grading to olive ,

l u t i te  b e a r i n g ,  s i l iceous nanno  ooze .

3 1 2 — 3 2 0  cm O f f  wh i t e  lu t i te  b e a r in g ,  s i l iceous nanno  ooze

with clipping upper contact and irregular lower

contact.

L— _ _ _ _  
‘ —
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Fi gure 39.

Visually estimated percentages of principal
components in smear slides from cores 36,
40, 41, and 59.
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320—340 cm Light gray green , grading to buff , lutite

bearing, siliceous nanno ooze.

340-373 cm Buff mottled light gray , grading to light

gray , lutite bearing , siliceous nanno ooze.

373-425 cm Light grayish buff gra ding to da rk gray grad ing

to greenish gray lutite bearing, siliceous

nanno ooze.

425—449 cm Brownish olive grading to medium olive lutite

bearing, nanno siliceous ooze.

449-496 cm Light green ish gray grading to light gray lutite

bearing, nanno siliceous ooze.

496-521 cm Pale grayish green grading to pale green lutite

bearing, siliceous nanno ooze.

521—571 err Light gray grading to pale greenish gray grading

to gray lutite bearing, siliceous rich , nanno

ooze.

571—649 cm Off white lutite bearing, micronodule bearing,

silica rich , foram nanno ooze with sharp bottom

contact.

649—703 cm Olive grading to pale gray green with olive

mottles lutite bearing, siliceous nanrio ooze.

- TT~~ , i ~i ”  _~~_ ~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~~~~ ‘-- ~=~~-~~~~~~-
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703-803 cm Off white lutite bearing, foram silic eous

nanno ooze.

803-866 cm Gray olive with pale green mottles , lut i t e

bearing , si,liceous nanno ooze with off white

lutite bearing, micronodule bearing , siliceous

foram and nanno ooze pockets and lenses .

Core 40 l°3 6 N  59°40’E 5426 m

0-199 cm Dark buff occasionally foram bearing , lutite

bearing, siliceous nanno ooze with base of

unit containing forams and mud lumps .

199-206 cm Orangey huff nanno bearing, lutite rich ,

siliceou s ooze.

206—212 cnn Gray grading to h u f f  b iogen ic  ooze.

212—297 cm Tan lutite rich , nanno siliceous ooze light

tan with gray 212—226 cm , gray ish tan with light

tan mottles 226-272 cm , orangey tan 274—287 cm ,

gray huff at base.

297—374 cnn Tntergrading tan and buff lutite rich , nanno

siliceous ooze.

74—381 cm Tan and black nanno bearing lutite rich , micro—

nodule  r ich , siliceou s ooze.
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381—407 cm Tan lutite rich , siliceous ooze.

407—415 cm Tan and black biogenic ooze.

415—432 cm Light and dark buff nanno bearing , lutite rich ,

siliceous ooze.

432—439 cm Black and buff biogenic ooze.

439—468 cm Dark buff lutite rich , nanno r ich, siliceous

ooze.

468-477 cm Gray ish b u f f  grad ing to orangey bu f f  b iogenic

ooze.

477—480 cm Black and buff nanno bearing, lutite rich ,

micronodule rich , siliceou s ooze.

480-549 cm Gray ish buff nanno bearing, lutite rich , siliceou s

ooz e with gray g r a d i n g  to orange 50e-549 cm.

549-553 ciii Black and orangey buff lutite rich , siliceous

ooze.

553—599 cm Buff with black mottles 584 cm and 590 cm

lutite rich , silic eous ooze.

ci,.~’r -~ i 1°34 N 65°39’E 3433 iii

0-172 cm Light and dark buff with gray lutite bearing,

foram rich , siliceou s nanno ooze.

17 —24. c~r Light huff to off white with gray lutitc ’ bearing,

forum rich , siliceous nanno ooze.

— ‘ -~~~~~~ ,, ~~~~-j - - -’  ‘ ‘-‘~~~~~~~~~—“— -5
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243-282 cm Gray and buff lutite bearing, sil ica rich , foram

rich , nanno ooze.

282-293 cm Off white lutite rich , hiogenic ooz e abrupt ly

terminating at base.

293-295 cm Buff lutite bearing, biogeriic ooze.

295—336 cm Off white lutite bearing, nanno bearing, si liceous

foram ooze with abrupt bottom contact.

336—3 51 cm Gray grading to o~ f white with yellow lutite

bearing, silica bearing, foram bearing, nanno

ooze.

351—511 cm Off white vary ing to gray lutite bearing ,

silica rich , foram bearing, to foram r.mnno ooze.

Station 59 3~ 24’S 45Th0.5’i-~ 4444 iii

0—103 cm Mottled dark gray green lutite bearing,

occasionally m i cco n odu l e  or foram h e a r i n g ,

siliceou s nanno ooze.

