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Abstract. 

The North West Indian Ocean is an area of known high productivity due to 

upwelling. In conjunction with the somewhat restricted circulation due to the 

bathymetry of the Murray/Owen Ridge system, the high flux of organic matter 

from the euphotic zone promotes an intense oxygen minimum zone (<0.5 ml 

02/1), between 200 and 1200 m. Box cores (<55 cm depth ) taken during cruise 

17 of RIV Char/es Darwin, October 1986, have been used to investigate the 

diageriesis of the continental margin sediments underlying the oxygen minimum 

zone and to the east of the Murray/Owen Ridge. The cores retrieved covered a 

variety of environments; reducing organic- and diatomaceous- rich shelf and 

hemipelagic sediments. 

The lithological framework of the sediments has been characterised in terms of 

their elemental compositions (Si, Al, Fe, Mg, Ca, Na, K, Ti, Cr, and Zr) and 

mineralogies. These data illustrate varying depositional constraints, including 

sediment reworking, winnowing and emplacement of slumped sediment. From the 

calcium carbonate profiles and 14 C data, estimates of sedimentation rates have 

been calculated for the hemipelagic cores, ranging between 4 and 9 cm/kyr. The 

localised source of serpentinite (Cr, Mg and Ni enriched) from the Masirah 

Melange can be traced within the shelf sediments and significantly enhances the 

Cr and Mg contents. 

To constrain the sequence of organic matter diagenesis within these sediments, 

organic carbon, total nitrogen, halogen and interstitial water nutrient profiles have 

been examined. The shelf cores are essentially reducing throughout, with 

denitrification completed at the interface, and high levels of phosphate and 

silicate regeneration. C/N ratios indicate intense organic matter degradation 

throughout these sediments and faunal bioturbation in one particular core. Within 

two cores the C/N profiles concur with other evidence for reworking of the 

sediments. The I and Br data show distinct biogeochemical distribution patterns, 

with significant enrichments in oxic surficial sediments for I related to its redox 

behaviour, and to a lesser extent Br also shows surficial enrichments. 



Detailed consideration of the transition metal (Mn, Fe, Cu, Ni, Zn and V) 

distributions within the shelf cores is necessary to elucidate the major metal hosts 

in oxyhydroxide depleted environments. These shelf cores indicate the importance 

of organic matter. The shelf sediments are significant as a source of aqueous 

metals to the bottom waters. Transition metal distributions in the hemipelagic 

cores are clearly linked to the development of Mn oxyhydroxide layers. The three 

hemipelagic cores all show evidence of non-steady state conditions due to a 

variety of processes and agents; lower organic carbon input, bioturbation and 

disrupted sedimentation. Non-steady state is evidenced by the disequilibrium 

between solid and aqueous Mn phases. Strong interfacial recycling of the trace 

metals is suggested and with the exception of one core, with a surficial MnOx 

spike, this leads to benthic fluxes out of the sediments. Copper distributions are 

more interrelated to organic matter whereas Ni is closely linked to Mn recycling. 

V and Zn have complex behaviours linked to both hosts. 

It is suggested that the oxygen minimum zone has a significant influence on the 

sediment geochemistry, both directly as low oxygen bottom water conditions over 

the shelf cores, and also indirectly in the influence it exerts on seclimenting 

particulate matter. Additionally this 02 depleted water layer may act as a horizon 

for lateral advection for metal enriched bottom waters from the shelf to deeper 

areas offshore. 
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CHAPTER 1 
INTRODUCTION. 

Oceanic environments reflect a complex interaction of processes, particularly 

between organic and inorganic constituents. The role of organisms and organic 

matter is now recognised as crucial in this, as our understanding of marine 

geochemistry has developed. Within such an extensive topic as oceanography 

progress is often furthered by examining particular aspects in certain pertinent 

areas. This study of the North West Indian Ocean is an investigation of elemental 

geochemistry in continental margin sediments where organic matter and redox 

systems are thought to play a significant role. 

This area is subject to seasonally reversing monsoon winds which produce 

upwelling along the western (Somali-Oman) margin (Sen Gupta etal., 1975, 1976 

Qasim, 1982). Primary productivity is stimulated by the nutrient rich upwelled 

waters and the,death and decay of this organic matter as it falls through the water 

column contributes to the low dissolved oxygen content of the water abutting the 

continental slope (Qasim, 1982). The combination of an oxygen minimum zone 

and high organic rain leads to the development of a variety of sedimentary 

environments ranging from reducing shelf to hemipelagic sediments across the 

continental shelf, slope and rise. 

The bacterial degradation of organic matter, using initially oxygen and 

subsequently a series of secondary oxidants has significant implications for the 

distribution and diagenetic behaviour of many elements. Obviously the 

distribution patterns of carbon, nitrogen, phosphorus and elements exclusively 

associated with organic matter i.e. the halogens, will be strongly linked to this 

degradation. Equally, so will elements such as manganese and iron, which are 

both involved in the oxidation of organic matter, as oxidants, and are in 

themselves sensitive to changes in the redox conditions associated with organic 

degradation. Decomposition of organic debris in the sediment also releases other 

metals adsorbed or scavenged by particulate matter falling through the water 

column or at the sediment-water interface. The interactions between trace metals, 

organic matter and manganese redox recycling have been extensively investigated 



in other areas of the ocean (Froelich et al., 1979; Klinkharnmer, 1980; Burdige 

and Gieskes, 1983; Sawlan and Murray, 1983; Graybeal and Heath, 1984; 

Shimmield and Price, 1986; Pedersen et aL, 1986) but their relationships within 

this upwelling environment warrant attention. 

To usefully appraise the pattern and extent of diagenetic reactions, the 

depositional environment must be examined. This is especially relevant as it is 

becoming increasingly recognised that non-steady state conditions are more 

prevalent and significant than previously thought. For detailed diagenetic studies 

the response of the sediments to perturbations such as gravity flows, current 

erosion, changes in productivity and faunal activity are likely to have considerable 

influence. The lithological framework is also important. The North West Indian 

Ocean does not have a significant fluvial input, most of the lithogenic material is 

of an aeolian nature, and over Late Quaternary time can be expected to have 

covaried with climatic changes. Such climatic changes are thought to dictate 

monsoon driven upwelling, which affects the plankton productivity and supply of 

biogenic debris such as organic matter, calcite and opaline silica to the sediments. 

Whilst palaeoceanographic studies are mostly based on piston core profiles, an 

assessment of chemical reactivity of sediment constituents at or immediately 

below the surface of sedimentation is of extreme importance for the interpretation 

of the changes in chemical composition of more deeply buried sediments. 

The North West Indian Ocean has not been extensively studied, and the water 

column and oxygen minimum zone have received more attention than the 

sediments. Cruises of note involving all aspects of oceanography include ORGON 

IV (1978) (CEPM-CNEXO, 1981), RV GAVENSHAN (1976), INS DARSFISK 

(1973 & 1974) (Qasim, 1982) and the cruises associated with the International 

Indian Ocean Expedition (1.I.O.E., 1960 to 1965) (Sen Gupta etal., 1975, 1976). 

Shankar et a]. (1987) have produced a regional overview of the surface sediment 

distribution and sedimentary processes for the northern Indian Ocean and the 

ORGON IV cruise examined the sediments underlying the oxygen minimum zone 

of the Oman margin. Much of the latter work concentrated on the chemistry of 

sedimentary organic compounds in piston cores. 
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It has become increasingly recognised that the most intense diagenetic reactions 

occur at or within millimetres of the sediment-water interface. For this reason 

good recovery of the interface and detailed depth profiling of the uppermost few 

decimetres of the sediments were priorities for this project. Comprehensive 

interstitial water analyses were also required as the interaction between solid and 

aqueous phases is essential in clarifying processes operating and appraising rates 

of reaction in the sediments. Additionally the chemical diagenesis within 

sediments underlying highly productive waters is thought to influence oceanic 

bottom water metal and nutrient concentrations. Hence quantification of benthic 

fluxes of certain elements was a priority. One of the essential aims of the R/V 

Char/es Darwin Cruise 17 was the recovery of cores from environments ranging 

from highly reducing diatomaceous shelf to hemipelagic sediments. To evaluate 

the various diagenetic reactions within these sediments, this study has involved a 

variety of methods, including observation, shipboard wet chemistry, X-ray 

diffraction and major and minor element analysis of sediments and interstitial 

waters. 

3 



CHAPTER 2 
THE STUDY AREA. 

2.1 Introduction. 

The area between 120  and 259 N off the south east coast of Arabia is known for its 

high productivity (Currie et al., 1973; Sen Gupta et a/., 1975; Kuz'menko, 1974; 

Qasim, 1982; Slater and Kroopnick, 1984; Sen Gupta and Naqvi, 1984 and Smith, 

1984). This productivity is stimulated by the nutrient enriched waters brought to 

the surface by the upwelling system caused by the monsoon winds. It also 

contributes to the well developed oxygen minimum zone which is found between 

200 and 1200 m (Wyrtki, 1973; Sen Gupta et al., 1975; Qasim, 1982; Slater and 

Kroopnick, 1984; Swallow, 1984). It was with these characteristics in mind that the 

sediments from this area were sampled during the 17 	cruise of R/V ('har/es 

Darwin (CD 17) to investigate geochemical distributions of major elements, 

biogenic related elements and their inter-related diagenetic features. 

2.2 Cruise details. 

The 17th  cruise of R/V ('bar/es Darwin took place in the North West Indian 

Ocean off the Oman margin from October 15th  to November 7th 1986. The aims 

of this multidisciplinary cruise, were to examine various aspects of sediments from 

box and piston cores, and gather water column geochemical data and aeolian 

inputs. The cruise track is shown in Figure 2.1. The locations of the seven box 

cores studied for this thesis are shown in Figure 2.2. and in Table 2.1. 

4 
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Core. Latitude. Longitude. Depth 	(m). 

1704 17044.5'N 57023.8'E 410 

1710 17032.0'N 57022.0'E 1295 

1712 16040.4 1 N 57023.1'E 4030 

1713 15004.6'N 57024.5 1 E 3680 

1715 16037.7'N 60040.1'E 4040 

1721 19046.3 1 N 58036.0'E 645 

1722 19034.4'N 58031.3 1 E 980 

Table 2.1. Location and depth of the sediment cores studied. 

Hydrographic data recorded include temperature (°C), salinity, pressure and 

oxygen, using a Neil BrownR  CTD and sampling with 30 litre Niskin bottles. 

Bathymetric data were recorded using a precision depth chart recorder. Sampling 

procedures for the box cores are given in Appendix A.I. and core descriptions in 

Appendix A.2. 

2.3 Regional geology and bathymetry. 

The North West Indian Ocean is semi-enclosed by the Arabian Peninsula and the 

Asian and Indian subcontinents. It has two marginal seas, the Red Sea and the 

Persian Gulf, which drain from the north west. The Arabian Basin is bounded by 

the Carlsberg Ridge to the south and split by the Owen Fracture Zone (OFZ), 

which trends SSW/NNE. The Murray Ridge is the northernmost extension of the 

Owen Fracture Zone, separating the Gulf of Oman from the Indus Fan. Much of 

the Arabian Sea is between 3000 and 4000 m deep. The Oman Basin and areas 

west of the Murray/Owen Ridge reach over 3000 m, whereas in places the Murray 

Ridge is less than 1000 m deep and is therefore a barrier to the movements of 

water masses. 

The tectonics of the region have an important influence on the depositional 

setting of the sediments. The shelf area to the south of Ras at Madraka, at less 

than 180 m deep, is gently shelving well sorted quartzose sands, which were 

7 



sampled by box cores during the cruise. The Wahiha Sands probably supply the 

aeolian material deposited. The tip of Ras al Madraka and Masirah Island consist 

of ophiolite and the Masirah Melange (Moseley and Abbotts, 1979). South of 

Masirah Island the depth profiles indicate that the shelf break and slope become a 

complex of NNE/SSW trending valleys and fault blocks. These are parallel to the 

Murray/Owen Ridge, as are the Masirah Melange and dykes on the island. 

Moseley and Abbotts (1979) suggest that this fault line is a NNE strike-slip fault 

of Cretaceous age with polyphase activity forming the dykes and large scale 

brecciation. A little closer to Masirah Island (area of 58°E, 190 N, stations 21 and 

22), silled intrasheif basins of less than 1 km diameter are found. The adjacent 

fault valleys and canyons divert shelf sands to deeper waters, thus allowing 

diatomaceous organic detritus to accumulate in them. As these basins are within 

the oxygen minimum zone, at depths of 645 m and 780 m 	the bottom waters 

may be anoxic. 

2.4 Circulation. 

The circulation patterns of the North West Indian Ocean are important in the way 

they influence the physical, chemical and biological characteristics of the area. It 

is well known that the North West Indian Ocean is subject to a seasonally 

reversing wind field, (Wyrtki, 1973; Bruce, 1974; Swallow, 1984). In the summer 

months of the northern hemisphere (April to October), the warming of the Asian 

subcontinent creates a low pressure cell over the Himalayas and the Tibetan 

Plateau. The strong windfield produced forces water northwards along the coast of 

Somalia (the Somali Current), see Figure 2.3. Water masses north of the equator 

flow east and join the monsoon drift. In addition, the South Equatorial Current 

becomes stronger and partially joins the Somali Current. The return flow of water 

is along the west coast of India. The strong Somali Current causes divergence and 

upwelling along the coast, particularly in the area of the Horn of Africa. The 

upwelling observed along the Arabian coast is attributed more to Ekman transport 

than to a strong boundary current (Currie etal., 1973). These authors point out 

that the spatial extent of the Arabian upwelling is greater than in other areas, its 

width being at least 400 km offshore for over 1000 km. They suggest that this is 
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due to water being upwelled from a much greater depth than usual, between 300 

and 700 m. It should be noted that the upwelling system does vary; centres of 

upwelling are often located near the Kuria Muria Islands, off Mirbat, Ras a! 

Madraka and off Masirah Island (Currie etal., 1973; Bruce, 1974), as identified by 

sea surface temperatures, see section 2.6. These areas may migrate and their 

intensity fluctuates with changes in the windfield (Bruce, 1974; Swallow, 1984). 

The Southwest Monsoon starts to disperse during October to be replaced by a 

northeasterly wind pattern. The currents in the North West Indian Ocean are 

weaker, and flow from east to west. The North Equatorial Current flows 

westwards at around 1N and then flows south along the coast of Somalia. There 

may be some surface flow into the Gulf of Aden (Wyrtki, 1973) see Figure 2.3. 

The shallow North East Monsoon Drift does not appear to affect waters below the 

thermocline and there are no areas of intense upwelling. Only under favourable 

wind conditions may the thermocline shoal to produce weak upwelling. 

2.5 Productivity. 

As might be anticipated from the seasonal circulation and upwelling of the North 

West Indian Ocean, the associated productivity shows temporal and spatial 

variation, often on a small scale; Ryther and Menzel (1965) reported distinctly 

patchy plankton distributions (of a few hundred yards to several miles in 

diameter). Throughout the literature, it is generally agreed that productivity over 

the northern Arabian Sea is higher than many oceanic areas. Average surface 

values for the euphotic layer range from 0.0211 to 2.676 g C/nr/day (Kuz'menko, 

1974). Qasim (1982) cites an average value of 0.835 g C/m2 /day whereas Ryther 

and Menzel (1965) report a higher average of 1.8 g C/m2 /day, with bloom 

conditions of up to 5.7 to 6.4 g C/nr!day. 

Figure 2.4. shows the primary productivity within the euphotic zone. Quite clearly 

there are areas of localised high productivity, particularly off the Gulf of Oman, 

the Yemen Coast and off the Indus Fan. Banse (1984) discusses in some detail the 

temporal and spatial data available and concludes that there is more variation in 

plankton productivity and distribution than is suggested by the productivity maps. 

10 
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The trend of high coastal and lower central ocean productivity (still higher than 

other subtropical gyres) is again present. Qasim (1982) suggests that most of the 

primary productivity during the Southwest Monsoon occurs within the euphotic 

water column rather than at the surface. The premonsoon season (February to 

May) shows the lowest productivity rates. 

2.6 Hydrochemical characteristics. 

The hydrochemical characteristics of the North West Indian Ocean have been 

studied by many workers, who have looked at the structure of the water masses 

within the ocean and the biogeocheinical processes associated with the high 

primary productivity observed (Kuz'rnenko, 1974; Sen Gupta et al., 1975, 1976; 

Lukashev, 1980; Qasim, 1982). The intense oxygen minimum zone which Sen 

Gupta et al. (1957, 1976), Qasim, (1982), Slater and Kroopnick, (1984), Swallow, 

(1984) and Sen Gupta and Naqvi (1984) discuss was observed by R/V ('bar/es 

Darwin during this cruise. The oxygen minimum zone is between 200 and 1200 

m, usually being most intense between 600 and 800 m, (unpublished cruise data), 

see Figure 2.5. a) for stations 1712, 1713 and 1715. It is suggested that the upper 

layer of the oxygen minimum zone is in part caused by the decay of marine snow 

from the euphotic zone and that the lower layer is partly associated with the 

oxygen depleted waters from the Red Sea and Persian Gulf (Qasim, 1982). The 

Murray/Owen Ridge may restrict circulation and so retard mixing of the oxygen 

depleted layers with other water masses from below (Swallow, 1984). 

Areas of upwelling can be identified by the sea surface temperatures, as deeper 

colder waters are brought to the surface. Obviously this will vary with the season 

and the intensity of upwelling (Currie et al., 1973; Bruce, 1974; Swallow, 1984). 

The different water masses can be distinguished by their temperature and salinity, 

as unpublished data from CD17 taken at the end of the Southwest Monsoon, prior 

to the development of the Northeast Monsoon illustrates (Figure 2.6. a & b). The 

surface temperatures are between 22.70C and 27.0 and salinity ranges between 

35.7 and 36.1. Values observed from other cruises between 1974 and 1976, were 

compiled by Qasim (1982). Average surface temperatures range between 25.06°C 

(Northeast Monsoon) and 26.189C (Southwest Monsoon) and salinities between 
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35 (Northeast Monsoon) and 36.19 (Southwest Monsoon). He describes upwelling 

waters at 100 m as having temperatures between 20.83°C (Northeast Monsoon) 

and 22.610C (premonsoon). Bruce (1979) presents data from cruises in 1963, 

when surfaces temperatures of upwelling areas were less than 2d3C and salinities 

were less than 35.7. The water masses from the Persian Gulf and Red Sea can be 

distinguished as having salinities between 34.5 and 35.5, and temperatures of 9°C 

to lC (Thurman, 1975; Qasim, 1982) and were observed in data from the CDI7 

at a depth of 1000 m. The deep waters of the Indian Ocean, below 2000 m, are 

characterised by temperatures between 1°C and 30 C and lower salinities between 

34.6 and 34.8 (Thurman, 1975). 

In an area of high primary productivity, the nutrient availability in the water 

column is important. Nutrient availability can limit plankton productivity. The 

recycling of nutrients between the surface water planktonic consumption and deep 

water regeneration by decomposition of plankton debris occurs via the upwelling 

circulation. It is this nutrient recycling that enables the surface waters to support 

such high primary productivity. Much work has been done on nutrients in the 

North West Indian Ocean (Sen Gupta et al., 1975, 1976; Lukashev, 1980; Qasim, 

1982; Sen Gupta and Naqvi, 1984). The unpublished data from cruise CD17 is 

shown in Figures 2.5. and 2.7. Nutrient values reach high levels, of up to 150 

mol/kg S104 4-,  65 mol/kg NO3 , and 3.5 umol/kg P043  at depth. The values 

for silicate (Si044 ) and phosphate (P043 ) are comparable to those presented 

by Qasim, (1982) and Sen Gupta etal., (1975). The nitrate (NO3 ) values from 

this cruise are higher than data presented by these and other workers (Lukashev, 

1980). It is probably a combined nitrate and nitrite value (see Appendix A.5 for 

the method) as denitrification occurring within the water column associated with 

the oxygen minimum zone has been described by Sen Gupta et al., 1976; 

Lukashev, 1980; Sen Gupta and Naqvi, 1984. The high values of dissolved 

nutrients indicate the decay of organic matter falling through the water column. 
iel 

It is important to note that the organic rain will become modifiedAits particulate 

C:N:P ratio with depth, workers in other areas have noted such effects 

(Copin-Montegut and Copin-Montegut, 1983), see section 5.2.3. Not all the labile 

fraction can be remineralised in the water column and Sen Gupta and Naqvi 

(1984) suggest that organic matter remineralisation is still active in the bottom 
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waters and that organic matter with a proportion of labile components can reach 

the sediment-water interface. Edmond et al. (1979) examined data from 

GEOSECS stations in the Arabian Sea, particularly GEOSECS 417 (13°N 

64930'E) and noted significant increases in nutrients (Si, P043  and NO3 ) within 

the bottom water. These high nutrient levels are attributed to the regeneration of 

relatively unaltered planktonic material underlying the upwelling areas and 

subsequently advection within the bottom waters. 

The quantity and quality of the organic matter reaching the sea floor, the 

characteristics of the water overlying the sediments, the detrital sedimentation and 

current activity are all important factors which influence the diagenetic and 

sedimentary features of this area. 
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CHAPTER 3 
MINERALOGY AND PHYSICAL CHARACTERISTICS. 

3.1 Introduction. 

There are a variety of components which influence the mineralogical and 

geochemical composition of the sediments during deposition and early diagenesis. 

Sources of sedimenting material can be classified into four groups; detrital, 

biogenic, authigenic and hydrothermal. Source materials not only influence the 

chemical characteristics of the sediments but also their physical properties. Both 

of these will affect how diagenetic processes develop. 

The arid climatic regime of the North Vest Indian Ocean and Oman Coast leads 

to little fluvial detrital input, the main source of detrital material being aeolian 

(Stewart et al., 1965; Goldberg and Griffin, 1970; Kolla et at., 1981 a). The 

upwelling-stimulated productivity is an important source of biogenic sediment, 

comprising both biogenic calcite and opal. Sharikar et al. (1987) present 

geochemical data from surface sediments of the Arabian Sea. The distribution 

patterns and factor analysis of elements particularly associated with: 

Carlsberg Ridge hydrothermal activity (Na, Pb, Zn, Co, Fe); 
terrigenous contributions (Si, Al, K, partly Ni, Cu, Fe); 
authigenic precipitates (Mn, Cu, Ni, Fe); 
biological contributions (Rb,Sr), 

suggest that in the Owen Basin aeolian and upwelling processes are predominant. 

Hydrothermal sources occur only near the Carlsberg Ridge (south of 120 N). The 

authigenic precipitate contribution increases towards the central Arabian Basin, 

away from dilution by terrigenous materials. Authigenic minerals specific to these 

CDI7 cores are discussed later, in section 3.5. 

In this chapter the bulk mineralogy and porosity of the sediments are examined. 

Associations of mineral suites are also considered to gain some indication of 

sources of material. Many authors have examined the provenance of the Arabian 
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Sea sediments, often with reference to the clay mineral distributions (Goldberg 

and Griffin, 1970; Kolla etal., 1976 and 1981 a & b). 

3.2 Core descriptions. 

The main lithological features of the cores are depicted in Figure 3.1.They can be 

grouped by appearance (Lyle, 1983): 

cores that have an oxidising top, showing a red surface layer and a 
grey/green lower layer, (1712, 1713, 1715); 
cores that are reducing throughout and of a uniform dark/olive brown/green 
colour (1704, 1710, 172 1,1722). 

Generally all the sediments are all fine-grained muddy silts/oozes. 

Cores 1712 and 1713 were collected from the slope and basin of the Oman 

margin, as shown in Figure 2.2. Core 1715 was located on the edge of the Indus 

Fan. The depths of these cores, shown in Table 2.1., imply that they are overlain 

by oxygenated bottom waters, (Figure 3.2.) as is indicated by the 4-8 cm thick 

yellow brown surface layers. At the base of this layer in each core there is a 

distinctly darker band, it is most noticeable in core 1715, occurring at 4-5 cm. 

Below this band, the sediments change colour to light olive-grey / greenish-grey, as 

they become reducing. Cores 1712 and 1713 show black streaks towards the base, 

indicating the formation of moriosuiphides. Core 1715 has a variable lithology. 

Below the surface layer the sediment becomes light olive to a depth of 40-42 cm. 

Between 7-8 cm and 24-26 cm buff mottles occur throughout, possibly due to 

bioturbation, although no fauna were observed. At 40-42 cm there is a coarse 

sandy band. This overlies a pale grey cohesive clay and could be a lag deposit at 

the boundary between these two sedimentary units. 

Cores 1704 and 1710 can be grouped together, as they are of uniform dark olive 

brown colour and are slightly coarser than the rest (coarse silt). These two cores 

were located on the shelf break/slope. They are more cohesive, core 1710 
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becoming slightly indurated at depth. In core 1704 several nodules of varying sizes 

were found between the surface and 8 cm depth. These are of varying hardness 

and colour. The darker nodules tend to be the harder and are also smoothed and 

bored by organisms. 

Cores 1721 and 1722 were located in an intrashelf basin, at depths of 645 m and 

780 m respectively. At these depths, they are overlain by the oxygen minimum 

zone. They are both of uniform dark olive green colour (see Figure 3.1.) and a 

fluid texture. On recovery, both cores smelt strongly of hydrogen sulphide (H,S). 

Their colour and the occurrence of HI S indicate the anoxic nature of these cores. 

During subsampling fish bones were found towards the base (38-44 cm) of core 

1721. 

The colour variations within this suite of cores gives some indication of their 

diagenetic conditions, although some colour changes are linked to variation in 

lithology as in core 1715. Generally textures are moderately uniform, suggesting 

that source inputs have been relatively constant with time and without hiatuses. 

Core 1715 does show variation in texture and colour at the base, which suggests a 

hiatus in sedimentation. Such variations should be taken into consideration when 

discussing diagenetic processes occurring in these sediments. 

3.3 Porosity. 

The porosity of sediments is related to grain size and compaction. Where the 

sedimentation history has been constant and there are no changes in lithology, 

porosity profiles can be expected to decrease exponentially with depth due to 

compaction and dewatering (Berner, 1971). Bands of coarser grained sediment 

have lower porosity than bands of fine-grained material. Fine grained material is 

often clays, with high porosity as their platty nature causes loose packing 

frequently referred to as a "house of cards" structure. 

The sampling procedure for porosity is described in Appendix B.1 and the data 

are tabulated in Appendix C.1. Porosity is calculated from the water content of 

the sediment using equation (3.1) (Berner, 1971) given below; 
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Wds 

3.1 

Wds + (1-W)dw 
Where: 

4, = porosity 
W 	% moisture content x 10 

ds = sediment grain density (using a mean value of 2.65 g/cm3 ) 
dw = interstitial water density (using a mean value of 1.04 g/cm3) 

Figure 3.3. illustrates the porosity profiles. Surface porosities are high, over 

0.85-0.91 except for cores 1704 and 1710 which have lower surface porosities 

(0.74-0.77) (Table 3.1.) and in general lower mean porosities than the other cores. 

This may relate to a coarser grain size but there is other evidence to suggest that 

these cores may be exhumed, compacted shelf sediments (see chapter 4) or 

reworked sediments. All the profiles show a decrease in porosity with depth. In 

cores 1712 and 1713 porosity decreases fairly rapidly in a regular manner. This 

would suggest that core 1713 has a fairly uniform lithology, the decrease in 

porosity relating to compaction. Core 1712 does show some scatter from 20 cm 

down which may relate to variation in lithology or grain size halfway down the 

core. Core 1715 has a visible lithological change at 40-42 cm depth, below which 

there is a cohesive grey clay with a lower porosity (0.73). Immediately above it 

there is a noticeably coarser band which has a very low porosity (0.49). This is 

possibly an erosional or lag feature. The low point at 20-22 cm is spurious as the 

sample had been subject to drying before measurement. The change of slope at 

6-7 cm is real and probably relates to a lithological change. 

Although cores 1721 and 1722 were very fluid when sampled, their surface 

porosities are not much higher than the surface porosities of others (see Table 

3.1.). However, the profiles show little decrease in porosity until depths greater 

than 30 and 35 cm respectively. This suggests that there is little compaction in 

these sediments until some depth of burial is reached, possibly due to relatively 

rapid accumulation. As Table 3.1. indicates, these two cores show the lowest 

porosity decrease over their depth between all the cores. Core 1721 shows some 

irregularities in the profile between 14 and 30 cm, suggesting that there may be 

* See. Appendix C.I. 
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Core. Surface Mean Base % Decrease 
porosity porosity porosity in porosity 

1704 0.75 0.66 0.57 24 

1710 0.77 0.74 0.70 9.1 

1712 0.89 0.81 0.72 19.1 

1713 0.88 0.78 0.69 22.2 

1715 0.88 0.80k 0.72* 18.2 

1721 0.89 0.87 0.85 4.5 

1722 0.91 0.90 0.88 3.3 

+ excludes sandy band. 
* value immediately above the sandy band. 

Table 3.1. A summary of the porosity data for the C017 cores. 

variations in lithology, whereas the porosity of core 1722 is remarkably constant 

with depth until compaction starts occurring. It was noted in the core descriptions 

that these two contained a lot of organic debris and it has been observed (Busch 

and Keller, 1981) that organic matter increases the water content of a sediment. 

Busch and Keller (1981) described Peru-Chile margin sediments of very high 

organic carbon contents (up to 20%) with high water contents (up to 800% dry 

weight) and porosities between 65 and 85°% over the top 10 cm. The organic 

carbon contents of the CD17 cores are lower (up to 5.55c),  but the mean 

porosities are between 66 and 90%. 

