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Figure 14.4c Sea surface temperatures (MCSST), total flux, and carbonate, biogenic opal
and organic carbon fluxes measur+ed at the eastern trap location.
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matter is the aeolian transport from the deserts of the Arabian peninsula and
Somalia during the SW monsoon (Sirocko and Sarnthein, 1989; this volume,
Chapter 3). During the NE monsoon aeolian transport also occurs from the Thar
Desert. During this season, however, the amount delivered to the Arabian Sea is
much less compared to that delivered during the SW monsoon (Chester et al.,
1984).
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Figure 14.5 (a) Seasonality of average sea surface temperatures in the Arabian Sea from
MCSST charts, (b) biogenic matter fluxes and (c) lithogenic matter fluxes at the three trap
locations measured at 3000 m water depth from 1986 to 1992.
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In contrast to flux patterns of biogenic matter those of lithogenic matter are
similar at all three trap locations (Figure 14.5) suggesting a common source. The
western trap collected higher lithogenic fluxes than the central, a feature, which
may be explained by a reduction of lithogenic fluxes with increasing distance from
the source areas of aeolian material, west of the Arabian Sea. However, the
eastern trap which is farther away from the source of the aeolian material, col-
lected more material in 1986 and 1987 and very similar amounts as the western
trap in 1990 and 1991. The source area of this lithogenic matter can often be
deduced from the clay mineral assemblage. Both, aeolian material and fluvial
particles from the Indus are basicaly illite dominated (Kolla et al., 1981).
However, aeolian material has a higher content of palygorskite originating from
local sources on the Arabian Peninsula (Kolla et al., 1981). The fluvial material
derived from the Narmada and Tapti has a higher smectite content related to
weathering on the Deccan Plateau. Based on smectite content Ramaswamy et al.
(1991) have estimated that less than 5% of riverine material from the Narmada
and Tapti can escape the shelf areas and is transported to the deep sea. Similarly,
lithogenic matter transported by the Indus is mainly being deposited on the wide
continental shelf and does not influence the deep sea (Sirocko and Sarnthein,
1989). The clay mineral assemblages in sediment trap samples do not show any
disgtinct differences between the three stations. Palygorskite and smectites are
almost equally high in the eastern, central and western Arabian Sea (Ramaswamy
et al., 1991). The high palygorskite and low smectite contents support the
suggestion that the major amount of mineral matter is aeolian in origin and that
fluvial contributions are relatively small even in the eastern Arabian Sea
(Ramaswamy et al., 1991). The amount of aeolian material reaching the western
and eastern Arabian Sea is evidently similar, despite the different distances from
the source areas. The reason for this may be the rains. Monsoon rainfalls are
extremely low in the western and central Arabian Sea but are almost as high asin
the coastal areas in the eastern Arabian Sea (Rixen, in prep.). Asrains effectively
remove mineral matter, similar amounts of aeolian material can reach the eastern
and western part of the basin, though the latter is much closer to the source areas
of aeolian material.

Peak lithogenic fluxes in 1986 and 1987 occurred at the eastern site in October/
November after the end of SW monsoon. Therefore these peaks are not related to
SW monsoon aeolian transport but could be due to resuspension on the Indian
continental margin and to riverine transport. Such peaks, decoupled from the flux
patterns in the central and western Arabian Sea, could be typical of very weak
MOoNSooNS.

14.5.2 SOURCES AND DECOMPOSITION OF ORGANIC MATTER
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The distribution of individual organic compounds can provide information about
the sources of organic matter as well as pathways and intensities of organic matter
decomposition. Ratios of individual compounds and satistical analyses of
compound distributions have been used to decipher the sources of organic matter
(Cowie and Hedges, 1994; Moers and Larter, 1993; Reemtsma et al., 1993). The
identification of sources is, however, difficult as only a small portion of the
multitude of organic constituents can be identified and quantified. Amino acids,
hexosamines, carbohydrates and fatty acids are the major constituents of marine
and terrigenous organic matter (Rashid, 1985). In particles caught by sediment
traps in deep water, amino acids and carbohydrates can contribute up to 50% to
total organic carbon (Ittekkot et al., 1984a, b) whereas the fatty acid contribution
is around 1% (Reemtsma et al., 1990). Most of the individual amino acids and
carbohydrates and many of the fatty acids are ubiquitous as they are essential for
animal and plant life. However, since they are easily degradable organic
congtituents, their contents and spectral distributions may in many cases reflect
degradation rather than the source of the organic matter.