103— 132 err Light gray green to off white with darker

mottles , grading to gray green below 114 cnn ,

lutite bearing , foram bearing, siliceous nanno

ooze.



_ _ _ _ _ _ _  - - ‘
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132—216 cm Mottled very dark gray green with faint yellow

S 

layers lutite bearing, occasionally foram

bearing, siliceous nanno ooze.

216-224 cnn Light gray lutite bearing , siliceou s nanno

ooze.

224—296 cm Very dark gray green with black specs and

yellow areas, lutite bearing, micronodule

bearing, foram bearing, siliceou s nanno ooze.

296—311 cm Light greenish gray darkly mottled and having

black specs, lutite bearing, forann bearing,

siliceous nanno ooze.

311—335 cm Dark green gray nuicronodule bearing, silica

bearing, lutite rich , nanno ooze.

335—395 cm Ligh t green gray with yellowish indurated layers

at 360, 375, 385 cm lutite bearing, micronodule

bearing , siliceous nanno ooze.

3°5-412 cii- Light gray lutite bearing, foram bearing,

siliceous nanno ooze.

417-431) cnn Dark gray grading at 417 cm to li ght gray

rricr-onodule bearing, lutite bearing, siliceous

n a n n o  ooze wi th  black specs.

-5 
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430-480 cm Alternating dark green gray , yellow qray and

light gray mottled lutite bearing, siliceous

nanno ooze.

480—590 cm Mottled yellow greenish gray grading to dark

gray grading to light gray lutite bearing,

occasional ly  foram bearing, siliceou s nanno

ooze.

590-650 cm Light gr’Iy with dark gray mottles occasionally

micronodule bearing, lutite bearing, siliceous

nanno  ooz e.

650—671 cm Dark gray with some mottles at 664 cm lutite

bearing, foram bearing, nanno 5iliceous ooze.

671—710 cm Yellowish greenish gray occasionally m icrorrodule

bearing, lutite bearing, siliceou s nanno ooze.

710—721 cm off w h i t e  w i th  grayish mottling lutite bearing ,

loran bearing, siliceou s nanno ooze.

721—850 en- Green i sh gray occasionally micronodule bearing ,

occasion ci,ly foram bearing, lutite bearing ,

siliceous nanno ooze.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  —
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Station 60 3°3l.2’S 46°59.9’E 4832 m

0—18 cm Very 5Iark gray lutite bearing, siliceous

r~~c , nanno ooze with layering from 14—18 CI:,.

18—70 cm Gray -Trading by 30 cr’ to buff with dark gray

arid dark brown mottles grading to green i sh

gray bel,ow 60 cia , 3,utite bearing, si lic’eous

Iianno ooze.

70—120 cm Very dark gray q r a d i r q  to gray ish white

lens at 75 cm gra ’iin ;cr to lighter gray at

76 cm grading to various shades of greenish

gray below 79 cm , lutite bearing, i i a i ’ r ’i

siliceous ooze.

120— 172  cm Ve ry dark  gray m o t t l ed  l i gh t er  w i t h  eo i r s e r

rt ’ ,ica he a r i n g  m a t e r i a l  at  131 cm gra ~in~

uSt, green ish gray 136—158 cm grad iri q to ; ‘ ‘cry

ik, oray , siliceous bearing, lut Ito nanno ceze .

172—221 cm her-: ligh t green i sh gray l u t i t  e hcai i n g ,

sil ic ,’ous rianno ooze.

2 21 —2 t -  I err Greenish gray with very dark g ray  sect i ins at

2~’1o en’ and 250 cm o r i d i n g  to  very H t rk q i  ‘r: by

200 cm , narn~o hear nq , silica bearinq, luti te

at 282 cm with coarser mica bearinq materi al at~

base of unit.

--- - 5 - ’ --5 -5
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V i~ ;sro sO.

Visua l ly estimated percentages of principa l
in smear slides from cores (‘0,
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284-297 cm Light green ish gray grading to very dark gray

lutite terminating abruptly .

297—323 cm Light greenish gray lutite bearing,siliceous

nanno ooze grading into very dark gray silica

bearing, lutite nanno ooze with abrupt basal

contact .

323—350 en- S,an’ :~ as above.

350—365 cia Same as above.

365—408 err San’e as above.

408—443 cm Same as above.

443—494 cnn Greenish gray with green mottles at 450 cm

orading to li ght gray green at 471 ciii nanno

bearing, 1,utite rich , siliceou s foram ooze.

494—530 err Light greenish gray grading into very dark

qiar with finely laminated micaceous layers

5 7 : 3 — 5 3 0  cii’.

530—558 cr- Tig ht green ish gray grading to very dark gray

and terminating abruptly.

558-594 err Very li ght green gray nanno hearing, l u t i te

b’~~i r i n g ,  n a n n o  ooze.