3.4 Mineralogy. 

Sediment samples from different depth intervals, including the surface, were 

analysed by X-ray diffraction (XRD, see Appendix B.4) for their component 

mineral suites. The resultant peaks were interpreted using tables prepared by 

Chao (1969). Whilst is not possible to obtain absolute proportions of mineral 

contents with this method, comparisons of relative proportions and variation with 

depth and between cores can be made. For this to be possible, the XRD traces for 
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all the cores were taken using the same operating conditions, (see Appendix B.4). 

It should be noted that there has been no correction for the mass absorption 

effects of the samples. For this qualitative description of the mineralogy it is 

assumed that the peak height on the XRD trace is approximately proportional to 

abundance. 

Quartz and calcite are the predominant minerals occurring in these sediments, 

with subordinate feldspar (albite, potassium-rich feldspar), dolomite and a suite of 

clay minerals. The halite peak is present in all the samples indicating the presence 

of dried sea salt. Smear slide examination of the sediments reveals a considerable 

biogenic component of planktonic and benthic foraminifera, diatoms, radiolarian 

fragments, sponge spicules and fish scale debris. 

The ubiquitous suite of quartz, calcite, feldspar, clay minerals and dolomite varies 

in the relative abundances of the minerals as illustrated in Figures 3.4 to 3.7., 

which show the variation of peak heights for the diagnostic reflections. Cores 1712 

and 1713 (Figure 3.4.) although mostly quartz and calcite, appear to contain more 

clay minerals (mainly chlorite and illite) than the rest. In both cores, calcite 

increases with depth, this increase being more noticeable in core 1712. Also the 

proportion of quartz decreases with depth, probably clue to dilution by the calcite 

fraction. The traces show a slight "humping" between 19P and 30P 2, which is 

attributable to biogenic silica. 

Core 1715 (Figure 3.5.) is also predominantly quartz and calcite. The minor 

quantities of feldspars and clays are fairly constant throughout the core. There is 

little indication of biogenic silica being an important constituent. The relative 

proportion of quartz does decrease with depth to some extent but increases in the 

coarser band at 40-42 cm. 

Throughout core 1721 the relative proportions of the main suite of minerals is 

fairly constant (Figure 3.6.). The clay mineral content is less than observed in 

1712 and 1713. Some pyrite is also indicated by the XRD trace with slightly 

greater proportions at depth. The traces of 1721 and 1722 again show "humping" 
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Figure 3.4. XRD traces illustrating sediment mineralogical variations with depth 

in cores 1712 and 1713. a. 1712, 0-1 cm; b. 1712, 38-41 cm; c. 1713, 0-1 cm; cI. 

1713, 20-22 cm. 0-quartz, C-calcite, D-dolomite, H-halite, F-feldspar, Ch-chlorite 
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Figure 3.5. XRD traces illustrating sediment mineralogical variations with depth 

in core 1715. a. 1715, 0-1 cm; b. 1715, 0-quartz, C-calcite, D-dolomite, H-halite, 

F-feldspar, Ch-chlorite. 
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Figure 3.6. XRD traces illustrating sediment mineralogical variations with depth 

in cores 1721 and 1722. a. 1721, 0-1 cm; b. 1721, 42-44 cm; c. 1722, 1-2 cm; cl. 

1722, 20-22 cm. Q-quartz, C-calcite, D-doloinite, H-halite, F-feldspar, 

Ch-chlorite. 
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Figure 3.7. XRD traces illustrating sediment mineralogical variations with depth 

in cores 1704 and 1710. a. 1704 sediment, 0-1 cm: b. 1704 pale nodule, 6-7 cm; C. 

1710, 0-1 cm; d. 1710, 6-7 cm. 0-quartz, C-calcite, D-dolomite, Ap-apatite, 

H-halite, F- feldspar, Ch-chlorite. 
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between iq and 3CP 20 due to biogenic silica. Smear slide examination showed 

these cores to be very diatomaceous. Core 1722 also has a small amount of pyrite 

but less than 1721. The proportions of quartz and calcite vary antithetically down 

core 1722. 

Core 1710 (Figure 3.7.) shows fairly constant calcite proportions with depth. 

Quartz decreases slightly with depth and there are only minor indications of clay 

minerals. The surface interval shows the largest feldspar peak between all the 

cores but at depth this is a similar height to the rest. 

The nodules found in core 1704 (section 3.2.) show very strong fluorapatite peaks 

(Figure 3.7.) almost masking the quartz and calcite peaks which are also present. 

Dolomite is an important additional constituent of these nodules. There does not 

appear to be any major mineralogical differences between the pale and dark 

coloured nodules. Within the sediment surrounding the nodules fluorapatite is 

also present but as a minor component. There is less calcite in core 1704 than in 

core 1710 but comparable quartz and both these constituents show increases with 

depth, the calcite increase being slightly greater than the quartz increase. The 

feldspar content decreases with depth. Only the surface interval shows any 

humping indicative of biogenic silica. 

Dolomite is present in all the cores in roughly similar proportions. Smear slide 

investigations showed a few euhedral rhombs, some corroded rhombs and what 

appears to be corroded detrital clumps of dolomite. 

3.5 Authigenic mineral formation. 

The XRD data so far presented has indicated the occurrence of mineral phases 

which are unlikely to have come from aeolian sources, e.g. fluorapatite and pyrite. 

Both these minerals are known to be associated with organic-rich sediments. 

There is still a considerable debate over the authigenesis of fluorapatite, 

concerning its mode of formation and whether or not fluorapatite is forming in 

present day sediments. Pyrite formation is more common and the controls of 

formation are better understood (Goldhaber and Kaplan, 1974; Berner, 1984, 
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1985; Skei, 1988 a). Dolomite is another mineral which may form authigenically 

and its presence in CDI7 sediments is clearly demonstrated. However, as there is 

some uncertainty as to the source of the dolomite in this area, this section will 

only deal with fluorapatite and pyrite. 

3.5.1 Fluorapatite. 

From the XRD traces (Figure 3.7. a & b) and previous discussion it is apparent 

that fluorapatite only occurs in the lagged core of 1704. Figure 3.8. shows the 

phosphorus content of the sediment and the depths at which nodules were 

recovered. The total phosphorus content ranges from 0.41 to 3.21% whereas the 

other cores are all <0.27%. In previous work from the Indian Ocean (Baturin 

and Sevast'yanova, 1987) P contents of up to 0.52% (at 	18°N, between 61 & 

720 E at 470 m) were reported. Dredged phosphorite concretions from Error 

Seamount on the Owen Fracture Zone contained between 7.86 - 9.38% p (Rao, 

1986). p contents of between 0.25 - 1.26% from sediments off the south west 

African margin have been found by Veeh et al. (1974). Price and Calvert (1978) 

reported a P content of 0.69% for a diatomaceous ooze from this area (Namibian 

shelf) whereas phosphorite sediments and pellets ranged between 1.92 - 14.23% 

P. Brongersma-Sanders et al. (1980) observed phosphatised sections of cores from 

south west Africa with P contents ranging from 1.07 to 3.9917o. 

Points A to H on Figure 3.8. are the depths at which nodules were recovered. 

These varied in size, shape and texture: 

0-1 cm. Nodule A. A hard dark (10 YR 2/2) irregular concretion, with slight 
indications of faunal boring, 1.05 x 0.8 x 0.7 cm. 
1-2 cm. Nodule B. The largest nodule (3.1 x 2.7 x 2.1 cm) which has distinct 
'top' and 'bottom' halves. The 'top' of this nodule is quite hard and lumpy 
and a yellowish gray (5 Y 7/2) colour, whereas the 'bottom' half is more 
friable and a light greenish gray colour (5 GY 8/1). Foraminifera are clearly 
visible in the friable half of the nodule. It has also been smoothed on the 
upper surface and bored through by faunal activity. 
4-5 cm. Nodules C-G. At this depth five small nodules were recovered, 
between 2 x 1.4 x 0.9 cm and 0.7 x 0.6 x 0.4 cm in size and of varying colours 
and textures. There are three of friable texture and a lighter yellowish gray 
colour (5 Y 7/2) in which foraminifera fragments are visible. 
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Figure 3.8. Depth profile of total P (salt corrected) in the sediment of core 
1704 and depths at which nodules were found. 
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Two nodules are very much darker in colour ( 5 Y 4/1 and 5 Y 3/1) and, 
similarly to nodule B, are an irregular but smoothed shape and show 
indications of having been bored through by fauna. 

4. 6-7 cm. Nodule H. A similar nodule to B but slightly smaller ( 1.3 x 1.1 x 
0.75 cm). Again areas of this nodule are slightly darker (5 Y 6/2) and harder 
than others. As in previous nodules foraminifera are more apparent in areas 
which are friable. 

Differences in colour of nodules between top and bottom surfaces have been 

noted in nodules from Peru (Burnett et a/., 1983) due to an oxidised coating from 

exposure to seawater. Concretions from Error Seamount (Rao, 1986) also show a 

distinct iron oxide layer on the outer surfaces and XRD traces indicate that 

goethite is present in addition to calcite and francolite. 

In addition to the XRD studies, the fluorapatite nodules have been examined by 

scanning electron microscopy. Plate I shows euhedral crystalline fluorapatite 

within nodule A and in print a) the relationship between fluorapatite and biogenic 

debris is apparent, as the fluorapatite appears to be replacing the calcite of a 

foraminifera test. Replacement of calcium carbonate by fluorapatite within 

sediments is one of the formation mechanisms discussed by Manheim and 

Gulbrandsen (1979). Plate I also shows crystalline fluorapatite and a more 

amorphous cement. 

Unfortunately no detailed chemical analyses of these nodules have been done. 

Only uranium and thorium analyses completed by F. Lindsay and G. Shirnmield 

(Grant Institute) are available for the nodules themselves (Table 3.2.) 

U ppm 

0-1 cm 	 68.30 ±0.44 

4-5 	 55.33 ±0.50 

6-7 	 63.23 ±0.57 

Namibian seds 	 41-120 
New South Wales phos. 	50-121 

Th ppm 

1.58 ±0.10 

1.30 ±0.08 

3.0 ±0.38 

Price & Calvert, 1978 
1.1-17 	Kress & Veeh, 1980 

Table 3.2. U and Th (ppm) data from three nodules from CD1704 together, 
comparative data from south west Africa and south west Australia. 
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Plate 1. a) Crystalline fluorapatite in nodule A, infilling a calcareous test. b). 

Close up of fluorapatite crystals. 
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Plate 2. a). Detailed photomicrograph of fluorapatite crystals from nodule A. b). 

Pyrite and fluorapatite within the matrix of nodule H from core 1704. 
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Plate 3. a). and b). Pyrite framboids from nodule H, note coatings over framboids 

and the corrosion of the constituent octahedra particularly in b). 
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The total U content ranges between 55 and 68 ppm, which is within the ranges for 

unconsolidated phosphorite and phosphorite nodules presented by Price and 

Calvert (1978) and Kress and Veeh (1980), but slightly lower than the mean value 

of 80 ppm quoted by Manheim and Gulbrandsen (1979). The approximate ages 
' brackets of these nodules can be estimated from their 230 Th/ 34  U isotope ratios 

under the following assumptions; 

there is no 230Th in the nodule at time of initial growth, 
that U uptake by apatite is from seawater and hence will show that initial 

'34 	 30 ratio, that 	U decays to - Th with a 112t of 75,200 years. 

Assumption 2 can be examined using the 34 U1 38 U ratio, which in seawater is 

1.14 and in detrital components is 1. For these nodules examined, A, C and El, 

this ratio is between 1.11±0.01 and 1.17±0.01 confirming the seawater source. In 
f 

all three nodules the '30Th/"34 U  "Th/ 34  U ratio is less than 0.061, which indicates 

formation of the apatite occurred less than 20 kyrs ago. 

Phosphorites, the main component of which is carbonate fluorapatite, are known 

for their enrichments in Rare Earth Elements (REE) which substitute for Ca in 

the fluorapatite structure. Price and Calvert (1978) report REE data from 

diatomaceous ooze and unconsolidated phosphorite from the Namibian Shelf 

which are compared with CD1704 sediment data and average shale (Turekian and 

Wedepohl, 1961) in Table 3.3. 

La 	Ce 

Diatom ooze 

Unconsol phosphorite 	10-40 21-94 

SW Africa D4 3-13 cm 37-42 	nd 

Nd 	Y 	U 	P 	 Ref 

	

23 	41 	0.69 	 1 

	

5-14 40-120 1.92-6.98 	1 

	

179-264 1.35-4.02 	2 

Average shale 	 92 	59 	24 	26 	 3 

CD1704 sed 	 3-12 	8-28 	7-23 	14-30 55-68 	0.41-3.21 	4 

Price and Calvert, 1978. 
Brongersma-Sanders etal., 1980. 
Turekian and Wedepohi, 1961. 
This study. 

Table 3.3.The phosphorus and Rare Earth Element content of CD1704 sediment 
compared with data from other phosphorus rich sediments. 



More detailed chemical analysis of the nodules themselves would need to be done 

for a better comparison with Price and Calvert (1978), but Table 3.3. does indicate 

little enrichment of REE over average shale or diatom ooze. 

The smoothed morphology and indications of faunal activity strongly suggest that 

these nodules have been subjected to long periods of exposure to bottom water 

conditions and probably current activity. Reworked phosphorite concretions have 

been reported from other areas (Baturin and Bezrukov, 1979). 

3.5.2 Pyrite. 

The occurrence of pyrite in the sediments of the Oman Margin is less well defined 

than fluorapatite. The distribution of total sulphur in the solid phase sediment is 

discussed in chapter 5. Cores 1721 and 1722 are the cores in which pyrite can be 

identified from its diagnostic XRD reflection. Surprisingly SEM studies of these 

cores did not provide good photographic evidence of pyrite. 

Plates 2 and 3 does show pyrite framboids observed in SEM samples from core 

1704 in nodule H at 6-7 cm depth. These are clearly forming in close association 

with fluorapatite within this environment. This strongly suggests anoxic conditions 

during formation of these mineral phases. However, the plates also show 

indications of corrosion of the pyrite octahedra which implies exposure to more 

oxidising conditions after formation. Another notable feature is the film or coating 

over parts of the framboids which could be organic in nature or an oxidised iron 

formation. 

3.6 Discussion. 

Sediments deposited on the sea floor are the result of various sources, transport 

mechanisms and diagenetic influences. Diagenetic factors will be considered in 

more detail later. Here, the sedimentary components, their sources, and to some 

extent, their transport mechanisms are considered. As mentioned previously, there 

are four main sources of sedimentary material; detrital, biogenic, authigenic and 

hydrothermal. In the North West Indian Ocean the latter two are of minor 
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importance. Detrital and biogenic contributions to these sediments have been 

discussed by various authors, Goldberg and Griffin, 1970; Kolla et at., 1976, 1981 

a & b; Moyes et al., 1978; Shankar et at., 1987 and are accepted as the dominant 

inputs. There is much discussion on the extent and provenance of aeolian detrital 

material in the area. Although the Indus River is the major fluvial detrital input 

into the Arabian Sea and northern Indian Ocean, its westward extent is bounded 

by the Murray/Owen Ridge (Shankar et al., 1987) and so has little input into the 

Oman Margin. Sediments accumulating westward of the Murray/Owen Ridge are 

thought to be an admixture of aeolian and biogenic materials. 

The sediments of this study can he divided into a). shelf and b). deeper water 

hemipelagk sediments, both on the basis of their location (see Table 2.1.) and 

their core descriptions (see section 3.2). Overall, the porosity profiles of these 

cores indicate steady compaction with few interruptions of sedimentation. 

However, cores 1715, 1704 and 1710 do exhibit particular porosity features. Core 

1715 displays a distinct low porosity band towards the base which corresponds to 

a coarser textured band. It is suggested that this is a lag feature due to winnowing 

or a slight pulse of coarser sediment. Cores 1704 and 1710 are both shelf cores 

with lower surface and mean porosities than other cores. Shimmield et at. (1989 

a) have presented geochemical data for the surface samples from these cores and 

others close by, which suggest that they are exhumed sediments or have been 

reworked by current action. The smoothed, bored nature of the nodules found in 

the top of 1704 also indicate relict material. The nodules are only present to a 

depth of 8 cm; whether this is the maximum depth of reworking is not clear from 

just porosity and descriptive data. 

The biogenic productivity within the surface waters of the area is not spatially 

uniform (chapter 2). The burial of biogenic material is also non-uniform, as such 

material is subject to: 

varying flux from the surface waters, 
dissolution, 
dilution. 

1. 
lit peicz5k rf 	4-b 5edieoe4a takick 	be-en dtpoil.e4 Fcrtj rp4 

MAVV-tCLI From lOo+O 	Tlie COnu.mphon OF Jo 	nd comm 4nUmtnt  

of Vaboiric d;OjeneiO 6eq'%'x,1 Kl~ikl'n ~e rne,gqo 13F Avot okcUmertk u-fo.c. 
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The shelf cores of 1721 and 1722 are dark olive green in colour, and the smear 

slides showed an abundance of diatomaceous debris. The XRD traces for these 

cores also indicate the presence of opaline silica. From their relatively high 

porosity profiles, they appear to have accumulated rapidly. It is thought that their 

location has contributed to this biogenic nature by diverting suspended detrital 

sediment through adjacent canyons leaving only the rain of aeolian dust to dilute 

the biogenic material. The presence of opaline silica is indicated by the XRD 

traces of other cores but these sediments are not protected from the diluting 

influence of other materials and so opaline silica does not contribute such a large 

proportion as in 1721 and 1722. 

The low fluvial input from the Arabian Peninsula, combined with the arid climate 

and strong monsoon wind system suggests a high aeolian load over the northern 

Indian Ocean. Indeed, Chester et 31. (1985) analysed particulate aluminium as a 

measure of aeolian aluminosilicate loading and found this to be in the range of 

323 to 20300 ng/m3  of air during the Northeast Monsoon season. Their data are 

among the highest measured over marine areas, and suggest that aeolian transport 

is important for detrital materials. During the Northeast Monsoon a probable 

source area for the wind carried material is the Iran-Makran area and the 

Rajasthan Desert (Goldberg and Griffin, 1970; Chester et al., 1985). The 

Southwest Monsoon winds may pick up material from parts of Africa, Somalia 

and the Arabian Coast. 

Several workers have investigated the mineralogy of Arabian Sea sediments, 

particularly the quartz and clay mineral fractions, to identify major source areas 

(Stewart etal., 1965; Goldberg and Griffin, 1970; Kolla et al., 1976, 1981 a & b). 

Goldberg and Griffin (1970) illustrate the clay mineral distributions for the Indian 

Ocean, north of 3IPS. Kolla et al. (1976, 1981 a & b) show the distribution in the 

Arabian Sea in more detail. Ellite is the dominant clay mineral in the northern 

Arabian Sea, although along the coast of India, smectite becomes more important, 

its source being the weathering of the Deccan Basalts. The highest levels of 

chlorite occur in the Gulf of Oman and decrease southwards. The levels of 

kaolinite are very low in the northern Arabian Sea and increase southwards 

towards the tip of India and Madagascar (Kolla et at., 1976; Tsirambides, 1986). 

West of the Murray Ridge clays are described as illite - chlorite rich but it is not 
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possible to distinguish between fluvial and aeolian inputs. Chester et aL (1985) 

noted that illite was the dominant clay mineral (-50%) sampled in dust during 

the Northwest Monsoon, together with chlorite (-30%). Kaolinite and 

montmorillonite (smectite) were low at <10% and <50,1c respectively. In addition, 

Stewart et al. (1965) describe frosted and pitted quartz grains in sediments of the 

Oman Margin and Murray Ridge. This strongly indicates an aeolian source for 

much of the material in the area. The occurrence of illite, chlorite and ubiquitous 

quartz in CD17 cores would suggest that aeolian deposited material is important 

in these sediments. Kolla et al. (1976, 1981 a) report a palygorskite gradient 

decreasing away from the Horn of Africa (Somalia) and the Arabian Peninsula. 

This was not detected in the bulk XRD analyses of CD17 sediments. Fine fraction 

analyses (<21.im) have not been done on these sediments and could provide 

further information. 

During the Southwest Monsoon the winds are likely to entrain material from the 

Oman Coast and Somalia. It is likely that the Wahiba Sands contribute quartz 

dust (Stewart et al., 1965). The arid climate does not aid chemical weathering and 

so carbonate dust can be included in the wind blown material, as can unstable 

heavy and light mineral suites. Stewart et a]. (1965) describe carbonate 

components in the Arabian Sea sediments, including rounded carbonate 

fragments and dolomite grains. Dolomite occurs in all the CD17 sediments (from 

XRD data) and smear slide examination showed corroded clumps with rare 

euhedral grains, indicating a detrital origin for the dolomite. 

Specific aspects of the regional geology are important. Although many of the 

sedimentary and igneous rocks of Oman do not have a typical geochemical 

signature, the Oman ophiolite and particularly the Masirah Melange do. Moseley 

and Abbotts (1979) report unusually high chromium (3390 ppm), nickel (2412 

ppm) and magnesium (24.31%) contents in Masirah Melange. Papavassiliou and 

Cosgrove (1982) also report high Ti, Mg, Cr, Ni and Mn in the DSDP site 223 

(Owen Basin), which they attribute to the unusual basic ultrabasic source of the 

Oman ophiolites. As cores 1704, 1710, 1721 and 1722 are located on the shelf, 

adjacent to Masirah Island and Ras al Madraka (Figure 2.2.) detrital material 

from this source may be traced by its geochemistry (himmiId 1 a2., 19 99 ). 
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The XRD and SEM data for core 1704 indicates that the nodules are 

predominantly fluorapatite and that the sediment surrounding them also contains 

fluorapatite. The occurrence of this phase has been rarely reported in the Arabian 

sea. Rao (1986) reported phosphatised limestones of Tertiary age, from the flanks 

of Error Seamount (- 1 0 40 N, 550  10E) approximately 600 km from the Somali 

coast. Other phospatised nodules and limestones occur within the Indian Ocean, 

both off the western Indian margin and the eastern African Islands e.g. Socotra 

(refs cited in Rao 1986). Phosphorites from other areas of the world's oceans 

range from Recent to Cretaceous (Baturin and Bezrukov, 1979). The Recent 

phosphorites occur in diatomaceous sediments on the continental margins of 

south west Africa and Peru-Chile. Comparisons with the phosphatic nodules 

found in 1704, in a terrigeneous/low diatomaceous sediment suggest that the latter 

is not recent. 
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CHAPTER 4 
LIThOGENIC AND BIOGENIC GEOCHEMISTRY. 

4.1 Introduction. 

Material being deposited into the marine environment is derived from various 

sources. It can be wind blown (aeolian) dust or fluvially transported material of 

bedload or suspended nature. Biogenic debris from the euphotic waters also 

contributes material of both a siliceous and calcareous nature. Within the marine 

system sediments can be reworked by currents and be redeposited as more sorted 

material, or eroded, transported and redeposited as sediment gravity flows (e.g 

turbidites). Although the geochemical composition of these deposits will relate to 

their terrigenous source rocks, the mode of transport and resulting degree of 

sorting will influence the geochemical signature of the sediment to some degree. 

This is because some elements have particular associations with minerals of a 

certain hardness or size fraction. As a result the geochemistry often gives an 

indication of textural variations within the sediment core. 

In the North West Indian Ocean there are several particular sources of sediment 

which may carry a defined geochemical signature. As described in the previous 

chapter, aeolian dusts from Iran-Makran margin and the Rajasthan Desert are 

enriched in fine quartz, chlorite and illite (Goldberg and Griffin, 1970; Kolla et al. 

1981 a). As such, these aeolian deposits could be expected to be rich in Si, Al, 

Fe and K. Moseley and Abbotts (1979) described the geochemistry of the 

Masirah Melange which includes a serpentinite that is particularly enriched in Cr, 

Ni and Mg (see section 3.5). The high productivity of the upwelling waters of this 

margin leads to a rain of biogenic calcite and opal to the sediments. Biogenic 

calcite is known to incorporate a high level of Sr, whereas detrital carbonate does 

not. Conversely biogenic calcite and aragonite tend to be low in Mg (Usdowski, 

1978), whereas inorganic carbonates (e.g. dolomite) may be much higher in Mg. 

These associations could be used to assess the relative contributions of lithogenic 

carbonate and dolomite of either aeolian or diagenetic origin from the Sr and Mg 

contents. On the other hand biogenic silica is, like quartz, pure Si without minor 
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element associations. As a result it is extremely difficult to differentiate between 

quartz and biogenic silica on bulk geochemical data alone. 

As analyses are computed such that for a given interval the mass total will be 

approximately 100%, the increased input of a particular component e.g. biogenic 

calcite, will produce the effect of lower relative proportions of other components 

e.g. terrigenous detritus. Although the inputs of those components may have 

remained constant, their contributions to the sediment appear less, i.e. they are 

proportionally diluted by the increased fraction. Any major component can be 

viewed as the diluting agent. In this work, carbonate is considered to be the 

primary diluting agent, but also mutual dilution by two or more significant 

components are important. This can occur, for example, when terrigenous and 

biogenic sources of sediment contribute equally significant proportions of 

material. 

Distribution patterns also occur through particular size-fraction associations, for 

example, potassium (K) and rubidium (Rb) have similar ionic radii of 1.33A and 

1.49A respectively. As such their distributions and behaviour are linked. These 

elements have been found to relate to the distribution of clays, particularly illite 

(Boyle, 1983). Zirconium (Zr) and titanium (Ti) occur in mineral phases which 

are more resistant to weathering and so occur in the coarse or heavy mineral 

fraction of the sediment. 

The distribution of the lithogenic elements Si, Al, Mg, Ca, K, Ti, Rb, Sr, Zr, Cr 

and Ba are described and discussed in this chapter. In many cases they have been 

examined as interelement ratios in order to remove the dilution effects of other 

phases such as carbonate. Often normalisation to the Al content (weight ratio) is 

used, as Al occurs primarily in aluminosilicates and very little occurs in biogenic 

and authigenic phases. Element/Al ratios are known to give some indication of the 

size fraction and textural variations, particularly as aluminosilicate minerals are 

often of clay fraction size (Goldschmidt, 1954). The relative proportions of these 

components are important to the understanding of the nature of the sediment, so 

data is often compared to baseline values of average shale and average deep sea 

clay data from Turekian and Wedepohl, (1961) and data complied in Wedepohl et 

al., (1978). 
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The data discussed in the following sections were analysed by the technique of 

X-ray fluorescence (XRF); the methods used and their analytical precision are 

described in Appendix B.3. All data is presented on a salt-corrected basis and full 

tabulations are included in Appendix C.2. 

4.2 Silicon. 

Silicon (Si) is an abundant element in sediments. It occurs in primary rock 

forming minerals, such as quartz, feldspars, clay minerals, micas and pyroxenes. 

The other source of Si is biogenic, forming the skeletal framework of diatoms, 

radiolaria and sponges. Due to the fairly ubiquitous occurrence of Si, it is not 

always easy to distinguish its major contributing sources. In the North West Indian 

Ocean, aeolian dusts contribute Si in the form of clay minerals and fine quartz 

and plankton productivity contributes hiogenic opaline silica, (Kolla et al., 1981 a 

&b). 

4.2.1 Total Si results. 

The abundance of total Si in this suite of sediments ranges from 8.9% (1710) to 

24% (1721). The surface and core base values are summarised in Table 4.1. The 

depth profiles illustrated in Figure 4.1. show the varying behaviour between 

cores. Core 1712 displays the greatest decrease from 	19% in the top 12 cm to 

11.9% at depth, whereas core 1713 decreases steadily from 11.9% to 7.7%. Core 

1715 also shows a relatively linear decrease in the top 10 cm, below that the 

profile is constant until the coarse band is encountered. At this point, 40-42 cm, 

the Si content jumps from 11% to 13.2%. Below this, the Si content decreases 

again in the pale grey clay. 

The shelf cores of 1704 and 1710 also have low Si contents. The profile for 1710 

remains fairly constant with depth, whereas core 1704 generally shows a slight 

increase from 10.7% to 12.6%. There is a slight subsurface maximum at 3-4 cm 

(1704), and a small step occurs at 8-9 cm which could indicate a slight 

sedimentary hiatus. Cores 1721 and 1722 show distinct maxima and minima down 
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Core. 	Si% A1% Ca% Fe% Mg% K% Ti% 

1704 	Surf 	10.79 1.74 23.44 0.81 1.48 0.13 0.16 
Base 	12.45 2.02 23.85 0.92 1.69 0.79 0.18 

1710 	Surf 	8.20 1.61 27.19 0.85 1.44 nd 0.13 
Base 	7.96 1.62 27.47 0.80 1.46 nd 0.13 

1712 	Surf 	18.87 3.83 9.12 2.55 2.67 0.66 0.26 
Base 	12.10 2.62 22.12 1.56 2.08 0.14 0.17 

1713 	Surf 	11.97 2.62 20.64 1.86 1.85 0.11 0.18 
Base 	7.34 1.78 28.11 1.17 1.39 nd 0.12 

1715 	Surf 	13.41 3.25 17.54 2.22 2.50 0.20 0.21 
top of lag 	10.8 2.54 21.50 1.77 2.56 0.13 0.18 

1721 	Surf 	17.70 2.64 12.47 1.16 2.41 0.23 0.19 
Base 	17.78 2.24 13.38 1.14 2.20 0.12 0.16 

1722 	Surf 	14.68 2.13 15.10 1.10 2.11 0.15 0.15 
Base 	14.97 1.95 14.64 1.00 2.05 0.05 0.14 

Average shale 	7.3 8.0 2.21 4.72 1.5 2.6 0.46 

Deep sea clay 25.0 8.4 2.90 6.5 2.1 2.5 0.46 

Table 4.1. 	Salt corrected major lithogenic elements. Surface samples 
are the mean of the top 2 	intervals, base samples are the mean of the 
bottom 2 	intervals, except for core 1715, 	where the values above the lag 
deposit are used. Average shale and deep sea clay data are taken from 
Turekian and Wedepohi (1961). nd - not detectable. 

the core indicating the possibility of cyclic aeolian or biogenic input, (see later 

discussion). The mean Si values for these cores are 19.3% and 15.5% respectively. 

