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Composition of Narbada & Tapti Estuarine Particles & Adjacent Arabian Sea Sediments


D V BOROLE, M M SARIN &B L K SOMA YAJULU
 Physical Research Laboratory, Ahmedabad 380009
 Received 13 April 1981; revised received 3 September 1981


Composition of suspended matter collected from Narbada and Tapti estuarine waters and of the sediments from the near-
 coastal and open shelf and slope regions of the Arabian sea is reported. Metal/AI ratios, which essentially indicate the clay
 composition, remain unchanged {within±20:YJ from one end of the estuary to the other and in the near-coastal sediments
 indicating that the adsorption-desorption reactions are within the scatter(±20%) itself. In the anoxic open shelf and slope
 regions, Ni, Zn, and U are enriched whereas Mn is depleted. Authigenic deposition of Ni and Zn as sulphides, U in the +4
 valence state and diffusion of reduced Mn (Mn+2)are the most probable causes. Suspended fluxes of AI, Fe, Mn, Cu, Ni, Zn
 and U and their deposition rates in the coastal Arabian sea regions during the past 1100yr are estimated.


One of the fundamental problems geochemists have
 been attempting to solve is the mass balance of various
 elements in the marine environment so that one can
 identify the sources and sinks for them. The oceans
 receive materials from rivers, atmosphere, submarine
 volcanic sources and ridge crest hydrothermal
 activity1 -3. Of these the major and relatively better
 characterised source of material is that from the rivers.


The riverine materials, both soluble and suspended,
 are introduced into the sea via the estuaries. In the
 estuarine waters, because of their marked difference in
 chemical properties compared to the river waters,
 several processes such as flocculation of colloidal
 particles4, leaching and subsequent release of
 adsorbed elements to seawater from fluvial sediments,
 etc. can occurs. The changes in water chemistry from
 fresh to saline waters make various solid-liquid
 interfaces, important loci for many chemical and
 biological processes. The estuarine processes can
 modify the influx of material from continents to the
 oceans6 -10.


It has been reported that transition metals exhibit
 budgetary discrepancies between their rate of supply in
 the dissolved form via the streams and their deposition
 rates in the pelagic environment. For example, Mn, Ni
 and Co are known to deposit in the pelagic areas
 several times faster than their influx ratesS,l1. Of the
 different hypotheses suggested, viz. (i) submarin~


volcanism, (ii) post-depositional diagenesis, (iii) influx
 of fine grained fluvial sediments enriched in these
 metals and (iv) leaching and desorption by
 seawater12.13, the significance of the latter two can be
 evaluated through the determination of the chemical
 composition of suspended matter from rivers and
 estuaries. Results of simulation experiments in the
 laboratory seem to indicate that the leaching of stream
 borne sediments could be a prominent source of metals


to the ocean14 -16 -an observation which is
 supported by the particulate and dissolved profiles of
 trace elements in the estuaries13.16 -18. Unfortunately,
 several of the estuaries where such studies have been
 carried out are polluted. The Indian river-estuarine
 systems, to a large extent should provide an
 opportunity for studying the natural weathering and
 transportation processes.


With a view to evaluating the role of particles in
 regulating the transport of elements from rivers to the
 ocean, extensive measurements of the concentrations
 of AI, Fe, Mn, Ni, Cu and Zn in the suspended phases
 of the west coast river-estuarine systems of Narbada
 and Tapti were carried out. To determine the ultimate
 fate of the suspended loads of Narbada and Tapti, the
 near-coastal and open shelf and slope sediments of the
 adjacent Arabian sea were also studied for these
 elemental concentrations. To understand the past
 variation of the riverine suspended input to the coastal
 sea as well as to determine the deposition rates of the
 elements in the deltaic region of the rivers19,
 geochronology of some of the sediment cores was done
 using radiocarbon 2
°
and 210Pb methods21. The results
 of these studies are described in this paper.

Materials and Methods


Narbada and Tapti are the 2 largest rivers on the
 west coast of India draining into the Arabian sea via
 the Gulf of Cambay. Though perennial the peak
 discharge of the rivers occurs during the southwest
 monsoon period, i.e. between June and November.


The study area is shown in Fig. 1and relevant details of
 the rivers are given in Table 1.


Sampling of the estuarine waters for suspended
 matter was done on board country boats and motor
 launches. In most cases the sampling was completed in
 a single tidal cycle. Surface waters were collected from
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Table I-Details of Narbada and Tapti Rivers and Their
 Estuaries


[Data are from Rao22. Type of estuary in both the rivers is tidal and
 the length of estuarine region in both is 30 km. Deccan trap basalts
 and recent alluvial deposits form the major rock units in the drainage


basins]


Characteristics of the river



regions of varying chlorosity, ascertained by measuring, on board, the conductivity using a Type 305 conductivity meter (Systronics, Ahmedabad) to a precision of ± 3%. Two types of water samples were collected simultaneously in precleaned polyethylene bottles: (i) a set of 11samples for the determination of particulate matter concentrations and (ii) 20-251 samples for uranium
 work21.

