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INTRODUCTION

In February-March 1965, a series of piston cores were taken aboard ATLANTIS Il
off the coast of Arabia, Pakistan, and India (Figure 1) in water depths of about 3, 000
meters. The principal objectives of this program were (a) to obtain information on the
change in petrology of the sediments as a function of geography and depth (b) to study
the microfauna in the sediment profiles, and (c) to apply geochemical tools for the
elucidation of the diagenetic fate of the organic matter and the history of the sediments.
This article presents data on the geochemical part of the project. Principally, we are
concerned with the oxygen and carbon isotope distribution-in carbonates, the carbon isotope
composition of sedimentary organic matter, and the amino acid composition of the sediment
material. These studies represent a part of a larger program at our Institute which is
concerned with the distribution of (a) stable isotopes and (b) organic compounds such as
amino acids, carbohydrates, or hydrocarbons in recent and ancient sediments, natural

waters, and marine organisms.



BACKGROUND INFORMATION

Geology

Most of the petrographical work on the Indian Ocean sediments (Konta, 1968) has
been done on three piston cores (PC 17~19). These cores also were selected for the geo-
chemical studies. Their geographical position is shown in Figure 1.

Interpretation of the data require a brief presentation of the geology of the prospective
source area from which the sediment deiritus in PC 17 to PC 19 has been derived.

Four areas can be considered as provenance for the continental defritus:

(o) the drainage area of the Indus,

(b) the Masqat region which borders the Gulf of Oman in the west,

(c) the small river system in the coastal areas of southern Persia, and

(d) the Mirbat region at the southern coasi of Saudi Arabia.

The geological hinterland of the Indus (Tibet and Kashmir) is principally composed of
acid intrusives and early Paleozoic and Precambrian sediment formations (Dir. Geol. Surv.
India, 1959). Also some late Mesozoic sediments are exposed. Recent and post-glacial
sediments, however, constitute the only deposits for the final 800 miles of the Indus to the
colst,

The Masqat region contains sandstones, marls and limestones from the Triassic to early
Tertiary, as well as two large isolated exposures of Paleozoic limestones, dolomites and
shales. Of special significance in this context is the occurrence of the rather extended
Semail igneous complex of Cretaceous/Tertiary age and its thermal effects on the sedimentary

carbonates in terms of isotope re-equilibration. (U. S. Geol. Surv., 1963).



With exclusion of the Paleozoic sediments, the same rock formations exposed in the
Masqat region are present in the coastal areas of southern Persia.

The Mirbat region is geologically outstanding in that aside of the early Tertiary and
Cretaceous sediments exposed in the southeastern part of Saudi Arabia, outcrops of

LY

Paleozoic sandstone and of Precambrian gneiss and schist are found (U. S. Geol. Surv.,

1963).

Physiography

In Figure 2, a generalized map of the sea floor topography in the northern part of the
Arabian Sea is presented (after Heezen, 1964). The Oman basin is clearly separated from the
main stream of the deltaic deposits of the Indus by a sea mountain range; PC 17 is located
in the deepest spot of the Oman basin about 50 miles offshore Masqat. On the other hand,
PC 18 is centrally positioned in the Indus discharge area, while PC 19 is outside the main

submarine delta of the Indus but still in the influence sphere of the river.

Petrography

Mineralogically, the sediments of the three cores differ in the following way
(Konta, 1968). The amount of carbonate is highest in PC 19 (~55%), intermediate in
PC 18 (~40%), and lowest in PC 17 (~#15%) (Tables 1 to 3). Whereas high magnesium
calcite and some dolomite is present in varying amounts in PC 17, the carbonates in PC 18
and PC 19 are principally low-magnesium calcites derived from foraminifera and coccoliths.
Some aragonite has been found in all three cores. In PC 17, foraminifera and coccoliths

are virtually restricted to a few thin layers and are rarely found in the bulk of the sediment



material. Mica and chlorites are highly abundant in PC 17 but present in only medium to
small quantities in PC 18 and PC 19; the highest degree of crystallinity is observed in the

PC 17 samples. Montmorillonites are moderately (PC 18) to highly (PC 19) abundant; in
contrgst, no montmorillonite is present in PC 17. Quartz and well-preserved feldspars
(K~feldspar and acid plagioclase) make up a larger portion of the insoluble residue in

PC 17 compared to the residue in PC 18 and PC 19. The content of organic matter increases
in the order PC 17 (=~0.5%), PC 18(~1.0%}, and PC 19 (=~ 1.5%].

