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ABSTRACT

Geochemical inv:stigations including partition analysis have been
carried out on nine sedment cores from the western equatorial Indian Ocean.
The results show that a core from the Arabian Sea exhibits a greater terrigen-
ous influence than cores from the Somali Basin, and that among the Somali
Basin cores depth appears to influence the variable distributions of metals
in them. Iron. aluminium and titanium appear to be mainly supplied from
terrigenous sources, manganese from authgenic sources. and the remaining
elements from a variety of sources including submarine volcanic activity.
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INTRODUCTION

There have been relatively few investigations on the geochemistry of the
deep sea sediments from the western equatorial Indian Ocean and thus little
has been published on the nature of the chemical constituents of these sedi-
ments, their sources and their conditions of deposition. In order to make a
start on solving some of these problems, nine sediment cores were obtained
during a cruise of RRS Shackleton in the region, in a variety of water depths
and tectonic settings (Fig. 1).

In the western equatorial Indian Ocean, the main potential sources of
elements to marine sediments will include terrigenous detritus, organic
remains, the products of modern submarine volcanic activity from the Carls-
berg Ridge, the alteration of ancient volcanic rocks and authigenic minerals.
The Indus River is a principal source of terrigenous material to the north-
western Indian Ocean, discharging 48 x 10" gm of sediment into the Arabian
Sea (Holeman, 1968), some of which is transported as far as the Carlsberg
Ridge (Seibold, 1972). Wind borne transport of terrigenous material to the
north western Indian Ocean may alsc be effective although Kolla, Henderson
and Biscay (1976} suggest that it is dominant only in the western part.
However, using mineralogical tracers, Goldberg and Griffin (1970) suggested
an aeolian contribution to sediments in the north western indian Ocean from
both the Rajasthan desert and the Deccan Traps in India. while Aston, Chester,
Johnson and Padgham (1973) favoured the Rajasthan desert as the principal
source. As mentioned, a further aeoclian input occurs in the western Arabian
Sea where sediments are derived from the deserts of Somalia and Arabia
(Heezen and Tharp, 1965 ; Goldberg and Griffin, 1970; Kolla, Be and Biscay, 1976).

* Imberial Coiléée of Science & Technology, London, UK,
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fig. 1. Map showing the station locations.

Although the present sediments are largely taken from south of the areas
considered above. these inputs may supply a variable proportion of elements to
them too.

Sinking organic remains will also supply a proportion of the elements to
the western equatorial Indian QOcean sediments, but no quantitative esti-
mates have been made. Likewise, volcanic activity might be expected to
provide a further proportion of the elements in the sediments (Bostrom,
Peterson, Joensuu and Fisher, 1869), most probably through the incorpo-
ration of volcanoclastic material and the alteration products of submarine
basalt, but again, no quantitative estimates have been made. Finally, the
precipitation of minor amounts of authigenic minerals is more or less ubiqui-
tous in deep sea sediments and sometime they comprise a major portion of
the sediments (Bonatti, 1963). Once again, their estimates in western equa-
torial Indian Ocean sediments have not been made.

In the present work, an attempt has been made to obtain estimates of
the various proportions of elements that accrue to the sediments from different
possible sources.

MATERIAL AND METHODS
The analyses used in this paper were performed using atomic absorp-
tion, colorimetric, titrimetric and X-ray Diffraction techniques. Initially, all
samples were analysed after total digestion in hydrofluoric and perchloric acids
for Fe, Mn, Ni, Co, Cu, Zn and Mg using an Hilger & Watts atomic absorp-
tion spectrometer Model H 1550. Al and Ti were determined in all samples
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using colorimetric methods following the method of Riley (1958). Calcium
carbonate content in the sediments was determined titrimetrically using the
method of Muller {1967). The bulk mineralogy of the sediment samples was
studied using a Philips X-ray Diffractometer.

Following the bulk analyses for the element concentrations, selective
chemical attacks were made on the samples chosen from few levels from
each core using an adaption of the leach procedure evolved by Chester
and Hughes (1967. 1969). Three accurately weighed representative subsample .
about 1gm each were obtained from each sample. The first subsample was
leached with 10% acetic acid, added slowly until reaction ceased, stirred
for 4 hours and then filtered. The second subsample was leached with an
excess of mixed acid-reducing reagent consisting of acetic acid and hydroxy-
lamine hydrochloride, stirred for 4 hours and filiered. The third was leached
with 50% hot hydrochloric acid and kept hot for 4 hours prior to filtration.
The dissolved materials were always filtered through previcusly weighed
filter papers and the residues were weighed. The leach solutions were analysed
by atomic absorption spectrometry for Fe, Mn, Ni, Co, Cu and Zn and by
colorimetry for Al and Ti, using standards made up in the same solutions as
samples. The aim of this procedure was to analyse (i) the carbonate mineral
constituents, loosely sorbed ions and interstitial water evaporate solubie in
the acetic acid (/i) all these phases together with the ferromanganese
oxide phases reducible by hydroxylamine hydrochloride ; and (iif) everything
including iron oxide minerals, except the most resistant silicates and alumi-
nosilicates insoluble in hydrochloric acid. Because the chemical attacks
were made on different subsamples of each sample and not sequentially on
individual samples, the portion of each element soluble in HCI but not in acetic
acid or hydroxylamine hydrochloride and the portions soluble in hydroxylamine
hydrochloride but not in acetic acid were obtained by subtraction.