Length of
 the river


(km)
 Mean basin


elevation
 (m)


760


740


1300


700


Drainage
 area
 (J03km2)
 Narbada


0.9
 Tapti


0.62


Annual
 discharge


(JODI)


4.07


1.8



Gravity cores and grabs collected from the Gulf of Cambay and the near-coastal and open shelf and slope regions of the Arabian sea (Fig. 1) have also been analysed along with the estuarine suspended matter.



Suspended matter concentration was determined by filtering the entire contents of 11 water samples through a preweighed 0.45 Jlm millipore filter, drying the filter at 85°C after washing with distilled water to remove the salts and weighing it again.



Chlorosity of the samples was
 determined23 by titration with silver nitrate solutions of appropriate strength (0.01 to 0.1
M). Results of several replicate measurements indicated that the reproducibility is within ±3%.



Particulate collections for elemental analyses were made from the large volume water samples. These samples were allowed to settle for about 1week and the supernatant water was siphoned out for uranium

 analysis21• The left over material was centrifuged and repeatedly washed with distilled-deionised water. This particulate material was dried and preserved. The separation of the < 4 Jlm fraction was done only in the case of 3 sets of samples from Narbada. A portion of the wet suspended matter recovered after centri-
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(3)*Measurement without deuterium background corrector


Table 2-Reproducibility of Trace Element Measurements


in Tapti (TP2 and TP5, Table 3). In both the rivers
 there is a large variation of particulate concentrations
 during different periods. In the freshwater-end-
 members (chlorosity ~ 0.1 g/l) where several measure-
 ments have been made during each collection period,
 the suspended matter concentration varied con-
 siderably. In Narbada, where extensive sampling was
 done the suspended matter varied from 26.7 to
 6720 mg/! with the highest values occurring during the
 monsoon seasons (sets NB4 and NB5- Table 3). The
 same is true for Tapti also where the suspended 'matter
 varied from 19.7 to 691 mg/! (Table3), the highest
 values occurring during the monsoon season. The order
 of magnitude of higher concentrations of suspended
 matter in Narbada compared to that in Tapti in all
 seasons sampled is due to the fact that there is no dam
 on Narbada whereas Tapti has a dam at Ukai, about
 200 km upstream of Sur at (Fig. 1). The dam smoothens
 out the rather drastic changes that would have
 otherwise occurred.


Taking a weighted mean particulate concentration
 (based on the monsoonal and non-monsoonal data) in
 the freshwater-end-member (chlorosity ~ 0.1 g/l) of
 Narbada and Tapti as 1154 and 445 mg/! respectively
 and the total discharge of the rivers (Table 1), the
 annual suspended fluxes for the 2 rivers are estimated


TPI-13


2.9


TP2-10


0.14


TP2-8


0.12


TP4-7


2.7


NB4-10


«4I1m)


0.62


Fe Mn Ni Cu Zn


(%) (ppm) (ppm) (ppm) (ppm)
 7.72 1276 92.4* 121 94.7
 7.57 1273 79.9 120 90.7
 7.56 1259 75.8 
i
19 91.9

8.05 1281 70.3 116 92.2
 7.4 1303 79.7 115 87.2
 7.66 1253 74.3 117 103
 8.34 11811397.17 94128


8.22


7.35
 1121 92125
 115
 8.24


7.36
 1170 92125
 121
 8.11


11157.44 92128
 112
 7.85


7.37
 1226 94133
 113
 7.85


12217.25 94131
 118
 7.86


7.32
 1220 92133
 114
 7.9


12357.31 89132
 210
 7.63


7.81
 1317 74152
 145
 7.76


7.74
 1308 79140
 135
 7.4


7.51
 1185 74139
 114
 7.41


7.5
 1150 74133
 113
 7.51


7.36
 1110 75133
 123
 7.41


11647.45 71138
 116
 8.36


12478.36 84137
 97
 8.24


8.241206 79128
 100
 8.95


8.81
 1150 74142
 127
 8.84


8.79
 1152 79133
 123
 1.29


Chlorosity AI


(g"/l) (%)
 8.07
 8
 7.99
 8.14
 7.64
 8.02


NBI-9
 USGS-WI
 Sample
 Code


Discussion



Suspended matter-
 These concentrations were
 measured during 4 different periods in Narbada (NB2,
 NB3, NB4and NB5, Table 3) and in 2 different periods
 and (1=
d/2 .'.. for n=
2 where d is the difference
 between the 2 obse&vations. The coefficient of
 variation is within 2, 3, 2, 4, 5.and 4% respectively for
 AI, Mn, Fe, Ni, Cu and Zn.