~04 - 62 i  cia Gri’,’ green silica hearing, nanno bearing, lutite

forann ooze grading at 603 cm to very light green

g r a y .

- -- 3 ‘ 
- ~~~~~~~~~~~~~~~
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621—647 ciii Light green gray nanno bearinq 1~~t i t -  r ilic eot is

foram ooze.

647-815 cm Off white nanno bearing, silica bearing forani

bearing, coarse sand.

Station 61 3°26.6’S 49°49.2’E 4897 cm

0—24 cm Brown nanno bearing, lutite rich , siliceous

ooze.

24—48 cm Yellowish buff mottled brown lutite rich ,

nanno siliceou s ooze.

48-64 cm Greenish gray buff grading to greenish gray

lutite rich , nanno siliceous ooze.

~4-98 cm Light gray grading to greenish gray grading

to yellowish green gray lutite bearing, siliceou s

nanno ooze.

90-120 cia Very dark green qray lutite bearing, nanno

siliceous ooze.

128—195 err Light yellowish green gray lutite rich ,

occasionally nanic hearing, siliceous ooze.

195—224 (~ T~ Bu f f grading to yellow lutite bearing, silica

r i ch , n a n n o  o~-7 e.

2 4 - 2 4 6  cm Li gh t  grading to dark vol 1 owish green lutite

rich , siliceous nanno ooze.
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246—263 cm Yellowish gray green lutite rich , nanno rich ,

siliceou s ooze.

263—300 cm Gray green mottled lighter yellow lutite

bearing, siliceou s nanno ooze.

300—328 cm Very dark qray green mottled lighter lutite

hearing, siliceou s nanno ooze.

zn Yellowish greenish gray with darker mottles

(coarser 128—329 cm) lutite rich , siliceous

ooze occasionally nanno ooze.

380-406 cii’ Very light gray with darker mottles grading

to darker gray lutite bearing, silica

hearing, nanno ooze.

406—455 cii Very dark gray micaceous ? , foram bea r ing ,

lutit : rich , nanno siliceou s ooze.

455—602 cm Gray oreen micronodule bearing, foram rich ,

rianno rich , s i l i c e o u s sand .

c)02 624 err Light qray grad i ng to dark gray lutite bearing,

nanno  s i  l i c e o u s  ooze.

‘.24—700 cm ri ght green gray lutite mottled dark gray and

o f f  white gradinc at,, 619 cm to gray green

niof t  led li ght a n d  dark lutite bearing, siliceou s

nanno ooze.

-5 -5 —- ’ ‘—-~ ‘ - 5 - - ’ ’  — ,,,, ,, _~~~~ A,.
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700-752 cm Dark gray green grading at 712 cm to light

gray green with cross bedding grading at 725

cm to light with darker mottles , lutite

bearing, nanno siliceous ooze.

752—8 58 cm Alternating very dark and lighter gray green ,

lutite bearin7, siliceous nanno ooze.

858—8o5 err Very licht gray mottled green lutite rich ,

nanno siliceous ooze.

865—1005 c-ni Dark gray green lutite , mottled lighter and

darker with yellow layer at 966 ciii of lutite

bearing, siliceou s nanno ooze.

Station (32 6°46.4’S 48°41.8’E 4 4 2 3  n

0—28 Cr: ~edium brown grad nq to 1iq~,t brown foram

hearing, lutite hearing, si l iceous nan no ooze.

20-96 cm Dark brown mottled light grading at 39 cm

to brownish off white mottled dark , foram

hearing, lutite bearing, nanno siliceous

ooze.

9o-l ‘16 c-ri Buff mottled gray ish and hro~ n ],utite hearing,

to lutite rich , nanno siliceou s OCZe.

136-t45 era Yellow gray foram bearing, lutite hearing,

nanno siliceous ooze.

- ~~~~~~ ‘- ‘ ‘~~~ ‘ -5 - -  -5 ’ — -5’
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145—184 cm Bu ff off white mottled darker occasionally

foram bearing , lutite bearing, nanno siliceous

ooze.

184—213 cia Gray mottled green . foram hearing, lutite

bearing, nanno rich siliceous ooze.

213—270 ciii Buff mottled brown and green layered at base ,

lutite rich , nanno siliceous ooze.

270—3 19 cm Buff grad i n y  from greenish gray lammnat ions

to o f f  wh i te to rich brown occasionally foram

bearing, luti,te beari,ng, nanno siliceous ooze.

319—471 err W h i t e  fa in t l y brownish mottled lutite bearing,

n anno  rich , sil iceou s foram ooze.

47 1 ‘-40( c r i ’  flriv grading to bu if 1 u t i t e  bea t -m g, nanno

s i l i c e ous ooze.

4”~ — 553 c -ri ’ Ye l l o~” o f f  white mottled green and brown ,

o r a t i n g  to qra ’ — gr een  buff at base lutit ’ e

bearin g, nanno siliceous ooze.