It is interesting to note that the surface or near surface minima of these cores are 

the lowest contents of the profiles. 

4.2.2 Relationship between silica and aluminium. 

The distribution of silica phases within these sediments is due to partitioning 

between detrital quartz, detrital alum inosilicates and biogenic silica. Figure 4.2. 

shows the relationship between total Si and Al for all the cores. The line of 

average deep sea clay (Turekian and Wedepohl, 1961), as defined by Si:Al of 3:1, 

is shown on the plot. It is apparent that all the sediments in this suite of cores 

show a positive correlation of Si with Al and greater Si contents than would be 
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Figure 4.2. The relationship between total Si and Al for all the CD17 sediment 
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anticipated from the 3:1 ratio of deep sea clay. This can be attributed to increased 

Si contributions possibly from aeolian quartz dust and opal production. From the 

diagram it can be seen that there are several definite trends. The data points from 

cores 1712 and 1713 lie on a well defined line above the line of average deep sea 

clay, this indicates a greater contribution of Si but also the diluting influence of a 

third component, probably carbonate. Conversely the data from cores 1721 and 

1722 although indicating higher Si contents than the hemipelagic or deep sea clay 

sediments, lie in scattered clusters, the spread again due to a variable third 

component. The trend of increasing Si/Al ratio across the suite may be explained 

by considering the locations of the cores. Those cores near the shelf and coast, 

(1704, 1710, 1721, and 1722) are closer to the most active primary productivity 

regions and to the source of aeolian quartz dust. Both these sources will 

contribute a higher Si/Al material to the sediment, than might be found towards 

the central Arabian Sea. 

Profiles of Si/Al are illustrated in Figure 4.3. Again it can clearly be seen that 

these sediments have Si/Al ratios greater than the deep sea clay ratio of 3:1. With 

depth the hemipelagic (1712, 1713 and 1715) and shelf (1704 and 1710) cores 

show small but gradual decreases in ratio. The peak in Si/Al ratio at 40-42 cm in 

1715 corresponds to the higher quartz lag deposit found (see chapter 3). The shelf 

basin cores display higher Si/Al profiles and show pulses of Si input throughout 

their length. 

To further examine the effects of the silica components on the sediments it is 

possible to estimate the contribution of lithogenic silica i.e. the combined inputs 

of quartz silica and aluminosilicate silica, by subtracting the calculated biogenic 

silica (see section 4.2.3.) from the total silica. The lithogenic component has only 

been calculated for the hemipelagic cores using equation 4.5, see section 4.2.3 and 

is ratioed against Al to remove the effects of dilution. These profiles are 

compared with the Sitotat/Al  profiles in Figure 4.4. The Si1 ithogenic/Al  profiles of 

1712 and 1713 show similarities to the Sitotal/Al  profiles as would be expected. 

But show a more defined decrease with depth. This suggests that either the 

sediment is becoming finer, with a reduced quartz content or that there was a 

lower detrital influx at depth, allowing carbonate to accumulate in a relatively 

greater proportion. Another feature of these two cores is the scatter of data over 
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the top 8-10 cm, particularly in core 1713. This may indicate physical disturbance 

of the sediments, possibly by bioturbation. 

Core 1715 does not show such a definite trend in Silithogenic/Al ratio as seen in 

1712 and 1713 and appears to consist of several units. The interfacial layer (1 cm 

thick), of slightly higher Si/Al (lithogenic and total) implies a quartz enriched and 

possibly coarser sediment. The profiles indicate sediment units between 1-6 cm 

and 7-36 cm, the latter being the main sediment unit of this core and has a very 

constant lithogenic ratio of —3.7. The coarse band at 40-42 cm recognised in the 

core description has a Silithogeflic/AL  ratio of 4.97, which suggests a high quartz 

content. The peaks in Si/Al (lithogenic and total) ratio suggest that this layer is 

impoverished in biogenic silica. The Silitliogenic/Al profile at depth also shows 

some mixing or graduation of the mineralogy between the coarse layer and the 

material above it. Sediment material below the coarse band is a grey clay of low 

li t hogen ic /Al ratio. 

Distinguishing between the biogenic and lithogenic silica components of the shelf 

cores is much more difficult, as none of the normative calculations expressing 

biogenic silica are reliable, see section 4.2.3. The shelf basin cores (1721 and 1722) 

are particularly interesting. Their Sitotal/Al  ratios are the highest of this suite of 

cores and are unusual in that the ratio profiles (Figure 4.3.) show some cyclicity at 

depth, particularly in 1722. This could be due to a) variation in biogenic silica 

production and preservation or b) variations in quartz and aluminosilicate input 

through aeolian fluctuations. Some indications of the lithogenic silica contribution 

can be calculated using the measured biogenic silica content of seven samples 

from 1721 (Dobbie, 1988). The lithogenic Si/Al ratio thus calculated, ranges 

between 5.02 and 6.04. This is much higher than the hemipelagic cores and 

reflects the proximity of a terrigenous detrital source of both quartz and 

aluminosilicates. The high Sotai/Al  ratio observed in the shelf cores is due to 

both quartz and biogenic silica components, both of which vary through the depth 

of sediment. Generally the lithogenic silica is the greater portion of the total 

silica content, and might be expected to have a greater influence on silica 

distributions. 
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42.3 Calculation of biogenic silica. 

Within the sediments of the North West Indian Ocean biogenic silica is likely to 

form a variable constituent. It is important to obtain estimates of biogenic silica 

within the sediments of the Oman margin. The high productivity regime of the 

area may vary temporally and spatially with regard to the distribution of siliceous 

plankton. The distribution patterns of biogenic silica within sediments will reflect 

the combined effects of 

patterns of siliceous productivity, 
dissolution of biogenic siliceous debris 
dilution effects by terrigenous and carbonate components. 

Direct biogenic silica analyses have been completed for several samples from 

cores 1715 and 1721 by Dobbie (1988). The simplest method of calculating 

biogenic silica or opal is that used by Bostrom et a/. (1972). By assuming the 

SiO:Al2 O3  ratio of continental Crust is 3:1 (the ratio of deep sea clay is very 

similar, Turekian and Wedepohl, 1961), an estimate of non-biogenic silica can be 

made, which is subtracted from the' total silica to give an estimate of biogenic 

silica. 

SiO2 opal = SiO, measured - AlOmeasured 

(4.1) 

However, within marine sediments, the admixture of clays, quartz, carbonate, 

metal oxyhydroxides, volcanic ash and other components result in a non-biogenic 

silica to Al ratio of between 2:1 to 7:1. To counter this, Leinen (1977) used an 

empirical approach to derive equations for non-biogenic silica which include 

other cations such as Mg and Fe, as these cations may substitute into octahedral 

sites of clay minerals. 

non-biogenic silica = 4.33 Al + 1.36 M9- 

(4.2) 
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non-biogenic silica - 4.04 Al + 2.27 Mg2  - 1.1 MgMn 

(4.3) 

non-biogenic silica = 3.57 Al - 0.3 Fe2  

(4.4) 

All units in these equations are in weight %. 

The estimate of non-biogenic silica is then subtracted from the total silica 

measured to calculate the biogenic silica. Estimates of biogenic silica, as 

calculated by the equations above, for samples from cores 1715 and 1721 are 

compared with measured biogenic silica from Dobbie (1988), Table 4.2. Also 

included in this table are estimates of biogenic silica calculated from the 

relationship between biogenic silica and barium in the sediments (Khan, 

Shimmield and Price, pers. comm. 1988). Dehairs eral. (1980) and Bishop (1988) 

comment on the association of barite with organic particulate matter and opal in 

areas of high productivity. The processes and controls of Ba distribution are 

discussed more fully in section 4.8. However, examination of the excess Ba and 

biogenic silica within sediments from piston cores show a correlation for which an 

expression can be derived, at least for the hem ipelagic sediments; 

biogenic silica = (((Ba/Alsed 0.0066)Alsed)0.00140153) + 0.3627 16 

(4.5) 

where 
Ba/Alsed is the Ba/Al weight ratio at depth d. 
Alsed is the Al content in weight % at depth d. 
0.0066 is the Ba/Al weight ratio of detrital input derived from 
turbidites in core 1715 (Khan pers.comm.) 

The plots shown in Figures 4.5. and 4.6. illustrate the agreement of measured and 

calculated biogenic silica for four of the calculations (4.1, 4.2, 4.3, 4.5). The two 

cores shown are 1715, (Figure 4.5.) a hemipelagic sediment of several different 

units and 1721, (Figure 4.6.) a diatomaceous shelf core. It can clearly be seen that 

there is little agreement between the four calculations and the line of 1:1, 

calculated Siblol  :measured  Sib iol The deviation of calculated Si can be related to 

the various assumptions implicit in each calculation and the peculiarities of these 

sediments. 
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Core 1. 2. 3. 4. 5. 6. 
wt% wt% wt% wt% wt% wt% 

1715 0-1 2.04 3.92 3.35 2.05 8.76 1.28 
7-8 1.12 2.64 1.37 -0.80 6.65 0.82 
26-28 1.20 2.50 1.18 -0.94 6.38 0.74 
40.42 0.34 5.57 3.83 1.53 9.19 0.57 
42-44 1.42 3.41 3.88 2.84 8.09 1.80 
46-47 1.19 2.46 3.43 2.76 5.90 1.66 

1721 5-6 4.53 10.74 8.71 5.91 14.77 0.43 
9-10 4.19 11.31 9.40 6.59 15.65 0.48 
18-20 7.75 12.71 11.70 9.78 16.22 0.45 
32-34 5.41 11.84 10.09 7.53 15.74 0.41 
36-38 6.29 11.91 10.79 8.76 15.50 0.41 
46-48 2.19 9.65 8.64 6.72 13.14 0.41 
48-50 5.43 10.98 10.21 8.58 14.08 0.39 

Table 4.2. Measured and calculated biogenic silica results for cores 
1715 and 1721. All equations are presented in the text. 

Measured values reported by Dobbie, 1988. 
Calculated Si(biol) using equation 4.1 (Bostrom etal., 1973) 
Calculated Si(biol) using equation 4.2 (Leinen, 1977) 
Calculated Si(biol) using equation 4.3 (Leinen, 1977) 
Calculated Si(biol) using equation 4.4 (Leinen, 1977) 
Calculated Si(biol) using equation 4.5 (Khan etal., 1988 pers. comm.) 

Although Figures 4.6. A, B & C for core 1721 all show a linear relationship 

between calculated and measured Sib101 I 
the calculated results, except for that of 

Ba, (Figure 4.6. D) tend to over estimate Sib101.  Equally the results for 1715 show 

more scatter and also tend to over estimate Sib101.  Calculation of Sibjol  from a 

Si:Al ratio of 3 (for aluminosilicates) does not include any correction for the 

quartz present. Similarly calculations involving aluminosilicate cations such as Mg, 

Fe and Mn will not include the quartz fraction. In the shelf-slope area the quartz 

contribution to the sediments is likely to be high (Kolla etal., 1981 a & b) and 

can not be neglected. The Mg correction used in equations 4.2 and 4.3 (Figures 

4.5. and 4.6., plots B & C) also causes inaccuracies as the sediments of this margin 

have high Mg contents associated with detrital Mg-bearing phases and hence Mg 

is present in excess of average deep sea clay (see section 4.5.). 

The relationship between measured biogenic silica and excess Ba outlined above 

is based on data from hemipelagic cores of the North West Indian Ocean, which 

display high non-terrigenous Ba contents (<900 ppm). Figure 4.5. D shows that 
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Figure 4.5. The relationships between calculated biogenic silica and measured 

biogenic silica for core 1715. Measured data from Dobbie, 1988, calculated data; 

A) equation 4.1.; B) equation 4.2.; C) equation 4.3.; D) equation 4.5. The line 

indicated is Simeasured:Si.a lcu lated of 1:1. 
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this method of calculating biogenic silica for core 1715 is in good agreement with 

measured values. However, for the shelf core of 1721 this relationship 

considerably under-estimates biogenic silica. The association of Ba and opal 

(Dehairs et al., 1980; Bishop, 1988) would suggest that this diatomaceous core 

would be high in Ba, whereas in fact it is very low, (see section 4.8. for a full 

discussion). Therefore, the Ba-biogenic silica relationship (equation 4.5) can be 

used as an estimate of biogenic silica for the hemipelagic cores only. 

4.2.4 Biogenic silica solubility and interstitial water silicate. 

The biogenic silica fraction of the sediment is composed of the skeletal remains of 

plankton such as diatoms, radiolaria, sponges and silicoflagellates. Examples of 

these organisms from CD17 cores are shown in Plates 4 and 5. Most biogenic Si 

occurs as broken debris which is probably due to predation and grazing within the 

euphotic waters. Dissolution of siliceous tests within the water column, which is 

under-saturated with respect to silica will also occur. Davies and Gorsline (1976) 

note that approximately only 4% of skeletal silica present in surface waters 

reaches the sediments. Wollast (1974) quotes solubility figures for several forms of 

silica; the solubility increases with increasing disorder of the crystalline structure, 

hence amorphous silica is the most soluble and quartz is the least soluble. Low 

temperatures also increase the solubility of silica. 

Wollast (1974) suggests that the solubility of amorphous silica (siliceous skeletal 

material is general amorphous) at 50 C is 1230 iiM/I. As can be seen from Figure 

2.6. the silicate levels in the water column of the North West Indian Ocean 

generally do not exceed 200 M/I, i.e. the water column is under saturated with 

respect to amorphous silica. These increasing silicate profiles do indicate that 

silica is being regenerated from biogenic debris. Regeneration of pu'"toksilica 

by non-oxidative processes accounts for roughly 90% of the total dissolved silica 

in the water column (Kido and Nishimura, 1973, work on the Japan Sea). 
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diatom. b) Triangular diatom. 
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Plate 5. Biogenic debris from a) core 1722, 2-3 cm depth; Radiolarian skeletal 

fragments. b) core 1712, 8-9 cm depth; Pennate diatom and cocolithophore 

fragments. 
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4.2.4.1 Solid phase biogenic silica distributions. 

The calculated biogenic silica profiles for the hemipelagic cores based on 

non-terrigenous Ba contents (equation 4.5) are shown in Figure 4.7. The 

measured biogenic silica contents for 1721 (Dobbie, 1988) are also shown. The 

Ba calculated biogenic silica for cores 1712 and 1713 show similarities, both 

profiles have slightly lower surface contents which increase over the top 4-5 cm to 

fairly constant values of 2.30% (1712) and 2.25% (1713). The biogenic silica 

content of 1712 decreases between 10 cm and 22 cm at which point there is a step 

decrease of 0.18 %. Below this depth the decrease in biogenic Si is more 

restrained. Core 1713 shows a similar step decrease of 0.21% at 12-14 cm, below 

biogenic silica content continues to decrease to 1.70%. Core 1712 loses 27% of its 

surface biogenic silica content over 41 cm depth of sediment and core 1713 loses 

21% of its surface biogenic silica content over 28 cm depth of sediment. The top 5 

cm of 1713 shows some scatter which may relate to disturbance of this top layer 

or varying input of siliceous debris. 

The biogenic silica profile (Figure 4.7.) of 1715 shows similarities to the total Si 

profile (Figure 4.1). The biogenic silica content of the surface (1.27%) decreases 

steadily over the 2-8 cm depth interval. Between 8 cm and 38 cm, the biogenic 

silica content is fairly constant at 0.80%. Between 38 cm and the coarse band at 

40-42 cm, the biogenic silica decreases, but the grey clay below has a much higher 

content. 

Six direct analyses of biogenic silica are available from Dobbie (1988) for core 

1715. These are compared with the calculated biogenic silica concentrations in 

Table 4.2. The relative trends indicated are similar, i.e. high surface content, low 

in the main section of the core, with the lowest concentration in the coarse band 

and the highest in the grey clay immediately below. The measured biogenic silica 

content of core 1721 is higher than that of 1715, as might be expected from its 
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diatom-rich nature, (see section 3.4.). There are limited data points, which are 

very scattered and range between 2.19 and 7.75% biogenic silica. Hence it is 

difficult to establish whether the cyclicity observed in the total Si profile is due to 

biogenic silica, quartz variations or dilution by variable carbonate or terrigenous 

input. 

4.2.4.2 Interstitial water silicate. 

Dissolution of skeletal silica does not cease on burial. The interstitial profiles of 

silicate from the hemipelagic cores and shelf cores (Figure 4.7.) show increasing 

silicate concentrations with depth, indicating that regeneration of silicate is 

continuing. There are differences in these profiles. The shelf cores 1721 and 1722 

reach maximum concentrations of 600 pmol/l (32-34 cm) and 722 pmol/l (30-32 

cm) respectively. The hemipelagic cores do not reach concentrations in excess of 

550 pmol/l. These concentrations are comparable and slightly higher than ranges 

of silicate concentrations for the MANOP sites, see Table 4.3 (Emerson et al., 

1980; Jahnke etal., 1982 a). The greater silicate concentrations of the shelf cores 

are a reflection of their high biogenic silica content. Both cores show rapid 

exponential increases in silicate. Core 1721 increases fairly steadily from a surface 

concentration of 322 Mmol/l to 582 pmol/l at 22-30 cm depth. Silicate 

concentrations in core 1722 increase rapidly from 396 pmol/l (0-1 cm) to —600 

pmol/l between 6-7 and 10-12 cm, below this silicate concentrations continue to 

increase, reaching over 700 pmol/l within the next 20 cm. Core 1712 is the only 

core to show a decrease in silicate concentrations. The profile shows an increase 

from 318 pmol/l at the surface to —510 pmol/l between 10-16 cm. The maximum 

concentration is 550 pmol/l at 16-18 cm, below this silicate concentrations 

decrease to —420 mol/l. This may imply precipitation of a siliceous phase or the 

reduced availability of soluble silica either in abundance or due to coatings, 

kinetically inhibiting dissolution. 

There is a slight subsurface minima of 271 pmol/l at 1-2 cm in 1713, below this 

silicate concentrations increase smoothly to a steady level of between 415 and 

—450 pmol/l at depths below 10 cm. Similarly core 1715 shows a rapid increase 

in silicate concentrations from the surface (276 pmol/l) to 376 pmol/l (10-12 cm). 
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221-279 
321 
264-292 

148.5 
285.5-343.9 
143.6 
191.5-232.2 

230-375 

Emerson etal., 
1980 

Jahnke etal., 
1982 a 

Hurd, 
1973 

this study 
123-140 
280-358 
353-420 

Below this depth, silicate concentrations continue to increase more gradually 

reaching 445 i.imol/l at 36-38 cm. 

Area 	 Silicate 
	 Reference 

jlmol/1 

E.Eq. Pacific Baja, 	 Gieskes etal., 
DSDP 144-150 cm 
	

295- 	 1982 
holes 469-473 
	

510 

E.Eq. Pacific MANOP 
M 0-2 cm 
B 0-2 cm 
H 0-2 cm 

E.Eq. Pacific MANOP 
C b.w. 

0-2 cm 
S b.w. 

0-2 cm 

Central Pacific 
5 cm 

N.W. Indian Ocean 
hemipelaqic b.w. 

0-2 cm 
shelf 	0-2 cm 

Table 4.3. Interstitial silicate concentrations from various areas 
of the world, compared with concentrations from the N.W. Indian Ocean. 
b.w. bottom water. 

4.2.4.3 Controls on silicate solubility. 

The solubility of silica phases is sensitive to the nature of the solid phase, 

particularly the degree of crystalline order/disorder. It has already been noted that 

some control other than that of simple undersaturated dissolution is influencing 

the dissolved silicate profiles of the CDI7 cores. Assuming that the saturation 

concentration of amorphous silica is 1230 mol/I at 50 C (Wollast, 1974), these 

cores are all clearly undersaturated with respect to this phase. Hurd (1973) also 

observed this undersaturation, in sediments from the central equatorial Pacific. 

There are several processes which could contribute to these observations; 

1. transformation of amorphous silica to a more ordered, less soluble form 
(e.g. quartz, tridymite or crystobalite) 



the formation of authigenic minerals, consuming dissolved silica as rapidly 
as it is produced 
the formation of an inorganic surface layer which inhibits the solution of 
silica 
there is no amorphous silica present 
biogenic silica is present but other silica minerals are controlling the release 
of dissolved silica. 

Smear slide and SEM observations (Plates 4 and 5) show quite clearly that 

biogenic silica is present throughout these cores and is the most likely source of 

dissolved silicate. Other silica minerals i.e. quartz, feldspar, illite, smectite are 

present in these sediments (Kolla etal., 1981 b) (see chapter 3). Mostly these are 

of aeolian detrital origin and may act as a sink for dissolved silica. However it 

should be noted that the kinetics of precipitation of quartz or other 

aluminosilicates requires a high degree of supersaturation which does not occur 

within the sediment cores examined. The most probable control on amorphous 

silica dissolution is due to the inhibiting effects of surface coatings of metal 

oxyhydroxides or possibly the adsorption of cations such as Mg, Fe3 , Al3t 

Ca2+.  Hurd reports analyses of cleaned biogenic silica samples which contained 

Ca, Al, Fe, Cr, Ni, and Co. It is possible that the surface layer of such siliceous 

debris may absorb Mg which may form sepiolite (Mg2Si308 ). This is sensitive 

to the p1-I of the system, at pH 7.5 sepiolite and amorphous silica are equally 

stable, at greater pH, sepiolite becomes increasingly more important. No sepiolite 

was observed in the XRD traces, or on the SEM photographs. But the high 

concentrations of Mg (section 4.5) would suggest that Mg may be available within 

the sedimentary system to form coatings on siliceous debris or incipient sepiolite. 

4.3 Calcium. 

Like Si, calcium (Ca) is an abundant element in sediments. The main sources are 

biogenic calcium carbonate formation and aeolian dusts which contribute detrital 

calcium carbonate and minor calcium containing alurninosilicates. With increasing 

depth and decreasing temperature calcium carbonate becomes more soluble. Not 

all the biogenic calcium carbonate produced in the surface waters reaches the 

sediment, that being buried is the balance between sedimentation and dissolution. 



Variations in productivity will affect both the total productivity and the 

predominance of carbonate- or silica-secreting plankton and these variations will 

also be recorded in the sedimentary record. 

4.3.1 Calcium results and calcium carbonate distributions. 

The main component contributing Ca to these sediments is calcite as indicated by 

XRD traces (chapter 3). The Ca contribution from alum inosilicates is relatively 

minor. From Ca, the calcium carbonate content can be calculated using the 

following equation; 

(Caneas - 0.28xAl)x2.49726 = CaCO3  

4.6 

where 

Ceis = total Ca content in wt 
0.28xAl = Ca present in aluminosilicates 
2.49726 = gravimetric conversion factor 

The calcium carbonate (CaCO3) profiles derived from this equation are shown in 

Figure 4.8. Values of total Ca range from -6% (1721) to 29% (1713); and 

CaCO3  contents as calculated from equation 4.6 range between - 15% (1721) and 

—70% (1710), this agrees with the range of values given by Shimmield et al. 

(1989) for Oman Margin surface sediments. 

The CaCO3  profiles reflect the dilution of the lithogenous components. The three 

hemipelagic cores (1712, 1713 and 1715) show an increase in CaCO3  with depth; 

cores 1712 and 1713 showing the most defined increases. In core 1712 there are 

more uniform levels of CaCO3  between 3-10 cm and 26-33 cm. It is important to 

note that the most rapid increase in CaCO3 , particularly in core 1712 occurs, over 

18-24 cm depth, as many other element profiles show a step within this depth. 
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The highest surface values of CaCO3  occur in the shelf sediments of 1704 and 

1710 (see Table 4.1.). Core 1704 does show a subsurface minima at 3-4 cm. Cores 

1721 and 1722 show decreasing CaCO3  contents over the upper 10-15 cm and 

thereafter there appears to be some cyclicity in the CaCO3  distributions. 

43.1.1 Control of CaCO3  distributions. 

There are various possible reasons for the increasing CaCO3  profiles of 1712 and 

1713; 

A decrease in general productivity levels in recent times. 
A decrease in the relative importance of calcareous plankton in recent 
times. 
A decrease in the level of calcareous aeolian input. 
More rapid detrital input, diluting the biogenic calcareous input. 
A change in the depth of the lysocline, having become shallower in recent 
times. 

The relative levels of biogenic silica and CaCO3  suggest that the latter provides 

the greater input from the surface waters. The profiles of 1712 and 1713 from 

Figure 4.9. show slight increases in Sitotai/Al  towards the surface suggesting that; 

a). the relative importance of siliceous phytoplankton has increased slightly, but 

also b). the overall phytoplankton productivity levels are lower than they have 

been previously, as recorded in the sediments at the base of these cores. The 

effect of higher sediment accumulation rates is two fold; a). the dilution of 

carbonate increases and b). the preservation rate of carbonate is enhanced. 

The lysocline level I  as determined by foraminiferal preservation has been studied 

in various areas of the Indian Ocean, particularly Ninety East Ridge (Peterson 

and Prell, 1985 a & b). Peterson and Prell (1985 a) examined piston cores and 

reported dissolution cycles of 100 kyr and 41 kyr duration. In addition, they noted 

the shoaling of preservation levels between 300 kyr and 600 kyr ago. All these 

cycles are of much longer periodicity than could be recorded in these box cores. 

I Depth of water where 	i 	a significant decrease in CaCO3 occurs. 
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This would imply that the lysocline is unlikely to have an affect within one 

particular core. 

However the lysocline could affect the carbonate distributions between the cores. 

The depth of the lysocline reported in the literature for the Arabian Sea and 

northern Indian Ocean varies from 3300 m (Cullen and Prell, 1984) to 3800 - 4000 

m (Peterson and Prell, 1985 a & b; Naqvi and Naik, 1983). 

Figure 4.10. illustrates the relationship of surface sediment CaCO3  content with 

depth, for the CDI7 cores. This is a very simple representation as it ignores 

bathymetric features, such as the Murray/Owen Ridge. It does, however, indicate 

that CaCO3  contents are highest in the shelf break cores. Also the greatest 

decrease in CaCO3  content is between cores 1713 and 1712 which are at 3680 m 

and 4030 m respectively. This suggests that Cullen and Prell's (1984) estimate of 

the lysocline at 3300 m is a little shallow. It shows better agreement with estimates 

of Peterson and Prell (1985 a & b) and Naqvi and Naik (1983). 

4.3.2 Carbonate stratigraphy. 

Inputs of CaCO3  to the sediment from aeolian and biogenic sources may be 

expected to be of significant areal extent and variations in CaCO3  recorded in 

sediment profiles may be used to relate several cores within an area. Constructing 

a relative time scale from co-varying CaC01  profiles and other distinctive marker 

horizons such as volcanic ash bands has been used both in Atlantic (Wallace et al. 

1988) and in Pacific (Finney et al., 1988) sediments. In conjunction with 

biostratigraphy or 14C dating this cross correlation can be useful. The 

correlations between cores 1712 and 1713 are marked on the profiles in Figure 

4.8. Assuming that both cores reach the carbonate turnover point at the sampled 

core base, then core 1712 has obviously accumulated more rapidly than core 1713. 

Although both cores will reflect the calcareous productivity input, other 

influences may have to be considered which can be superimposed on the profile 

shape. Primarily these are dilution by non-carbonate terrigenous detritus and 

dissolution. The influence of dissolution is most apparent in the relative carbonate 

concentrations. Core 1713 is at a depth of 3680 m, close to, but above the 
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estimated lysocline (3800 m - 4000 m, Peterson and Prell, 1985 a & b; Naqvi and 

Naik, 1983), whereas core 1712 is at 4030 m, just below the lysocline, and will 

suffer greater dissolution and hence a lower CaCO3  content. 

Dilution by terrigenous detritus and by siliceous productivity will have a much 

greater influence on CaCO3  contents of core 1721 and 1722 as these cores are at 

depths <800 m and dissolution effects will be relatively negligible. In their 

discussion of three cores from the eastern and central equatorial Pacific Ocean, 

Lyle et al. (1988) hypothesize that differing plankton communities have had 

predominance at various intervals in the past; one group being rich in siliceous 

plankton, the other dominated by calcareous plankton with some siliceous 

plankton. This type of dual plankton system may contribute to the variations 

observed in the shelf basin cores. Within these cores the varying inputs of aeolian 

aluminosilicates and carbonates, together with siliceous and calcareous 

productivity variations are all superimposed. It can be seen in Figure 4.9. that 

even after attempting to remove the aeolian input on the basis of Al ratios there is 

still an antithetic relationship between Sitotat/Al  and CaCO3 /Al, particularly 

below 25 cm depth in each core. This may indicate the alternating dominance of 

calcareous or siliceous rich plankton. 

4.3.2.1 Radiocarbon dating. 

Radiocarbon techniques have been used to obtain a time scale for cores 1712 and 

1715. These analyses were completed by G. Cook of SURRc on C in the bulk 

carbonate fraction, after -scintillation counting by benzene derivation. The ages 

thus obtained are noted against the cores in Figure 4.8. The error on these dates is 

±60-230 years. From the regression of data from core 1712, the age of the detrital 

carbonate can be estimated as 4640 years. 