The precision of the atomic absorption and colorimetric analyses of both
bulk samples and leached fractions is better than 10% on the basis of dupli-
cate analyses. The accuracy was checked by analysis of US. Geolaogical
Survey standard rocks.

RESULTS AND DISCUSSION
Sediment lithology. Stratigraphy and Bulk geochemistry

The vertical distribution of the various elements studied in the different
cores are depicted in Figs. 2 to 10 and the range of values as well as the
average concentration of each element in the different cores on both bulk
sample basis and carbonate free basis are given in Table |I. The lithology.
stratigraphy and bulk geochemistry of each core is described below.

Core SH. 1300 (Fig. 2): This core was taken from a depth of 4615 m in
the Arabian Basin and is mainly terrigenous in character with a detrital
content varying from 50 to 64%. It is generally low in biogenic calcium carbo-
nate, decreasing from 30% near the top to 3% at about 30 cm and increas:
ing towards the base. Mineralogically, core SH 1300 is characterised by the
presence of orthoclase as a major constituent with muscovite, kaolinite, mont-
morillonite and aragonite as minor constituents, and illite in trace amounts.
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Fin 2. Vertical distribution of various elements in the core number 1300.

The nannoplankton assemblage in this core places it entirely in the Gephy-
rocapsa oceanica zone of Late Quaternary age.

Iron, titanium and aluminium do not vary significantly down the core
ranging between 3.5-5%, 04-0.5% and 5-7.5% respectively. Magnesium also
varies little being between 2 and 3%. Manganese and nickel show similar
trends, the former decreasing from. about 2500 ppm to 1000 ppm from
the top to the bottom of the core and nickel from about 170 to 100 ppm.
Copper and zinc show some similarities in their distribution in that each one
increases from about 100 ppm at the surface to 160-190 ppm at 10 cm and
then decreases 1o 70-90 ppm at about 20 cm and then increases again at
around 30 cm depth. Cobalt varies somewhat irregularly between 10 and
50 ppm. Titanium varies frecm about 3500-5000 ppm but shows no particular
covariance with the other elements determined.

Core SH. 1305 (Fig. 3): This core was taken in the Somali Basin at a
depth of 4309 m, close to the foot of the Seychelles Bank. The lithology is
quite variable with frequent minor colour changes and variations in texture.
Overall it is calcareous in nature, with CaCQO. varying from about 50% to 85%
averaging about 70% and a detrital content varying from just a few per-
cent to 25%. At 85-89 cm depth, there is a layer rich in terrigenous material
while at 175-200 cm occurs a richly caicareous layer of turbiditic appear-
ance. It may have resulted from siumping of coarse calcareous detritus down
the Seychelles Bank. Mineralogicaliy, calcite is the main constituent with
minor amounts of aragonite, kaolinite, muscovite and orthoclase and bictite.
hematite and goethite in traces. Like core SH 1300 the nannoplankton assem-
blage places the sediments in the Gephyrocapsa oceanica zone of Late Quater-
nary age.
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Fig. 3. Vertica! distribution of various elements in the core number 1305.

This core exhibits significant geochemical variations. Aluminium and iron
show similar trends throughout the core, except the surface layer which is
enriched in iron more than immediately below, but not in aluminium. Titanium
varies somewhat irregularly down the core ranging from 300 ppm upto about
2000 ppm but shows some similarity with the distribution of iron. Manga-
nese and nickel show similarities in their distribution down the core, parti-
cularly in that each is enriched in the sediment just below the surface and
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then vary rather irregularly near the base. Zinc also shows an enrichment
in the sediments just below the surface of the core, but thereafter varies
more widely than manganese and nickel. Copper shows an extreme enrichment
to 270 ppm at about 17 cm, just below the level at which manganese and nickel
are enriched, and thereafter varies between about 30 and 150 ppm down the
remainder of the core. Magnesium averages about 06% down the core
but increases to about 1.0% at 200 cm.

The effect of the calcareous turbidite layer on the composition of the
core is quite clear. Magnesium almost doubles in the middle of this layer,
probably due to the presence of high magnesium calcite. The contents of
Fe, Al. Ti, Cu and Zn decrease within the turbidite.

Core SH. 1306 (Fig. 4) : This core was taken in 3983 m water depth at the,
foot of a seamount to the N.E. of the Seychelles. It is relatively uniform in
appearance with calcium carbonate content varying between about 68 and
88v%, and detrital content of 4-6%. Apart from calcite, it contains orthoclase,
muscovite and kaolinite in small amounts and biotite, hematite and
goethite in trace amounts. It is Late Quaternary in age.

Because of the lithological uniformity, most of the elements in the core
exhibit little geochemical variability (Fig. 4). Aluminium averages about
0.6%, Fe 0.4%, Ti 0.06%, Mn 247 ppm, Ni 21 ppm, Zn 15 ppm Mg 0.28%.
Copper varies more widely but the range is not extreme.