Fatty acids determined in the central Arabian Sea during the SW monsoon are
predominantly marine. Minor contributions from long chain fatty acids indicate
terrestrial input most probably of aeolian origin (Reemtsma et al., 1990). A
relative increase of terrigenous markers from shallow to deep sediment trap is due
to their higher stability compared to short chain fatty acids which are largely
marinein origin.

Spectral distributions of carbohydrates (Figure 14.6) are very similar to those
observed in other trap experiments from the deep marine environment (lttekkot et
al., 19844, b). They do not suggest any significant contribution of terrigenous ma-
terial which would be indicated for example by high arabinose or glucose contents
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Figure 14.6 Average spectral distribution of carbohydrates (in mol %) of all trap samples
collected between May 1986 and November 1987 in the Arabian Sea.

(Hedges et al., 1994, Ochiai et al. 1988). A predominance of marine over
terrigenous organic matter is generally observed in sinking particulate matter
from the open marine environment. This is even true in the northern Bay of
Bengal (Reemtsma et al., 1993) where fluvial material can make up more than
60% of total fluxes (Ittekkot et al., 1991; this volume, Chapter 15). Due to its
higher sability terrigenous organic matter may become quantitatively more
important in the sediments (Ittekkot, 1988).

Organic carbon, amino acid, fatty acid and hexosamine contents are low during
high flux periods (Figure 14.7). This could be due (i) to the lower organic matter
content of primary produced material, (ii) to dilution with inorganic matter or (iii)
to the stronger decomposition of organic matter in the water column. Reemtsma et
al. (1990) found stronger decomposition of fatty acids when fluxes where higher
during the SW monsoon period of 1986. Comparing SW, NE and intermonsoons
for the whole period between 1986 and 1990 their findings could be confirmed for
amino acids and hexosamines (Rixen et al., in prep.). Similarly, biogenic
indicators such as the ratio of aspartic acid to R-alanine (Asp/[3-Ala) revealed that
organic matter was more labile when total material fluxes were higher, such as
during bloom periods (Haake et al., 1992). It is thus likely that organic matter
decomposition in the water column is more intense during blooms since the
settling material is more labile. Carbohydrate contents did not decrease during
high flux periods (Figure 14.7) and may be less affected by decomposition in the
water column.

Total organic carbon, fatty acids, amino acids, hexosamines and carbohydrates
are being decomposed between the shallow and deep traps (Table 14.1). The loss
rates were greatest for fatty acids and smallest for carbohydrates and hexosamines.
Whereas the contributions of fatty acids and amino acids to total organic carbon
(FA-C%, AA-C%) decreased considerably with water depth, those of carbohy-
drates and hexosamines (CHO-C %, HA-C %) remained almost constant or
increased dightly. Preferential loss of nitrogenous compounds was regularly
observed with increasing depth in the water column and in the sediments. This
was reflected in the increasing C/N ratios and decreasing contents of AA-C %
from fresh plankton to the sediments (Rixen and Haake, 1993). AA-C % can be
used in combination with C/N to compare intensities of alteration and diagenetic
stage of organic matter of mixed origin and from different environments (Figure
14.8) (Cowie and Hedges, 1994).

The preferential loss of amino acids might be induced by higher activity of the
enzyme protease compared to other digestive enzymes such as chitinase or
glucosidase so that amino acids are solubilized and made available for bacterial
uptake much faster than hexosamines and carbohydrates (Smith et al., 1992).
Contents of branched chain fatty acids (Reemtsma et al., 1990) and the
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hexosamine galactoseamine (Haake et al., 1992) relatively increase in particulate
matter samples between the shallow and deep traps. Both are indicators of the
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Figure 14.7 (a) Organic carbon fluxes at 732 m and 2914 m water depth between May
and October 1986, and percentages of carbohydrates, hexosamines, fatty acids and amino
acidsin thetrap (b) at 732 m and (c) at 2914 m in the central Arabian Sea.
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Table14.1 Total amino acid (AA), hexosamine (HA), carbohydrate (CHO) fluxes

measured between May 1986 and October 1987 at the western (WAST), central (CAST)

and eastern (EAST) trap locations in the shallow and deep traps. Contents of AA, HA,

CHO and fatty acids (FA) are given in mg g for the whole period, AA-C %, HA-C %,

CHO-C % and FA-C % represent the contributions of the organic constituents to total
organic carbon.