The 14C dates quite clearly show the sedimentary unit between 8 and 40 cm of 

1715 as being much older than the sediment above or below. This indicates that 

this unit has been emplaced as a slump. The ages recorded in the unit between 1 - 

Scottish Universities Reactor Research Centre, East Kilbride. 
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8 cm are older than those recorded for the grey clay below 40 cm. The possible 

reasons for this; 

this layer of sediment is part of the slump sediment 
this unit is a layer where currently accumulating sediment is being mixed 
into the older slump sediment by bioturbation. 

The geochemical profiles of most of the lithogenic elements indicate that the 

surface layer and the main unit are distinctly different. In addition many profiles 

suggest a mixing line between the current surface sediment and the top of the 

slump unit. This corresponds to a biomixed layer between I - 8 cm which would 

account for the older apparent age of this layer. The interruption of sedimentation 

and bioturbation are clarified by these age dates but also make any calculation of 

sedimentation rates difficult for this core. Although tentatively the accumulation 

of the basal clay can be estimated as 4.76 cm/kyr. This does assume that the basal 

clay is the most intact sequence and has not suffered extensive reworking below 

the coarse band. 

The 14C dates obtained for core 1712 indicate that there has been no such 

interruption of sedimentation in this core. It is interesting to note that even 

allowing for the error on these dates (±80-150 years) the sediment accumulated 

very rapidly over 14 - 22 cm. It is at this interval that the CaCO3  content 

decreased very rapidly. This suggests that although sedimentation was continuous, 

there was a significant change in conditions, reducing the calcareous input. A 

similar trend is observed in core 1713 although not in such a clear manner. 

Taking the 14C data from the complete core 1712 gives an average sedimentation 

rate of 8.88 cm/kyr. Using the cross correlation between cores 1712 and 1713 

discussed previously an average sedimentation rate of 6.85 cm/kyr can be 

estimated. 

4.4 Strontium. 

In the marine environment the most important association for strontium (Sr) is 

with carbonate, although it does also occur in silicates, (mainly feldspars) and to 
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some extent can substitute for Ca in phosphorites (Veizer, 1978). Veizer (1978) 

suggested that calcite in equilibrium with seawater should contain roughly 1,200 

ppm Sr, but that this can be modified by the proportions of organic and inorganic 

calcium carbonate and the Mg content. Dolomites should contain lower Sr than 

calcite. 

The Sr content of these cores is less than Veizer (1978) suggests for recent marine 

sediments, ranging from 200 ppm at 12-14 cm in core 1721 to —1170 ppm at the 

base of 1713. The correlation of Sr and calcium carbonate is well illustrated by 

Figure 4.11. This plot indicates that generally the trends lie through the origin, 

(cores 1713, 1721 and1722). However scatter is observed in core 1715, which 

corresponds to the different sediment units observed from other results (CaCO3, 

Sil th/AI and Mg). The plot also suggests that the lowest Sr cluster of 1704 (points 

below 10 cm on the depth profile, Figure 4.12.) lies along the same trend as core 

1710. This would indicate that the shelf cores contain a different type of lower Sr 

carbonate, possibly dolomite. In addition the plot shows that the surface layer of 

1704 has accumulated sediment with a variable Sr - carbonate relationship, 

possibly shell or coral debris caught in the reworked sediment. 

The Sr - carbonate relationship for core 1712 is somewhat different, at higher 

levels of carbonate (>40%) the trend follows that of the other hemipelagic cores. 

However, at lower CaCO3  levels the sediment shows greater Sr than would be 

expected and intercepts the Sr axis at approximately 175 ppm Sr. This indicates 

the level of Sr present in the aluminosilicate fraction and corresponds to Turekian 

and Wedepohl's (1961) estimate of 180 ppm Sr in deep sea clay. 
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4.5 Magnesium. 

Magnesium occurs in a range of silicate minerals such as chlorites and also 

Mg-carbonates such as dolomite. In an area such as the North West Indian Ocean 

where there is calcareous aeolian input, it is likely that much of the Mg 

sedimenting to the sea floor will be associated with aeolian carbonate phases such 

as the dolomite occasionally seen in smear slide studies. The dolomite is rarely in 

rhombic form and appears detrital rather than authigenic. It should be noted that 

the serpentinite of the Masirah Melange has a high Mg content of 24.31% 

(Moseley and Abbotts, 1979) and there is a possibility that a contribution of Mg 

could be derived from the transport of serpentinite minerals from the Masirah 

area. 

4.5.1 Magnesium results. 

The surface Mg values in this suite of cores range from 1.43% (1704) to 2.69% 

(1712) (see Table 4.1). These values straddle those suggested by Turekian and 

Wedepohl (1961) for average shale of 1.5% and for deep sea clay of 2.1%. Mg/Al 

weight ratios are used to remove carbonate dilution effects. The depth profiles of 

Mg/Al are illustrated in Figure 4.13. These values are between the ranges of 0.6 

and 1.1, and are much higher than Turekian and Wedepohl's (1961) values of 0.19 

for average shale and 0.25 for deep sea clay. This is also illustrated in Figure 4.14., 

where Mg is plotted against Al. It can clearly be seen that the CD17 sediments 

have much higher Mg than either average shale or average deep sea clay. The plot 

also shows that cores 1721 and 1722 have higher Mg values than the other cores. 

Figure 4.13. shows overall that the hemipelagic cores show significantly lower 

Mg/Al than the shelf cores. The trend of core 1715 is complicated in that the 

upper 0-8 cm shows a well defined maximum below which 8-40 cm of high and 

gradually increasing Mg/Al exist. The basal clay sediment 42-4.! cm snows 

relatively low Mg/Al ratios. Cores 1712 and 1713 show increasing Mg/Al depth 

profiles; there are minor irregularities but generally the profiles are steady for the 
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top 12-15 cm and then increase fairly gradually. Both cores show basal Mg/Al 

values over 0.8. 

The depth profiles of Mg/Al ratio for 1704 and 1710 increase slightly with depth. 

In 1710 values are approximately 0.90. The surface values of 1704 are slightly 

lower at 0.84, these erratically increase to a maxima at 6-7 cm. Cores 1721 and 

1722 show some indications of cyclicity in the Mg/Al profiles. These cores show 

higher Mg/Al than the other cores as Figure 4.14. illustrates. Values of Mg/Al are 

greater in 1722 than in 1721 and although the depth increase in Mg/Al is more 

pronounced in 1721. 

4.5.2 Controls on Mg distributions. 

Within the sediments of the North West Arabian Sea there are several possible 

sources of Mg which could contribute to the enrichment observed; 

Dolomite, of aeolian, authigenic or exhumed authigenic origin (observed in 
XRD traces.) 
Aeolian aluminosilicates e.g. chlorites from the Arabian Peninsula (Kolla et 

a/. 1981 a). 
Mg-rich serpentinite debris from the Masirah Melange (Moseley and 
Abbotts, 1979). 

To examine these components more carefully, the total Mg can be partitioned 

using various geochemical indices. In section 4.7. the distribution of Cr is linked 

to the Masirah Melange serpentine material. This relationship is useful if it is 

assumed that the Cr and Mg contents of the serpentine can be directly related, 

and that Cr does not loose or gain Mg through dissolution, precipitation or 

reworking/concentration. The Cr content can be used to calculate the Mg 

contribution from this source, after correction for the Cr content of 

aluminosilicates; 



Merpentine = ((Cr/Alsed - Cr/Alsha ,e  )XAlsed)XO.0072  

where; 
Cr/Al sed = Cr/Al weight ratio at depth d. 
Cr/Alshale = average shale Cr/Al weight ratio (Turekian and Wedepohl, 1961) 

Alsed 	Al content (wt %) at depth d. 
0.0072 = (Mg/Cr)/10000 in serpentine (weight ratio) 

The Mg in aluminosilicate detritus can be calculated by correcting the total Al 

content for the Al contribution from the serpentine and using the Mg/Al ratio of 

shale; 

Mgshale = (Alsed - 0.43)xO.19 

in 

where; 

Alsed = total Al content (wt %) at depth d. 
0.43 = Al content (wt %) of serpentine. 
0.19 = Mg/Al weight ratio of average shale, Turekian and Wedepohl, 1961. 

The dolomite contribution can be estimated from the components calculated in 

equations 4.7 and 4.8; 

M o!om i te  = Mg011 - Merpentine - Mha l e  

4.9 

The partitioned Mg data (tabulated in Appendix C.3) are presented in Figures 

4.15. and 4.16. on a Momponent/7otai ratio basis to remove the carbonate 

dilution effects. From the profiles the relative contributions of the Mg sources are 

indicated. It can clearly be seen the MhaIe  fraction assumes a greater 

importance in the hemipe!agic cores than in the shelf cores. Throughout all the 

cores this fraction remains uniform or decreases very slightly with depth. Quite 

clearly the hemipelagic cores have a lower proportion ofMgserpentinethan the 

shelf cores, and hence a greater proportion of MJo!omite 
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Within core 1712 (Figure 4.15.) both the MgdolornitelAl  and 

ratios increase gradually with depth. Within core 1713 the 	 ratio is 

more uniform and there is a marginally greater increase in 	 The 

M erpent i ne /Al ratio of 1712 shows a step like feature at 5 cm, which probably 

relates to bioturbation of the surface sediment. The step at 20-22 cm (1712) 

observed in many other profiles is also apparent in the lgdoloniite/Al  ratio and 

the increases observed in this ratio with depth in both 1712 and 1713 may he 

related to the increasing CaCO3  content. It is possible that there may be some 

authigenic dolomite forming towards the base of these cores but from visual 

examination by smear slide and SEM, there was very little evidence of authigenic 

dolomite rhombs. Most of the dolomite appeared as corroded rhombs or clumps 

indicating its detrital nature. 

In core 1715 the varying proportions ofM9serpentine and Mgdolornite clearly 

indicate the different sedimentary units. The sandy band has the highest 

M erpent i ne /Al and  rtioIomite 	ratios, indicating its coarse lagged nature. The 

slumped unit is higher in 	 and 	dolomite" 	than the surface 

sediments and basal clay sediments, which show similar relative proportions. The 

M o iom jte /Al is greater than Merpentjne/Al  in the slump sediment and also 

gradually increases with depth in this unit. This could be diagenetic or might 

indicate grading on a fine geochemical scale. 

In the shelf cores (Figure 4.16.) Merpentine  clearly forms a much greater 

proportion, with very little MAdolomiteindicated  in cores 1710 and 1721, slightly 

more in 1722 but none in 1704. The calculations for Merpentine  for core 1704 

clearly overestimate this fraction 	 >Mg 01/Al). This is due to 

the very high Cr content of this core. Implicit in the calculation of Merpentine  is 

the assumption that Cr and Mg are within the same phase. However, Moseley and 

Abbotts (1979) present the modal composition of the Masirah serpentinite; 

serpentine and magnetite, 82.2-91.9%; bastite serpentine, 4.3-17.3%; chrome 

spinet, 0.5-2.9%; clinopyroxene (2 Out of 17 sections), 0.9-4.0%. The Cr analysed 

in the bulk composition is probably concentrated in the magnetite and chrome 

spine!. As these are heavy minerals they may be further concentrated by 

reworking and winnowing away of the lighter minerals. Hence using the Cr 

content for a reworked core such as 1704 would vastly overestimate the Mg 
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content of the serpentine component. The inaccuracies in using this approach 

must be borne in mind when considering the Merpeiitine estimates for all the 

other cores. 

The effects of reworking may also have influenced core 1710, particularly over the 

top 14 cm, where the Merpentine/Al ratio is quite erratic, although the effects of 

reworking are not as extensive as in core 1704. The shelf basin cores 1721 and 

1722 are apparently protected from current reworking, but are the closest of the 

cores to the source of the serpentine on Masirah Island and hence show high 

Merpentinel ratios. The erratic shape of these ratio profiles for cores 1721 and 

1722 does not correlate well with the total or lithogenic Si/Al ratio profiles. This is 

probably due to dilution by biogenic detritus, mainly biogenic silica. Core 1722, 

which is slightly further offshore than 1721 (see Figure 2.1) has a higher 

proportion ofMgdolomitewhich very gradually increases with depth, whereas the 

Merpentine decreases very slightly with depth. This suggests that the detrital 

source for 1722 and perhaps 1721 has changed slightly with time or perhaps that 

some authigenic dolomite is forming at depth. 

4.6 Potassium and rubidium. 

The ionic radii of these elements are similar, potassium (K) I.33A and rubidium 

(Rb) 1.49A and so allow substitution within the crystal lattice. Both elements 

behave in a similar manner during weathering processes; adsorption onto, and the 

formation of, authigenic clay minerals. Rb tends to be dispersed through mica and 

K-feldspar minerals and may also be relatively concentrated during weathering 

and the formation of shales (Heier and Billings, 1978). 

4.6.1 Potassium problems. 

It should be noted that during preparation and analysis of the fused XRF discs 

low total contents were obtained. It is thought this is due to loss of alkalis, mainly 

K and Na. This is variable with depth and between cores and possibly between 

calcareous and siliceous sediment types. Much of this loss of K is difficult to 
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correct for and may have an influence on the shape and values of K profiles. For 

example, the negligible K content of 1710 may be due to lack of feldspar and K 

bearing material but also this is the most calcareous core. It should also be noted 

that this core has very low Na results (Appendix C.2). It is possible that calcareous 

sediment may release alkali salts (K and Na) easier than siliceous sediment, 

during ignition and fusion. Given the unreliability of the K data, Rb can be used 

to asses the geochemistry of these elements. 

4.6.2 Rubidium results. 

Rubidium (Rb) values range from 48 ppm, towards the top of 1712 down to 17-18 

ppm at the base of cores 1704 and 1710, (Table 4.4.) These values are much lower 

than average values for shales, (164 ppm) and argillaceous sediments (128 ppm) 

and even lower than silty limestones (75 ppm), (Heier and Billings, 1978). The 

trends in Rb distribution are shown in the Rb/Al ratio profiles (Figure 4.17.). 

Rb/Al values are lower than average shale (17.5 x10 4 , Turekian and Wedepohl, 

1961) and range from 9 x10 4  at the base of 1704 to 14.4 x10 4  at the surface of 

1722. Values for 1712 show a slight subsurface maximum of 12.5 x10 4  but for the 

most part they remain steady at around 11.95 x10 4 . Similarly Rb/Al values for 

1713 are relatively constant between ii xlci4  and 12 x10 4 . The different 

sedimentary units alluded to from the distribution of Si/Al, CaCO3  and Mg 

components are again illustrated in 1715, with Rb/Al increasing over the surface 

layer from 11.9 x10 4  to 13.0 x10 4 , and being constant for the bulk of the core. 

The coarse band shows up very clearly as being Rb-depleted (9.4 x10 4 ) and the 

grey clay below is also of lower Rb/Al ratio (11.8 x10 4 ) than the sediment above. 

Cores 1710, 1721 and 1722 show profiles, which although slightly erratic, are 

constant with depth. Core 1722 shows a Rb/Al ratio of between 13.3 x10 4  and 

14.6 x10 4  for all its length, higher than any of the other cores. Core 1704 is the 

only core which shows a distinct trend in the Rb/Al ratio, it decreases quite 

sharply, from 11.3 x10 4  just below the surface to 9 x10 4  at depth. 
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Core. Zr ppm Rb ppm Sr ppm Cr ppm Ba ppm 

1704 	Surf 121 19 997 269 214 

Base 137 18 763 307 123 

1710 	Surf 70 19 887 146 282 

Base 70 18 919 146 281 

1712 	Surf 97 46 398 123 1562 

Base 72 31 878 99 1117 

1713 	Surf 68 31 844 72 1453 

Base 46 21 1168 53 1136 

1715 	Surf 69 40 724 101 860 

top of lag 56 31 924 117 434 

1721 	Surf 92 31 412 215 253 

Base 76 26 465 179 189 

1722 	Surf 66 30 545 158 249 

Base 60 27 545 135 277 

Average shale 160 140 300 90 580 

Deep sea clay 150 110 180 90 2300 

Table 4.4. Salt corrected minor lithogenic elements. Surface samples 
are the mean value of the top 2 intervals, base samples are the mean of 
the bottom 2 intervals, except for core 1715, when the value above the 
lag deposit was used. Average shale and deep sea clay data taken from 
Turekian and Wedepohi, (1961). 

4.7 Titanium, zirconium and chromium. 

The trends of major elements in several of the cores suggest certain discontinuities 

or changes in the pattern of sedimentation with depth. These indications that 

certain cores display interrupted sedimentation, may result from emplacement of 

turbidites or by winnowed sediment. It is important to establish such patterns 

before any attempt is made to assess diagenetic trends. The distribution of minor 

elements that are dominated by lithogenous inputs, Ti, Zr and Cr will be used to 

confirm these patterns. 

Titanium (Ti), zirconium (Zr) and chromium (Cr) are relatively insoluble 

elements which tend to become concentrated in the detrital fraction of sediments, 

particularly the coarser, silty fraction. Ti is found generally in its oxides, anatase, 
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rutile and brookite, also in magnetite and ilmenite and in some silicates (Correns, 

1978). Likewise Zr is present in resistant minerals, such as zircons, which become 

concentrated in clastic sediments (Ahrens and Erlank, 1978). Chromium (Cr) 

occurs in resistant silicate minerals found in ultrabasic rocktypes e.g. Cr-spinet, 

chromite (Shiraki, 1978), and also in magnetite and ilrnenite. As mentioned in 

section 3.6. the ultrabasic rocks of the Masirah Melange and Oman Ophiolite of 

Masirah Island and Ras al Madraka have a high Cr content of 3390 ppm (Moseley 

and Abbotts, 1979). Detrital material derived from these local sources will be 

distinguished by a high Cr geochemical signature, particularly as Shiraki (1978) 

suggests that average pelagic sediment should contain around 80 ppm Cr. 

4.7.1 Titanium results. 

Ti/Al values for the CDI7 cores are generally greater than average shale (0.06) 

and greater than values from sediments under the Peru current (0.04346 to 

0.04676, Boyle, 1983). The Ti/Al ratio profiles (Figure 4.18.) can be used to 

observe fine scale changes in lithology. Surface Ti/Al ratios range between 0.067 

(1712) and 0.091 (1704). As Table 4.5. indicates, the shelf sediments have higher 

Ti/Al values than the hemipelagic cores indicating overall coarser grained 

sediment in the shelf cores. This is particularly noticeable for cores 1704 and 

1710. Core 1704 shows a slight increase in grain size at 5-6 cm as Ti/Al increases 

to 0.099 before decreasing to 0.09 at depth implying a change from silt to clay 

sediment.The shelf basin cores (1721 and 1722) show high Ti/Al ratios, with 

indications of cyclic trends matching those observed in Sitotai/Al,  particularly in 

1722. This suggests that inputs of fine clay or coarse silt materials will exert a 

control on the pattern of sedimentation rather than being overwhelmed by the 

biogenic sediment input. 
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Core Si/Al Ca/Al Fe/Al Mg/Al K/Al Ti/Al 

1704 surf 6.232 14.019 0.457 0.838 0.083 0.091 
mean 6.181 12.361 0.469 0.844 0.074 0.093 

1710 surf 5.172 16.898 0.524 0.896 nd 0.079 
mean 4.991 16.644 0.501 0.895 nd 0.079 

1712 surf 4.843 2.248 0.656 0.693 0.101 0.067 
mean 4.805 4.767 0.634 0.721 0.098 0.066 

1713 surf 4.651 7.980 0.702 0.700 0.040 0.070 
mean 4.593 10.647 0.698 0.719 0.026 0.068 

1715 surf 4.246 5.540 0.699 0.761 0.070 0.065 
mean 4.084 7.850 0.675 0.896 0.047 0.068 

1721 surf 6.773 4.930 0.452 0.948 0.073 0.071 
mean 7.216 3.944 0.489 0.948 0.116 0.071 

1722 surf 6.893 7.364 0.526 1.001 0.070 0.072 
mean 7.222 6.528 0.511 1.000 0.062 0.072 

Average shale 0.913 0.28 0.59 0.19 0.33 0.06 

Deep sea clay 2.98 0.35 0.77 0.25 0.30 0.05 

Table 4.5. 	Element to Al ratios. Surface samples are the 0-1 cm 
interval. Average shale and deep sea clay data taken from Turekian and 
Wedepohi 	(1961). 

Within the hemipelagic cores the Ti/Al profiles show particular trends. The Ti/Al 

profile of 1715 shows a well defined increase at 40-42 cm in the coarse band, this 

is consistent with general observations that Ti/Al is higher in sands than in silts 

(Boyle, 1983). The surface layer and basal clay show lower Ti/Al ratios and hence 

indicate finer grained sediment than is observed in the main slump unit (8-40 cm, 

Ti/Al 0.067). Grain size patterns in cores 1712 and 1713 are not as dramatic, the 

Ti/Al profile of 1712 suggests a coarser sediment immediately below 8 cm depth 

and then a decrease in grain size below 25 cm depth. Core 1713 is similar, 

indicating slightly coarser grained surficial sediment (0-8 cm) and below this the 

grain size decreases with depth. 
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4.7.2 Zirconium results. 

As for Ti, looking at the Zr/Al ratios is more informative in relation to 

distribution and grain size variability. Figure 4.19. shows a plot of Zr vs Al. It can 

clearly be seen that the CD17 sediments are very much enriched in Zr over 

average shale, this line being defined by a Zr:Al of 20:1 x10 3. The Zr enrichment 

and gradient of the data increase towards the shelf and it is noticeable that cores 

1704 and 1710 are very enriched, especially the latter. Also the trends of cores 

1704 and 1710 do not lie through the origin like the other cores, but intercept on 

the Al axis at 1-1.5%. This indicates the proportion of Al which is associated with 

the fine aluminosilicate dusts rather than the minerals associated with the coarser 

grained sediment. The considerable enrichment of Zr in the surface sediment of 

1704 (up to 75 x10 4 ) and in 1710 (up to 45 x10 4 ) suggests an unusual source of 

Zr for these sediments or a concentration of heavy minerals i.e. zircons, due to 

sediment processes such as winnowing. 

The hemipelagic cores of 1712, 1713 and 1715 have Zr/Al ratios between 20-30 

X10-4  which are constant with depth, see Figure 4.20. The trends of these profiles 

are broadly consistent with those of Ti/Al, particularly the relative enrichment of 

Zr in the coarse band at 40-42 cm (Zr/Al 30 x10 4 ). 

The diatomaceous oozes of 1721 and 1722 have slightly higher Zr/Al ratios (29-40 

X10-4) than the hemipelagic cores, which agree with the Ti/Al indications of 

slightly higher grain size in these cores. Although the Zr/Al profiles are more 

uniform with depth than the Ti/Al profiles, there are indications, especially in 

1721 of variations in grain size which are consistent with cyclic variations 

observed in other element/Al ratios e.g. Rb/Al. 

93 



150 

125 

75 

C 
C 
0 

50 

25 

0 	1 	2 	3 	4 	5 

£ 001701 
* 001710 

[01 712 
[01 713 

+ [01 715 
CD 1721 
[01722 

Aluminium (w Z) 

Figure 4.19. The relationship between Zr (ppm) and Al (wt %) for the CDI7 

cores. The line indicated is that of Zr:A1, 20 x10 3 . 

94 



80 

70 

50 

30 

10 
0 

80 

70 

Q 

x 50 

CE 30 
L 

NJ 
10 

0 

15 	30 	45 

15 	30 	45 

80 

70 

50 

30 

10 
0 15 	30 

80 

70 

50 

30 

10 
0  15 	30 	45 

Deph (cm) 

-i 	

15 30 45 55 

80  

80 

70 

50 

30 

10 
0 

	

701 	
1 
c..J 
1'- 

	

501 	

1 

.5 1,0.. •... 	• 	•Ss. 	
• 

	

301 	
•is S. 	••ae 

10I 

	

0 	15 	30 	45 55 '.- 

80 

70 

50 

30 

10 
0 

N 
2 

0 
0 

C- 

d 

45 . 55 

15 30 45 55 

DepH (cm) 

95 



4.7.3 Chromium results. 

The CDI7 cores range from 50 ppm Cr at the base of 1713 to 325 ppm Cr towards 

the top of 1704. From Table 4.4. it is obvious that the cores on the shelf or just 

over the shelf break (1704, 1710, 1721, 1722) are higher in Cr (in the range of 135 

to 325 ppm) than the hemipelagic cores (1712, 1713, and 1715) (range of 51 to 153 

ppm Cr). 

The shelf cores display erratic Cr/Al profiles (Figure 4.21.). Cores 1721 and 1722 

show gradual decreases with depth, with superimposed spikes which correlate with 

the Ti/Al and Zr/Al profiles, confirming the grain size control on the Cr 

distributions. The Cr/Al profile of 1710 is fairly uniform with depth whereas 1704 

shows a very erratic profile and the highest Cr/Al ratios of any of the cores. 

Within the Cr/Al profile of 1715 it is still possible to distinguish between the 

different units, the surface layer being lower in Cr than the rest of the core except 

for the grey clay (28 x10 4 ). The coarse band at 40-42 cm shows a clear Cr-

enrichment (Cr/Al, 60 x 10). Core 1713 shows a gradual increase in Cr/Al from 

26 x1€14  at the surface to 32 x10 4  at the base of the core. Core 1712 has a higher 

Cr/Al ratio, showing an initial decrease over 5 cm depth. Below distinct steps in 

Cr/Al at 10-12 and 20-22 cm occur, which may indicate sedimentary hiatuses, but 

at depth the Cr/Al ratio increases to 39 x10 4 . 

The substantial enrichment of Cr in these North West Indian Ocean cores is also 

indicated in the plot of Cr against Al (Figure 4.22.). Clearly the trends defined by 

the cores are enriched in Cr over the average shale relationship and this 

enrichment increases in the shelf cores. The line defined by cores 1712, 1713 and 

the surface layer of 1715 goes through the origin. However the trends of the shelf 

cores intercept the Al axis at approximately 1-1.5% Al, values very similar to 

those obtained from the plot of Zr against Al (Figure 4.19.) for cores 1704 and 

1710. This again indicates the fraction of Al which is not associated with the 

coarse detrital input to this shelf. 
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4.7.4 Controls on titanium, zirconium and chromium distributions. 

The enrichment of Ti, Zr and Cr in minerals resistant to erosive processes such as 

rutile, zircon and magnetite and Cr-spinel has led to their use as indicators of 

coarse grained sediments. Boyle (1983) noted that variations in the Ti/Al ratio of 

sediments under the Peru Current correlated with changes in grain size and 

aeolian fluctuations, and that Ti/Al increased with increasing grain size. Ti/Al 

values, particularly of the shelf sediments are higher than average shale and 

sediments from the Peru Current (Boyle, 1983) suggesting a coarser sediment. 

The shelf cores are generally enriched in Ti, Zr and Cr over the hemipelagic 

cores. This could be either due to; 

a higher aeolian input to these cores 
a localised source of detritus enriched in heavy minerals 
sediment reworking and concentration of fractions enriched in Ti, Zr and 
Cr. 

Figures 4.19., 4.22. and 4.23. all indicate the enrichment of Ti, Zr and Cr in shelf 

cores and particularly in cores 1704 and 1710. This may correspond to the 

proximity of the high Cr terrigenous sources of Masirah Island and Ras al 

Madraka (Moseley and Abbotts, 1979). The localised enrichment of these 

elements in these two particular cores also suggests that the local conditions lead 

to reworking and redistribution of the sediment. Work by Shimmield etal. (1989a) 

on the surface sediments of the Oman margin indicates that high Cr values are 

prevalent along the shelf break. Other geochemical indicators such as C/N (see 

chapter 5) also suggest that this sediment has been reworked and the resistate 

fraction i.e. containing zircon, rutile and magnetite has become concentrated. 

Core 1715 is located on the eastern side of the Murray Ridge and hence it is 

possible that basic material from the Murray Ridge may form a Cr-rich source. 

Alternatively the high Cr input may be a result of aeolian input from the Oman 

Coast and Masiah Island. The sandy band at 40-42 cm in core 1715 shows 
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enrichments of Ti/Al, Zr/Al and Cr/Al above the rest of the core. It is also 

interesting that there are indications of mixing or grading of the coarse sediment 

into the material being deposited above. There are several possible causes of the 

Ti, Zr and Cr enrichments, which indicate an increase in grain size; 

winnowing of sediment above the grey clay removing the fine sediment 
components leaving only the coarser residual material, 
deposition of a coarse silty lag material as an individual unit above the grey 
clay 
deposition of a slump, with the coarser silty fraction settling out and grading 
up into the finer material above. 

The similarity of the geochemical characteristics between the basal clay and the 

surface sediment agrees with the 14 C dates (section 4.3.2.1), that these two units 

are comparable, younger sediment, with a slump of older sediment emplaced. 

This points to an erosion - deposition event, resulting in the coarse band and 

overlying slump. The coarse band could be termed the basal lag of this slump. 

The irregularities observed in the grain size indicator profiles of 1721 and 1722 

may be a combination of varying biogenic productivity and shifts in aeolian 

inputs. The low point at 30-32 cm in 1722 corresponds to a slight pulse of Al. The 

antithetic relationship between the Ti/Al, Zr/Al, Cr/Al profiles and the Rb/Al 

profile suggests that the aeolian aluminosilicate input is significant in dictating the 

observed cyclic profiles. 

4.8 Barium. 

Barium (Ba) tends to go into silicate minerals, usually potassic-feldspars and 

micas, but it can also go into apatite (Puchelt, 1978). At high enough 

concentrations Ba can form barite (BaSO4 ) which is sparingly soluble in seawater. 