553— 630 cm Dark buff mottled gray and off white grading

at 578 cm to off white mottled green and

-irading to brownish at base lutite bearing,

nanno siliceous ooze.

630—646 err ~1 ot~tled clark gray-green ooze.

- —~~~~~ ‘~~~~-5—-5 ‘ -5
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646—661 cm White micronodule bearing, lutite bearing,

nanno bearing, siliceou s rich , forani ooze

with angular upper contact and sharp

horizontal basal contact .

o61—790 cm Dark buff mottled lighter , grading at 696 cm

to off white grading to huff grading at 723

cm to buff with li ghter and darker mottles ,

and then gradinq at: 7(3(3 cm to o f f  wh i t e  wi th

da rke r  n c t , t l e s  l u tit e  r ich , nanno  s i l i ceous

ooze.

790—828 crr- Off wh ite lutite bearing siliceous nanno ooze.

(328— 673 air-’ Brown mottled liqh t buff oozr- with off white

lenses at . 8 3 5 — 8 3 n , 6 3 0 — 6 4 7 , 04 i  - -647 , A ~ 3 —8 54 cm

of 1,u t it e  b e a r i n g ,  n a n n o  r ich , sil iceous rich ,

f o r a n  ooze g r a d i n g  at  854 cm to l i ght  bu f f

mottled dark brown w i t h  lenses at 860—862

and  870—872 cm.

6 7 3 — 9 6 7  cm Light  and dark h u f f  lu t i t e  b e a ri n g ,  s i l iceous

nanno ooze grading at 935 cm to huff lutite

lur’p; :, and foran’ ooze grading at ~)57 cm to

light buff. 

5- ’- 
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967—97 3 cm White J u t  ite hearing , nanno rich , siliceous

r i ch , forann ooze.

Core F F 3  5°52’N 53°5l’E 5099 in

0—55 cnn Gray green lutite rich , siliceous nanno ooze.

55—110 cm Gray yellow-green grading to gray—green lutite

bearing, siliceous nanno ooze.

110—180 cii; Gree n lutite bearing, foram hearing, nanno

s i l i ceous  ooze.

180—290 era Dark green foran’- bearin g, lutite bearing,

siliceous nanno ooze with at 189 and 778 cm

li ghter green lutite bearing, microriodule

bearing , foram siliceou s nanno ooze.

cr G ray  green l u t i t e  b e a r i n g ,  fo ram h e a r i n g ,

nanno siliceous ooze.

378-155 err Li ght green grading at 336 cm to sligh tly

mottled green lutite hearing, occasionally

a icronodule rich , r-iliceous nanno ooze with

foram ooze at 343 cm .

455_4o7 c-i l ’ W h i t e  green mottled clark green , lut it e bearing,

siliceou s nanno ooze.

4 1 7 _ D R  ‘~ Light . green lut i t e bearing , foram bearing,

sii i- : ’nris nanno ooze.
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486—559 cm Dark green mottled black at 5~~5 cm lutite

bearing, nanno siliceou s ooze.

559—580 cm Gray—green lutite bearing , foram bearing,

s i l iceous nanno ooz e with sharp upper contact.

Core FF 3 8°58.5’N 56°02’E 4001 in

0-106 cm Off white lutite bearing , occasionally foram

bearing to foram r ich, siliceous nanno ooze.

Core PC—9 8°59’~~ 51°44’E 3985 in

0—875 cm Greenish gray lutite bearing , siliceous

rich to siliceous nanno ooze often forarn

hearing to foram ooze.

-5 ‘ . 5-— - ’ - ’  . .--
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Fi gure  41.

Visually estimated percentages of princi pal
components in smear slides from cores FF3
and Pc9.
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APPENDIX IT

Nannofossil Biostrati graphy and chronostrati graph y

(‘1 Selected Somali Basin Cores

Introduct ion

In orde t,’ to determine aedmmentat ion r a te s  and the age of

lit hol qic c -h a n  jes in t h e  late Cenozoic sedilT;cnts , severa l

cc- i  c-s ~-~‘*,~re d a t e l  u s i ng  primarily the  i n i t i a l  occur rence  of

Em i l~~an i a  h sx l e vi .  The princi ples , prepa ration methods , a n - i

s c a nn i n ~ e .Lect .~ on microscope results a re  presented here in

order to avoid length y discussion in the text. .