Core SH. 1308 (Fig. 5): This core was taken from the same seamount as

CORE 1306
CaCoyx (%! ALUMINIUM (%) IRON (%) TITANIUM (PPM) MAGNESIUM {%)
50 70 S0 o 2 4 0 2 L) 9 3000 €000 o ! s
e ¢ ~szoTTTT T N
! -t !—? ol \ T !
o | e i
%0 l ® bl 4 1 k y (.
: » I } : 3 }
. . o {
<l L 7
1004 ‘\‘ - -~ i S~ \
) | '} ! l‘
I - 4
1504 ] ) N l \ <7 l (
* J ! '.n ‘\\\. AN
3 J N f” ) i ‘I
z 20 . i : ) I
- MANGANESE (PPM] K.CKEL (PPMj  COFPER (PPM) COBALT {PPM) ZINC (PPM)
x 300 ¢ 60 I z
z 3000 180 0 _ 0 s00¢ 50 o %0 1m0
o NP I y A <
W { <--=* S -l e i >
[=] ! "y |»’ i | hEN .
P
- I i L i i L
Y " P - 1 .
00 > > Rt B
o Co {r/ Y |
J ) : :I ¥ e | — >
1504 ¢ T [ . TR { \ <
I\ ~ L ! : B ‘( / '
H - - : \ 7 . ... . A\ > ~
| - i . i ; -
00 2 H J
BULK  SAMPLE ----CARBCNATE FREE B4SIS

Fig. 4. Vertical distribution of various elements in the core number 13086.
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SH 1306 but at a depth of 3231 m. It is a lithologically uniform calcareous sand
with calcium carbonate content of about 78-87% and a detrital content of
around 4% consisting minor amounts of orthoclase, kaolinite and muscovite,
Like the other cores so far described, it is Late Quaternary in age.

This core shows only minor chemical variations down its length (Fig. 5).
However, Mn, Ni, Cu and Zn exhibit a minimum at about 11cm depth. By
contrast Fe, Co and Mg vary hardly at all.
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Fig. 5. Vertical distribution of various elements in the core number 1308.

Core SH. 1313 (Fig. 6) : This core was taken from a depth of 4404 m in the
Somali Basin north of the seamount where SH 1306 and 1308 were taken,
and consists of a uniform calcareous ooze throughout. Calcium carbonate
content varies from 66 to 82% and it also contains the detrital minerals as
found in other cores other than SH i300 with concentrations between 11 and
20%. It is Late Quaternary in age.

Al and Fe covary quite closely, with Ti showing a similar distribution
(Fig. 6). Mn, Ni, Co and Cu show certain features in common. They all increase
towards the base of the core, as does Zn too. Mg exhibits little over all varia-
tion.

Core SH. 1315 (Fig. 7) : This core was obtained from a depth of 1200 m
on the top of a seamount north of the Seychelles and consists of a foram
sand of relatively uniform lithology. It varies in calcium carbonate content
between about 80 and 97%. Ferromanganese oxide coating of the foram tests
occurs commonly throughout the core. its detrital mineral content is less than
5% and its age has been determined as Late Quaternary on the basis of
Gioborotalia truncatulinoides. Being very high in calcium carbonate content,
this core exhibits low concentrations of most other constituents (Fig. 7). Al
increases in an irregular manner towards the base of the core, Fe and Ti vary
hardly at all, nor do Mn and Cu although they do show a slight increase towards

the base of the core. Mg and Zn exhibit no clear trends whereas Ni peaks about
halfway down the core.
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Fig. 6. Vertical distribution of various elements in the core number 1313.
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Fig. 7. Vertical distribution of wvarious elements in the core number 1315.

Core SH 1318 (Fig. 8) : This core was taken close to SH 1315 at a depth
of 1358 m and also consists of foram sand. It contains about 95% CaCO;
throughout, except for a layer in which it drops to about 65%. Its detrital
content is minimal. Al, Fe and Ti all appear to covary, increasing towards
the base, although Al exhibits its highest value near the middle of the core.
By contrast Mn, Ni and Zn decrease towards the base of the core, Co shows

no clear trend and Al and Cu peaks near the centre of the core where
CaCOy; is lowest.

Core SH 1323 A (Fig. 9) : This core was taken at a depth of 2800 m from
another seamount to the north of the Seychelles. Throughout, it is a calcare-
ous ooze with CaCO; varying from about 77-89%. Its detrital content is
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Fig. 8. Vertical distribution of various elements in the core number 1318.

tow (5-7%) consisting of a similar mineral assemblage to those cores already
described other than SH 1300. It is Late Quaternary in age. Al and Fe
covary in this core as they do in SH 1318 and show a clear minimum bet-
ween about 20-40 cm. Mg also shows a similar trend. By contrast, Mn is the
highest in this interval. The minor elements Ni, Co and Cu vary rather irregu-
larly down the core but show a small peak at about 50 cm, as also does Zn.

Core SH 1323 B (Fig. 10) : This core was taken very close to SH 1323 A on
the same seamount but from a slightly greater depth (2940 m). It also consists
of a calcareous ooze throughout with CaCOs; varying from 80-90% and con-
tains an even smaller detrital fraction (2.4-4%) than SH 1323 A.

It is of particular interest to note that although cores SH 1323 A and B
were taken from very close locations with a difference of 140 m water depth,
they are widely different in age. Core SH 1323 B has been assigned a Lower
Pliocene age on the basis of the presence of Reticulofenestra pseudoumbi-
lica.