Chemical composition of the estuarine suspended
 phases (along with the suspended matter con-
 centrations) ofNarbada and Tapti are given in Table 3.


Composition of the
<
4.um fraction -of the Narbada
 estuarine particulates is given in Toable4 whereas the
 composition of the coastal Arabian sea sediments is
 given in Table 5.

Composition of 4 Arabian sea cores along with their
 CaC03 and organic matter contents are given in
 Table 6.21°Pb excess measurements of the gravity core
 from the Gulf of Cambay (Fig. I) are given in Table 7.



fugation and distilled water washing was dispersed in

 distilled deionised water and allowing the> 4.urn
 particles to settle21.

Major and minor elemental analysis was carried out
 as follows: about 0.5 to I g of the powdered dry sample
 was digested by HF, HCI04 and HN03 treatments in a
 teflon dish and was brought into solution in 50 ml of
 0.5 M HCI. Elemental concentrations were mea-
 sured24 in HCI solutions using a Perkin Elmer atomic
 absorption spectrophotometer model 305A.


The 210Pb analysis was made according to the
 procedure described by Krishnaswami etat.25 whereas
 the 226Ra was determined by the radon emanation
 technique26.


Results


Reagent blanks for the elements reported in this
 investigation were negligible compared to the sample
 values; therefore no blank corrections were made. To
 check the accuracy and precision of the measurements
 the USGS standard rock W I was analysed several
 times during. the course of this investigation.


Concentrations of the various elements given in
 Table 2 are in satisfactory agreement with the reported
 values27 and are precise within 
±
3% for all elements
 n.cept Zn which is hetter than ±
6%. From the results
 of repeat measurements (Table 2) the coefficient of
 variation CV is calculatl:d according to the ,equation
 CV=~x
(1 100


X


where the standard deviation


[ n ] 
t



L
 (Xi-Xf


.(1=
 i=1 ... forn>2

n-l



1


S3



(4)
(5)
Table 3-Particulate Matter Concentration and Its Elemental Composition in Narbada and Tapti Estuaries-Contd


Sample
 Chlorosity
 Parti-
 Al
 FeNiCuMn
 Zn


code (:Y.,)(ppm)(ppm)(ppm)culate(:Y")(ppm)(g/l)



I


concen-
 tration


(mg/l)


TAPTIt


Mar. 1976 TPI-f6


0.08 7.8
 7.589·1349141


133
 TPI-14



-
 0.4
 7.78.4101·1531261
 141
 TPI-13C

2.9 7.6
 7.494·1226133


113
 TPI-13B



-
 7.8
 7.48.2102·1351326
 132
 TPI-13A

10.4 9.6
 8.9134·1691286


192


Mar. 1977 TP2-12


0.03
 27.2
 6.8
 7.8731569144
 230
 TP2-11


0.03
 80
 TP2-8


0.12
 358
 7.4
 7.5741185139
 114
 TP2-1O


0.14
 7.8358
 7.7801308140
 135
 TP2-7


0.41
 441
 7.4
 7.7761185133
 118
 TP2-6


1.9
 227
 7.5
 7.6791410192
 212
 TP2-5


8.1
 28.7
 7.4
 7.6811312208
 299
 TP2-3



-
 17.1
 7.7767.61300145
 178
 TP2-2

18.9
 19.7
 7.9
 7.6781295147
 211
 TP2-1


19.7
 21.7
 7.6
 7.8791278164
 221


Nov. 1978 TP4-15



-
 0.05
 7.9647.51250132
 172
 TP4-14

0.06 7.6
 8.1681174133


109
 TP4-13



-
 0.10
 8.3687.71176129
 105
 TP4-12


-
 0.18
 8.3798.11161130
 111
 TP4-9


-
 0.21
 8.3841148.71184131
 TP4-IO

·0.22



-


8.2808.41159132
 117
 TP4-11


0.29 8.4
 8.3781120132


105
 TP4-8


0.34 8.7
 8.785931158131


TP4-5


1.9 7,7
 7.869951178125


TP4-6


2.0 8.7
 8.7751312138


114
 TP4-7


2.7 8.4
 8.484971247137


TP4-3


7.2 8.3
 8.7781211138


112
 TP4-2


8.0 9.3
 9.3851366154


120
 TP4-18


13.0 8.4
 8.5811233140


142
 TP4-17



-
 17.4
 8.5948.11157137
 141

·NBI and TPI-Ni measurements32 were made without deuterium background corrector and are not considered for interpretation and