Dispersed barite microcrystals have been reported in deep sea sediments 

underlying the productive equatorial waters of the Pacific and Atlantic Oceans 

(Church, 1979 and refs cited). However, the Ba2  ion can also be adsorbed to a 

limited extent by clay minerals, organic matter and to a greater extent by metal 

hydroxides, especially MnO(OH). 

101 



4.8.1 Barium results. 

Barium concentrations in these sediments range from 1670 ppm at 7-8 cm in 1712 

to 101 ppm towards the base of 1704 (Table 4.4.). These values straddle the Ba 

concentration in average shale of 580 ppm (Turekian and Wedepohl, 1961) and 

Atlantic sediments of 750 ppm but are lower than the Pacific sediments of 4,000 

ppm (Puchelt, 1978) and average deep sea clay of 2,300 ppm (Turekian and 

Wedepohl, 1961). From the depth profiles illustrated in Figure 4.24. and the 

values in Table 4.4., it can he seen that the hemipelagic sediments (1712, 1713 and 

1715) have much higher Ba concentrations than the shelf sediments (1704, 1710, 

1721 and 1722). This is illustrated in the plot of Ba against Al (Figure 4.25.). The 

shelf cores are slightly enriched in Ba over average shale. 

Cores 1712 and 1713 show trends which are considerably enriched in Ba and it is 

interesting to note that three points from core 1715 (data from the grey clay) also 

follow this trend, whereas the rest of the core defines a different trend. The 

surface mixed layer of 1715 falls from values comparable to the average deep sea 

clay to the grouping of points from the slump sediment, which is close to the shelf 

sediments. 

All the shelf cores show uniform Ba/Al depth profiles (Figure 4.26.) except for the 

linear decrease over the top 9 cm of 1704. The Ba/Al ratios of all the shelf cores 

are <200 x10 4 . Values of Ba/Al for cores 1712 and 1713 are 400 x10 4  and 

above. Both these cores show gradual and slight increases in Ba/Al. The top 5 cm 

of core 1713 shows some scatter of Ba/Al which may indicate disturbance of the 

sediment. The Ba/Al profile of 1715 again illustrates the different units of this 

core; the Ba/Al ratio decreases linearly over the top 9 cm, below that the values 

are constant until 4 cm above the coarse band. The coarse band is relatively 

depleted in Ba. The grey clay underlying the coarse layer has higher Ba/Al values 

than the rest of the core. From these distributions in the depth profiles of Ba/Al 

ratio with depth there appears to be appreciable levels of authigenic Ba in the 

hemipelagic cores while virtually all the Ba in the shelf cores is bound in 

aluminosilicate structures. 
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Figure 4.25. The relationship between Ba (ppm) and Al (wt %) for the CD17 
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4.8.2 Processes affecting Ba distribution. 

Work done by Bishop (1988) and Dehairs et al. (1980) on particulate matter, 

notes the association of Ba, often in the form of barite, with organic matter and 

siliceous biogenic debris. As was discussed in section 4.2.3. this association can be 

used in the calculation of biogenic silica. This relationship worked reasonably well 

for the hemipelagic cores but not for the shelf cores. As it is thought that the shelf 

cores contain more siliceous debris, they might be thought to contain higher Ba. 

Figures 4.24. and 4.26. show quite clearly that the Ba contents of the shelf 

sediments are much lower. There are various possible reasons for this; 

There is a solubility control of barite. 
There is a redox control, as the SO4  reduction may limit the SO4  available 

for barite precipitation. 
The distribution of particular species of plankton which are associated with 
Ba is non-uniform. 
There is a flux / accumulation rate control. 

Although barite is undersaturated in oceanic waters, solubility is unlikely to be 

the major control of Ba distribution. Similarly the availability of SO4  limiting 

barite precipitation in anoxic environments is not likely to be particularly 

important as Bishop (1988) notes that only —4% of organically bound S in 

diatoms needs to be available to form barite. 

The distribution of plankton which are particularly associated with barite 

formation and the sediment accumulation rate are the most important controls on 

Ba distribution. Bishop (1988) notes that barite crystals have been observed in 

dense clumps of organic matter and broken Rhizosoleilia (diatom) tests. Barite 

was not observed with intact specimens of Rhizoso/enia. It appears that siliceous 

tests are involved with the barium cycle possibly acting as catalytic surfaces and 

that barite, as a secondary precipitate, can be formed in suitable organic-rich 

microenvironments associated with the coarse microaggregates of plankton debris. 

However, it is also thought that these cores are accumulating rapidly and that the 

biogenic Ba being introduced into the sediment is being diluted by the high flux of 

terrigenous detritus and the high biogenic input. 
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The discrepancy between Ba contents of shelf and hemipelagic sediments may be 

due to the dilution effect of the excess silica accumulating in the shelf sediments 

in comparison to the hemipelagic cores. This "excess" Si is illustrated in Figure 

4.27. and between cores 1713 and 1721 there is approximately 4.4% Si, (this is the 

maximum difference between a shelf and hemipelagic core). The dilution effect 

caused by this excess Si is illustrated in Table 4.6. 

1712 	1713 	 1715 

mean Ba (ppm) 	 1453 	1390 	 272 

range Ba (ppm) 	 1064-1679 	1070-1552 	225-305 

excess Si1 	 5.3 	 6.8 

corrected mean Ba (ppm) 	1379 	1295 

corrected range Ba (ppm) 1007-1590 	997-1446 

1). Excess Si is determined from Figure 4.26. as the difference between the 
intercepts on the Si axis between the shelf and hemipelagic cores, core 1722 

is used as the reference shelf core. 

Table 4.6. Calculation of the estimated dilution of Ba in hemipelagic cores 
by the excess Si present in the shelf cores. 

4.9 Discussion. 

From the results and discussion within the preceding sections, it is clear that the 

sediments of the Oman margin are subject to several sources of sedimenting 

material and localised redistribution processes. As discussed in chapter 3 the 

Oman margin sediments are a mixture of biogenically formed siliceous and 

calcareous material, together with aeolian material containing carbonates, quartz 

and aluminosilicates. The geochemical data show the strong influence of calcium 

carbonate diluting much of the other inputs. 

4.9.1 Cores 1704 and 1710. 

These cores are located on and just over the shelf break, to the south of Masirah 

Island, (Figure 2.2.) The most striking feature of these cores is the unusually high 
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Figure 4.27. The relationship between CaCO3  (wt %) and Si01  (wt %) can be 

used to estimate the combined 'excess' Si in the shelf cores over the hemipelagic 

cores. Regression line A is core 1722, line B is core 1713 and line C is core 1712. 
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levels of Cr, Zr, Mg/Al, Ti/Al, (see Tables 4.4. and 4.5.) The surface values of 

these elements and ratios are not only higher than the average shale values but are 

also higher than the other CDI7 cores. The Cr, Zr, and Ti/Al values all indicate 

an enrichment of material of coarse detrital nature and probably of terrigenous 

origin. This is particularly the case for Cr, as the Masirah Melange has been found 

to contain high levels of Cr (3390 ppm, Moseley and Abbotts, 1979). Not only is 

the source material high in resistant minerals initially, but the enhanced Ti/Al 
4-h e vi e o,,jg i'ine, -t 	4 

(and Zr/Al) indicates thattthese  sediments have been further reconcentrated. This 

has probably occurred by erosive current action. Consequently these cores are 

coarse lag deposits, enriched in detrital resistant phases and winnowed free of fine 

aluminosilicates. The loss of fine aluminosilicates is suggested by the low Rb 

contents (see Table 4.4.) in comparison with the other CDI7 cores. 

Cores 1704 and 1710 also have higher Mg/Al ratios than the hemipelagic cores, 

although these are lower than the shelf basin cores (1721 and 1722). However 

magnesium contributions to these sediments can be partitioned between the Mg 

enriched serpentinite of the Masirah Melange (24.31%, Moseley and Abbotts, 

1979) and dolomite or Mg-carbonate. Estimates of Merpentine  from the Cr 

content of these cores are very high and in the case of 1704, considerably over the 

total Mg content. Whilst this still suggests a probable high serepentine 

contribution, it clearly indicates that Mg and Cr are not in the same minerals. The 

results indicate that the Cr has been further concentrated, again supporting the 

reworking of both 1710 and 1704, especially the latter. 

Cores 1704 and 1710 do show many similarities in element depth profiles. Many 

elements show slight scatter over the top 8 cm of 1710, which otherwise is fairly 

constant with depth, this is notable for the Cr, Zr/Al, Ti/Al, and Mg profiles. This 

may indicate the presence over physical disturbance and reworking over this 

depth. Core 1704 shows profiles which indicate a more disturbed top, to a depth 

of 8 cm, e.g. profiles of Ti, Rb, Mg/Al, CaCO3, Al and Si. The Rb/Al profile 

indicates that below this level the sediment becomes more depleted in fine 

aluminosilicates. Although there is not a similar increase in Ti/Al and Zr/Al, 

indicating no distinct coarsening of grain size. 
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The disturbance of the surface layer of these two cores is attributed mainly to 

reworking and winnowing by current action. The influence of bioturbatiori is 

probably slight as these cores show green reducing colours (chapter 3) and are 

within the oxygen minimum zone, where conditions support only limited fauna. 

The phosphatic nodules which were reported in core 1704 (chapter 3), show some 

evidence of boring by organisms but this is unlikely to be contemporary. These 

nodules all occur within the top 8 cm of the core and tend to be smoothed. This 

agrees with the reworking of this core, which appears to be an exhumed, relict, 

sediment. 

4.9.2 Core 1715. 

Core 1715 is a hemipelagic core, located on the distal edge of the Indus Fan. Like 

cores 1704 and 1710, it shows various indications of disruption and physical 

disturbance. All of the elements so far discussed show profiles which indicate 

several geochemically distinct units; 

A basal grey cohesive clay, which is enriched in Si 01, Al, Ca-CaCO3  and 
Ba, depleted in Mg and Cr relative to the mean values of the core. 
A coarse band, at 40-42 cm which is particularly high in SilIth,  K, Ti, Zr and 
Cr and depleted in Rb and Ba relative to mean values. 
A thick olive green unit, between 7-8 and 40 cm, the profiles of all the 
lithogenic elements being fairly constant with depth, 14C dates indicating an 
older sediment than unit 1. 
The boundary of this unit coincides with the redox colour change; between 2 
cm and 8 cm there appears to be a mixing line between the main unit and 
the very surface sediment. 
The very top 2 cm of sediment are enriched in Sib iol' Al, Mg, K, Rb, Ti and 
Ba, Ca is depleted as is Cr, slightly. 

A further complication to this very surface layer is that both Ti and Al show a 

subsurface maxima at 1-2 cm. This suggests that the material sedimenting at the 

present is different to that below the surface which is mixed with the main unit. 

Figure 4.28. uses the Ti profile to illustrate the different units of 1715. The core 

description (chapter 3, Appendix A.2) indicates that the boundary between the 

basal clay and the coarse sediment above it is fairly distinct. The upper boundary 
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of the coarse band, from the geochemical evidence of Ti, Zr, Rb, and Silith, shows 

a mixed or graded boundary between the coarse band and the main unit above. 

This suggests several possible origins for the coarse band; 

it is a lag deposit, formed from the material below, with all the fine material 
stripped away, or, 
it is a lag deposit which is the basal unit of the sediment above, which 
accumulated sufficiently slowly for bioturbation to smear traces of the 
coarse band into the overlying sediment, or, 
it is a basal lag unit of a turbidite which grades into slightly finer material 
above. 

There is little to support the suggestion of an erosive lag forming the coarse band 

as the geochemistries of this band and the basal clay are very different and the 

boundary is, geochemically at least, very distinct. This lends more support to an 

external erosive force, causing a distinct sedimentary hiatus before the next unit 

accumulates. The action of a turbidite or gravity flow might be such an external 

influence, causing erosion before depositing a different unit. Distinguishing 

between grading and bioturbation on the upper boundary of the coarse band is 

not particularly clear. The most probable origin of the main unit and the coarse 

band is that they are part of the same unit, as several element profiles suggest, e.g. 

Al, Ca, Mg. This agrees with the deposition of a slump with a basal lag as 

indicated from the 14C dates. The rapid deposition of this slump would indicate 

that grading from coarse to finer sediment is the probable cause of the observed 

mixing profiles rather than bioturbation. 

Work done by Khan (pers. comm.) on a piston core from site 1715 has shown a 

succession of turbidites, of varying thickness. It might be thought that these 

originate from the Indus, but the mineralogy indicates not. It is more likely that 

the turbidites in 1715 are of local origin, possibly from the Murray/Owen Ridge. 

This agrees with the unusual Cr content of the coarseAand, which may be derived 

from the basic - ultrabasic Ridge material, in addition to being concentrated in 

the lag deposit. Additionally many element relationships observed within the 

slump unit of 1715 have shown similarities to the shelf sediments. This does not 

imply that the slump unit originated from the Oman shelf, more that it comes 

from a shallow water environment, probably the flanks of the Murray Ridge. 
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Bioturbation does currently have an influence on core 1715. In the core 

description, the occurrence of buff mottles over 8-22 cm was noted and attributed 

to irrigation. Many of the element profiles so far discussed indicate a mixing 

between 8 cm and the surface sediment above the mottled zone which may be the 

result of bioturbation. There are also indications that the surface sediment 

currently accumulating is slightly different to the sediment below. 

4.93 Cores 1712 and 1713. 

Cores 1712 and 1713 are hemipelagic cores, located on the east side of the 

Murray/Owen Ridge. The dominant influence on their geochemistry is that of 

carbonate accumulation. Both cores appear to have accumulated fairly steadily 

with no major haituses, as indicated by their porosity profiles. However, the 

nature of the sediment accumulating has gradually changed. The main indicator of 

this is the increase in carbonate in older sediment. Similarly the Mg/Al profiles 

show an increase with depth. This is due to increases in Molomite  and 

M erpent i ne  suggesting a relative increase in these detrital components. Most of 

the other element profiles show subtle, gradual changes around a step break in 

the profile, this is particularly notable in core 1712. Profiles of Si, Al, Mg, Rb and 

Ti all show a distinct step a 20-22 cm, this corresponds to the depth of the most 

rapid CaCO3  increase. There is also a step observed in the porosity profile 

(chapter 3) which indicates that the geochemical data are not an artifacts of 

analysis. 

The Zr/Al profiles of 1712 and 1713 show a gradual increase, as do Ti/Al and 

Cr/Al, There are no indications of the step observed in the other profiles, and 

these profiles indicate a slight and gradual coarsening of grain size. The lithogenic 

Si/Al ratio and Rb/Al ratio both decrease with depth, they too show indications of 

a step decrease at 20-22 cm in 1712. This indicates that as carbonate increases in 

importance the aluminosilicate input becomes less, through a combination of 

dilution and accumulation rate effects. 

The Ba/Al profiles show gradual increases with depth. As Ba can be linked to 

biogenic siliceous productivity (see section 4.8.), together with the carbonate 
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increase with depth, it would indicate that productivity in the surface waters is not 

as high at the present as it has been previously. Figure 4.9. gives some indication 

of the changing predominance of plankton, from calcareous to more siliceous. 

Although these cores show continuous sediment, there are indications that there 

has been disturbance of the surface sediment, most probably by bioturbation. 

Si/Al, Mg/Al, K/Al, Rb/Al, Cr and Ba/Al profiles all show some scatter of data 

over the top 8 cm or so. Particularly in 1713 the top 5 cm, at least, has been 

disturbed and as is shown by the lower Ba/Al values. As these core are 

hemipelagic and have an oxidising top layer of sediment and oxygenated bottom 

water, conditions are sufficient to support fauna. 

4.9.4 Cores 1721 and 1722. 

Cores 1721 and 1722 are located in an intrasheif basin, further north of the rest of 

the suite. They were retrieved from water depths within the oxygen minimum 

zone, and the core descriptions (chapter 3 / Appendix A.2) indicate the reducing / 

suboxic nature of these sediments. Visual examination of these cores has 

indicated the abundance of diatomaceous debris. Sitotai/Al  ratios are very high for 

these cores. Although measurements of biogenic silica suggest that this has an 

important contribution, it is also clear that aeolian quartz adds to the silica 

enrichment. These cores are relatively close to the source of aeolian detritus 

(Figure 2.2.) from the Arabian peninsula. 

The greatest difficulty with these shelf basin cores is clarifying the relative 

importance of biogenic silica, biogenic carbonate and aeolian detritus. In addition, 

both cores show distinct maxima and minima with depth, particularly in Si/Al, 

CaCO3, Mg/Al, K/Al, Sr/Al, and Rb/Al profiles. These indications of cyclic 

sedimentation can be correlated between the cores towards the base, and 

therefore must relate to the sediment input to the intrashelf basin. As normalising 

to Al should remove most of the dilution effects attributable to carbonate, the 

variation of element/Al profiles indicates that either the biogenic silica or aeolian 

detritus or a combination of both is causing the observed cyclicity rather than 

solely carbonate. Those elements which most clearly show the cyclicity are 
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important elements in aluminosilicate minerals. This indicates that there are 

either fluctuations in aluminosilicate input or that aeolian quartz is fluctuating 

and causing dilution variations. In such a complex system as this, where no one 

component can be assumed to remain constant, it is difficult to clearly state which 

component has the greatest effect on the cyclic profiles. 

Cores 1.721 and 1722 both have very high Mg/Al ratios, mean values of 0.948 and 

1.000 respectively, these are considerably higher than Mg/Al of 0.25 for average 

deep sea clay (Turekian and Wedepohl, 1961). There are various factors which 

may contribute to the enrichment of Mg; 

the proximity of the coast which may be a source of detrital Mg carbonate, 
detrital material from the Mg enriched serpentinite of the Masirah Melange 
may also be a source of Mg, 

The geochemical partitioning of Mg illustrated in Figures 4.15. and 4.16. shows 

the contribution of Merpentine  being the greatest in these two cores. In addition 

Mgdolorrilte has a greater contribution than in the other shelf cores (1704 and 

1710) and is present in a greater proportion in 1722 than in 1721. Core 1722 is 

further offshore than 1721 and may receive lower detrital serpentine inputs. 

4.9.5 Summary. 

The lithogenic elements indicate a variety of processes influencing the 

sedimentary composition of the CDI7 cores. Principal components of these 
r't4 prom 4ie 

sediments are detrital input of an admixture of carbonate, quartz and 

aluminosilicate dust and the biogenic inputs of CaCO3  and opal. The seasonal 

upwelling stimulated productivity varies spatially over the North West Indian 

Ocean and some of this is reflected in the distribution of biogenic sediment. 

Other considerations are the dilution of biogenic sediment by terrigenous detritus 

and the dissolution of biogenic debris, particularly CaCO3. The distribution of 

CaCO3  in the hemipelagic sediments, suggests that the lysocline is around 3800 - 

4000 m, which is in agreement with the reported data of Peterson and Prell (1985 

a & b) and Naqvi and Naik (1983). 
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Cores on the shelf break i.e. 1704 and 1710 show evidence of physical disturbance, 

which is attributed to current reworking. The presence of phosphatic nodules in 

1704 may suggest that this is exhumed relict sediment. Other processes which 

disturb continuous sedimentation are evident in 1715, located on the distal edge 

of the Indus Fan, west of the Murray/Owen Ridge. This core shows evidence of 

distinct lithological units and changes in grain size. From this it can be suggested 

that a slump has been emplaced; eroding the basal clay before depositing a coarse 

lag which grades into slightly finer sediment. This is overlain by a mixed unit 

between currently seclimenting material and the main unit. 

Bioturbation is also in evidence in the hemipelagic cores 1712 and particularly 

1713, this does not cause such dramatic disruption but mixes the surface sediment 

layer often to depths of 8-10 cm. Cores 1712 and 1713 appear to be the most 

continuous in nature and both show increasing carbonate concentrations with 

depth, indicating that the nature of the sediment has changed, gradually, most 

probably as a response to lower productivity at present. 
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CHAPTER 5 
ORGANIC COMPONENTS AND DIAGENESIS. 

5.1 Introduction. 

The decomposition of organic matter within sediments is known to affect the 

chemical status of the system and the distribution of various metals (Price, 1976; 

Stumm and Morgan, 1981). It is now generally accepted that during burial, 

organic matter will undergo bacterially mediated reactions, using a series of 

oxidants which are consumed in the sequence of decreasing Gibbs free energy 

change yield (Froelich, etal., 1979; Stumrn and Morgan, 1981). Various aspects of 

organic matter oxidation have been looked at in several regions of the world's 

oceans; 

Equatorial Atlantic; Bender etal., 1977; Froelich etal., 1979; Goloway and 

Bender, 1982; Jahnke et al., 1982b; Bender and 1-leggie, 1984; 
North East Atlantic; Wilson et al., 1985, 1986; 

3.Eqz13torial Pacific; Muller, 1977; Emerson et al., 1980, 1985; Grundmanis 
and Murray, 1982;Jahnke etal., 1982a. 

There has been little work on the organic matter of the Indian Ocean sediments. 

Workers on the Orgon IV cruise produced reports on organic compounds and 

interstitial waters within the sediments off the Oman Margin, but it is unfortunate 

that their sampling resolution with respect to depth was coarse, (Sautroit and 

Garlenc, 1978; Romano et al., 1978). 

The sediment cores sampled during CDI7 allow the examination of both solid 

phase and interstitial water components involved in organic matter degradation. 

The distribution and behaviour of solid phase organic carbon (Corg), nitrogen 

(Ntot), phosphorus (P), sulphur (S), interstitial water nitrate (NO3 ) and 

phosphate (P043 ) are investigated in this chapter. These components enable the 

study of variation in quantity and quality of organic matter and the rate of 

degradation of the organic rain reaching the sediments from the high productivity 

in the surface waters. In marine systems the C/N ratio has been used as an 

indicator of degradation of organic matter (Bader, 1955; Toth and Lerman, 1977; 
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Waples and Sloan, 1980; Grundrnanis and Murray, 1982). The interstitial water 

nutrient chemistry is a rapid and sensitive indicator of organic matter oxidation 

and nutrient regeneration. Nutrients within the interstitial water may be buried, or 

returned to bottom waters by diffusive fluxes (Goloway and Bender, 1982; Jahnke 

etal., 1982 b). 

Using interstitial water and solid phase data, a framework of organic matter 

oxidation and nutrient regeneration can be constructed. The way in which the 

lithogenic components influence the organic matter is also discussed. A simple 

stoichiometric model is introduced to illustrate how the diagenetic processes affect 

organic components. Natural systems are complex and poorly understood, so this 
to 

simple model can he used to compare data against andAindicate other influences 

which need to be considered. 

5.2 Solid phase organic geochemistry. 

The sediments were sampled and analysed as described in Appendices B.5 & B.o. 

The solid phase data is presented on a salt—free basis in a tabulated form in 

Appendix C.2. Organic carbon, total nitrogen, phosphorus and sulphur are 

presented as weight percent; the C/N ratio as a molar ratio. 

5.2.1 Organic carbon. 

The main source of labile organic carbon in the marine environment is plankton 

productivity in the surface waters. Pelagic and benthic fauna will also contribute 

marine organic carbon and terrigenous detritus can also contain organic debris, 

although from such an arid coast as the Arabian Peninsula this last source could 

be expected to be negligible. In an area where upwelling promotes such high 

primary productivity (Qasim, 1982) it would be anticipated that the sediment 

distribution of organic carbon may, to some degree, reflect the productivity of the 

surface waters, bearing in mind other modifying factors which will be discussed 

later. Studies of organic carbon distribution over the surface sediments of the 

Arabian Sea, by Kolla et al. (1981 b) and Shimmield et al. (1989 a), have shown 
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the influence of high production in coastal areas. Table 5.1 shows that the surface 

contents of organic carbon from this suite of cores range from 5.16% (1722) to 

0.68% (1713). These values are within the ranges presented by Sautroit and 

Garlenc (1978) and Kolla et al. (1981 b) for North West Indian Ocean surface 

sediments. They also tend to be higher than organic carbon contents reported for 

most hemipelagic sediments from the Atlantic and Pacific oceans, as illustrated in 

Table 5.2. 

Core. Surface Corg Base Corg Mean Corg 

wt % wt % wt % 

1704 2.98 0.65 1.76 

1710 2.54 2.17 2.43 

1712 1.62 0.95 1.33 

1713 0.68 0.95 0.87 

1715 1.02 1.750 	0.72k 1.75* 

1721 4.59 3.96 4.67 

1722 5.16 5.30 5.48 

Table 5.1. 	Surface contents are the mean of the top two intervals, 
base contents are the mean of the bottom two intervals, (0) to above the 

coarse band of 1715, (+) below the coarse band of 1715, (*) mean of Corg 

content above coarse band. 

On the basis of surface organic carbon contents these cores can be divided into 

sets, as the lithogenic components also indicated (chapter 4). The shelf cores of 

1704, 1710, 1721 and 1722, all showed a dark olive colour when sampled (section 

3.2.) and it can be seen from Table 5.1 that their organic carbon contents are > 

2.5%. These shelf cores can be subdivided; the surface organic carbon contents of 

1704 and 1710 are between 2.5 and 3.0%, whereas the olive, sulphide-smelling 

cores 1721 and 1722 have very much greater surface organic carbon contents, 

between 4.5% and 5.1%. The hemipelagic cores 1712, 1713 and 1715 which all 

showed oxidising surface layers, have surface organic carbon contents of between 

1.6% and 0.7%. 
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Area. Corg % Ntot % C/N molar Reference. 

North west 1.44- 0.2- 7.30- Sautroit and 
Indian Ocean 0-2 cm 6.88 0.95 9.71 Garlenc, 	1978 

North west 2.0- 0.2 5-20 Kolla 	etal., 
Indian Ocean surf 5.0 1981 b 

Eq. west Pacific Grundmanis and 
Red clay 	0-2 cm 0.393- 0.03- 8.81- Murray, 	1982 

0.662 0.072 17.38 
Carbonate ooze 

0-2 cm 0.119- 0.007- 5.97 - of 

0.522 0.073 19.83 

Subtropical east 1.61 -- -- Francois, 	1987 a 
Pacific 	HUD 22 (±0.02) 

Subtropical east 0.59- -- -- Pedersen, 	1979 
Pacific Panama 2.58 

Eq. east Pacific 	 Emerson etal., 
MANOP M 1.12- -- 	-- 1985 

1.40 
MANOP H 0.74- -- 	-- 

0.88 
MANOP S 0.51- -- 	-- 

0.90 

East Pacific 0.61- 0.12- 	5.08- Shimmield, 	1984 
Baja California 6.90 0.22 	6.22 

Atlantic north 0.23- -- 	-- Kennedy and 
east Nares abyssal 0.36 Elderfield, 	1987 a 

Argentine basin 0.92 0.12 	7.6 Price, 	1976 
2 cm 

Table 5.2. 	The ranges of surface concentrations of organic carbon, 
total nitrogen and molar C/N ratio reported in surface sediments from 
various areas of the world ocean. 
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Depth profiles of organic carbon are shown in Figure 5.1. The high surface 

organic carbon contents found in cores 1721 and 1722 are seen throughout. These 

cores show more scatter than is found elsewhere and there are only minor 

indications of the cyclicity indicated by the lithogenic elements. In both cores the 

organic carbon contents show increases within the uppermost 6-8 cm to 5.79% 

and 5.75% in 1721 and 1722 respectively. The profiles then gradually decline with 

depth, to 3.96% and 5.30% respectively. Such contents are still nearly twice that 

found in the other shelf cores. Organic carbon contents in 1710 decrease slowly 

and uniformly from 2.54% at the surface to 2.171,1v at the base. Conversely, 1704 

shows the most dramatic organic carbon profile, from the subsurface maximum of 

3.29% (1-2 cm) the organic carbon content rapidly decreases in an exponential 

manner to 0.65% at the base of the core. 

The hemipelagic cores show surface (0-2 cm) organic carbon contents ranging 

from 0.68% (1713) to 1.62% (1712). These are comparable to other hemipelagic 

areas, for example the MANOP (Manganese Nodule Program) sites in the east 

equatorial Pacific, Table 5.2. Both cores 1712 and 1715 show distinct initial 

increases in organic carbon. In 1712 concentrations increase from 1.56% (0-1 cm) 

to 2.02% at 4-5 cm, corresponding to the base of the red oxidised layer. Below, 

organic carbon contents decrease to 0.95% at the base of the core. There is a 

distinct step from 1.38% (18-20 cm) to 0.85% (20-22 cm) in this core, the depth of 

the rapid increase in calcium carbonate (chapter 4). The organic carbon contents 

in 1715 increase from 0.95% (0-1 cm) to 2.20% (8-9 cm), over the the surface 

bioturbated layer. The rest of the sediment core has organic carbon contents 

between 1.9% and 2.3%, but the coarse lag deposit (40-42 cm) shows lower 

organic carbon values of 0.52%. The grey clay at the base of 1715 is also low in 

organic carbon, between 0.61% and 0.87%. Core 1-713 shows only a minor 

increase in organic carbon over its oxidised surficial layer, from 0.68% at 1-2 cm 

to 1.20% at 8-9 cm. Below this distinct break in profile at 9-10 cm the organic 

carbon contents remain relatively constant between 0.98% and 0.81%. 
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5.2.2 Total nitrogen. 

In sediments containing high organic matter much of the total solid phase 

nitrogen (Ntot) is associated with the organic material. In low organic matter 

sediments, adsorption of ammonia onto clay mineral surfaces can be important 

(Muller, 1977). Grundmanis and Murray (1982) estimate that this is between 12% 

and 64% of the total nitrogen for east equatorial Pacific pelagic sediments. In the 

CDI7 sediments the total nitrogen profiles do show similarities to the organic 

carbon profiles as Figure 5.2. shows. The surface total nitrogen contents vary from 

0.12% (1713, 1-2 cm) to 0.78% (1722, 0-2 cm), see Table 5.3. These values tend to 

be towards the high end of the range of Ntot values found in other oceanic areas, 

see Table 5.2. 