WAST CAST EAST
1040 m 3020 m 850m 2900 m 1455 m 2770 m

AA-Flux (mg m?y™? 1277 852 908 399 417 388
HA-Flux (mg m?y™) 107 66 76 43 30 29
CHO-Flux (mg m?y™? 286 180 201 104 124 114
AA (mg gh) 303 220 364 225 209 178
HA (mg ¢g?) 2.6 1.7 31 2.4 15 1.4
CHO (mg g™ 6.8 4.7 8.1 5.9 6.2 5.2
AA-C % 186  16.7 199 156 141 129
HA-C % 1.2 1.0 13 13 0.8 0.8
CHO-C % 3.9 3.3 4.1 3.8 3.9 3.7
FA (mgg™) * 1.4 0.4

FA-C%* 13 0.5

* Fatty acid data are for samples collected between May and October 1986.

accumulation of bacterial biomass on sinking particles suggesting that bacteria
play akey rolein organic matter decomposition.

14.5.3 INTERANNUAL VARIATIONS

The monsoons vary interannually in their intensities; i.e., in their wind speeds,
precipitation and timing of arrival and retreat (e.g., Singh, 1994; Khandekar,
1991). Very little research has been done on the NE monsoon as it is much
weaker and in most parts not associated with rains. In contrast, the SW monsoon
precipitation over India, its duration, amount and seasonal distribution has been
studied in detail for a long time. It has been stated that a stronger monsoon on
land (i.e,, a monsoon with higher amounts of precipitation) must be associated
with a stronger Findlater Jet (Findlater, 1969). Systematic investigations of this
phenomenon are, however, scarce (Dube et al., 1990).

The precipitation over India is measured at hundreds of rain gauges every year
and averaged for the whole country (e.g., Singh, 1994). The deviation of this
average from the long term mean precipitation can give an idea of the relative
intensity of a monsoon (given as the Monsoon Index, MI). The Monsoon Indices
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for 1986 to 1992 (from Singh, 1994) revealed a significantly positive correlation
with annual average lithogenic fluxes at the western and central trap sites (Figure
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Figure 14.9 Monsoon Index (%) versus annual averages of lithogenic fluxes (mg m? d™)
for six years in the western (198688, 1990-92) and four years in the central (1986-88,
1992) deep traps.

14.9). Stronger winds during SW monsoons and higher precipitation led to the
transport of more dust from the continents to the ocean. In the eastern Arabian
Sea there was no relationship between MI and lithogenic fluxes, most probably
due to the interference of lithogenic matter of resuspended or fluvial origin which
was observed in some of the years of investigation after the retreat of the SW
monsoon in October/November (see above). These findings suggest that the total
amount of lithogenic matter could be a proxy-indicator of monsoon intensity at
locations not affected by near-bottom lateral transport.

145 CONCLUSIONS

Monsoon related processes are responsible for the particle flux patterns found in
the deep Arabian Sea. The difference between the three stations is large for
biogenic fluxes as one of them is influenced by upwelling and, therefore, receives
higher amounts of biogenic matter than the other two. Lithogenic fluxes are quite
uniform over the basin and consist mainly of aeolian material from desert areas
west of the Arabian Sea.

Organic matter in sinking material is of predominantly marine origin through-
out the year. During bloom periods the material reaching the deep ocean is more
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labile and its decomposition in the deep ocean is, therefore, enhanced compared to
the periods of lower fluxes. Asamino acids are preferentially degraded, C/N ratios
in combination with amino acid carbon percentages can be used to define intensity
of alteration and diagenetic stage of organic matter. Tracers of bacterial biomass
as well as the difference in stability of amino acids, carbohydrates and hexos-
aminesindicate that bacteria play a key role in organic matter decomposition.

Total annual lithogenic fluxes are positively related to monsoon strength. Its use
as a proxy-indicator for SW monsoon intensity in short term studies has to be
checked carefully as the lateral transport in the nepheloid layer may alter the
accumulation of lithogenic matter in sediments. For long-term studies changesin
land vegetation have to be taken into account.
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