~ ~~~~~~~~~~ N an n o f ~~sil Bi ~~ r at i~jra~~~~ and Chrono st r a t ,~91aj3.hv

‘ c - v  a 1 late C en ” z o i c  n a n n ot o s si  I b i s s t  r a t  i-jraphic

/ ‘ i i i  t I Oti s iii ye bee n pr o  ‘ e n  t .~ I i n c - i  r i d  i ng those  C) Uay et a]

( 1,96 7 ) ,  ‘;a i ’t n e r  (l° ’ 9)  , i-~,i rt m i  an d  Wc rs1,o~, ’ ~l t*69 )  , M a r t  m i

(1 71), B i i k r ’ 7 ’ (1)7]), Geitzc-nanni ’ (1)72), an d  G i r t  nc’ i ( 1 , 9 7 3 )

Ttic- f irst appea ca rRie Of Emi 1 i a n i a  h ux_~~y i t r i d  t he  pr eced in

ext  inc ,, i o n  ) I J~~:;C u-I-sem i 1 ian 11 I i  ct n c - a u  are the  two n an n o f o s s  ii

da turn le~
- is c-ri ~- ‘li  I c-h t h e  zc -n z i  t ion i, s ba sed .  Co rae  Lit  ion of

t h e  n an n ’. t o s s  ii biata t rat i gr ap h ic -  e’s* ’-n t s  w i t h  an  nl ’a- , ’l i i t  e

ch ron .’lo-t’: tas been done m d i  r*”ctly on t h e  basis o f da t ed

fo r a r r i n i  1’’ ral z’inia t ions (Gait nor , 1 )6’.); B i i k r ’ - , 1 97 3 ;

—- - ‘ -  ----- 
‘—-

~~~~~~~~
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Martini , l°7l) and directly on the basis of the paleomagnetic

atratigraphy of the sediments conta ining them (Gartner , 1973).

The first occurrence of Emiliania h~ xl ey i has been reported

as 140,000 to 200,000 years BP (Gartner, 1969); 170,000 years

(Gartner , 1972 on the basis of the Rona and Emiliani l, 1969

Pleistocene time scale); 150,000 years (Geitzenauer , 1972);

150 ,001) t o  270 , 000 (McIn ty re , et al. , 1970 which if the Hays ,

et aL ,  1969 t ime  scale is used is 150 , 000 y e a r s ) .  Thus , the

a~ e u sed  for calculations here will be 170,000 years but the

‘,‘ari-itjon of plus or minus 30,000 years is implicit due to the

present uncertainties.

D et e r m i n a t i o n  of the P s eu d o e m il i an i a  lacunosa  e x t i n c t i o n

. l a t u n  6’: seve ra l authors has likewise resulted in va r i o u s  esti-

ma t e s .  h o weve r , Gartner ’ s (1973) direct determination of

300,000 to 350 ,000 years on the basis of its mid—Brunhes

((90 ,001 to present) occurrence in Equatorial Pacific cores

will 1~ ’ used here .

S c a n n i n~ E l e c t r o n  Microscope Techni~~~~~

1 t h e  e x t r e m e l y  s ma l l  s ize of E m il i a n i a  h ux l~ yi

(3—4 mi crons) an5h the ease of confusin’3 it with the Gephyroca~~sa

sp. iii t h e  l t 1h t  microscope , a l l  age d e ter m i n a t i o n s  were made

-5 - - -  -— . 
,

‘ 
~~~~~~~~~~~ 

‘ ‘, t ~~~~c-,:c- --



____ -5- “~~~~ ‘~ ‘ —~~

266

with the scanning electron microscope . Samples were prepared

by suspending  a small amount of sediment in a vial , withdrawi ng

from the center of a freshly shaken suspension , and placing the

material to dcv on a section of glass glued t - I t h e  st un lurd SErf

p lug  coa t i i i -  wi tli ca rbon , and  t l ien  cc-a t in W i  t i  i c - I d . A f ter

coa t ing the  a u n p  les wer e  i’d-a dy f a r  v i e w  i n -

Results

T i i e  r e s u l t s  of t h e  analyses are summarized in t a b l e  7 . A t

cacti leve l f r o m .  each core sampled the  preservation was qua lita—

tivel’)’ noted except in cases where excessive clay or poor sample

p r e p a rat i o n  made such a s s e ss me n t  d i f f i c u l t .  The presence or

absence of E m i l i a n i a  hux1g~ _i was noted a f t e r  15 to 20 m i n u t e s  of ’

V ~~OW 1 fl t IC?  j i von ;u nrp le

A~~e Con,~E I t a t  ions a~ id Se d i m en t a ti on  R a t e s

in t a b L e  8 i n i t i a l  occurrence of Emiliania ~~~~~~~ has been

ai oi ;~ .;~ lo f or  12  cores . I n cases where the l a tt o rn  of the core

co n t .s i n - I  S. I ;x 1e ~~ a t r i nu n iu m  s e d i m e n t a t i o n  ra te  is spec i f i ed  and

cc-nv  ‘ r e l y i n  cases whore it is absent in the samples a m a x i m u m

r a t ~ - is a c - i . t h e r e  it appears in a core in samples separated

by 1 in or : c-t:e i a l t  of the difference in levels is assigned as

the lev e l ol m i  tii’ì l occurrence with an error of that difference
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i n t r o d u c e d . The r e s u l t a n t  s ed imen ta t i on  rates have been ca l-

culated in table 8 on the basis of the age—sediment thickness

graph in f i g u r e  4 2 .
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TABLE 7 1Cap t i .on)