Core. Surface N Surface C/N Base N Base C/N 
wt % molar wt % molar 

1704 0.42 8.36 0.04 10 	(16-20 	cm) 

1710 0.29 10.19 0.24 10.51 

1712 0.33 5.8 0.10 11.99 

1713 0.12 6.61 0.06 21.58 

1715 0.20 5.96 0.220  0.10 	950 	10.31 

1721 0.69 7.76 0.55 8.41 

1722 0.78 7.25 0.74 8.41 

Table 5.3. 	Surface and base contents of total nitrogen for the 
CD17 cores. Together with surface and base values of molar C/N. 
Surface contents are the mean of the top two intervals, base contents 
are the mean of the bottom two intervals. (0) above coarse band of 1715, 
(+) below coarse band of 1715. The Redfield Ratio molar C/N = 6.63. 

The high Ntot contents found in the intrashelf basin cores of 1721 and 1722, 

reflect the high organic carbon levels. These depth profiles gently decrease with 

depth, from 0.69% (0-2 cm) to 0.55% (48-52 cm) in 1721 and from 0.78% (0-2 

cm) to 0.74% (38-42 cm) in 1722. Although these profiles do show scatter, there 

are indications of cyclicity, particularly in 1721 where there are minima at 9-10 

cm, 26-28 cm, 38-40 cm and 44-46 cm. The other shelf cores have lower surface 
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Ntot contents and show less scatter. The Ntot concentration in 1710 shows only a 

slight decrease with depth from 0.29% (0-2 cm) to 0.24% (36-41 cm). Core 1704 

shows a subsurface maximum Ntot content of 0.45% (1-3 cm) which then 

decreases rapidly with depth to 0.04% (18-22 cm). 

Of the hemipelagic cores, both 1712 and 1713 show erratically decreasing profiles 

with depth. The surface layer (0-6 cm) of 1712 is constant at 0.33% Ntot. Below 

this layer the Ntot contents decrease to 0.10% at the base of the core (36-41 cm). 

There is a very distinct change between 22-24 and 24-26 cm from 0.25% to 0.08%. 

This is 4 cm below a similar step decrease in organic carbon contents. Ntot 

contents in core 1713 are the lowest of any of the cores. From a surface content of 

0.12% (1-2 cm), Ntot concentrations show a trend similar to the organic carbon 

profile, with a subsurface maxima of 0.17% at 7-9 cm depth at the base of the red 

oxidised layer. The Ntot concentration then decreases erratically to 0.05% at the 

base to the core (24-26 cm). 

The lithogenic variations in core 1715 exert an influence over the Ntot 

distribution, in a similar manner to the organic carbon contents. From the 

surface content of 0.21% (0-1 cm) there is a slight fall to 0.19% (1-3 cm), below 

Ntot contents increase to 0.26% at 6-8 cm depth. Apart from two erroneous 

points, the rest of the sediment displays constant values at 0.27%. The coarse lag 

band at 40-42 cm shows up as being Ntot depleted (0.0517c). The Ntot levels in the 

grey clay at the base of the core are also lower than the bulk sediment, —0.10% 

Ntot. 

5.2.3 Organic carbon/total nitrogen ratios. 

The molar ratio of Corg/Ntot is often used as an indicator of the degradation of 

organic matter. Redfield et al. (1963) report average planktonic composition of 

C106 :N16 :P, which gives a molar C/N ratio of 6.63. This is generally considered to 

be the average composition of fresh organic matter raining down from the 

euphotic surface waters. Degradation of organic matter will lead to a change in 

the C/N ratio, frequently increasing over the Redfield ratio, particularly as N is 

considered to be more labile and lost from organic matter, (Toth and Lerman, 
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1977). Adsorption of inorganic ammonia and, in some sediments, organic N, can 

also affect the C/N ratio, producing values lower than Redfield ratio, (Muller 

1977). Figure 5.3. shows that the CDI7 data lies below the Redfield ratio line 

(5.67:1 by weight) i.e. the sediments are depleted in Ntot relative to what would 

be expected from their organic carbon contents, assuming Redfield stoichiometry. 

At lower organic carbon concentrations, Ntot contents are closer to the Redfield 

ratio. This is also illustrated by Table 5.3. and Figure 5.4. The surface C/N ratios 

of the hemipelagic cores 1712, 1713 and 1715 range from 5.8 to 6.61, close to or 

lower than the Redfield ratio. These values are lower than Sautroit and Garlenc 

(1978) found for sediments closer to the Oman coast, but are within the range of 

C/N values (<5>20) found by Kolla et al. (1981 b) for surficial sediments of the 

Arabian Sea. The shelf cores exhibit higher surface C/N ratios, between 7.25 

(1722) to 10.19 (1710). Sediment input from near shore will contribute some 

material of a degraded nature and increase C/N values. 

The shelf cores underlie the highly productive waters, at depths of less than 1300 

m. It might be thought that sedimenting organic matter would be relatively fresh 

in these sediments. Either this is not the case, or, within the interfacial sediment, 

very rapid organic matter degradation is occurring. An important factor is the 

decomposition of the marine snow as it falls through the water column. Studies on 

marine snow from sediment traps in various oceanic areas indicate that this 

material is subject to degradation. Wakeham et al. (1984) report that labile 

compounds such as polyunsaturated fatty acids and aminoacids (an important 

N-source) are rapidly lost from the sedimenting particles. Analysis of marine 

particulate composition by Copin-Montegut and Copin-Montegut (1983) also 

illustrated loss of N relative to C with depth of sampling; for example, in the north 

tropical Atlantic at the maximum scattering depth, C/N = 5.21 - 5.46, between 

500-4000 m this had increased to 7.18-7.39. Surface particulate (<150 m) C/N 

ratios of 5.48-5.95 (molar) are found in the upwelling region of the North West 

Indian Ocean (Daumas etal., 1978, ORGON IV). To explain the surface sediment 

C/N ratios, either: (a). particulate material is being degraded within the water 

column or (b). the most rapid loss of N relative to organic carbon occurs within 

millimetres of the surface and has not been resolved by the 1 cm sampling 

interval. Considering the hydrography and nutrient regeneration, the former 
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seems probable. The high surface productivity supplies a flux of particulate matter 

to the deep water column and the degradation of organic matter which promotes 

the oxygen minimum zone, (see section 2.6.) would also regenerate the labile N 

fraction, returning NO3  to the water column (Lukashev, 1980; Qasim, 1982; Sen 

Gupta etal., 1975, 1976). 

The depth profiles of C/N shown in Figure 5.4. again illustrate the higher C/N 

values of the shelf sediments. Cores 1721 and 1722 show increases over the top 

3-4 cm of 1.1-1.22 indicating decomposition but then increase very slowly with 

depth i.e. the rate of organic matter decomposition is slower, reaching 8.41 at the 

base of the cores. Cores 1704 and 1710 show more definite C/N increases with 

depth but also show more erratic profiles, both reach values in excess of 12 at 

points down core (Figure 5.4.). The erratic nature of these profiles may well be a 

result of the sediment reworking. 

However, it can be seen from Table 5.3. that there is a range of surface C/N values 

across the shelf. Cores 1721 and 1722 are overlain by almost anoxic bottom water 

and accumulate organic rich sediments but their surface C/N ratios are 7.25 and 

7.76 respectively, whereas 1704 and 1710 have a lower organic carbon content 

(2.54-2.98%) and higher C/N ratios (8.36 and 10.19 respectively). In chapter 4, it 

was suggested on the basis of Cr, Zr and Ti distributions that the sediments of 

1704 and 1710 have been subject to reworking and current winnowing. Such 

processes would also affect the organic matter of these sediments, reworking old 

material leaving a refractory residue of high C/N (Shimmield et al. 1989 a). 

The hemipelagic profiles of 1712, 1713 and 1715, have surface C/N ratios 

comparable or slightly lower than the Redfield ratio, suggesting that much of the 

organic matter is relatively fresh. The oxygen minimum zone covers a large area 

in the North West Indian Ocean (see section 2.6.) and particulate matter raining 

down on these hemipelagic sediments is also subject to degradation during its 

settling through this water layer. As these cores are overlain by oxygenated bottom 

water, benthic fauna can survive and will utilise some of the particulate matter, 

reconstituting N and P in benthic detritus (Grundmanis and Murray, 1982)) Figure 

5.5. There is evidence of benthic faunal activity, in the buff mottles observed in 
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core 1715 (see section 3.2.). A comparison of the particulate C/N ratio, with water 

depth and surface sediment C/N for these stations would clarify these ideas. 

The C/N ratio in 1712 increases erratically with depth, particularly between 16-26 

cm, reaching values > 14. This dramatic variation occurs as the calcium carbonate 

content increases and may therefore relate to the changing biogenic input, or 

differential preservation under changing sediment accumulation. The lithogenic 

variations of 1715 also influence the C/N ratio. Over the mixed layer (top 8 cm) 

the C/N ratio increases from 5.28 (0-1 cm) to 9.55 (7-8 cm), as might be 

anticipated during oxic degradation of organic matter. Below this the C/N values 

range from 7.8 to 9.96 in the bulk sediment with a high spike of 11.66 occurring at 

26-28 cm. In the coarse band the C/N ratio jumps to 12.13, together with a organic 

carbon content of 0.52%, this indicates a low but refractory organic content, again 

suggesting a lag deposit at this point. The gray clay below has a C/N ratio of 7.1 

which increases to over 12. 

The C/N profile of 1713 is interesting in that, it remains fairly constant over the 

top 10-12 cm, with a mean C/N ratio of 6.90. This is only slightly higher than the 

Redfield ratio of 6.63. Below 12 cm the C/N ratio increases sharply, but values are 

erratic between 16.33 (24-26 cm) and 8.80 (14-16 cm). As described in section 3.2, 

the top 8 cm of this core are highly oxidizing. The bottom conditions will support 

benthic fauna, which will hioturbate the surface sediment, and occasionally 

burrow to below the oxic layer. Such bioturbation will be constantly mixing 

freshly deposited organic matter, and reconstituted organic matter with deeper, 

more degraded material, (Figure 5.5.) Oxic respiration is the most efficient 

method of organic matter degradation and with bioturbation constantly mixing 

older organic material with surface material, this degradation increases its 

refractory nature. This component becomes more dominant, once buried below 

the depth of bioturbation and mixing, as can be seen in the high C/N ratios below 

12 cm. 
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5.2.4 Productivity estimates. 

Muller and Suess (1979) derived an empirical expression whereby the primary 

productivity could be related to the organic carbon content, the sedimentation 

rate and sediment density. This was expanded by Sarnthein et al. (1987) to 

include water depth. Stein (1986, quoted in Sarnthein et al., 1987) developed a 

similar equation using the database of Muller and Suess (1979) from north west 

Africa, north west America, south east America, central Pacific and Baltic Sea. 

This equation (5.1) was used to estimate the productivity from data available from 

CD 17. 

P = 5.31 9.7l SB°°7  (p(1-4))071  z045  

5.1 

P = primary productivity g C /m2 /yr 
C = organic carbon wt % 

SB = sedimentation rate cm/kyr 
p(l-4) = dry bulk density 

z = water depth m 

Data from core 1704 was not used, as evidence suggests this is reworked material 

(chapter 4) and may not truly represent surface productivity input. 

The variables used for the calculation are presented in Table 5.4. The 

productivity stimates range from 0.44 g C/m2 /day (1713) to 1.03 g C/m2 /day 

(1710). These values are lower than those reported by Ryther and Menzel (1965) 

of 1.8 g C/m2 /day and between values reported by Kuz'menko (1974) of 0.021 to 

2.676 g C/m/day for the northern Arabian Sea, with a value of 1.1 g C/m2 /day for 

the euphotic zone of the northwestern part of the Arabian Sea. 

The discrepancy between reported productivity values and estimated productivity, 

in part reflects other variables not considered, such as bioturbation and 

susceptibility of organic material to degradation (Sarnthein et a]., 1987). More 

importantly it suggests that there is an excess breakdown of organic matter within 

the water column which is peculiar to the North West Indian Ocean. Hence the 

productivity of this area can not be predicted using equations derived from a 

mean global database. 
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1710 1712 1713 1715 1721 1722 

Corg (%) 	0-2 cm 2.54 1.62 0.68 1.02 4.59 5.16 
p(l-4) 0.70 0.34 0.44 0.51 0.30 0.35 
Z 	(m) 1295 4030 3680 4040 645 780 
s cm/kyr 8 8.88 6.85 4.76 8 8 

estimated pro- 	1.03 	0.77 	0.44 	0.61 	0.63 	0.83 
ductivity (g C m-/day) 

Table Table 5.4. 	Estimates of primary productivity for the CD17 cores 
(except 1704), together with variables required, Corg, dry bulk density 
and water depth (z). Sedimentation rates (s) were estimated for cores 
1712, 1713 and 1715 using 14C data discussed in section 4.3.2.1, for 
cores 1710, 1721 and 1722 and assumed sedimentation rate of 8 cm/kyr has 
been used. 

5.2.5 Solid phase sulphur. 

Sulphur (S) can be incorporated into the sediments from organic matter where it 

is a minor but essential component in two common aminoacids (methionine and 

cysteine) and other organic compounds. The sulphate composition of sea water at 

a salinity of 35 is 2.712 g/kg (Stumm and Morgan, 1981). The reduction of 

interstitial water sulphate (SO4 ) by bacterial oxidation of organic matter under 

anaerobic conditions is the most important route for sulphur into the sediments, 

(Berner, 1971;  Westrich and Berner, 1984). The general reaction for carbohydrate 

oxidation is (Berner 1971); 

2 CH2 O + SO4  ---> HS + 2 HCO3  

5.2 

Hydrogen sulphide (H2S) can accumulate in the interstitial waters or diffuse to 

oxygenated conditions and become oxidized back to SO4 . Hydrogen sulphide 

present in interstitial waters can also react with iron to form mono- and 

di-sulphides (pyrite) (Goldhaber and Kaplan, 1974; Berner, 1984, 1985; Morse et 

al., 1987) and so accumulate in the sediments. Francois (1987 b) examined 

nearshore sediments from Jervis inlet in relation to their S enrichment, 

particularly with an emphasis on the humic fraction. He suggests that addition of 

S during humification occurring at oxic-suboxic boundaries within microniches is 

a mechanism for S enrichment. 
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The S depth profiles are illustrated in Figure 5.6. The surface sediment S 

concentrations range from 0.28% (1715) to 0.86% (1722) (Table 5.5.). In the 

hemipelagic cores, 1712 and 1713, S decreases gradually and relatively smoothly 

with depth, from surface values of 0.36% and 0.29% to 0.19% and 0.16% 

respectively. Although 1715 has a similar surface S content (0.28%), it shows a 

definite subsurface minima before increasing linearly to 	0.7% at 8-9 cm 

implying a mixed layer between the surface and bulk sediments, as was discussed 

for lithogenic elements in chapter 4. The deeper sediment has a fairly constant S 

content (0.72%), which decreases sharply at the coarse lag deposit, and in the grey 

clay below to values of 0.17% 

Core. Surface S Surface SIC Base S Base SIC 

wt % molar xlO 4  wt % molar x10 4  

1704 0.58 719.42 0.39 2265.37 

1710 0.34 501.61 0.34 587.29 

1712 0.36 846.57 0.19 736.46 

1713 0.29 1445.12 0.16 621.31 

1715 0.28 1052.69 0.670 	0.17 1455.220 	871.71 

1721 0.83 679.14 0.96 907.77 

1722 0.86 636.89 1.07 758.95 

Table 5.5. 	Surface and base concentrations of total S for the 
CD17 cores, together with surface and base molar SIC ratios. Surface 
contents are the mean of the top two intervals, base contents are the 
mean of the bottom two intervals. (o) above the coarse band of 1715, 
(+) below the coarse band of 1715. 

The shelf cores show differing S contents, corresponding to their different organic 

carbon contents. Core 1710 shows a slight and steady decrease in S, from 0.34% at 

the surface to 0.32% towards the base. Core 1704 shows higher S contents and a 

subsurface maximum of 0.68% (2-3 cm). Below this S concentrations decrease 

rapidly to 0.39% at the base of the core. 
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The organic-rich cores (1721 and 1722) have the greatest concentration of S with 

surface values of 0.83-0.86%. In both cores the S content increases, somewhat 

erratically, to 0.96% (1721) and 1.07% (1722) at depth, with the highest S 

concentration of 1.15% occurring at 28-30 cm in 1721. The S depth profiles for 

these cores in particular follow the organic carbon profiles quite closely. On 

sampling the odour of HS was noted, indicating that SO4 	reduction is active. 

The XRD traces of these cores (section 3.4.) show the occurrence of some pyrite, 

discussed further in chapter 3. 

The relationship between organic carbon and sulphur is illustrated in Figure 5.7. 

It is not feasible to describe organic carbon-sulphur relations in terms of 

stoichiometry of organic matter, as much of the sulphur incorporated into the 

solid phase will have been derived from S042 . It is however, clear that the 

degree to which SO4 	will react and add to the S reservoir, will depend on the 

quantity of labile organic carbon available which the sulphate-reducing microbes 

can utilise. The anoxic bottom water conditions of stations 21 and 22 suggest that 

S042  reduction is occurring, producing S
2 _which can be incorporated in to the 

sediment. 

From the trends shown in Figure 5.7. it can be suggested that the shelf cores are 

enriched in S over the hemipelagic cores, at comparable levels of organic carbon. 

Core 1715 shows considerable scatter on this plot but there is a definite cluster 

above the trend defined by 1704. This indicates that the main slump unit of 1715 

has a greater SIC enrichment, suggesting that this unit may have come from a 

shallow water shelf-like sediment. 

The depth profiles of S/C (molar ratio) are shown in Figure 5.8. Core 1713 is the 

only core to show a defined decrease in SIC ratio with depth, from 0.145 to 0.062. 

Of the other hemipelagic cores, 1712 shows a slight surface maximum of 0.085 

before remaining around 0.07 for most of the core, except the step at 20-22 cm. 

Over the mixed layer of 1715, the S/C drops from 0.124 at 0-1 cm to 0.083 at 6-7 

cm, below this depth it increases again to around 0.12. The coarse lag deposit has 

a slightly higher S/C ratio of 0.266, but values in the grey clay decrease rapidly to 

0.77 at 46-47 cm. 
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The shelf cores show less erratic profiles. The profiles of 1721 and 1722 increase 

gradually, from 0.068 (0-2 cm) to 0.091 (48-50 cm) in 1721 and from 0.064 (0-2 

cm) to 0.076 (38-40 cm) in 1721. Core 1710 also shows a gradual increase from 

0.050 to 0.059. Core 1704 shows a more definite but stepwise increase in SIC from 

0.067 (0-1 cm) to 0.227 at the base of the core. 

5.2.6 Solid phase phosphorus. 

Phosphorus (P) is an important, if fairly minor, element in the biogeochemical 

cycle. It is an important component of adenosine phosphates, nucleic acids and 

bones and teeth. It is a minor element in silicates but is more abundant in 

carbonates and can form phosphatic minerals, e.g. apatite. The P abundance in 

marine sediments is related to the organic content, carbonate/apatite precipitation 

and detrital P-containing minerals. Turekian and Wedepohl (1961) report an 

average shale P content of 0.07% and an average deep sea clay content of 0.15%. 

The surface and mean P concentrations for the CD17 cores are shown in Table 

5.6. Except for 1704, the depth profiles are either invariant or slowly decreasing 

with depth, these are therefore, not illustrated. The unusually high content of P 

in 1704 (2.98%, 0-2 cm) is due to the occurrence of apatite, as was discussed in 

chapter 3. Of the other cores, 1710, 1712, 1713, and 1715, are all between 0.06% 

and 0.11%, around average shale concentrations but less than average deep sea 

clay. Cores 1721 and 1722 have relatively high P contents (mean concentrations of 

0.23% and 0.19%, respectively) as would be expected from their high organic 

carbon contents. 
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Core. Surface P Base P Mean P 

wt% wt% wt% 

1704 2.98 0.42 1.47 

1710 0.11 0.09 0.10 

1712 0.10 0.06 0.08 

1713 0.07 0.05 0.06 

1715 0.09 0.07 0.08 

1721 0.22 0.22 0.23 

1722 0.18 0.19 0.19 

Table 5.6. 	Surface, base and mean concentrations of total P 

for the CD17 cores. Surface contents are the mean of the top two 
intervals, base contents are the mean of the bottom two intervals. 
Average shale P = 0.07 %, average deep sea clay P = 0.15 % (Turekian 

and Wedepohi, 1961). 

5.3 Interstitial water geochemistry. 

The distribution of dissolved nutrients within sediments has been extensively 

studied by many authors; Bender et 3/., 1977; Grundmanis and Murray, 1977; 

Froelich et aL, 1979; Emerson et 31., 1980; Jahnke et at., 1982 a & b; Goloway 

and Bender, 1982; Bender and Fleggie, 1984; Wilson et al., 1985, 1986. Such work 

throughout various areas of the world's oceans has been aimed at further 

classifying the processes and rates of organic oxidation and what factors can 

influence these. 

The dissolved constituents are a more rapid and sensitive indicator of organic 

matter diagenesis than the solid phase. It is now generally accepted that once 

oxygen, as first terminal electron acceptor for organic matter oxidation, has been 

depleted, a series of oxidants can be used by successive microbial populations to 

utilise the labile organic carbon available, see Figure 5.9. (Froelich et al., 1979; 

Bender and Heggie, 1984). Oxygen (On) is the most efficient terminal electron 

acceptor, yielding the greatest Gibbs free energy change (G°  = -3190 kJ/mole of 

glucose). Once 02 has been respired, nitrate (NO3 ) becomes the next most 
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efficient oxidant. The free energy yield of NO3- is AGO' = -3030 kJ/mole, see 

Figure 5.9. Oxidants for organic matter are derived from diffusion from the 

underlying bottom water (e.g. 02)  or from the interstitial water or are produced 

by diagenetic reactions within the sediments (e.g. NO3  and N01 ). 

The oxidation of organic matter regenerates the inorganic nutrients which were 

assimilated into organic matter during photosynthesis in the surface waters. This 

occurs in various stages, using various fractions of decomposing organic matter, by 

a variety of biochemical pathways and produces a host of intermediate 

compounds. It is therefore simplest to assume that the organic matter being 

degraded is of Redfield stoichiometry (i.e. C106 :N16:P) and that the oxidation 

reactions by the various reducing agents go to completion and in the sequence 

predicted by energetic constraints, as indicated in Figure 5.9. 

Inorganic silicate (Si044 ), phosphate (P034 ) and nitrate (NO3 ) are essential 

nutrients for the photosynthesising phytoplankton in the surface waters. There has 

been much work done on the regeneration of these nutrients from organic 

particulate matter falling through the water column (Indian Ocean; Sen Gupta et 

a/., 1975, 1976; Sen Gupta and Naqvi, 1984). The decomposition of organic 

matter at the sediment-water interface and below will also regenerate nutrients 

which may suffer three fates; 

to accumulate and be buried within the sediments, 
to diffuse out of the sediments into the bottom water, 
in the case of nitrate, be utilised as an oxidant for organic matter as 0,, 
concentrations become depleted. 

By considering the interstitial nutrient profiles and their concentrations in relation 

to bottom water, it is possible to clarify the fates of these nutrients. 

In this section only nitrate and phosphate will be considered, as silicate 

regeneration is discussed in context of biogenic silica distribution patterns 

(section 4.2.). The analyses of nutrients were performed on board ship, shortly 

after sampling. The methods are described in Appendices A.4 and A.5. Full 

tabulations are presented in Appendix C.4. 
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5.3.1 Phosphate. 

Sources of P043  in the interstitial waters include; 

regeneration from P in organic matter, 
dissolution of organic skeletal debris such as fish scales, hones and teeth 
(Suess, 1981), 
dissolution of detrital P-containing minerals, such as detrital apatite and 
iron oxyhydroxide coatings. 

The main removal processes of interstitial P043  are authigenic precipitation of 

Ca-P-carbonates, apatite, and incorporation of P into ferric oxyhydroxides. From 

the XRD traces of CD17 sediments, the occurrence of apatite was only noted in 

core 1704. It is unfortunate that after sampling and centrifugation, this core only 

yielded small interstitial water volumes and so these were kept for metal analysis 

rather than nutrient analysis. 

Data obtained by Jahnke et al. (1982 a) from the MANOP sites C and S in the 

tropical Pacific, showed a distinct offset between sediment core and harpoon 

sampled data. This, they suggest, is due to pressure changes during sampling, 

lowering the P043  content of the interstitial water. 

The depth profiles of interstitial P043  are shown in Figure 5.10. Values of 

bottom water nutrients are only available for the hemipelagic cores; 1712, 1713 

and 1715. The bottom water nutrient concentrations for cores 1721 and 1722 were 

taken from comparable depths at water station 1701 (section 5.3.3). Table 5.7. 

shows the surface interstitial water and bottom water P043  concentrations. Of 

the hemipelagic cores, 1712 and 1715 both have elevated surface P043  

concentrations. This would suggest that there is active regeneration of P043  at 

the sediment-water interface. The concentration gradient would also be expected 

to drive a flux of P043  out of the sediments, see section 5.3.4. The surface 

sample of 1713 has an interstitial water P043  concentration slightly less than 

bottom water. It is possible that bioturbation of the surface layer mixing in bottom 

water will lower the PO 	concentration, there may also be some removal 

processes operating at the interface. It should be noted that immediately below (at 

1-2 cm) the P043  concentrations increase to over 4 iimol/l. This again could be a 
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response to the oxygenated bottom waters being mixed by bioturbation, enhancing 

the oxidation of organic matter. With depth in core 1713, P043  concentrations 

increase gradually to 6.60 pmol/l at 28-30 cm. The P043  profile of 1712 reaches 

a maxima of 5.22 jimol/l at 10-12 cm before slowly decreasing to 3.8 iimol/l at 

34-36 cm. 

Core. 	0-1 cm P043  b.w. P043 	0-1 cm 	NO3 	b.w. NO3 
Umol/1 	imo1/kg 	jlmol/1 	.1mol/kg 

1712 	4.44 	 2.78 	 41.80 	 41.1 

1713 	2.43 	 2.83 	 45.50 	 34.21 

1715 	6.01 	 3.08 	 47.97 	 50.25 

1721 	29.20 	 (2.56) 	 3.15 	(22.69) 

1722 	5.40 	 (3.06) 	 n.d. 	(24.17) 

n.d. not detected 

Table 5.7. Comparisons of surface interstitial water and bottom 
water P043 	and NO3 	concentrations, from the 
hemipelagic cores; 1712, 1713 and 1715 and the shelf basin cores, 1721 
and 1722. Concentrations of bottom water P043  and NO3 
for 1721 and 1722 are taken from data from station 1701 at depths of 600 
and 775 m respectively. 

Core 1715 has a particularly interesting profile, from a surface concentration of 

6.01 iimol/l, the P043  decreases in a smooth exponential curve to 2.88 i.imol/l at 

4-5 cm. Below this the 	concentration then increases quite rapidly to over 

10 j.tmol/l below 20 cm depth, decreasing only slightly below 30 cm. The distinct 

minima of this profile corresponds to a very dark layer observed in the sediment 

(see section 3.2.) just below the oxidized layer. This minima implies that there is 

some removal of P043  from interstitial water, to the solid phase, of the order of 

7 x 10 8g of P. Over this interval there are several possible sinks for P043  and it 

is complicated by the change in lithology at 8 cm as indicated in chapter 4. The 

removal of P043  could be due to the adsorption of HP042  onto FeOOH 

coatings in the surface oxide layer and particularly in the dark layer at 5 cm. 

(Berner, 1973; Stumm and Morgan, 1981; Wallace et al., 1988). Any P043  

associated with ferric iron will be released to the interstitial waters as the 

sediment is buried below the depth of Fe remobilisation. Alternatively the rapid 

increase in P043  below 10 cm could be a response of an 'oxidation front' 
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(Wilson et al., 1985) penetrating the top layers of the slump unit and regenerating 

organic matter. 

The organic-rich cores of 1721 and 1722 exhibit much higher PO4 3- 

concentrations. As Tables 5.7. and 5.8. show, cores 1712, 1713 and 1715 are 
PD ctn('0 3 

comparableto(ãFãs of the Pacific and Atlantic oceans, but cores 1721 and 1722 
cro- O 

hvt very much higher From Figure 5.10. (note the differences in scale) it is also 

obvious that different processes are operating between these two cores, resulting 

in different depth profiles. Core 1721 has the highest surface P043  concentration 

of any of the cores, (29.20 mol/l) and this rapidly increases to a subsurface 

maximum of 47.72 j.imol/l at 1-2 cm. Below this depth the P043  content 

gradually decreases to 27 mol/1 at 34-38 cm depth. This gradual decline would 

suggest that there is some removal process in operation. The depth profile of 

for 1722 shows the opposite trend, with a low surface P043  concentration 

of 5.40 jimol/l (0-1 cm), closer to the hemipelagic cores. The P043  then 

increases to 17.04 - 19.60 mol/l between 1-2 and 5-6 cm. Apart from a spike at 

7-8 cm (most probably spurious) the profile gradually increases in a convex 

upwards curve to —66 jimol/I towards the base (i.e. 28-38 cm). Unlike core 1721 

in which removal processes dominate the distribution of P043 , in 1722 the 

production of P043  continues throughout the core. The convex upwards shape 

of the profile also indicates that there is a flux of F043  from deeper in the core 

towards the surface sediments. 