In summary, the sediments of PC 18 and 19 are petrographically related, while the
sediments of PC 17 are distinctly different from PC 18 and PC 19 in many aspects.

In PC 18 and PC 19 the carbonate fraction is virtually composed of foraminifera and
coccoliths. The variation in the O18 content of the carbonates is most probably a resul
of the change in water temperature.

The amount of chlorite and dioctahedral mica decreases with distance from the mouth
of the Indus, i.e. from PC 18 io PC 19, whereas monimorillonite increases in the same
direction. This factor may be attributed to a preferential settling in the sense that in
PC 18 chlorite, mica, and quartz became preferentially deposited, whereos with the pro-
gressive distance from the Indus outlet more and more montmorillonite could settle to the
bottom of the sea. The differences in the raie of deposition between the two cores would
support this inference. On the other hand, there is the possibility that some diagenetic
readjustment has occurred in the sense that montmorillonite has been diagenetically
generated from other clay minerals. Yet, the preferential settling mechanism appears fo us
the most likely incident leading to the observed distribution pattern of the sedimentary

matter,



In addition to detritus from the Indus, which are mainly fine clay particles, some of
the sediment material in PC 19 must have come from local outcrops exposed in the Marbat
area. Based on petrographic evidence (Konta, 1968), layers highly enriched in coarse
quartz and feldspar material co-exist or are interlayered with montmorillonite and carbonate
bands. It is tentatively proposed that similar to the Oman basin, periodic rainfalls have
occasionally contributed local detritus tothe Arabian Sea, hereby competing with the fine
detrital material (e.g. montmorillonite) derived from the Indus or with the biological

carbonates derived from the sea.

STABLE ISOTOPES

The organic carbon in the sediments was converted to carbon dioxide and subsequently
purified of any contaminating gas in the combustion system following ‘a procedure outlined
by Craig (1953) and Sackett and Thompson (1963). The carbonates in the sediment were
prepared for isotope analysis by the method of McCrea (1950) which involves the acid
decomposition of carbonate by 100 per cent phosphoric acid at 25°C. The isotope data
are reported as per mil deviation relative to the PDB Chicago belemnite standard
(Craig, 1953; 1957):

8C13 = (R -1) x 1000

s
R = C13/C12 ratio in sample

Rs = C13/C12 ratio in the standard.



Appropriate correction factors described by Craig (1957) were applied. & 0'8 data are
defined in similar terms.

The bulk of the carbonate in PC 18 and 19 is foraminifera. Assuming that the shell
material has been formed in isotopic equilibrium with the sea, the & 018 data reflect water
surface temperatures in the range of 23°C (§ O18=-15¢) to 17°C ©0l18 = -0.24)

(Tables 1-3). Three highs (surface, 250 and 600 cm), and two lows (450 and 950 cm)

can be observed in PC 18, whereas two highs (surface and 400 cm), and two lows (250 and
650 cm) can be recognized in PC 19. It is tentatively suggested that the first two highs
and lows are stratigraphically correlated which implies that the rate of deposition is less

in PC 19 relative to PC 18 by about 40 to 50%. This assumption conforms with the
petrographical evidences such as the lesser abundance of mica and quartz, and the higher
yields in carbonate, montmorillonite, and organic matter in PC 19 compared to PC 18.

It is noteworthy, that the § C13 in the combustible organic matter is uniform throughout

PC 18 and 19 with an average & c'3valve of -19.54,. Diagenesis thus has not isofopically
modified the organic debris. In general, marine organic matier becomes progressively
lighter eventually approaching & C13 values of =25 to -26%, These light values, however,
have been shown in the JOIDES cores to occur at depths exceeding 100 meters (Hunt, 1967).

In contrast to the relative normal isotope distribution in PC 18 and 19, the 6-values
for the carbonates in PC 17 suggest a different source and origin of the sediments in general.