discussion.tParticulate concentrations of 5 samples collected in Aug. 1981(TP-5 series) from a chlorosity region of 0.03 g/l ranged from 376 to 691 mg/l
 with a mean value of 562 mg/l.Average U concentration of suspended phases of Narbada and Tapti is respectively 1.36 t·0.02 and 1.41to.02 ppm (ref. 21)



to be 5
X 107 tons for Narbada and 8 x
106 tons for Tapti. The annual suspended flux obtained for Narbada is in good agreement with the average flux of 6.8 x
107tons/yr computed by the Central Power and Water
 Commission28 for 1973-76. Concentrations of the suspended phases in both rivers are orders of magnitude higher compared to those of Godavari and Mahanadi, the east coast
 rivers21.29. The 2 important reasons for this are: (i)N arbada and Tapti flow through alluvium during the ·last phases of their journey to the sea (about 100km) and (ii)the tidal range at the mouths of these rivers are 5-7 m which is quite high compared



to - 2 m in case of Godavari and Mahanadi. Such high tidal ranges can resuspend the bottom sediments during the high tide even as far upstream as the freshwater-end-members of the rivers i.e. Broach for Narbada and Surat for Tapti (Fig. I).


Composition of riverineparticles-Both 
in Narbada

and Tapti, concentrations of AI, Fe, Mn, Ni, Cu and

Zn do not seem to show variation beyond ± 15%in the

riverine (chlorosity:::;;0.1 g/!) particles during the

sampling seasons. If any sorPti~ reactions are

operative in this regio:tl their effect~'\lre within the

scatter mentioned above. Compar~n of the
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Table 4-Elemental Composition of Particulates (
<
4/lm)in

Table 6-Elemental Composition of the Arabian Sea Cores
 Narbada Estuary


Sample
 CaC03 Organ- AIFe


MnNi
 euZn



ut


Sample


ChlorosityAl
 FeNiMnCu


Zndepthic*(%)


(~J(%)(ppm)(ppm)(ppm)(ppm)(ppm)
 code


(g/l)
 (%)


(ppm)(%) (ppm) (ppm) (ppm)(m)matter
 Dec. 1975


(%)
 NBI-9


0.07
 9.2
 8.5


101*1531123141 ARB-46 (19°03'N; 69°30.4'£; 1246m)
 NBI-19


9.9 1.3
 9.2
 111*128 0-5111050.51443.211.3
 2.2
 227566784 4.3
 NBI-23


4.4
 9.3
 8.6
 107*15610-1510801473.210.251.8
 2.4
 2285467
 1124.9
 NBI-26


9.8 9.0
 9.3
 115*13650-552.0115715362.09.2
 1.6
 160374972
 6.4
 NBI-25


10.1
 9.5
 9.2
 112*1090149
 13270-721.4
no
6.4

1271.1304054
 6.0
 May 1978


82-84
 70.05.4


1.4
 0.9126253331
 4.5
 NB3-8


3.0
 8.8
 8.474


1158129130 ARB-52 (W02'N; 69°34'E; 2240m)
 NB3-4


5.9
 8.5739.0
 11951280-53.713449.58.2
 2.4
 305596282
 3.9
 NB3-17


17.7
 9.4718.9
 103112210-152.812559.39.4
 2.2
 253465461
 3.2
 30-35


70.06.9
 2.1
 1.4
 232334342


June 1978 4.34.53382.43569574.160.88.6 50-55


NB4-22


0.04
 9.6
 9.213214870-723.78493052.56.2
 2.5
 310326356
 3.2
 NB4-16


0.Q7
 9.2
 9.178
 117711990-923.413650.06.7
 2.3
 292325956
 3.8
 NB4-1O


0.62
 8.8
 8.879


10521232.8132110-112 57.56.3
 276391.94775


4.0 .,


NB4-6


4.5
 9.1
 8.881


11581173.0140130-133 57.59.3
 2.2


249394770
 3.2
 NB4-2


8.2
 8.1
 9.276
 1013148138


Table7_21°Pb Concentrations in the Gulf ofCambay Core
 TP3-12G


*Weight loss of oven dried (at 110°C for overnight) sample at 450°C
 for 5-6hr.


tRef. 21.


*21°Pbuc.= 2lOPb,otal- 226Ra (all in units of dpm/g). The surface
 section (0-2 cm) 226Ra concentration is deter.'Ilined to be
 0.60tO.04dpm/g, this value is subtracted from all the 210Pb total
 concentrations to obtain 21°Pbexc.


phases of Narbada have also been analysed (Table 4).


The fact that both the total samples and the 
<
4Jlmsize
 fractions have almost identical composition suggests
 that the second possibility is more important, viz. that
 the composition of the drainage basin of the river is
 reflected in its suspended load.