Mn is higher in SH 1323 B than in SH 1323 A. Mg and minor elements
appear to exhibit little consistent variation, although Zn peaks with Mn at
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about 21 cm depth. The distribution of Fe, Al and Ti show some features in

common but the covariance between them does not appear to be as close
as in some of the other cores studied.
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Interrelationships among the elements

In order to understand the overall relationships among the various ele-
ments in the cores studied, correlation coefficients have been calculated and
the data is presented in Table Il in the form of a matrix. An analysis of the
data reveals the following trends: (i) Fe, Co and Zn exhibit a significant
relationship with Al while Mn, Ni and Cu do not ; {ii) The covariance between
Mn and Fe is highly significant; (iii) Nickel and Zinc show a significant
correlation only with both Fe and Mn ; (iv) Cobalt shows a significant correla-
tion only with Mn, and not with Fe ; (v) Copper does not exhibit any correlation
with Fe and Mn and (vi) among Ni, Co, Cu and Zn, there is a significant corre-
lation betwezen Ni and Co, Ni and Zn, Co and Cu and Co and Zn, but there
is no correlation at all between Ni and Cu and Cu and Zn.

Table II. Correlation co-efficients between elements in the samples.

Al Fe Mn N. Co Cu Zn
Al 1.00
Fe 0.8436"" 1.00
Mn 0.1814 0.3455*" 1.00
Ni 0.0169 0.2566"" £.3947"" 1.00
co - 0.2550 0.1063 0.2795"~ 0.5353"° 1.00
Cu 0.0610 0.1179 0.0104 0.0042 0.3t 1.00
Zn 0.4129°° 0.5832°" 0.2496" 0.6539"" 0.2549* 0.1527 1.00

Degrees of freedom : 104, *° Highly significant 95% " Significant 85%.

PARTITION ANALYSIS
Using the methods described earlier in this work, all the cores have been
subjected to gecchemical partition analysis. Partition values for each of the
elements in each core are given in Table Il

fron : Iron is mainly present in the HCI soluble and insoluble fractions of
the sediments where it is likely to be present in iron oxides, clays and resist-
ant detrital minerals. It is more concentraied in the HCI solubie fraction of cores
1300, 1305 and 1313 than in the HCI insoluble residues whereas the reverse
is the case in the remaining cores. It does not occur to any significant extent
in the acetic acid soluble carbonate fraction of the sediments, and is

present in only minor proportions in the acid reducible ferromanganese oxide
fraction.

Manganese : With tha exception of cores 1323 A and 1318, the bulk of the
manganese in all the sediments is housed in their acid reducible ferro-
manganese oxide fraction. In core 1323 A, a greaier portion of the very low
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manganese content is present in the acetic acid soluble fraction, where it may
occur partly as coatings on the carbonate tests which have been dissolved
by the action of the acetic acid. In core 1318, it is more evenly partitioned
between the different phases of the sediments. Manganese is present in
variable but minor concentrations in the HCl soluble and insoluble fractions of
most of the sediments, where it probably occurs in lithogenous phases.

Nickel : The partition of nickel is variable between the different cores
studied. In core 1300, the bulk of the relatively abundant Ni present is mainly
held in the HCI soluble fraction where it is probably associated with oxide and
clay minerals, with subordinate amounts associated with the acetic acid
soluble and HCI insoluble fractions. By contrast, in core 1305, it exhibits a more
even partition between these three fractions. In cores 1313 and 1318, most of
the nickel is present in the HCI inscluble residue where it is probably
present in the resistant detrital phases, while in other cores, significant
amounts are held in the acetic acid soluble fraction, with minor amounts in
the HCI soluble and insoluble fractions. Surprisingly, apart from a few discrete
intervals in some cores, Ni is not present to any significant extent in the acid
reducible ferromanganese oxide fraction of the sediments indicating that its
frequent association with ferromanganese oxide wminerals (Chester and
Hughes, 1969 ; Cronan, 1976 and others) is not seen in the present cores.

Zinc : In contrast to Ni, Zn is concentrated to a large extent in the acid
reducible phases of the sediments, with subordinate amounts associated with
the HCI soluble fractions and HCI insoluble residue. It is not associated with
the acetic acid soluble carbonate fraction to any significant extent.

Copper : A major portion of the Cu is contained in the HCI insoluble
residue of the sediments where it is probably present in detrital minerals.
This is particularly so in cores 1305, 1306, 1308, 1313 and 1323. Greater
amounts of the remainder of the Cu are associated with the acetic acid soluble
carbonate fraction.

Aluminium :  Most of the Al in all the cores is concentrated in the HCI
soluble fraction where it is likely to be present in the clay minerals. The
second largest proportion of Al in the cores is in the HCI insoluble residue
where it probably occurs in the more acid resistant fraction of clay minerals
and aluminosilicate minerals. Insignificant amounts of Al are associated with
the acetic acid soluble and acid reducible phases.