ELECTRON MICROS COPE ANALYSIS FOR
EM I LI AN IA HUXLEY I FIRST OCCURRENCE

Preservation has been qualitatively determined analogous

to the results shown by McIntyre and McIntyre ~l97l) . Tn t h e i r

plate 16.2, p. 258, the designation 0 as used here refers to

t h e  uppe r f o u r  photographs which show interna l structure of

E m i l i a n i . a huxluo i  and Geph y rocapsa oceanica . M as  used here

is analn ious to t h e  next l ower photograph s where dissolution

‘i a s  p r oc e e - led  b u t  t h e  spec m me n s  are distinct . P indicates

t i e  conditions o f t h e  lo we r  4 ph otog r aph s wh ere onl y in some

i n s t a c - c e s  ma’’  F .  hc -x l,ev i be n o t e d .

L’ r i . l i a n i c i  h~ix 1e , j h a s  ‘hr-en indicated as present by Pros .

a n d  abse n t by A .  4 i nd ica t es an excess cia’: in the samp i

N.  P . t ic’ analysis not determined ; and the  an a l \ - s i s  not

a t  t u-iIp t cii h U e  to i nadequa to sample materia l or prepa r a t i o n .
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TABLE 7

ELECTRON MICROSCOPE ANA LYSIS FOR
E M I L I A N I A  HUXLEYI FIRST OCCURRENCE

Leve l Emi l i an ia
Core CM Preserv . huxleyi

25 1138 M A
920 G A
653 M-G A

27 1146 G Pres .
0 P -

29 1154 P —

30 1106 N—G A
935 4. ND
678 4. ND

32 9SF M—G A
854 M-G A
653 Pres.
0 M Pres.

34 893 0 A
715 M A
530 C Fres .

35 1053 M A
H4 5  G A
698 G P ros .

36 862 G A
803 G A
638 G A?
603 ND

—--5.-” - ‘ 5 -~~~~~~~~~~~~
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TABLE 7 (co n t inued )

Leve l Em il i a n i a
Core CM Preserv. huxleyi

41 511 M—G A
480 G -

380 G Pres.?
59 0 M—P —

914 G Pres.
60 815 N ND
61 0 p —

1005 P ND
62 0 0— 11 —

82 8 P ND
ElI - ’ 3 580 N A

482 N Pres .
410 G Pres.

PC 9 853 0 Pres.

~~~~~~~~~~~~ 
- .

~~~~~~~~~ 
‘
~~~~~~~ ~~~~~

‘- --- - - 

~~~~~~~ -L , . ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~
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TABLE 8

Average Sedimentation Rates
0 — 170 , 000 Yrs . Based on

Emili an i a  Huxleyi  First Occurrence

Level Level Initia l Rate
Core Absent Present Occurrence cm/l000 yr . Error

26 o53 ~.653
27 — li-i G ~ l l46
30 1106 — ~~1l06
32 894 653 773 4.8 ‘0.7
34 715 530 622 4.5 p0.6
35 845 698 771 4.8 ±0.4
3~ 638 — .~~638
4 1 511 380? 445 3 . 2?  ~0. 4

11F3 580 482 531 4.0 ±0.3
PCS 853 p 853 ~ “ 5 . f l

5_ i — 914 914 ~ 5 .5

Level Absent 1- Leve l Present
11 c-il ‘ cclIrrence : Leve l Present  i- —

Abs ent—Level Pres / 

2

— — 
‘- ,

~~~~- - 5 -” ’
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Fi gu re  42 .

Age of  n a n n o f o ss i l  da ta  p lo t ted  versus
cm down core w i t h  s e d i m e n t a t i o n  ra tes
for various depths shown .
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A PPENDIX III

Radioca rbon Age Determinations

Introduction and Principles

The Emiliania huxleyi datum (Appendix II) provides a

means of i d e n t i f ying the 170 , 000—year  level in cores. To

further date cores in the more recent past (40,000 yrs.) radio-

carbon dates were attempted on five cores in the basin . The

radiocarbon dating method presume s a steady influx of cosmic

rays in the upper atmosphere forming the carhon-14, no signifi-

cant carbon isotopic fractionation in the atmosphere or ocean ,

and the maintenance of carbon within the sample after the death

of the o r g a n i sm (Suess, 1956) . Variation in the radioca rbon

calenda r age relationship is introduced by depa r tu r e s  f rom the

above c o n d i t i o n s  hu t  these d i sc repanc ies  are u s u a l l y  not signifi-

cant in terms of the geolog ic time sca le.

~-E’~ l s’, ir ert’ .e~it

Analyses were undertaken ‘by a commercial firm Teledyne

Isotopes Inc . where the sample is converted to CO2 and introduced

into a Geiger counter to determine the emissions which are

proportiona l to the number of radiocarbon atoms present . After

three counting periods , corrections for background , and corrections

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

-— ‘-‘-5’ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

~~~~~~~~~ ~~~~~~ 
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for counting statistics the ages and errors may be assigned

(Teledyne).