'0.,



•


84 5.5
 96 6.8
 75 5.0
 89 4.2


~ ~5
 74 ~3
 50 20
 1m 5~


~ 3.4
 ARB-54 (18°47'N; 70008.5'E; 800m)


41.0 17.9 2.6 1.6 150 76 71
 50.0 15.7 2.3 1.5 144 72 65


63.5 7.5 1.6 1.1 142 41 33


42.0 8.2 5.6 4.3 514 56 39


22.5 8.6 5.3 3.9 442 55 40
 ARB-65H (20030.6'N; 69°18.7'E; 348m)
 31.0 17.7 4.2 3.3 308 67 68
 46.0 17.0 4.6 3.5 337 73 73
 33.5 17.4 4.3 3.3 314 71 72


82.5 5.0 1.2 0.8 109 27 15


Depth 21°Pb total*210Pb exc
 interval


(dpm/g)(dpm/g)


(em) 0-2


2.76±0.1O2.l6tO.11
 7-10


2.57tO.081.97tO.09
 13-16


2.35tO.10l.75tO.Jl
 22-26


2.13tO.051.54tO.07
 26-32


1.94±0.07l.34tO.08
 0-5


10-15
 50-55
 70-72
 90-91


0-5
 10-15
 50-55
 96-98
 Sample Sample Concentration


code* depth


(cm)
 AI
 Fe
 Ni
 MnZnCu
 (%)


(ppm) (ppm) (ppm) (ppm)(%)
 G-13


Surface7.7
 7.466
 1148109128
 G-16


Surface7.7
 7.577
 1084III127
 G-17


Surface7.5
 7.583
 1057116128
 G-33


Surface8.0
 7.074
 1050116123
 G-33


Core catcher6.2
 5.965


1034III99


(0-10) G-20


Surface7.7
 7.678
 1018134120
 (0-2)


7.9
 8.487
 1212204130
 TP3-12


(13-16)7.9
 8.486
 1156208130
 (26-32)


7.3
 8.586
 1193161148


*All samples were collected from the same general region (lat. 20-
 21°N; long. 72°I8'-7r40'E and water depth, 14-41m-Fig.1 shows
 locations)


Table 5-Elemental Composition of Coastal Arabian Sea
 Sediments


composItion of the riverine particles with that of
 average shale31 shows that Fe, Mn, eu and Zn are
 enriched in the former (Table 8),an observation similar
 to that reported for several north American and
 European riverine suspended matterI8,31. The
 enrichment factors for these elements ranging from
 1.25 to 3 in the suspended phases of Narbada and
 Tapti (Table 8) could either be due to their adsorption
 on particle surfaces (which in any case cannot be



> ±
15% as discussed earlier) during weathering or
 that it is inherent in the rocks and soils of the drainage
 basin itself. To get more insight into this problem,
 some of the <
4Jlmfractions of the riverine suspended

*Ni measurements32 were made without a background corrector
 and hence are not used for interpretation
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(7)Fig.2-Variation of metal/AI ratios in total particulates as a
 function of chlorosity in the Narbada estuary
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Flux Ofparticulate elements into the Arabian sea-
 
Based on the average elemental concentrations of riverine particles and particulate fluxes, calculated in the previous section, the elemental fluxes in the suspended form via Narbada and Tapti are calculated (Table
8).On the average the fluxes from Narbada are a factor of 5 to 7 higher than those from Tapti eventhough the elemental concentrations in the suspended matter of both rivers are almost identical (Table 3). This is because of the higher suspended load of Narbada.


Distribution of particulate elements in estuarine
 regions-Absolute 
concentrations of AI, Fe, Mn, Ni, eu and Zn in the suspended phases of Narbada and Tapti (Table 3) estuarine regions (chlorosity range
 O~


19.3g!l) collected during different seasons show a variation of a factor of 2. There is only scatter but no particular relationship between the elemental concentration and chlorosity. On the other hand the



< 4
J.llD size fraction (which principally consists of clays), quite a few of which were analysed from the Narbada estuarine waters (Table 4) show a much smaller scatter, ± 10%. The large scatter in the case of total particulates is mainly due to the variation of their clay content. In order to reduce the scatter we have normalised the elemental concentrations to that of Al which can be used as an index for clays and the scatter is reduced considerably. This amounts to analysing the



< 4
Jlm fractions and since we have extensive measurements only on the total particles, this attempt was made. The scatter diagrams of the metal! Al ratios for Narbada and Tapti are shown in Figs. 2 and 3


Table 8-Elemental Concentrations of Riverine Particles and Their Suspended Fluxes to the Arabian Sea
 [Numbers in parentheses indicate flux of the element in suspended form in units of g/yr]


Sample


Al
 Fe
 MnCuZnNi


(~.)