Titanium :  Like Ni, Ti shows no consistent partition pattern between
the different cores. In cores 1300, 1305 and 1313, the highest proportion of Ti
is present in the HCI insoluble residues, with lesser amounts in their HCI solu-
ble fraction. Whereas there is an appreciable amount of Ti in the acetic acid
soluble fraction of core, 1305, the same is not found in cores 1300 and
1313. Only minor amounts of Ti are generally present in the acid reducible
fraction of these three cores. In core 1306, Ti is present largely in the acetic
acid soluble and HC! insoluble fraction. In cores 1318, Ti is present in the acid
reducible fraction and the HCI insoluble residue, with undetectable amounts
in the other two fractions.
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Table lJl. Partition analyses.
Aluminium % Iron % Manganese ppm

A B C D E A B C D E A B C D E
SH-1305
0-5 123 7.2 0.08 919 08 1365 03 35 606 355 830 20.5 650 36 108
8-12.5 135 6.8 0.5 6841 244 1116 0.1 27 69.4 279 3000 95 268 403 233
15-17 09 7.7 — — — 0934 06 49 796 148 524 233 378 19 27
50-53 1143 25 14 788 17.7 0696 03 5.0 742 205 590 37.3 406 122 98
655-70 257 23 23 813 14 2.25 0.1 39 738 222 1200 21.0 555 216 1.7
76-80 167 29 77 70 25 1375 041 23 798 17.8 616 425 286 286 03
85-90 022 &8 8.6 —_ — 0.152 0.9 9.7 354 539 428 523 322 159 05
03-97 2.31 19 1.3 78.8 182 1958 0.t 1.4 75.2 23.27 1175 309 116 7.2 76
t14-116 386 1.2 23 839 127 25 044 244 775 200 1205 216 550 187 46
139.5-14351983 25 13 777 186 1.46 007 21 824 149 326 380 31 356 245
162-167 1.71 i.5 1.9 78.9 175 1.32 012 29 79.2 17.7 820 46.7 11 456 6.5
190-195 032 ND 159 — — 0126 14 80 48 833 166 77.0 — 120 108
206-211 211 74 — — — 18 0.1 2.6 850 12.2 820 69 485 338 116
22-232 116 3.0 1.7 944 08 0872 02 24 53.0 443 1230 426 03 562 08
244-248 117 3.0 24 460 478 0894 0.2 7.1 7.1 177 566 526 180 232 1.1
SH 1306
45-95 056 114 2.3 — — 04420 084 975 027 8914 218 234 546 09 21.
23.5-28 049 24 28 590 346 03880 0.2 47 335 66.6 1886 223 372 14.9 25.5
87-92 054 41 2.2 77.0 166 03980 03 8.2 1.3 903 440 159 595 139 109
1725177 058 3.3 50 810 10.0 04620 03 194 08 794 276 19.2 583 183 1441
SH-1318
9-14 023 22 3.5 — — 00750 1.3 59 48 880 38 342 184 36.8 105
SH- 1313
9-11 139 386 0.4 78.4 17.3 1.0800 4 2.3 826 13.7 666 303 36 50.1 09
29-31 126 71 — 48.0 44.0 0.9650 3 4.5 109 843 422 178 538 78 206
55.5-575 — 0046 0.032 182 — — — — — — — — — —
SH-1300
6-10 54 09 08 670 313 48 02 31 845 12.2 2135 245 668 178 02
33 36 7.2 038 14 551 426 54 0.2 4.8 a3.2 1.9 3260 14.0 86.0 — —
40 44 514 0.7 1.2 692 289 5025 03 3.7 93.5 2.5 1380 239 366 395 —
SH-1323A
8-10 079 42 6.3 87.3 25 045 05 164 16 829 48 479 271 25 —
48--50 0.61 2.1 2.7 688 26.2 0.408 0.2 4.2 16.0 796 40 65 i5 20 -—
79-815 058 2.1 4.1 58.6 344 0445 06 7.0 72 852 56 625 89 25 36
SH-1308
25-75 057 65 19 474 438 0368 14 159 53 774 200 175 765 50 i
36-40 139 20 1.1 352 618 0.567 05 74 85 840 298 161 57.7 134 128
SH-1323B
16.5-185 105 1.2 3.4 — — 08622 03 — — 501 1420 39 947 1.4 —
37--39 134 09 24 336 634 0546 0.8 — — 16.3 654 104 486 410 —
43-44 1.08 — — — — 0546 0.1 3.1 75.2 2.7 620 134 195 621 4.8
SH-1315
3-7 0.15 187 18.0 NIL 66.7 0.092 96 — — 783 200 27 50 2.0 3
19-21 015 53 213 NIL 733 0.t56 49 —_ — 8041 200 36 59 25 25
30-32 026 341 17.3 NIL 80.7 0.15 77 — — 773 234 325 611 04 6.0

A = Bufk Sample, B = Acetic Acid Leach, C = Acid Reducing Mixture,
D = Hot 50% HCI, E = Acid Insolubles.
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Titanium ppm

A B Cc D E

924 16.2 34 127 577

924 200 — 122 677
1073 8.8 21 103 787
775 24.6 8.0 58 615
1759 39 83 183 695
1282 38 89 199 675
387 — — — —
1759 101 01 271 6238
1908 71 18 317 5838
1490 55 6.5 79 800
1371 4.9 61 280 609
828 329 106 109 454
1580 — 132 57 792
894 12.1 1.1 — 867
894 — 4938 35 466
477 51.4 — — —
507 53.6 — — —_
596 414 — 588 —
715 30.5 — 15 68.0
268 — 597 — 403
984 55 129 240 576