Results are shown in Table 9.

TABLE 9

RESULTS OF RADIOCA RBON

AGE DETERMINATIONS

Average
Sample Tota l Age Sediment
interna l CaC03 in Rate

Core cm ± 10% 1000 yrs . cm/100~~ yi~~.

26 142—147 77 >40 ~~ 3.6

30 117-123 N.D. >40 ~ 3.0

36 95—100 63 >40 ~~~

‘ 

2.4

5 123—129 51 ~~40 <3.1

PC 9 203-208 76 >40 ~ 5.1

N . D .  Not Determined.

~~~~~ ~~~~~~~~~~~ ‘ ‘- “- ‘ -.--- ‘ 
,-

~
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~‘1 APPENDIX IV

A Light  Microscope Method for  I n d i c a t i n g  Pa leo-
temperature from Late Cenozoic Calcareous Nannofossils

As nannoplankton live in the photic zone and each nanno—

fossil that accumulates in bottom sediments represents a rela-

tively short t ime — on the order of weeks — in the surface waters ,

examina tion of these o r - i a n  L sms shou ld  provide excellent pa leo—

temperature information. However , many obstacles have hindered

the utilization of this potential. Although sonic nannoplankton

has been cultured many species ’ preferences for nutrients ,

temperature , and salinity are not known in detail . In addition

mechanisms of bottom accumulation and effects of d i s s o l u t i o n  may

affect the record. Finally , recent material must he examined

us ing  an  e lec t ron  micr c- ,’co!.)e wh i ch is t ime  c o n s u m i n g  and expen.sive

i f  a b s o l u t e  abundance  of eac h  species and subspecies  is to be

determ ined. In order to overcome sonic of these difficulties this

appe ndix  w i l l  develop a simple ratio that may be determined by

l i g h t . . microscope and test its utility with respect to detailed

species c o m p o s i t i o n  — temperature information from the Pacific

(Okada u n - i  l’lonjo , 1_ i73)
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Examination of nannofossil sediment assemblages from the

Atlantic (McIntyre and Be, 1967) and correlation of these

assemblages wi th  su r face  water  temperature in the same areas

provides background data for constructing the temperature

preferences of severa l species. In addition examination of

assemblages  from 0-200 m depth in the Pacific (Okada and Honjo ,

1973) yields further information on temperature preference . A

composite plot of the results (Figure 43) indicates those species

that are indistinguishable in the light microscope , Emiliania

huxleyi and gephyrocapsa 
~E•’ 

span the greatest temperature range

while other species genera lly favor warmer waters. Thus , in

cases where other  f ac to r s  as ide  from t empera tu re  do not play a

dominant role , the  ratio of the sum of Emiliania huxleyi plus

Geophyrocapsa ,~
pp versus the sum of the number of individua l

coccoliths of all other species may reflect both present day

sea surface emperature and pa leotemperatures.

In order to test this hypothesis sea surface temperature

and surface water calcareous nannoplankton assemblages from

50°N to 16°S at 155 W in the Pacific (Okada and Honjo, 1973)

were used . In table 10 the ratio:

~~~-‘ m T y ~~ 
- - :~

- •  
, , ,. ‘,~~ ‘- c-,, ~~~~~~~ ~~~~~~~~~, -‘ - -‘-- — ~ ‘-— 
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Fiqure 43.

N a n n o p l an k t o n  tempe r a t u r e  r a i i - i e n  in th e
Atlantic and Pacific compiled frc-~i - :

M c I n t yre  and Be 1967
M c I n t y r e  Be and Roche 1970
Okada and Honjo 1973

In each case the tempe rature is deter—
p i ned b” the  t emp e r a t u r e  of s ur f a c e
water at the t inie in the case of I lank_
ton tows or by a sea s u r f a c e  t e n i pe r a ti ir e
map in the case of  l o t , t on suniples .

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~~~~~~~~~~~~~ —~~~
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Gephyrocapsa spp E m i l i u n i a _ h u x l e y i_ coccol i ths
all other coccoliths

was computed . Then t h i s  ratio was plotted versus latitude along

with the temperature (figure 44). As temperature increases from

12 °C at 50°N to 25 C at 30~ N the ratio falls from over 65 to

around 0.05. The ratio fluctuates between 0.01 and 0.12 while the

temperature increases to around 28 ”C at 9°N. Between 9°N and

16°S the temperature remains at 26.5 - 2 8 . 9  and the r a t i o

fluctuates betwean 1 and 10.