(ppm)(%)(ppm)(ppm)(ppm)
 Narbada


3.4
 7.6128112512570
 particles·


(4.2 x 1012)
 (3.8 xJOl~


(5.6(3.5 x 10")X10'~


(7.1 xIO")


(6.3 x 10")


(total) EFt for



-


1.541.26
 No enrichment1.252.72


Narbada particlesNarbada


9.3
 8.9136107714081


particles· ( <4JlIIl)Tapti


7.5
 7.9136130415068
 particles·


(6.0 x 1011)
 (6.3(1.0(1.1 x 10")(1.2 x 10")(5.4 x 10~XX1011)IO'~


(total) EFt for



-


1.81.64
 No enrichment1.68 3.24


Tapti particlesAve. shale


8.0
 4.7689545850


• Ave. of all measurements made in the~O.1 g/l chlorosity region (see Tables 4-6)
 [metal/ AI]particies


t EF (enrichment factor)= ---


[metal/AI]shale
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Fig.3-Variation of metal/AI ratios in total particulates as a
 function of chlorosity in the Tapti estuary



respectively. It is seen that even in the metal/AI ratios the scatter is apparent. The mean values of the metal/AI ratios in these 2 estuaries can be ascertained from Fig. 4. The percent variations over the mean for Narbada and Tapti samples respectively are 9 and 8 for Fe/AI, 15and 12for Mn/Al, 17and 12for Ni/Al, 8 and 17for Cui Al and 14and 20 for Zn/ AI. This implies that the adsorption/desorption effects are probably within the scatter itself and cannot be unequivocally estimated. In other words, it can be said that within ± 20% the metal/AI ratios are constant in the estuarine suspended phases of Narbada and Tapti.



One of the chief reasons for not observing large sorption effects is due to the high particulate con<;entrations in these estuaries. One has to measure elemental concentrations in soluble phases along with those of the suspended phases to get more precise estimates of the sorption effects.


Composition of near-coastal Arabian sea sediments-
 
AI, Fe, Mn, Ni, Cu and Zn concentrations of the sediments from the near-coastal areas (Table 5) are about the same as those of the estuarine (as well as riverine) suspended phases within the scatter of the latter and the corresponding metal/AI ratios are also in



good agreement (Fig. 4, Table 5). This is expected as the particles right from the freshwater-end-member of the estuary to the seawater-end-member are compositionally uniform within ± 20%.



Concentrations of AI, Fe, Mn, Ni and Cu of the sediments from the same general area have been determined by the NIO group using colorimetric methods33
-35. In general, the concentrations reported by them and in this study are in good agreement for these elements. These observation~ indicate that the suspended material brought by these rivers is depositing in the near-coastal regions of the Arabian sea. A similar study was carried out by
Trefrey36 in the case of the Mississippi river and the adjacent sediments of the Gulf of Mexico.


Inter elemental relationships in estuarine suspended
 phases-Since 
the riverine, estuarine particulates as well as the near-coastal sediments are compositionally very similar (Tables 3-5) we have combined all these data for statistical analysis. Most of these correlations have been poor except Cu-Mn, Zn-Mn, Fe-AI and Ni- Al (Fig. 5). As would be expected the best correlation is between Fe and Al (Fe-AI =0.67 for 82 observations;



Fig. 5) since both are major constituents of resistant detrital clays. From the Fe-AI correlation (Fig. 5) it is also clear that at Al = 0 there is 2.96% of Fe in the
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ratios) are made in Fig. 6. The entire estuarine region is divided into 4 zones and in each zone averages of all measurements (Narbada and Tapti combined) for both die metal concentration and the metal/AI ratio are plotted. It should be pointed out in this conIlection, that the organic matter concentrations reported by us are in good agreement with those reported by Oemaison and Moore37 and Kolla et
al.38 whereas they are over a factor of 2 high compared to those reported by the NIO group39.40. Marching40 reported



>2% organic C (which amounts to>about 4%



organic matter) in the surface sediments from the same regions. The near-coastal sediments and the open shelf and slope sediments are treated as 2 separate groups
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Fig. 6-General vanauon pattern of metal concentrations and
 metal/AI ratios in total particulates from the estuarine waters and in
 coastal sediments (In each group average of all samples analysed is
 indicated for both parameters. The points are off set for the sake of


clarity)
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<4 JJm fractions from Narbada (see Tables 4-6 for details). c and m
 represent intercept and slope of regression line and r is the


correlation coefficient)



samples. Similarly, the Ni and Al data show a correlation coefficient of 0.44 and hereagain there is 28.3 ppm of Ni when Al concentration is zero (Fig. 5).