The carbonate material in the sediments of PC 17 is isotopically light especially
regarding its 018/016 ratio. Such values are commonly found in Paleozoic and Precambrian

marine rock formations (Degens and Epstein, 1962). They are rarely observed in



geologically younger marine carbonates except when they are hydrothermally altered or
metamorphosed. Fresh water limestone which is also isotopically light can be excluded
as a potential contributor in this case.

It is interesting to observe that wherever we have high & o018 values, i.e. at 350,
550, and 675 cm respectively, foraminifera are highly abundant. This phenomenon can
be attributed to differences in deposition rates. Namely, in case the influx of continental
detritus is reduced due to climatical circumstances (slow rate of deposition), there is more
time available i"or the accumulation of sizable amounts of foraminiferal tests. Consequently,
the layers of foraminifera may be used as a criterion for estimates of fluctuations in the
detrital load of the rivers discharging into the Oman basin, and may allow insight into
the pluvial history of the surrounding area.

At present the annual rainfall in the coastal areas of Oman, southern Persia, Pakistan,
and Saudi Arabia is less than 10 inches per year. Consequently, only the Indus is a
main contributor and constant source of continental debris presently discharged into the
Arabian Sea. However, periodic rainfalls are observed throughout the area which may
fill the Wadis and discharge the detritus into the open sea. Many such pluvial incidents
have occurred during historic and prehistoric times. The extension and duration of an
individual pluvial period as well as the frequency of such incidents are not.known.

Isotopic and petrographic data clearly show that the bulk of the sediment material
in PC 17 is derived from a different source than in either PC 18 or PC 19. The Indus
can definitely be excluded as a major source of the sediment material in PC 17 in contrast

to PC 18 which has solely derived its continental detrifus from this river. Instead, the



defrital sediment material in the Oman basin has principally come from the Paleozoic to
Tertiary sediments and Cretaceous/Tertiary igneous complex exposed in Oman and southern
Persia. Based on isotope evidence, the bulk of the carbonates in PC 17 represents re-
crystallized fossil limestone material. As previously mentioned; there are occasional
interstratifications of foraminifera beds throughout PC 17, and these beds
coincide with ‘am increase in OB in the carbonate material. The most plausible
interpretation for this phenomenon is to postulate periodic fluctuations in the amount of
continental detritus carried by the river into the sea. In pluvial times, the detrital dis-
charge was heavy and in turn the rate of deposition fast; in contrast, during inter-pluvial
times little or no sediment debris was carried into the ocean and consequently the
foraminifera had abundant time to accumulate in sizable amounts at the sediment/water
interface.

We presently do not know the time intervals involved between pluvial and non-

pluvial times although we are planning to date some of the cores.*

AMINO ALIDS

The sediments were treated following a procedure outlined by Degens and Reuter
(1964). Principally, 10 g of dry sample material were hydrolyzed in 6 N HC| for
22 hours in presence of nitrogen. The large amounts of inorganic salis were eliminated

from the hydrolysis liquor by cation exchange resins, and the amino acids were freed

* Similar environmental circumstances have lead to sedimentation rates in the order of

15 to 20 cm per thousand years in deeps of the Red Sea (Ku, personal communication).



from the resin using 1.5 N NH; as elution medium.

The quantitative analysis of the amino acids involved ion exchange chromatography
using a high pressure (800 psi) automatic system. The amounts were calculated by a
GE 225 computer. The computer read out sheets are included in the back of this report.

No major differences in the distribution of amino acids can be recognized
between the three cores under investigation (Tables 4-6). The total yield in amino acids
is within the same range, although the total concentration of combustible organic matter
varies by a factor of two or three. Within a certain range, the amino acid content drops
from a few hundred pg/g present in the upper two meters of burial to about 100 ug/g at
a depth greater than 5 meters.

The presence of hydroxyproline is of biochemical interest, since this amino acid
is tied up in collagen-type proteins. The contributors of collagen are probably burrowing
animals such as worms or organisms that contain collagen in mineralized tissues. The
presence of B-alanine is a consequence of the microbial utilization of aspartic acid
(decarboxylation) in the early stages of diagenesis. Ornithine is derived from arginine
(urea cycle); most ot the urea, however, has been destroyed during the acid hydrolysis;
yet fair amounts can still be recognized. Small quantities of &= and Y-aminobutyric
acids can be recognized; they are principally derived from threonine and glutamic
acid respectively. Traces of allo-isoleucine are present in all samples investigated.