1043 13.0 22 190 658

3339 238 i6 437 518
3994 —_ 3.1 422 517
3137 — 49 279 670

447 183 483 76 257
507 215 — — 272
596 228 161 610 —

715 172 354 390 84
536 33.0 24 535 110

775 106 431 695 —

775 — 769 7.7 154
596 9.1 607 302 —
596 — 416 418 —
17 259 336 376 29

298 — 601 138 262

23

Nickel ppH\
A B C D E A B
65 369 — 215 415 155 168
100 20 8 48 24 139 223
32 269 428 7.7 234 270 70
44 364 68 159 409 B0 163
79 9228 164 430 17.7 125 136
56 214 18 732 36 130 115
3 444 55 31 388 83 146
74 229 —. 446 324 158 174
76 171 145 303 316 101 208
44 9205 90 614 318 60 187
5o 280 80 340 300 59 288
29 552 69 688 310 74 135
50 280 160 400 16 157 115
46 435 456 22 87 123 203
32 313 156 438 94 97 165
34 706 88 59 147 100 17
26 538 192 77 192 98 133
44 408 91 227 273 116 172
44 409 136 91 364 137 133
30 20 167 67 - 567 139 29
64 188 63 281 468 89 663
§5 255 91 55 60 79 19.0
143 189 07 657 147 189 74
185 162 238 551 49 153 144
104 77 106 625 192 102 118
18 184 289 79 447 22 227
37 324 189 189 297 28 250
26 500 162 38 162 31 411
28 607 178 36 179 87 207
36 444 277 138 138 8 174
36 416 83 444 55 166 6
34 441 284 294 — 170 82
46  65.2 — 174 174 160 11.3
16 500 - = — 18 277
34 412 285 — 324 130 7.7
22 636 364 — — 148 95

Copper ppm

C

11.0
3.6
1.1

18.8

248

115
34
1.9

337

217
1.7

204
24
6.2

71
43
219

0.7

1.1
114

216
458
36.3

50.0
71
3.2

204
10.5

3
24
1.3

D

18.7
1.5

27.2
13.8

4.5
316
386
45.0
54.2
460
18.4

33
144

41
09
29

0.7

15.7
215

338
34.6
216

143
258

23
93

42
24
3.1

E

723
55.4
90.4
65.0
344
63.1
77.5
49.4
6.9
16.7
15.3
405
450
740
629

74.0
75.5
77.6
62.0

95.7

16.9
48.1

370
5.2
304

53.6
29.0

66.7
628

86.7
87.1
844

Values in Columns B.C.D,E-are”'i'n % of-_th.e_toté-l“samples, ie A.
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Table 1fl — Continued

Zinc ppm Cobalt ppm Calcium %

A B C D E A B C D E A B E

SH-1305

0-5 39 256 128 436 179 16 438 562 12 — —
8-12.5 52 385 58 250 308 7 57.1 429 312 955 45
15-17 45 133 644 156 67 4 1000 — 312 846 154
50-53 49 122 591 — — 10 700 300 344 834 116
65.5-70 80 25 425 20 35 10 500 500 240 958 42
76-80 49 41 694 163 102 10 400 60.0 280 814 188
85-90 0 — — — — 10 1000 — 36.8 76.1 239
93-97 69 29 14 550 275 14 429 57.1 260 923 77
114-1186 — — — — — 13 308 538 280 857 143
139.5-1435 48 21 292 458 229 10 700 30.0 268 746 254
162-167 45 22 511 222 244 22 454 448 304 868 13.2
190-195 — — — - — 18 222 778 376 840 16.0
206-211 59 1.7 492 203 288 14 286 714 240 100 —

22-232 60 33 417 350 200 — @ — — 312 833 167
244-248 36 28 500 472 — 16 18.75 8125 328 81.7 183
SH 1306

45-95 19 105 — 895 — 13 615 385 352 82.95 17.05
235-28 31 65 871 65 — 10 90 10 376 723 277
87-92 - — — — — 10 100 — 360 844 158
172.5-177 19 158 526 158 158 9 100  — 312 89.7 103
SH-1318

9-14 5 20 8 20 — 8 100 — 336 774 226
SH-1313

9-11 39 154 846 — — 14 50 50 304 947 53
29-31 37 54 351 216 378 14 428 572 340 941 59
55.5-57.5 - - = = = = = — = =
SH-1300 .
6-10 163 12 926 43 18 10 30 70 14 771 229
33-36 140 14 371 443 171 18  — — 24 833 167
40-44 120 08 792 50 150 14 357 643 - = -
SH 1323A

8-10 18 55 841 55 — 7 714 286 304 918 82
48-50 29 69 458 345 138 18 555 444 336 952 48
79-81.5 88 136 455 9.1 318 13 538 462 344 895 105
SH-1308

25-75 22 182 318 9.1 409 12 666 334 384 844 156
36-40 18 166 444 277 111 —  — — 320 975 25
SH- 13238

16.5-18.5 35 29 429 — — 14 571 429 360 944 56
37-39 18 55 833 111 — 20 400 600 352 955 4.5
43-44 24 - 500 208 292 f6 500 500 352 932 6.8
SH 1315 :

37 8 500 500 370 876 124
19-21 20 700 300 392 888 112

'30-32 14 500 50.0 368 870 130
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Calcium : As would be expected in carbonate rich sediments such as
the bulk of those analysed here, calcium is largely present as calcium carbo-
nate soluble in acetic acid. However, in most of the samples analysed, some
smaller fractions of it is present in other phases of the sediments.