The rapid increase in 	within the surface 2 cm of 1721 may indicate that the 

conditions are slightly more oxidising and that P043  is being regenerated more 

rapidly at the surface of core 1721 than at the surface of core 1722, which appears 

to be anoxic throughout. It was noted in section 3.2 that at 38-42 and 46-48 cm 

fish bones were found in core 1721. It is possible that these layers containing fish 

bones may act as a locus of P043  precipitation-adsorption and that the PO4 3- 

profile observed (to 38 cm) is one of diffusion of PO4  towards these layers. 
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Area. 	 NO3 	 P043 	 Reference. 
PM 	 PM 

Central Eq. Pacific 
Red clay, b.w. 29.6-32.6 
Red clay, 4 cm 34.8-43.4 
Carbonate ooze, 	b.w. 26.6-34.6 
Carbonate ooze, 	4 cm 35.6-40.1 

East Pacific, 	b.w. 40 
TGT127, 	0-1.5 cm 11.1-47.5 
TGT145, 0-2 cm 44.1-44.5 

East Pacific Rise 41.0 
HUD 22, 	0-2 cm 

Eq. 	east Pacific 
MANOP M, 0-2 cm 33.9-48.6 
MANOP B, 0-2 cm 45.4 
MANOP H, 0-2 cm 44.3-53.1 

Eq. 	east Pacific 
MANOP C, b.w. 36.6 
MANOP C, 0-2 cm 44.1-49.1 
MANOP S, b.w. 36.0 
MANOP S, 0-2 cm 41.0-42.6 

E.Pacific Guatemala 
basin. Baja coast b.w. 38.0 
red clay 	0-4 cm 40-50 
hemipelagic 15-50 
reducing shelf 2-15 

Eq. east Atlantic 
Guinea basin, 	b.w. 22 
(from plots) 	0-5 cm 30-45 

North east Atlantic 
Cape Verde & Maderia b.w. 	30 
Abyssal Plains. 	1 cm 30-45 
(from plots) 

Atlantic, 	Maderia 	, 	b.w. 22.3 
Abyssal Plain. 	0-2 cm 18 

Puget Sound, shallow 
water. 	0-1 cm 20.6-27.2 

Grundmanis and 
Murray, 1982 

Jahnke etal., 
1982 b 

Jahnke etal., 
2.37 
	

1982 a 
2.1-2.69 
2.39 

1.77-1.95 

Sawlan & Murray, 
1983 

Froelich etal., 
1.45 
	

1979 
5-6 ->10 

Wilson etal., 
.5 
	

1985 
-1-1.2 

-- 	 Wilson etal., 
-- 	 1986 

Grundmanis and 
-- 	 Murray, 1977 

3.01-3.57 
3.3 

2.51-2.70 

Pedersen etal., 
1986 

Emerson etal., 
1980 

Table 5.8. 	Ranges of nitrate and phosphate data for bottom water 
(b.w.) and surface interstitial water from various areas of the ocean. 
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53.2 Nitrate. 

There is extensive literature about the distribution and diagenesis of nitrate in 

interstitial waters (Grundrnanis and Murray, 1977, 1982; Froelich et aI.,1979; 

Emerson etal., 1980; Jahnke et a/., 1982 a & h). Some of the available data is 

summarised in Table 5.8. Nitrate is involved in organic matter degradation as a 

product of oxic degradation, and as a reducing agent under suhoxic conditions. 

Inorganic nitrogen is assimilated by phytoplankton, as reduced nitrogen 

compounds (e.g. aminoacids). During decomposition of organic matter using 

oxygen as the terminal electron acceptor, organic nitrogen compounds are 

oxidized to nitrate (via intermediate stages), this is referred to as nitrification. 

Assuming organic matter of Redfield stoichiometry ( Froelich et al., 1979; Bender 

et al., 1977; Bender and Heggie, 1984) this can be written as 

(CH10)106(NH3)16 (l-{3 PO4 ) + 13802 > 

106 CO2  + 16 HNO3  + H3 PO4  + 122 H-,O 5.3 

Once oxygen has been depleted in the pore waters and replenishment is limited 

by diffusion, nitrate is used as an oxidant. This produces nitrogen, with nitrite as 

an intermediate metabolite, and is referred to as denitrification. Oxidation of 

organic matter by nitrate overlaps with oxidation by manganese oxides which also 

produces nitrogen. Dentrification can be described by the general equation; 

(CH2 0)106(NH3)16(H3 PO4 ) + 94.4 HNO3  

----> 106 CO2+ 55.2 N2  + H3  PO4  + 177.2 H2 O 

5.4 

The nitrate profiles of cores 1712, 1713, 1715, 1721 and 1722 are illustrated in 

Figure 5.11. The surface nitrate concentrations and bottom water concentrations, 

where available, are shown in Table 5.7. Surface nitrate concentrations in the 

hemipelagic cores range from 41.80 to 47.97 jimol/l. This is comparable to other 

areas, see Table 5.8. In these cores surface NO3- concentrations are higher than 

bottom water concentrations, and will drive a benthic flux of NO3- out of the 
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sediments. The nitrate depth profiles of 1712 and 1715 both rapidly exponentially 

decrease to below detection limits at 7-8 cm and 5-6 cm respectively. This suggests 

that oxygen is depleted at the sediment surface and that nitrate is rapidly utilized 

during denitrification. Core 1713 however shows a subsurface maximum between 

1-2 and 3-4 cm of —62 ijmol/l. This indicates that within the top 3 cm of the 

sediment, oxygen is present in the interstitial waters and nitrification is occurring. 

Bioturbation occurring between 0-12 cm as indicated by ON ratios, would 

introduce oxygenated bottom waters over this depth stimulating nitrification. 

Concentration gradients will lead to a diffusive flux away from the nitrate 

maximum, both to the bottom water and to deeper levels of the core, to be 

consumed by denitrification. Below the maximum, nitrate concentrations decrease 

rapidly, reaching below detection limits at 9-10 cm. 

Another feature to note in core 1715 is the presence of nitrate between 10-12 and 

18-20 cm depth, below its initial disappearance. Unfortunately, as described in 

Appendix A.5, it is not certain whether this is a nitrate, nitrate/nitrite or nitrite 

maximum as the analytical method (modified from Parsons, Malta and Lalli, 

1984) measures both nitrate and nitrite, and separate nitrite analyses conducted at 

the same time were unsuccessful. Whichever species is present, the occurrence of 

a more oxidized N species than ammonia indicates that there is a source of more 

oxidized interstitial water at this depth. In section 3.2 buff mottles in the sediment 

were noted between 7-8 and 24-26 cm, and attributed to biological activity. It is 

possible that irrigation of the sediment by the fauna, will introduce bottom water 

at depth which contains some nitrate/nitrite. Grundmanis and Murray (1977) 

discuss sediments of Puget Sound which show a zone of irrigation, pumping 

oxygenated bottom water to a zone in between zones of denitrification. 

It is quite apparent from Figure 5.11. that the organic rich shelf basin cores (1721 

and 1722) are depleted in nitrate when compared to the hemipelagic cores. The 

nitrate concentrations throughout both cores are close to, or below the detection 

limit. The scatter of points within the top 10-12 cm may be nitrate and/or nitrite. 

Although it is possible that the very surface layer of 1721 is slightly more oxic 

than the rest of the core and core 1722. These profiles do indicate that dissolved 

oxygen and most of the nitrate has been depleted, by decomposition of particulate 

organic matter within the water column. In addition to receiving a high rain of 
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organic matter these cores are at depths within the oxygen minimum zone, so 

bottom water dissolved oxygen concentrations are <0.2 pmol/l. Several authors 

(Sen Gupta et al., 1975, 1976; Lukashev, 1980) have noted the occurrence of 

nitrite within the water column particularly at depths where dissolved oxygen is 

<0.1 1i mol/I and denitrification is likely to be occurring. 

5.3.3 Modelling of interstitial water data. 

In the literature cited in this chapter there are a wide range of models for organic 

matter oxidation and nutrient regeneration of varying complexity. At this point is 

useful to apply the simple stoichiometric model of Bender etal. (1977) to the data 

available from CDI7, considering only oxidation by 02 and NO3 . This model 

predicts the production and / or consumption of metabolites, under conditions set 

by the following assumptions; 

the system is a closed system with initial water metabolite concentrations 
equal to bottom water concentrations, 
there is an excess of organic matter available of Redfield stoichiometry i.e. 
C106 N16 P, 
the only reactions involving metabolites are those of organic diagenesis i.e. 
no precipitation or adsorption reactions, 
all ammonia released by deamination of organic matter by dissolved 02  is 

converted to NO3 . 

The initial bottom water metabolite concentrations and concentrations after 

oxidation by o2  and NO3  are shown in Table 5.9. Bottom water data was not 

collected from stations 1721 and 1722, the closest water column data to these 

cores comes from station 1701, as Figure 5.12. indicates. Taking data from water 

column depths comparable to the depths of 1721 and 1722 indicates that these 

two cores are within the oxygen minimum zone. Whilst this is only an 

approximation to the bottom water concentrations over these cores it does give an 

indication of metabolite consumption I production. 

As noted in section 5.3.2, oxic breakdown of organic matter can be described by; 

(CH2 0)106(NH3)16 (H3 PO4 ) + 138 02 > 

106 CO, + 16 HNO3  + l-13  PO4  + 122 H2  5.3 
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Assuming all the dissolved 02  available is consumed, the amount of metabolic 

CO21  l-IN0 and 1-13 PO4  produced can be calculated. For example, the bottom 

water at station 1712 contains 105.93 .irnol/kg 0, this will produce 12.3 pmol/l 

0.77 imol/l P043  and 81.37 jimol/I CO,. 

Nitrate produced by oxic decomposition, together with that present initially is 

used to oxidise organic matter once all the dissolved 02 has been consumed. The 

reaction continues to produce P043  and CO2. as shown; 

(CH2 0)106(NH3)16(H3 PO4 ) + 94.4 I-1N0 ---> 

106 CO2  + 55.2 N2 + H3  PO4  + 177.2 1-120  5.4 

The results of these two reactions are summarised in Table 5.9. and their 

relationship on a theoretical basis is shown in Figure 5.9. This shows that the 

oxidation yields using NO3 
 and MnO, as reductants overlap. MnO-,reduction 

starts whilst there are still low levels of NO3- present. In this simple model 

oxidation by Mn02  and FeOOH and interactions with Ca and the CO., system 

will not be considered. This may account for some of the discrepancy between the 

estimated and measured concentrations. 

1712 	1713 	1715 	1721 	1722 

Bottom water data 

02 105.93 120.55 134.95 6.64 8.42 

mo1/kg 	NO3 41.1 34.21 42.23 22.69 24.17 

P043  2.78 2.83 2.81 2.56 3.06 

Predicted concentrations after all the 02 has been consumed (MM) 

NO3 53.4 48.19 57.88 23.46 25.15 

P043  3.55 3.70 3.78 2.61 3.12 

metabolic CO2 81.37 92.60 103.66 5.10 6.51 

Predicted concentrations after all the NO3 has been consumed (MM) 

P043 	4.12 	4.21 	4.40 	2.86 	3.39 

metabolic Co2 	141.33 	146.71 	168.65 	31.44 	34.75 

Table 5.9. 	The bottom water data from stations 1712, 1713, 1715 and 
1701 is used to calculate the metabolite production. Predicted increases 
in interstitial water concentrations are tabulated here, using the 
assumptions discussed in the text. 
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Of the hemipelagic cores, only core 1713 shows a nitrate maximum (see Figure 

5.11.) i.e. nitrification is occurring. The predicted NO3  maximum for this core is 

48.19 iimol/l which is less than the observed nitrate maximum of 63.77 jimol/l. 

(Figure 5.13.). As organic oxidation by MnO, does not produce NO3-the most 

probable source of this excess NO3- is enhanced NO3- production due to the 

influence of oxygenated waters introduced by bioturbation. It is also possible that 

reduced N species (NO, and NH3 ) may diffuse upwards and become oxidised 

to NO3-
in the zone of bioturbation. Cores 1712 and 1715 both show elevated 

NO3-
concentrations at 0-1 cm depth but these are lower than predicted (see 

Table 5.9. and Figure 5.13.). This suggests that the depth over which nitrification 

occurs (if at all) can not be resolved by a 1 cm sampling interval. In addition it 

indicates that by 1 cm depth, denitrification is already consuming NO3 . 

Allowing for the errors inherent in assuming that data from water station 1701 is 

comparable to bottom water conditions above 1721 and 1722, it is obvious that 

these cores are overlain by water of a very low oxygen content. The surficial 

interstitial waters indicate that dissolved 02  is all but depleted and that 

denitrification is occurring. Certainly in both cores, the model predicts a large 

excess production of NO3-
over what is actually observed. However, the model 

underestimates the phosphate production in these cores quite considerably (see 

Tables 5.9. and 5.10.) e.g. for 1722 after denitrification the model predicts a 

P043  concentration of 3.39 iimol/l whereas the observed concentration at 0-1 cm 

is 5.40 j.imol/l and this rapidly increases as Figure 5.10. shows. In these anoxic 

cores the presence of HS indicates that sulphate reduction is occurring and 

P043  will continue to be produced by organic matter oxidation by sulphate 

reduction. 
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1712 1713 1715 1721 1722 

NO3 maximum 41.80 63.77 47.97 3.15 0.0 

depth (cm) 0-1 2-3 0-1 0-1 0-1 

P043  at NO3 max 4.44 4.02 6.01 29.20 

P043  at NO3 = 	0 	4.83 4.37 3.27 47.34 65.34 
max P043 	7-8 cm 

Table 5.10. 	The observed interstitial water nutrient 
concentrations (pM) at various points in the cores. The maximum 

P043  concentration in the anoxic cores will be in part from 
sulphate reduction. In core 1722 the maximum concentration within the 
top 10 cm is quoted, levels increase further down the core. 

Similarly P043  concentrations observed in the hemipelagic cores both at NO3- 

= maximum and NO3 	0 are higher than predicted by the model. The 

exception in this case is in core 1715 where at NO3 	0 (6-7 cm) the P043  

concentration has decreased to 3.27 pmol/l (Figure 5.13.). This occurs where the 

PO4
3- profile indicates the removal of P043 , within the oxidised surface layer, 

hence the breakdown of assumption 3; i.e. the system is not closed and removal 

does occur. In all the hemipelagic cores the deviations of NO3  and P043  from 

predicted may be due to the lack of consideration of the effects of bioturbation. 

Any bioturbation will result in the breakdown of assumption 1; i.e. the system is 

not closed and there will be mixing of bottom water, so increasing the supply of 

dissolved 02. Hence the amounts of NO3  and P043  produced by reaction 5.3 

will be increased. The irrigation of sediment of core 1715 also introduces 

oxygenated bottom water at depths below the initial depth of NO3  depletion and 

so causes the secondary NO3 /NO2 maximum and enhances P043  production 

at depths lower in the core. This is summarised in Figure 5.14. 

5.3.4 Benthic fluxes. 

The previous discussion of organic matter diagenesis indicates that within the 

interfacial layer (0-1 cm) regeneration of nutrients to greater than bottom water 

concentrations is occurring. This is also illustrated in Figures 5.10., 5.11. and 5.13. 

The concentration gradients thus formed will drive fluxes of NO3  and P043  
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across the sediment-water interface. These benthic fluxes can be estimated from 

the concentration gradients between bottom water and 0-1 cm depth 

concentrations under the conditions set by the following assumptions; 

that the concentration gradient is linear over the top 1 cm, 
that there are no adsorption or precipitation reactions of NO3- or 

occurring, 
that there is no advective flux due to compaction and dewatering of the 
sediment, 
that there is no bioturbation of the interfacial sediment. 

Under these conditions the flux of NO3- or 	across the sediment - water 

interface can be described by Fick's First law of Diffusion; 

F Da dC 
dz 

5.5 

where; F flux across interface 

Da = apparent diffusion 
coefficient 

dC = concentration gradient 
dz 

Within the literature there are a variety of ways to calculate the apparent diffusion 

coefficient from reported values of tracer and self diffusion coefficients (D °). Li 

and Gregory (1974) reported values of DJ0  for a range of cations and anions at 

infinite dilution at CPC, 189C and 250C. They note that the apparent diffusion 

coefficient (Da)  can be related to D °  by taking into account the tortuosity of the 

sediment and the viscosity of interstitial water and bulk solution. From a study of 

the literature it can be seen that values for Da  have been calculated using a 

tortuosity () factor of 0.5 (McDuff and Ellis, 1979) or 0.55 (Bender, 1971) and by 

the porosity () of the sediments. In some cases temperature corrections have also 

been applied. Table 5.11. illustrates a range of Da  values for NO3-for  several 

areas and the corrections used for their derivation, and these are compared with 

the values used to calculate Da  in this study. 
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Area. 	 Da.NO 	 Reference. 
x10 6  cm'-/s 

MANOP & Eq. east 	 Goloway and Bender, 1982 
Atlantic. 	 4.2 	Dj from Li and Gregory, 1974. 

interpolated to 2 0C, corrected 
for 4)= 0.75 and e=o.s 

MANOP & Eq. east 	 Bender and Heygie, 1984 
Atlantic. 	 4.19 	Dj from Li and Gregory, 1974. 

Da = 0.19 x Dj at 25 0C 

East Pacific, TGT 	 Jahnke etal., 1982 
127 & 145, & Eq. 	3.5 	no indication of how Da was 
east Atlantic. 	 derived. 

Eq. East Atlantic 	 Bender etal., 1977 

	

4.0 	Dj from Li and Gregory, 1974. 
at 0 0C corrected for 4= 0.75 
and e= 0.55 

North East Atlantic 	 Wilson etal., 1985 
Abyssal Plains. 	 5 	Dj from Li anq Gregory, 1974 

Da = Dj/ 2, 8 = 1.8 (empirically 
derived). 

North east Atlantic 	6.6 	Wilson etal., 1986 
Maderia Abyssal Plain 	 no indication of how Da was 

derived. 

Tracer and self diffusion coefficient of NO3 ion at infinite dilution 
Dj0  = 9.78 at 0 °C, 19.0 at 25 °C x10 6  cm/s. Li and Gregory, 1974. 

For this study, Dj = 9.78 xl0 6  cm2/s, corrected for 4)= 0.9 (0-1 cm), 
and e= 0.55 (Bender, 1971) 

Da = 9.78xl0 6  x 0.55 x 0.9 	= 4.84 x10 6  cm2/s 

For e ± 0.05 and 4) ± 0.05 	 Da --> 4.16 - 5.57 x10 	cm-)/s 

Table 5.11. Apparent diffusion coefficients used in recent literature 
to calculate benthic nitrate fluxes, together with corrections used. 
Apparent diffusion coefficient used in this study is calculated, note 
assumption that the temperature correction of 0 °C to 4 °C is negligible. 

The apparent diffusion coefficients used for this study were calculated by 

correcting values of Dio,  taken from Li and Gregory (1974), by a 4) factor of 0.9 

(the average 4) of 0-1 cm for the CD17 cores) and a e factor of 0.55 (Bender, 

1971). For nitrate the value of D °  at 0°C was used and it is assumed that the 

temperature variation between 0°C and the in situ temperature (—'49C) is 
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negligible. For P043 , however the closest value of D °  is for the HP042  ion at 

189C. Assuming that it is appropriate to use D °  HP042  for P043  data, this 

must be corrected for the difference in temperature, in this case to d3C to be 

comparable to Da  for NO3 . 

The calculated value of Da  NO3 is 4.84 x 10 6  cm2 /s which compares well with 

the range of Da  NO3 used in other studies, see Table 5.11. The calculated value 

of Da  PO4 	is 1.87 x 10_6  cm--) /s which compares with the value of 2.0 x 10 6  

cm2 /s used by Jahnke (1981) as a best estimate. 

The benthic fluxes for release of NO3  and P043  into overlying bottom water 

from cores 1712, 1713, 1715, 1721 and 1722 are shown in Table 5.12. 

Core. b.w.NO3 0-1 NO3 F NO 	b.w.P043  0-1 P043  F P043  
11mol/1 JIM cm/yr 11mol/1 PM cm2/yr 

1712 41.1 41.80 -0.21 2.78 4.44 -0.2 

1713 34.21 45.50 -3.45 2.83 2.43 0.04 

1715 42.23 47.97 -1.75 2.81 6.01 -0.38 

1721 (22.69) 3.15 5.96 (2.56) 	29.20 -3.14 

1722 (24.17) n.d. 7.38 (3.06) 5.40 -0.28 

n.d. not detected 

Table 5.12. Bottom water (b.w.) and interstitial water (0-1 cm 
depth) concentrations of NO3 and P043  used to calculated benthic fluxes. 
Note the b.w. concentrations for 1721 and 1722 are from station 1701. 
- fluxes are out of the sediment. 

Of the hemipelagic cores, NO3- fluxes range from 0.21 to 3.45 iM cm/yr. This is 

comparable to NO3  fluxes of 0.47 to >3.7 jiM cm-/yr for sediments from the 

equatorial east Atlantic, east and central Pacific sites (Bender, 1977; Goloway and 

Bender, 1982). The greatest flux of NO3- is out of core 1713, this is the only core 

which shows a distinct NO3- maximum indicating nitrification. Other factors need 

to be taken into consideration before the flux of NO3- within the interstitial water 

away from the NO3  maximum can be calculated. There is mounting evidence for 
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bioturbation in the top 0-12 cm of core 1713 and it should be noted that such 

activity will enhance the flux of NO3- due to mixing. 

Within the shelf basin cores, interstitial water nutrient data suggests that 

denitrification is occurring. Calculated fluxes indicate that NO3-is  diffusing from 

the bottom water into the sediments and being consumed. Using water column 

data from 1701, these fluxes are between 5 - 7.5 iM cm2 /yr. The anoxic sediments 

appear to be consuming NO3  at a greater rate than the hemipelagic sediments 

are producing NO3 . The areal extent of such anoxic sediments is uncertain, but 

will be smaller than the extent of the hemipelagic sediments, and it is therefore 

not easy to estimate the effect of such consumption on the balance of N in the 

ocean. 

P043  fluxes are much smaller than NO3  fluxes. For cores 1712 and 1715 the 

P043  flux out of the sediment is between 0.2 - 0.4 p  cm2 /yr. Core 1713 is the 

only core in which there is a benthic flux into the sediment of 0.04 PM cm2 /yr, 

indicating that within the top 1 cm of sediment there is some removal / 

consumption of P043  occurring. The shelf basin cores show very different P043  

behaviour patterns as Figure 5.10 indicates. Core 1721 shows a high P043  flux of 

3.14 jiM cm2 /yr out of the sediment, whereas core 1722 shows a benthic flux more 

comparable to the hemipelagic cores of 0.28 jiM cm/yr, despite showing the 

greatest P043  concentrations at depth of any of the cores. 
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CHAPTER 6 
HALOGEN DIAGENESIS. 

6.1 Introduction. 

Of the halogens in the marine system, chlorine (Cl) is by far the most abundant, 

as it is a major constituent of seawater. Bromine (Br) is also a major component 

of seawater; which contains 0.0673 g/kg Br at a salinity of 35 (Stumm and Morgan, 

1981) as the bromide ion (B(). Iodine (I) is only present at 60 pg/I in seawater 

(Brewer, 1975), predominantly as iodate (103 ) or rarely iodide (F). The 

association of I and Br with organic matter in sediments has been discussed by 

several authors (Price and Calvert, 1973, 1977; Pedersen and Price, 1980; Harvey, 

1980; Francois, 1987 a), particularly in relation to the differing behaviour of I and 

Br during early diagenesis. 

Br and I are considered relatively labile and their behaviour has been discussed in 

relation to organic matter reactivity. I is more complicated as it is also redox 

sensitive, existing as 103- or F depending on the redox poise of the environment 

(Wong and Brewer, 1977). More recent work has been directed at the speciation 

of dissolved I in interstitial waters (Kennedy and Elderfield, 1987 a, b). Br only 

occurs as Br, and although Br is known to associate with organic matter, its 

distribution and behaviour has been less well studied. In this chapter the 

distribution patterns of I and Br will be discussed. Their relationship to organic 

carbon is examined to gain further information on the behaviour of halogens and 

organic matter during early diagenesis. 

6.2 Halogen distributions. 

The analyses of I and Br were obtained by X-ray fluorescence spectrometry, as 

described in Appendix B.3. All Br data is salt corrected as calculated in Appendix 

B.7 and full tabulations are included in Appendix C.2. Data is presented as ppm 

and ratios are presented on a weight ratio basis. 
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6.2.1 Iodine. 

I concentrations in seawater are low (60 .igIl) and it has been noted that I shows 

nutrient like behaviour in the water column (Brewer, 1975; Wong and Brewer, 

1977), despite being only slightly depleted in surface waters. Marine organisms are 

known to concentrate I from seawater and concentrations of —300 ppm have 

been reported for marine plankton (Viriogradov, cited in Calvert, 1976). The I 

contents of faecal pellets have been recorded in the deep Sargasso Sea, by 

Spencer et al. (1978) as being 496 ppm for 'green' faecal pellets and 83 ppm for 

'red' faecal pellets. This would suggest that incorporation/sorption of I by living 

and degraded organic matter is an important mechanism as it can take place 

within the water column or at the sediment water interface. It does suggest that 

transportation of I to the sediments is primarily via marine snow. 

Many authors have noted the wide range of I concentrations in surficial 

sediments, often above levels found in marine snow, (see Table 6.1.) (Pedersen 

and Price, 1980; Price and Calvert, 1977; Ullman and AlIer, 1980, 1985; Francois, 

1987 a; Kennedy and Elderfield, 1987 a&b). Several mechanisms have been 

proposed to account for such enrichments and these will be discussed in the 

context of the data, in a later section. 

From Table 6.2. it can be seen that the surficial I concentrations range from 228 

ppm (1721) to 673 ppm (1712). These concentrations are within the range of data 

presented in the literature for oxidising and reducing sediments (Table 6.1.) but 

are considerably higher than deep sea pelagic sediments (Wakefield and 

Elderfield, 1985). The surficial I concentrations of reducing sediments (228 ppm 

and 319 ppm, 1721 and 1722 respectively) are comparable to concentrations 

reported for anoxic sediments from Walvis Bay (Namibian Shelf) of 200-350 ppm 

(Price and Calvert, 1977). 
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I I/C Br Br/C I/Br Reference 

Area ppm x10 4  ppm x10 4  

Barents Sea 60- 180- 12- 120 3.22- Price, 	Calvert & 

oxidised 	(0-1cm) 828 384 257 4.35 Jones, 	1970 

Walvis Bay,oxic 750- 250 500- 70- -- Price & Calvert 

2,000 1000 90 1977 

reducing 200- 20 1000- 40- 
350 1700 80 

Panama Basin,oxic 76- 395 11- 145 Pedersen & Price 

hemipelagic 861 278 1980 

Loch Etive, 208- 160 206- 180 -- Malcolm & Price 

fjordic 721 801 1984 

East Pacific,oxic 87- 110- 44- 56- 1.20- Shimmield 

333 269 110 116 3.13 1984 

reducing 123- 76- 110- 72- 0.79- 
523 132 654 95 0.99 

E subtropical 13- 33- -- -- -- Wakefield & Elderfiel 

Pacific,pelagic 25 65 1985 

E subtropical 470 292 -- -- -- Francois, 	1987 a 

Pacific, HUD22 

N.E Atlantic 35.5- -- -- -- Kennedy & Elderfield 

Nares abyssal plain 133 - 1987a 

Sargasso Sea Spencer eta]., 

ro11o+-c 49 1978 

	

red pellets 	 83 	17 

	

Table 6.1. 	Surface sediment and particulate matter 
concentrations of I, Br, I/Corg and Br/Corg from various areas of the 
worlds ocean. Plankton I/Corg 10 xl0 4. 

All of the cores show decreasing I with depth, as Figure 6.1. illustrates. Cores 

1721 and 1722 show some indications of maxima and minima with depth. These 

profiles follow the respective organic carbon profiles (Figure 5.1.) fairly closely 

indicating the association between I and organic carbon. Core 1710 shows a 

distinct subsurface minima of 450 ppm (2-3 cm). The I content increases to 579 

ppm (5-8 cm) and then decreases to 264 ppm at the base (38-41 cm). The I 

contents of 1704 decrease rapidly in an exponential curve, from 336 pm at the 

surface to very low levels of 10 ppm at 18-22 cm. 
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Core I I Br Br 
surf base surf base 

1704 336 10 355 67 

1710 494 264 313 261 

1712 673 100 422 135 

1713 271 62 229 105 

1715 416 62 267 120 

1721 228 123 583 447 

1722 319 249 810 741 

Table 6.2. 	Summary of I and Br concentrations from CD17 cores. 
Surface values are the mean of the top two intervals (0-2cm) and 
base values are the mean of the bottom two intervals (4cm). All 
concentrations are in ppm. 

The I content of 1712 decreases steadily in a shallow exponential curve to 100 

ppm at 36-41 cm depth. Core 1713 shows a subsurface minima at 2-3 cm of 246 

ppm which then increases to a maxima of 315 ppm at 5-6 cm before decreasing 

with depth to 62 ppm at the base of the core (24-28 cm). The variation of I within 

the surface layer may be due in part to the effects of bioturbation on the 

sediment, as reactive organic matter is rapidly degraded over this depth. The I 

content of core 1715 is, like many elements, controlled by the lithogenic units 

present (see chapter 4). Over the surface layer the I content decreases from 458 

ppm (0-1 cm) to 145 ppm (7-8 cm), the sediment below this shows constant I 

(- 135 ppm) and the grey clay has lower I again (62 ppm). No I was observed 

from the coarse lag deposit at 40-42 cm. 