These correlations together would mean that Ni and Fe are present in substantial amounts in phases other than those that contain AI. This was checked in a few samples by magnetic separation of the Fe bearing minerals and identifying them by X-ray diffraction studies. Iron silicate and maghemite are the 2 minerals that are found in the estuarine suspended phases and in the near-coastal sediments which can account for the excess Fe and associated Ni (the magnetic phases are found to contain Ni and eu).



Cu and Zn are well correlated with Mn (Fig. 6)
yCu-
 Mn = 0.64 (for 82 observations) and yZn-Mn = 0.57 for 76 observations. Here also the positive intercept of 35.5 ppm Cu at Mn = 0 is due to Cu containing non- manganese phases. This asPect is difficult to ascertain as both magnetic and non-magnetic minerals host Mn, one has to find out how much Mn and Cu go witb the different minerals.


Composition of open shelf and slope sediments-
 
Composition of the 4 gravity cores (Table 6) from the open Arabian sea (Fig. 1) show contrasting features compared to those of the estuarine suspended phases and' of the near-coastal sediments. Since these cores contain 22.5 to 82.5% CaC03 and 5-17.9% organic

 matter21 a direct comparison with the noncalcarious estuarine suspended phases cannot be made unless the former data are corrected. Alternately one can compare the metal/AI ratios. Both these comparisons (viz. corrected concentrations as well as the metal/AI
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 (Regression lines are indicated. See text for discussion)
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Inter elemental relationships ilJ open she(l and slope
 sediments-Essentially 2 sets of correlations have been
 found, The first is between organic matter (OM) and
 Zn, V, Ni and Cu (Fig,7) where the correlation
 coefficients ((') are Zn-OM, 0.45; V-OM, 0.63; Ni-OM,
 0.82; and Cu-OM, 0.93. All these regression lines have
 positive intercepts meaning that there are certain
 amounts of Zn, V, Ni and Cu which are in excess of
 what is expected from their respective correlations
 with OM.


The second set of correlations are between Al and
 Fe, Mn, Ni and Zn (Fig. 8). Fe and Al are ideally
 correlated (J
=
0.98) whereas,' values for Mn-AI (0.95),
 Ni-AI (0,59) and Zn-AI (0.55) and the regression lines
 for Ni-Al and Zn-AI have intercepts that appro-
 ximately match the intercepts of the OM-Zn and OM-
 Ni lines (Fig. 7), Therefore in the case ofNi and Zn it is
 clear that one part comes along with the Al phases
 (clays) whereas the other is associated with the sulphide
 phases and since organic matter is also an index of the
 level of reduction (say for example of sulphate
 reduction) these elements correlate well with it. The
 ideal Fe-AI correlation indicates that all the Al and Fe
 are in the clays whereas the magnetic minerals brought
 by the rivers (rich in Fe and thereby raising the Fe/AI
 ratio) are not reaching the open regions of the Arabian
 sea to any significant extent.

Deposition rates of elements-In order to determine
 the deposition rates of elements, the rates of
 sedimentation are essential. In the present in-
 vestigation only 5 gravity cores have been used, 1 from
 the Gulf of Cambay and 4 from the open shelf and
 slope regions of the Arabian sea (Fig,1), 210Pbexc
 method of dating was used for the Gulf of Cambay
 core, The down core decrease of 21°Pbexc (Fig, 9) yields
 an accumulation rate of 1.9
cm/yr-one
 of the fastest
 and here again all the measurements in each group

are averaged, these averages are also indicated in
 Fig, 6, It is clear that both the metal concentrations
 and the metal! Al ratios are constant in the estuarine
 and near coastal regions, However, in the open shelf
 and slope regions interesting differences are seen.


Here the Ni and Zn concentrations as well as the
 NijAI and Zn/AI ratios are higher by a factor of 2
 whereas Mn (and Mn/Al) is lower by the same factor.


There is also measurable, though ~mall (about 20'/;,).


decrease in the Fe and Fe/AI values, The sediments
 from the shelf and slope regions were reponed to be
 smelling of H 2S at the time of collection in 1967. The
 occurrence of reducing conditions in the Arabian sea
 might be expected because of the existence of coastal
 upwelling and high productivity42.43. Small quantities
 ofH 2S were detected even in the intermediate waters of
 the Arabian sea42 where extremely low oxygen
 concentrations were also found44, These observations
 coupled with our findings point out that anoxic
 conditions prevail in the shelf and slope regions from
 where the 4 cores studied in this investigation were
 collected. In such regions since sulphate reduction
 takes place Ni and Zn can precipitate as sulphides and
 this appears to be the chief mechanism for the
 enrichment of these metals in the sediments, Similarly,
 in reducing sediments Mn which is reduced to the 
+
2
 valence state diffuses into the overlying waters.