The data presented here facilitate discussion of the sources of the ele-
ments determined to western equatorial Indian QOcean Sediments. A recent
study on the mineralogy of surface sediments from the Arabian Sea by
Kolla, Kostecki, Robinson and Biscay {1981) has highilighted the main sedi-
mentary origins of the non-carbonate deposits in that region. All but one of
the cores described in the present work were obtained from just to the south of
the area considered by Kolla, Kostecki, Robinson and Biscay {1981), but, based
on information on their nearest samples, would appear to be beyond the influ-
ence of local terrigenous sources of elements. Smectite, quartz, chlorite and
palygorskite of continental derivation are all low in the northern egquatorial
belt of the western Indian Ocean and illite and kaolinite of distant contin-
ental derivation appear to be the main clay minerals present.

It is evident from the data given in the present work that there is a
variability in the cores described. The core from the Arabian Sea for example,
is different from the Somali Basin cores, which also shcw some differences
among themselves. However, not only are bulk compositional variations obser-
ved between the cores, but there are variations in their partition characteri-
stics too. Manganese for example, which is normally present in the form
of acid reducible ferromanganese oxides in the sediments is both considerably
reduced in average abundance in core 1323 A relative to its content in most
of the other cores and what little Mn that is present is largely in the acetic
acid soluble fraction. Likewise in core 1318, Mn is again much jower than
average and again only a minor part of it is present in the acid reducible
fraction, but unlike in core 1323A, the bulk of it is not associated with the
acetic acid soluble fraction. The single largest portion of the Mn in this core
is in the HC! soluble fraction. Similarly, Ni is present largely in the HCI soluble
fraction of the sediments in core 1300 from the Arabian Sea whereas in the
Somali Basin cores, it tends to be more evenly partitioned between the different
fractions of the sediments or concentrated in the HCI insoluble residue or in
the acetic acid soluble fraction. Geochemical variations such as these reflect
differences in the nature of the constituents supplied to the different sedi-
ments, and will be considered in more detail below :

In order to gain some insight into possible terrigenous sources of
supply of elements to the sediments described here, the geochemical data
obtained in this work have been compared with data on sediments from the
western margin of the Indian sub-continent. These sediments are mainly
terrigenous in origin (Kolla, Kostecki, Robinson and Biscay, 1981), and if they
contain a substantial aeolian component could be taken to reflect the compo-
sition of at least part of the terrigenous component of the deep sea sediments
considered here, even though all the terrigenous material in the present
cores may not necessarily have been supplied from the same source as in
the indian continental margin sediments. No comparable data are available on



26 MURTY et. al

Table IV. Ranges and average concentrations of various elements in
the sedimenis of the western continental shelf on bulk
samples basis and carbonate free basis.

A B

1 2 1 2
Al%s 0.02 109 0.17-11.94 4.44 £.04
Fe% 0.38-7.73 2.25-12.72 426 6.52
Ti ppm  500-11500 2700~11200 4200 6600
Mn ppm 27-1466 128--3895 491 766
Ni ppm 18-365 21-744 90 146
Cu ppm 6-218 25-575 90 156
Zn ppm 2-158 11-366 6 105

Co ppm 3-57 3-766 22 55
A (1) Rangié of values in the bulk samples.
(2) BRange of values on carbonate free basis.

B (1} Average value in the bulk sample.
{2} Average value on carbonate free basis.

Table V. Average concentrations in the Indus shelf and western con-
tinental slope sediments.

Western Continental
slope sediments

Indus Shelf Sediments

Elements Bulk Sample Carbonate Bulk Sample Corbonate
Free Basis Free Basis
1 2 1 2

Fe 3.69% 4.88¢% 3.19% 5.82%
Mn 543 ppm 720 ppm 2435.ppm 4542 ppm
Ti 0.37 0.47% 0.35% 0.59%
Ni 107 ppm 173 ppm 168 ppm 303 ppm
Cu 43 ppm 55 ppm 91 ppm 181 ppm

Zn 201 ppm 252 ppm 206 ppm 395 ppm

African continental margin sediments which can be used for comparison, nor

have shipboard samples of aeoiian dusts been collected from the region. (Ches-
ter — personal communication, 1983).

A good deal of information is available on the distribution of CaCO;
and elements such as Al, Fe, Ti, Mn, Ni, Cu, Co and Zn in the sediments of
the western continental shelf and slope of India, and of the Indus shelf (Marchig,
1972 ; Rao, Rajamanickam, Murty and Reddy, 1976; Rao and Setty 1976; Murty,
Rao, Paropkari and Topgi, 1978 ; Rao, 1978 ; Borole, Sarin and Somayajulu,
1982). Average concentrations of elements computed from these cited litera-
ture in surface sediments from (i) the western continental shelf of India, (ii)
the Indus shelf and (iii) the north western continental slope of India are given
in Table 1V & V. Comparison of these average values with that of the data

obtained in this work (Table |, IV & V) shows a number of features of interest,
as detailed below :
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With respect to the western Indian continental shelf sediments, on a
bulk sample basis, there is considerable enrichment of Mn in cores 1300,
1305, 1313 and 1323B, and of Ni and Zn in core 1300. When the data are
recalculated carbonate free, the Mn is enriched in cores 1300, 1305, 1306,
1308 and 1313, 1323B, 1315 ; Zn in cores 1300, 1305, 1308 and Co in cores 1315.
1318 and 1323B. There are no enrichments of other elements in the present
cores relative to those from the western Indian continental shelf.