Althoug h the r a t i o  is not d i r e c t l y  r e l a t ed  to t empera tu re ,

i t  does def in e broad reg ions t h a t  can be app l ied to r e l a t i v e

pa I~e’o t. e n-p c r at u rc a n a l y s i s  for  samples  t a k e n  down core. In  a

case whe re t he sea su r f a ce tem pe ra t ure  an d the sediment surface

nan n o f o s s i l  r a t i o  is known s ig n i f i c a n t  d e vi at i o n s  in the r a t i o

nay be used to ind ica te  approx ima to pa lcotenipc r a t  u re change .
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TABLE 10

RATIO OF GEPHYROCA PSA SPP + EMILIANIA HUXLEY I TO
OTHER SPECIES DETERMINED FROM OKA DA AND HONJO (1973)
TOTAL ASSEMBLAGE DATA IN PACIFIC SURFACE WATERS

N G +  Temp.
Let. B. H. Other Ratio °C

50 200 0 — —  12 .1
49 197 3 65.7 12.2
48 194 6 3 2 . 3  12.7
47 189 11 17.2 13.4
46 190 10 19.0 14.1
45 192 8 24.0 15.6
44 158 42 3.8 16.2
41 20 0 — —  19.9
40 153 47 3.3 21.0
36 111 89 1.25 24.0
35 112 88 1.27 23.7
34 30 170 .18 23.4
33 29 171 .17 23.5
32 20 180 .11 24.0
31 8 192 .09 24.3
30 0 200 — — 24.5
29 0 200 — —  25 .1
2c- 1 199 — —  25.4
2t 13 187 .07 25.3
24 1 199 —— 25.7
23 6 194 .03 25.5
22 4 196 .02 2 5 . 5
21 11 189 .06 26 .0
20 26 174 .15 25.8
19 12 1 8  .06 26.0
18 4 196 .02 26.1
17 20 180 .11 26.1
16 27 173 .16 26.4
15 29 171 .17 27.0
13.5 34 166 .20 26.9
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TABLE 10 (continued)

G + Temp.
Let. B. H. Other Ratio °C

12 21 179 .12 27.5
11 11 189 .06 27.6
10 11 189 .06 27.7
8 .75 11 189 .06 28.0
7.5 21 179 .12 28.7
7 51 1,49 .34 28.8
6.5 55 145 .38 28 .8
6 78 122 .64 28 .9
5 .5 83 117 .71 28.6
5 112 88 1.27 27.7
4.5 96 104 .92 28 .0
4 117 83 1.41 26.9
3.5 128 72 1.78 27.0
3 105 95 1.1 26 . ’)
2 . 5 97 103 .94 26 .9
2 103 97 1.06 26.7
1.5 107 93 1. 15 26 .8
1 114 86 1. 3 3 27 .0
0.5 133 67 1.98 27.4
0 156 44 3.54 28. 3

0.5’S 154 46 3.35 27.4
1°S 125 75 1. 67 2e .6
1.5 S 112 88 1.27 26.7
2’
~S 111 8~ 1.25 26.5

2.5~ 5 115 85 1.35 26.5
3~~; 119 81 1.47 27 .9

3.5’ s 99 101 .98 28.1
4~~S 110 90 1.22 27.0
4 . 5 ’ S 94 106 .88 27 .7
5~ S 91 109 .84 27.6
5 .5’S 98 102 .96 27.9
6°s 110 90 1.22 27 .8
6.5”S 88 112 .79 27.8

_ _ _ _ _ _ _  4 . ‘ -  
_ _ _ _ _ _ _ _- ~~~~~~-- 
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TABLE 10 ( c o n t i n u e d )

G + Temp .
hat. E. H. Other Ra t io  “ C

7 5  107 83 .78 28.0
7.5°S °7 103 .94 28.0
8’ S 86 114 .76 28.4
8.5 S 118 82 1.45 28.7
9 S 106 94 1.13 28.4

140 60 2. 33 28. 6
if) 5 92 108 .85 28.4
l1 ”

~. 74 126 .59 28.4
1: 5 10 190 .05 28.7
13 7 193 .04 28.2

1 + ”:: 7 193 .04 28.0
15 °S 11 189 .06 28.3
le ”S 12 188 .06 27 .8

- -5 -~~~~~~

.
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F’ i, -~ u r e  44.

R a t i o  of Ge ophyrocapsa spp. p lus  Em dian ia
hux  Ley i t o o the r  P a c i f ic  su r face  wa ter
ca lcareous  na nn op la nkton species p ’otted
w i t h  tem p e r a t u r e  a g a i n s t  la t  i ,tude . (Data
are from Okada and Honjo , 1973).
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