Others45 -47 have all reported that under anaerobic
 conditions Mn forms soluble complexes and that it is
 released into the overlying waters.


The lower Fe/AI ratio (by about 20%) in these cores
 is the more commonly found value in deep sea
 sediments and is in better agreement with the values in
 shales31, Higher FelAI ratio in the estuarine and near-
 coastal material is due to the presence of magnetic
 minerals, It appears that these magnetic minerals
 brought by the rivers settle in the near coastal areas
 whereas the clays get resuspended and redeposited in
 the open shelf and slope regions, Our attempts to
 separate magnetic minerals from the open region
 sediments unlike in the case of estuarine suspended
 phases and the near-coastal sediments met with no
 success. Alternately we determined the Fe and Al
 concentrations in the magnetic and non-magnetic
 fractions of a few estuarine suspended phases and
 found that the Fe/AI ratio in the nonmagnetic fraction
 is 0,79 which is in excellent agreement with the mean'
 Fe/AI ratio of 0.76 in the shelf and slope
 sediments, VIAl ratios and the V concentrations in
 these cores are an order of magni tude higher com pared
 to those of the estuarine particles and the near-coastal
 sediments21.49. Such high uranium enrichments are
 common in organic rich and sulphate reducing regions
 such as the salt marsh sediments5o.
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sedimentation rates encountered in coastal regions.



Such a high rate is not unexpected if one considers the location of the core-it is from the Gulf of Cambay and is closer to the mouth of Tapti (Fig. 1). The:



deposition rates of the other four cores were obtained by the 14C method 19. From a knowledge of the deposition rates, the
in situ density of the core material (taken to be 0.5 g/cm3)-ref. 51) and the elemental concentration, the deposition rates of AI, Fe, Mn, Ni, Cu, Zn and U are calculated and these data are presented in Table 9. It is seen that the deposition rates of all the meausred elements (except U) in the Gulf of Cambay are high compared with such rates determined for the deltaic regions19 and for the deep

 oceansS2• Probably such rates can only be observed near river mouths. Deposition rates of the 5 elements in the open shelf and slope regions are about the same within a factor of about 2 in the 4 cores during the time span represented by the surface sections of each core, viz. 100-1100 yr BP (Table
9)despite the fact that the accumulation rates of these cores differ by an order of magnitude.



Al and Fe deposit about a factor of2-5 faster than in deep sea clays and in the deltaic regions of Godavari (Table
9).Deposition rates of Mn are lower by a factor



of 3-6 whereas those of Ni and Zn are faster than even their corresponding authigenic rates in the deep sea. It has been already shown that Mn, Ni, Cu and Zn deposit authigenically in the deep seaS
2 •The lower Mn and the higher Ni, Cu and Zn deposition rates in the shelf-slope regions is obviously associated with the anaerobic nature of the region and the reasons for this are already discussed in the earlier sections.



Deposition rates of U in the shelf and slope regions are about 3-8 times faster than the rates in the Gulf of


2.5


TP-3 -12G


Ul
 Ul
 OJU


'"


.aOJ


a.


NQ


1·0 10 20 30 40


DEPTH (em)
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Fig. 8-Scatter diagram of Fe,
 Mn, Ni and Zn versus AI. (c and
 m represent intercept and slope
 of the regression line and r the


correlation coefficient)
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Table 9-Deposition Rates· of Elements in Coastal Arabian Sea and in Other Areas
 Location


Sample


Time Deposition rate (g cm -2/106 yr)
 code


span
 (yr)


AlFe
 Mn
 Ni
 CuZnU


Gulf of Cambay


TP.3-12
 39,50042,/b)1020.7435656061


Arabian Sea


ARB65H
 21,50015016,250104
 344134
 1.7
 (Open shelf and


ARB 46
 16,25011411,250286
 34
 2841
 2.0
 slope regions)


ARB 54
 12,500758,000510
 39
 3650
 3.8
 ARB 52


18,75015012,5001087
 30
 3041
 2.8
 Deep sea clays



-
 t
 6,7005004,700
 25
 0.5t2513
 Godavari delta


-
 £
 4,944153,900
 4.91.05.74.1

• Corrected for variations in the sedimentation rates in various areas.


tRef.52


tCalculated using a U cencentration of 1 ppm and a sedimentation rate of 0.1 cm/l03 yr


£Ref.19
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Cambay and in the deep sea. As has been discussed
 earlier, the high rates of U deposition is due to the anoxic


conditions prevalent in the region. It is also clear from
 Tables 6 and 9 that the deposition rates in the open
 shelf and slope regions have not varied by more than a
 factor of 2 during the past about 30,000 yr.
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