With respect to the Indus shelf sediments, on bulk sample basis, Mn
is enriched in cores 1300 and 1305 and Cu in core 1300. On a carbonate free
basis, Mn is enriched in all the cores except 1318 and 1323 A, Cu in all
the cores except 1315 and 1323A, and Ni in 1315, 1348 and 1323B. There is
practically no enrichment of Fe, Ti and Zn in the deep sea cores relative to
Indus shelf sediments.

On bulk sample basis, there are no enrichments of any of the elements
determined in the present cores relative to their values in sediments from the
western continental slope of India. However, on a carbonate free basis, Mn is
enriched in cores 1315 and 1323B and Cu in cores 1305, 1306, 1300 and 1313.

It is evident from these comparisons that the elements Fe, Ti and Al are
not enriched in any of the deep sea cores relative to the Indian continental
margin sediments. As mentioned, the non-carbonate fraction of the latter has
been shown to be largely lithogenous in origin (Kolla, Kostecki, Robinson and
Biscay, 1981) and thus lithogenous sources probably also supply much of the
Fe, Al and Ti to the present deep sea sediments. This conclusion is borne out
in part by partition analyses. Partition analyses also supparts a lithogenous
source for Fe and Al which are largely concentrated in the HC! soluble and
insoluble fractions of the sediments. The partition analyses, which show that
although Ti has a variable partition from core to core and it is predominantly
associated with the HC! soluble and insoluble phases, supporting its pro-
posed lithogenous association.

In contrast to Fe, Ti and Al, manganese is enriched to a greater or
lesser extent relative to the Indian continental margin sediments on a carbo-
nate free basis in most of the deep sea cores studied here. This suggests a
source of manganese in these sediments additional to lithogenous sources.
This supposition is confirmed by the partition analyses, which shows most of
the manganese to be present in the acid reducible fraction in which it will occur
as authigenic ferromanganese oxides. Even where the bulk of the Mn is
present in the acetic acid soluble fraction of the sediments, as in core
1323 A, it is probably still largely present in ferromanganese oxides as
coatings on carbonate tests, although some substitution in the carbonate
lattice is also possible.

Other elements exhibit a rather variable behaviour between the different
cores studied. Ni, for example, is only enriched in some of the cores relative
to western Indian continental shelf and Indus shelf sediments and not at all
relative to the Indian continental slope sediments. This seeming lack of a non-
lithogenous Ni enriched phase in most of the sediments is borne out by the



28 MURTY et. al

partition analyses which shows that Ni is not contained to any appreciabie
extent in the acid reducible ferromanganese oxide fraction of the sedimenis.
Its variable behaviour between the cores studied would tend to suggest a
background lithogenous source for this element, superimposed on which are
variable contributions from other sources from core to core.

Copper tends to be enriched on a carbonate free basis relative to Indian
continental margin sediments in a greater number of the present cores than
Ni. However, there is no evidence from the partition analyses of it being
housed to a major extent in the authigenic ferromanganese oxide phase, sug-
gesting some other non-continental source or sources for this element. Much
of the Cu is housed in the HCI insoluble fraction of the sediments, where the
background  lithogenous  contribution of continental derivation may be
augmented by Cu contributed by volcanoclastic material derived from within
the western Indian Ocean and which could also be supplying a portion of the
other elements present. Many of the Somali Basin cores were collected
adjacent to a range of volcanic seamounts, thought to be presently inactive
but which could supply material to the sediments on alteration and slumping.
The significant amounts of Cu associated with the acetic acid soluble fraction
of the sediments is likely to be contributed by organic processes.

Unlike the other minor elements, Zn is present in significant proportions
in the acid reducible phases of the sediments described here, suggesting
that at least part of it is housed inauthigenic ferromanganese oxides. How-
ever, Zn shows only limited enrichment in the sediments over its contents in
the western Indian continental margin sediments and so the likelyhood of
major authigenic precipitation of Zn is small.

The major geographical differences between the cores occur between
1300 from the Arabian Sea and the remainder. This core is markedly
enriched in detrital constituents relative to the remaining cores on a non-carbo-
nata free basis and also differs from most of them compositionally on a
carbonate free basis, being high in Fe. Al and Ti. This would suggest that it
is receiving a significant terrigenous input, most probably from the Indus River
system and adjacent areas (Kolla, Kostecki, Robinson and Biscay, 1981). Signi-
ficant chemical differences also occur between some of the remaining cores
examined in this work. The shallow seamount cores 1315 and 1318 are
depleted on a carbonate free basis in Mn, Fe, Al Ti, Cu and Ni relative to the
deeper water seamount cores and those from the Somali Basin.

This may partly be a reflection of the incorporation of volcanic altera-
tion products in the deeper cores which have slumped from the seamounts.
Cores 1323A and B, also collected from seamounts but at depths greater
than 1315 and 1318 are somewhat depleted in Fe and Cu relative to the deeper
water cores, but not to the same extent as 1315 and 1318.
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