In summary, the total amount of amino acids is only slightly reduced with depth of
deposition. The original plankton material supplied to the sediment is diagenetically
eliminated or modified rather rapidly and thoroughly through the action of microbes and

burrowing animals. The activity of organisms in the sediments is reflected in the relative
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high amounts of hydroxyproline, @-alanine, ornithine, and the aminobutyric acids.
Except for arginine which is eliminated almost instantaneously, no preferential gain
or loss with depth of deposition can be observed for any of the original amino acids
in the 6 to 10 meters. cored. Most of the amino acids are part of remains of burrowing
animals, microorganisms, and the diagenetically generated heteropolycondensates.
Inasmuch as the proteinaceous fraction that can be recovered upon hydrolysis is generally
less than 5 per cent* of the total organic matter (average 2 per cent) it can safely be
concluded that the bulk of the organic debris is present in the form of heteropolyconden-
sates which genetically can be considered the metabolic waste products of the living
population in the sediments. On the basis of the carbon isotope distribution of the com-
bustible organic matter, contributions from continentally derived organic debris must
be negligible.

It would be of some interest to study the distribution of amino acids in longer cores.
In the sediments of the Experimental Mohole (Rittenberg et al., 1963), the amino acids
systematically decreased from a high of 350 pg/g at the surface to a low of 15 ug/g at
a depth of 170 meters. In the indian Ocean sediments the deepest parts of all three cores
showed the lowest amino acid content, but the cores were too short to make any realistic
comparisons with the Experimental Mohole. Amino acid concentrations with depth
would be expected to vary in different parts of the ocean due to changes in the composition
of the near-surface organic matrix caused by the varying activities of burrowing animals
and microorganisms. In addition to the chemical data, there is ample microscopic

evidence of tracks of burrowing organisms in many of the Indian Ocean cores.

* The protein content in living plankion, microorganisms, and burrowing animals is
generally in the order of 30 to 60 per cent (dry weight).
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In contrast, two others sediment areas previously investigated, the basins off
California (Rittenberg et al., 1963; Degens et al., 1963), and along a Bermuda-Woods Hole
transect (in progress) do not show the amino acids that are waste products of the sediment
organisms. Their amino acid distribution indicates less severe alteration of the surface
organic matter compared to the Indian Ocean cores. There is a relatively high abundance
of arginine, a lack of urea and hydroxyproline, and insignificant amounts of @-alanine
and the aminobutyric acids. Also, the amino acid specira of the sediments and plankton
in the overlying waters are very similar, indicating only minor alteration by sediment organisms.

The organic productivity in the Arabian Sea where our piston cores originated is one
of the highest in the world. The assimilation rate for carbon is greater than 1 gram per
square-meter a day (Ryther et al., 1966) (Fig. 1). This is about ten times the production
rate normally observed in the ocean. The physical and chemical reasons leading to the
high productivity are related to the high level of inorganic nutrients and coastal upwellings.
The yield of combustible organic matter in the underlying sediments is considerably less
than would be expected from the high productivity. For example, the sediments of basins
off California where productivity is lower have organic contents ranging from 2 io 11%
with the average around 6% (Emery, 1960). It appears that most of the plankton in the
Arabian Sea is either biologically recycled in the sea or rapidly consumed in the sediments
by burrowing animals and organisms. In such an environment there would be a tendency
to concenirate the more refractory organic compounds which conceivably could form hydro-
carbons by thermal degradaiion at greater depths. Such conditions may have existed in the
basins on the Arabian continent when the carbonate source beds of those fields were formed.
In this case, however, a large evaporite basin later was formed to retain the oil in contrast

to the open sea conditions of the Indian Ocean sedimenis.
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Fig. 1  Chart of the Arabian Sea showing positions of piston cores PC 17, PC 18, and
PC 19, and the general level of primary organic production (after Ryther et al.,
1966), in grams of carbon assimilated per m2/day. No production data are
available from the Persian Gulf and the western part of the Gulf of Aden.

Fig. 2 Physiographic diagram (schematic) of the northern part of the Arabian Sea
(after Heezen, 1964).
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