6.2.2 Bromine. 

The Br abundance and distribution in sediments has not been extensively studied, 

as although Br is known to associate with organic matter it does not show redox 

sensitive behaviour (Price et al., 1970; Price and Calvert, 1977). The surface Br 

concentrations of the CD17 cores range from 229 ppm (1713) to 810 ppm (1721), 

(see Table 6.2.) These are in the range found by other authors for sediments of 
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varying type, (Price et a/., 1970; Price and Calvert, 1977; Pedersen and Price, 

1980) see Table 6.1. Br concentrations from reducing sediments of Walvis Bay 

(Price and Calvert, 1977) are higher (1000-1700 ppm) than concentrations found 

in the reducing shelf basin cores of 1721 and 1722 (583 and 810 ppm respectively) 

although it should be noted that the Walvis Bay sediments have very high organic 

carbon contents and any comparisons should be made on a ratio basis, as is 

discussed later in section 6.3.1. 

Like the I profiles, Br concentrations decrease with depth in all the CDI7 cores, 

as is shown in Figure 6.2. The shelf basin cores (1721 and 1722) show the highest 

surface Br concentrations and both show gradual and slightly erratic decreases 

with depth. The Br profiles show closer similarities to the organic carbon profiles 

(Figure 5.1.) than the I profiles do. Of the other shelf cores; 1704 shows a slight 

surface (0-1 cm) minima, then from —400 ppm (1-3 cm) the Br content decreases 

exponentially to 67 ppm (18-22 cm). Core 1710 does not show such a dramatic 

decrease in Br concentrations, there is a slight subsurface maxima of 370 ppm (6-7 

cm) and then the Br content decreases gradually to 261 ppm at the base of the 

core (36-41 cm). 

The Br profiles of the hernipelagic cores do not show the same extent of variation 

as the I profiles, although similar trends are apparent. The Br profile of 1712 

shows a slight subsurface maximum of 451 ppm (3-4 cm) and then a gradual 

decrease to 135 ppm. Like the I profile, the Br contents of 1713 decrease over the 

top 3-4 cm from 251 ppm (0-1 cm) to 151 ppm (3-4 cm). Below contents increase 

slightly to 187 ppm, to then decrease to 105 ppm at the base of the core. Similarly, 

the Br profile of 1715 although showing a similar overall trend to I appears more 

conservative in its variations. For instance there is only a slight surface 

enrichment and little variation between the surface sediment and deeper levels of 

the core (-228 ppm). The lag deposit shows no detectable Br and the grey clay 

below shows minimal values (120 ppm) for this core. 
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6.2.3 I/Br ratios. 

An examination of the I/Br ratios can give some indication of the relative 

reactivity of the halogens to each other. The I/Br profiles are illustrated in Figure 

6.3. Surface I/Br values range from 0.39 (1721) to 1.96 (1715) (see Table 6.3.) 

These values are lower than reported I/Br of -3 for sediments from the Panama 

Basin (Pedersen and Price, 1980), but are within the range reported by Shirnmield 

(1984) for oxic and reducing sediments off Baja California. The shelf basin cores 

have the lowest I/Br ratios and these show a slight decrease at depth (1721 and 

1722). The decreases in I/Br for cores 1704, 1710 and 1712 are more intense and 

slightly more erratic. It can be seen from Figure 6.3. that the 1/Br ratio of the top 

4 cm of 1712 changes rapidly from 1.7 (0-1 cm) to 1.17 (3-4 cm) i.e. over the oxic 

zone, below this the ratio decreases gradually to 0.74 (38-41 cm). 

Core I/C I/C Br/C Br/C I/Br I/Br 

surf base surf base surf base 

1704 114 15 119 103 0.96 0.16 

1710 197 122 124 120 1.58 1.01 

1712 417 106 261 143 1.60 0.74 

1713 381 65 304 111 1.19 1.59 

1715 485 82 269 158 1.59 0.51 

1721 50 31 127 113 0.39 0.28 

1722 62 47 162 140 0.40 0.34 

Table 6.3. 	Summary of halogen ratios for the CD17 cores. Surface 
values are the mean of the top two intervals (0-2 cm) and base values 
are the mean of the bottom two intervals (4 cm). All ratios are on a 
weight basis, I/C and Br/C x10 4. 

The UBr profiles of 1713 and 1715 are anomalous in that they exhibit subsurface 

maxima at 4-5 and 2-3 cm depths. Below the maxima in 1713 1/Br ratios decrease 

exponentially, whereas the profile for 1715 decreases to a constant value (-0.6), 

for much of the core with the I/Br ratio of the grey clay being only slightly lower. 
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6.3 Halogen and organic matter geochemistry. 

6.3.1 Iodine. 

Studies of the halogens have concentrated on the behaviour of I in seawater 

(Wong and Brewer, 1977), in sediments (Price and Calvert, 1973, 1977; Pedersen 

and Price, 1980) and in the interstitial waters (Pedersen and Price, 1980; 

Wakefield and Elderfield, 1985; Ullman and Alter, 1980, 1983, 1985; Kennedy and 

Elderfield, 1987 a&b). I is known to exist as iodate, 103  and iodide, r in marine 

systems, the F species only being stable in suhoxic environments (Wong and 

Brewer, 1977). The interconversion of 103- to F proceeds according to reaction 

6.1; 

103-+ 6 H + 6 & ----> F + 3 H-,O 

(pE = + 12.5, pH = 8.1) 	6.1 

The reduction of NO3- occurs at pE = + 12.65, just above 103  reduction and 

hence the redox chemistry of I is important in early diagenesis of sediments. The 

behaviour and speciation of I has been the subject of interstitial water studies by 

Kennedy and Elderfield (1987 a&b) for pelagic and non-pelagic sediments and by 

Ullman and Atler (1980, 1983, 1985) for near shore sediments. 

The correlation of I with organic carbon in sediments from CD17 is shown in 

Figure 6.4. It can clearly be seen that the anoxic shelf basin cores of 1721 and 

1722 behave in a different manner to the less reducing shelf cores and the 

hemipelagic cores. The hemipelagic cores are enriched in I relative to the shelf 

cores. The enrichment of I in the surface sediments of the hemipelagic cores can 

be observed in the I profiles (Figure 6.1.) but it is clearer in the I/Corg profiles 

(Figure 6.5.). The surface l/Corg (weight) ratios of 1721 and 1722 are 50 and 62 

x10 4  respectively and both show slight, smooth decreases to 31 and 47 x1114 . 

Cores 1704 and 1710 have higher surface l/Corg ratios of 114 and 197 x10 4 , but 

also show more distinct decreases with depth. Reported l/Corg ratios for anoxic 

sediments are —P20 x10 4  (Price and Calvert, 1977) whereas for oxic sediments 
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values between 250 and 395 x10 4  have been reported, (see Table 6.1.) The 

surface layer of the hemipelagic sediments show llCorg ratios between 381 and 

485 x10 4  (0-2 cm) which decrease very rapidly with depth. For cores 1712 and 

1715 the most rapid loss of I occurs over the depth of the oxic layer, below which 

I is lost more slowly from the suboxic sediment. The l/Corg ratio of 1715 reaches 

a constant value throughout much of the slump sediment and is close to that 

found in the shelf cores. l/Corg ratios are significantly higher in the grey clay 

below, although this is due to depletion of Corg rather than enrichment of I. The 

scatter in l/Corg ratio values over the top 10-15 cm of 1713 is most probably due 

to the influence of bioturbation. 

The surface l/Corg ratios reported for 1712, 1713 and 1715 are generally higher 

than those found in other oxic sediments (e.g. Price and Calvert, 1977; Pedersen 

and Price, 1980; Kennedy and Elderfield, 1987 a). The formation of [-enriched 

interfacial sediment has been discussed by several authors. Price and Calvert 

(1973, 1977) suggest that the enrichment of I is due to sorption of I by living 

plankton and by plankton seston at the sediment surface via enzyme mediation, 

using "iodide-oxidase" (Kylin, 1930) which may still be active in plankton seston. 

This enzyme mediates iodide uptake by marine algae. It requires free oxygen to 

function, and hence under anoxic conditions, additional I uptake above that 

incorporated into living plankton in the euphotic zone is inhibited. Adsorption 

on to seston has been demonstrated by Malcolm and Price (1984) under well 

oxygenated conditions but not under oxygen free conditions. They also suggest 

that microbial mediation may be important in I sorption during plankton 

degradation. 

Work reported on the interstitial water chemistry of I, particularly by Ullman and 

Aller (1980, 1983, 1985) and Kennedy and Elderfield (1987 a) has stressed the 

release of I from organic matter at the sediment-water interface and its recycling 

into the solid phase in a semi-closed cycle leading to the surficial enrichment 

observed in many sediments. Ullman and Aller (1985) propose that the dissolved 

103  released during oxic organic matter breakdown is adsorbed on to ferric 

oxyhydroxides. Iron oxides are known to scavenge 103-(Sugawara et at., 1958) 

and the dissolution of Fe-oxides on reduction would also release the adsorbed I 

which would then be recycled. This was based on the lack of surficial 
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1-enrichment in nearshore Fe-poor (0.15-0.25%) calcareous sediments. Kennedy 

and Elderfield (1987 a) argue that r produced by surficial organic matter 

decomposition becomes oxidised to 103  which can be either biologically or 

abiologically incorporated into the organic solid phase. Chemical oxidation of F 

by molecular oxygen can produce hypoioclite (HOl) and 12,  as will chemical and 

enzyme reduction of 103 . Harvey (1980) and Francois (1987 a) have discussed 

the ability of these electropositive I species to react with N-containing organic 

matter to form N-iodoamides (Harvey, 1980) and to react with humic acids within 

the organic fraction (Francois, 1987 a). Francois (1987 a) suggests that the 

decrease in 1/Corg with depth may not only be due to the degradation of I 

containing labile organic matter, but also the direct nucleophilic substitution of 

HS and S,032  species for F on humic substances. 

Whichever mechanism is prevalent for the semi-closed cycling of 1, it is apparent 

that the scavenging mechanism is quite efficient. Wakefield and Elderfield (1985) 

report that for deep pelagic sediments of the south east Pacific only about 1-5% of 

the upward diffusive flux of dissolved I was required to account for the I excess in 

the deep Pacific water column. They suggest that this is the result of a >90% 

effective scavenging mechanism. 

From the data available from the CDI7 cores it is difficult to postulate if any 

particular scavenging mechanism is more important than any other. Although the 

Fe content of these sediments is low (0.81-2.55%, 0-2 cm), some Fe remobilisation 

does occur in the hemipelagic cores (chapter 8). This could remove and recycle I 

within the sediment. Equally, within the oxygenated sediments of these cores 

labile organic matter and the more refractory humic substances are present 

(-60-70% of Corg from a sediment core off the Oman Coast is humic substances, 

Poutanen and Morris, 1985) and are probable substrates for I-sorption. It is 

obvious that there is some mechanism for enriching the surface sediment in I over 

sedimenting particles (a postulated l/Corg of 10 x10 4  for planktonic material or 

of 33 x10 4  for 'green' faecal pellets (Spencer et al., 1978)). 

The reactivity of I in relation to Br is most clearly shown by the I/Br ratios 

(Figure 6.3.). These are lower than recorded for sediments of the Panama Basin 

by Pedersen and Price (1980). The shelf basin cores have the lowest I/Br ratios at 
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the surface (<0.5) and show shallow decreases with depth. Cores 1704, 1710 and 

1712 show rapidly declining 1/Br profiles, where [is being lost relative to Br as 

diagenesis progresses. In core 1712 it is notable that the most rapid decrease 

occurs over the depth of the oxic layer, suggesting that oxic release of I from 

organic matter occurs at a faster rate than suboxic degradation. The more labile 

nature of I relative to Br within an oxic environment has been discussed by 

previous workers (Price and Calvert, 1977; Pedersen and Price, 1980). 

The situation is clearly more complicated for cores 1713 and 1715, where distinct 

peaks in the 1/Br ratio are observed within the surficial oxic sediment. This 

increase in 1/Br ratio could be attributable to either an increase in I or a decrease 

in Br in the solid phase. The I profiles for these cores, particularly 1713, do 

suggest that there may be additional incorporation of [into the solid phase within 

the oxic sediment, the Br decreasing steadily with depth from the surface. As has 

been previously discussed, adsorption of I, by whatever mechanism, requires 

oxygenated conditions. The NO3  profiles, particularly for 1713, suggest that these 

oxic conditions exist in the surficial sediments of these cores. The bioturbation of 

the oxic layer of 1713 would enhance the mixing of I-containing organic matter 

and its recycling. The degradation and humification of the organic matter as 

evidenced from the ON ratios may increase the available sorption sites for 1, 

whereas Br is less strongly sorbed. Degradative release of I from organic matter 

within the suboxic zone of both 1713 and 1715 will be a source of I to the base of 

the oxic layer. This upward movement of I may be important where the main part 

of the sediment is an emplaced slump unit. The burn down of the oxic front into 

the slumped sediment will release I which is subsequently trapped and recycled in 

the overlying oxic sediment. Within both cores, organic matter and remobilised 

Fe-oxyhydroxides (as indicated by Fe/Al ratios, (see chapter 8)) are present in the 

oxic layer and can scavenge dissolved I. 
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6.3.2 Bromine. 

Br is known to correlate linearly with organic carbon (Pedersen and Price, 1980), 

throughout the range of redox environments (Price and Calvert, 1977). This 

relationship is shown for the CDI7 cores in Figure 6.6. Cores 1712 and 1722 are 

slightly above the line defined by the other cores. 

The variation of Br/Corg between CDI7 cores is shown in Table 6.3. The shelf 

cores have surface (0-2 cm) Br/Corg ratios of between 119 x10 4  (1704) and 162 

x10r4  (1722), which agree with values for other areas e.g. 146 x10 4  for Panama 

Basin sediments (Pedersen and Price, 1980). However, the surficial Br/Corg ratios 

of some of the hemipelagic sediments are much higher, between (261 x10 4  (1712) 

and 304 x10 4  (1713). This can also be seen in the Br/Corg profiles in Figure 6.7. 

Depth variation of Br/Corg, particularly for the shelf cores, is slight. However, the 

hemipelagic cores show relatively rapid and erratic decreases with depth. Overall 

they appear to follow l/Corg profiles, with indications of bioturbation in the top 

10-12 cm of 1713 and the controlling influence of lithogenic units in 1715. The 

slump sediment of 1715 has a Br/Corg ratio very similar to the shelf cores (105 

xl 

Compared to I, Br is considered to be more refractory in its behaviour during 

diagenesis (Price and Calvert, 1977; Malcolm and Price, 1984), possibly due to 

different bonding energies with different organic ligands (Pedersen and Price, 

1980). Harvey (1980), in his study of I and Br chemical associations in sediments, 

concluded that Br chemistry is more diverse than I chemistry. Br is present in 

water and organic soluble compounds and in some aliphatic compounds. This 

would indicate that Br is associated with different fractions of organic matter with 

different susceptibilities to microbial degradation, and hence overall Br will have 

a different reactivity to I. 

There is no indication from Br/Corg profiles that Br is subject to residual 

enrichment at depth in any of the CDI7 cores, as was suggested for sediments 

from the Panama Basin (Pedersen and Price, 1980). However, there are indications 

that Br does behave differently in the oxic sediment as compared to the suboxic 

sediment. Br/Corg ratios are high (270-300 x10 4) in the oxic surficial layers of 
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1713 and 1715, this is higher than has been previously reported for oxic sediments 

(Panama Basin, 146 x10 4 ; Barents Sea, 120 x10 4 ; general marine organic matter, 

180 x10 4). The hemipelagic cores 1712, 1713 and 1715 all show surficial Br 

enrichment in Br/Corg of >250 x10 4 . In cores 1713 and 1715 where increased I 

enrichment has been observed, the Br/Corg ratio is 300 x10 4  and greater. It is 

suggested that the I enrichment is due to enhanced I sorption within the biomixed 

sediment. Malcolm and Price (1984) suggest, on the basis of the similarity of 

halogen behaviour with marine organic matter, that Br sorption may be important 

for Br accumulation in sediments. It was noted by Harvey (1980) that Br was 

released from sediments by a variety of different treatments, which were designed 

to clarify the organohalogen compounds present, whereas I was principally 

released by treatments reducing positive iodo- compounds such as N-iodo amines 

and amides. Treatments which release these electropositive iodo-compounds (i.e. 

reduction by borohydride and mild oxidation by hypochlorite) also release Br 

from the sediments. This suggests that there may be some similarity in brominated 

and iodinated compounds within the organic matter in the enriched oxic zone. 

6.4 Halogens and organic matter reactivity. 

Of the elements related to carbon in organic matter, N, P, I and Br are considered 

to be part of the labile fraction. Increasing C/N ratios (Figure 5.4.) and decreasing 

l/Corg and Br/Corg ratios (Figures 6.5. and 6.7.) do agree with the concept that 

organic materials become more refractory during diagenesis (Toth and Lerman, 

1977). Comparing surface values of these ratios (Table 6.4.) highlights some 

interesting associations. From the C/N ratios, it is thought that the shelf cores of 

1704 and 1710 contain reworked degraded organic matter, which would have lost 

halogens from the labile fraction. Values of Br/Corg for these cores are similar to 

the accepted value for marine organic matter, but the l/Corg values are lower than 

reported oxic values but not as low as values from anoxic cores. The anoxic shelf 

basin cores follow anticipated patterns, of low (anoxic) I/Corg, accepted Br/Corg 

and slightly elevated C/N. It is the values for the hemipelagic cores which are 

unusual. The surface C/N values are close to the Redfield ratio (see section 5.2.3.) 

but both l/Corg and Br/Corg are higher than accepted values for oxic sediments. 



Furthermore, if the depth profiles are examined, although the halogen/Corg ratios 

decrease, they do not indicate the extent of degradation that the C/N ratios do. 

Core I/C Br/C C/N 

surf surf surf 

1704 114 119 7.16 

1710 197 124 8.61 

1712 417 261 5.02 

1713 381 308 5.57 

1715 485 269 5.01 

1721 50 127 6.68 

1722 62 162 6.24 

Accepted 250- 120- 5.67 

values 350 180 

Table 6.4. 	Comparison of surface values of I/C, Br/C (xlO 4) 

and C/N as weight ratios, for the CD17 cores. 

Examination of l/Corg vs ON and Br/Corg vs ON plots (Figure 6.8) highlights the 

organic-halogen associations and the enrichment of halogens, particularly in the 

hemipelagic sediments. The data suggests that there is some enrichment of the 

N-poor organic fraction, in both I and Br, in oxic sediments. More importantly 

there is a definite trend within the hemipelagic surface sediments, for increasing I 

and Br enrichment with increasing N- content (decreasing C/N). In section 5.2.3. it 

was suggested that the oxic surface sediments of 1712, 1713 and 1715 contained 

'reconstituted' organic material due to the activities of benthic fauna. This 

bio-reworking of the organic material may increase the halogen content due to 

sorption or incorporation. 

Whilst halogen enrichment, particularly 1, may be associated with the remobilised 

Fe and Mn oxyhydroxide fraction, the close associations of halogens and organic 

carbon suggest that organic matter is the main host for halogen recycling. It is not 

certain which organic compounds are produced during degradation of particulate 
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organic matter within the water column and oxygen minimum zone, but it has 

been suggested that much of this material is more refractory, N-depleted and 

humic—like in nature (see section 5.2.3. and references therein). This type of 

organic material has been shown to release I (Francois, 1987 a) and Br (Harvey, 

1980) under chemical treatments. Under the conditions of rapid breakdown of 

labile organics and recycling of dissolved halogens within the oxic surficial 

sediments, this type of material may be the main substrate for I and Br sorption. 

The particular hydrographic conditions found in the North West Indian Ocean i.e. 

upwelling, high productivity and an intense oxygen minimum zone contribute to 

organic-element relationships which are different to those found in other areas. 

Intense degradation of organic material occurs through the water column and this 

influences its sorptive capacity for halogens. The redox conditions of the bottom 

water and the sediment influence the redox behaviour of iodine. In addition the 

effects of benthic faunal activity on the sediment, and hence the organic matter, 

are influenced by the redox conditions of the bottom water. 
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CHAPTER 7 
TRACE METAL AND BIOGEMC ASSOCIATIONS. 

7.1 Introduction. 

The core descriptions given in chapter 2 clearly indicate the different nature of 

the shelf sediments as distinct from the hemipelagic sediments. There is a growing 

volume of literature concerned with the Mn-oxyhydroxide - trace metal 

associations found in oxic sediments. However, from the bulk geochemistry, 

particularly solid phase Mn, the colouration in the core descriptions and the 

negligible NO3-
concentrations of cores 1721 and 1.722 (shown in Figure 5.11.) it 

is apparent that in the reducing shelf cores solid phase Mn is absent. Thus, 

without the Mn oxyhydroxide host, biogenic debris, organic matter, clay minerals 

and sulphide phases become more important in the behaviour of trace metals. 

Other areas of the world's oceans which are noted for their organic-rich, reducing 

sediments and which have been studied in relation to metal diagenesis are, Walvis 

Bay, south west Africa (Brongersma-Sanders et a/., 1980; Calvert and Price, 1970, 

1983); Gulf of California (Brumsack and Gieskes, 1983); Peru (Calvert et a]., 

1985) and sediments off Baja California (Shimmield, 1984). Also considerable 

interest has been shown in fjordic systems such as Framvaren Fjord (Skei, 1988 b; 

Haraldsson and Westerlund, 1988), Saanich Inlet (Francois, 1988), Black (Volkov 

and Fomina, 1974) and Baltic Seas (Brugmann, (1988). In many cases anoxic 

(sulphidic) conditions may extend into the water column and tend to be 

dominated by sulphide geochemistry. There is a long standing debate as to 

whether trace metals found to be enriched over average shale in reduced 

sediments and their geologic counterparts (bituminous black shales), are due to 

clay associations, direct planktonic input or diagenetic modification of 

organic/planktonic inputs. Work by Shimmield (1984) demonstrates the effect of 

lithology, as in the sediments of the east Pacific smectite clays are the major host 

for trace metals. Within the Gulf of California, Brumsack and Gieskes (1983) 

found a strong correlation of dissolved Mo, V and Cr with geibstoff (dissolved 

organic matter) and indicated that this is due to sorption and/or complexation by 
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dissolved organic compounds. Brongersma-Sanders et al. (1980) postulate that the 

metal enrichments observed in the Walvis Bay sediments are due to a high input 

of planktonic debris with its associated metal content. Calvert and Price (1983) 

and Calvert, Mukherjee and Morris (1985) disagree with this simplistic planktonic 

input model, suggesting that within the surface floc layer, organic condensation 

and polymerisation may take place forming humic substances which can take up 

metals. Additionally, the trace metals may be recycled within this highly fluid 

layer and only the fraction firmly fixed by clays, organic ligands or sulphide 

coprecipitation is incorporated into the sediments. 

7.2 Metal distributions. 

The analyses of solid phase Mn, Fe, Cu, Ni, Zn and V were obtained by X-ray 

fluorescence spectrometry as described in Appendix B.3. The data are presented 

as salt-corrected and carbonate-free (subscript cfb), in tabulations in Appendix 

C.2. Mncfb  and FeCfb  are expressed as weight % and CUCfb, Nicf.b, ZnCft and 

Vcfb as ppm. The interstitial water data (subscript aq) were obtained by direct 

injection Graphite Furnace Atomic Absorption Spectrometry (GFAAS), using 

methods and instrument settings detailed in Appendices B.9 & B.10. The data are 

tabulated in Appendix C.4 as jig/I and are presented in the text as jimol/l and 

nmol/l. 

Figure 7.1. shows the Mnaq  interstitial water concentrations, which are all <3.6 

jimol/l. The solid phase Mncfb  data also supports the reduced interstitial water 

conditions; all the shelf cores have Mncfb  contents of <0.05 wt % as might be 

anticipated of sediments underlying bottoms waters of <0.5 mi/l 0, (chapter 2). 

Of the two lagged cores, 1710 shows Mnaq  concentrations between 0.44 - 2.20 

i.imol/1, the overall trend being lower Mn. q  concentrations at depth. Core 1704 

yielded very little interstitial water, and the Mnaq  concentrations are all '0.46 

jimol/l. Mnaq   concentrations of 1722 were also quite uniform at —P0.46 pmol/l, 

showing only a slight decrease with depth. Core 1721 shows more scattered Mnaq  

concentrations, between 1.00 - 2.58 j.imol/l. Again there are indications of a 

decrease in Mnaq  with depth. 
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The solid phase FeCfb  contents of the shelf cores are all lower than average shale 

data and are lower than data from Walvis Bay (Brongersma-Sanders et al., 1980) 

and Peru (Calvert etal., 1985) (see Table 7.1.). The depth profiles in Figure 7.2. 

clearly show that the lagged cores 1704 and 1710 have higher FeCfb  contents than 

the shelf basin cores (1721 and 1722). It is interesting to note that, in contrast to 

many of the profiles of 1704 presented in chapter 4, the FeCfb  profile shows a 

distinct surface minima, increasing by 0.3 wt% over the top 6 cm, and then 

remaining relatively uniform with depth. Core 1710 shows the highest FeCfb 

content and is fairly constant with depth, —2.5 wt%. The shelf basin core FeCfb 

profiles show similarities to their respective Si profiles (Figure 4.1.) although the 

cyclicity is not quite as smooth, both cores have FeCfb  contents <2.0 wt%. 

Interstitial water Feaq  data are only available for cores 1721 and 1722. Generally 

the data are scattered, suggesting that there may have been some oxidation during 

handling. Concentrations are low (<0.54 j.imol/l) and more uniform in 1722, 

suggesting the Feaq  has either been oxidised prior to analysis or if real, indicates 

that Feaq  is being lost either to bottom waters or to sulphide phases. 

The solid phase depth profiles of Nict.b, CuCfb and  Zncfb,  illustrated in Figures 

7.3. to 7.5. show strong similarities between all four cores, indicating that these 

metals are influenced by the same processes. Table 7.1. shows data ranges from 

these cores and, with the exception of Ni, these are below average shale and at the 

low end of the data ranges from Walvis Bay, Peru and Baja California. There is 

also inter-core variation, the shelf basin cores, 1721 and 1722, tending to be lower 

in metal content than the lagged cores. This is with the exception of Nicfb  in core 

1704, which is lower than in the shelf basin cores, particularly at depth. The high 

Nicfb content of the shelf cores may relate to their proximity to the Masirah 

Melange. Not only is the serpentinite enriched in Mg and Cr (Moseley and 

Abbotts, 1979, see chapter 4) but it also has a high Ni content of 2400 ppm. 

Concentration of Melange detritus may account for the slightly higher average 

metal content of 1710 over 1704, 1721 and 1722 (see Figures 7.2. to 7.5.) 

Trace metal interstitial water data for the shelf cores are more limited, CUaq  is 

only available for 1722 and Niaq  CUaq  and  Zflaq  for 1721. There is a paucity of 

comparable data from reducing cores. Table 7.2. indicates that the data from 

CDI7 shelf cores are considerably higher than those from the east Pacific 
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Mn wt% 	Fe wt% Ni ppm Cu ppm 	Zn ppm 	V ppm 	Ref 

35-455 18-129 	18-337 la 

118-196 	24-136 lb 

0.03 	2.28- 61-102 24-42 	74-96 	76-216 2 
2.79 

0.21- 0-166 12-83 3 
2.4 

0.02- 32-341 19-122 	16-337 4 
4.54 

<0.02 	1.47- 14-161 57-70 	29-104 	204-300 5 
2.98 

(0.03- 	(5.19- (76- (38- 	(83- 	(107 6 
0.29) 	7.33) 420) 423) 	329 	270) 

(0.03- 	(4-6) (<300) (50- 	(>280) 7 
>0.9) 100) 

(<0.05 	(1.50- (70- (19- 	(49- 	(75- 8 
2.60) 	178) 97 126) 	101) 

(1.86- (131- (23- 	(57- 	(86- 8a 
2.60) 178) 70) 	126) 	101) 
0.85- 60- 18-22 	35-46 8b 
1.48 104 

0.085 	4.7 68 45 	95 	130 9a 

0.67 	6.5 225 250 	165 	120 9b 

la). S.W Africa, Walvis Bay. ) Calvert and Price, 	1970. 
lb). Gulf of California. 

 East Pacific, 	Baja California. Shimmield, 	1984. 
 S.W. 	Africa, 	Walvis Bay. Brongersma-Sanders etal., 	1980. 
 Namibian shelf surface sediment. 	Calvert and Price, 	1983. 
 Peruvian shelf sediment. Calvert 	etal., 	1985. 
 Indian Ocean. DSDP 223. Papavassiliou and Cosgrove, 	1982 

 Indian Ocean, 	surface sediment. Shankar 	etal., 	1987. 
 CD17 suite, 	range data (cfb). 
 CD17 suite, maximum data (cfb). 
 CD17 suite, maximum data (salt 	free). 
 Average Shale data. ) 	Turekian and Wedepohl, 	1961. 

 Average Deep Sea Clay. 

Table 7.1. Comparison of solid phase data for Mn, Fe, Ni, Cu, 	Zn and V for 

different areas of reducing sediment, range and maximum contents are presented. 
Bracketed data are salt and carbonate free, 	the remainder being salt free. 
(Carbonate free ranges for CD17 are independent of salt free ranges.) 
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(Sawlan and Murray, 1983). Examining the depth profiles of core 1721, shows that 

for both Niaq  and  Cuaq the concentrations are slightly higher in the surface layer 

(above 14 cm), with lower uniform concentrations at depth. The Zflaq  data for 

core 1721 is much more scattered and more problematic as there may be a 

contamination problem from the neoprene plungers used in the sampling syringes. 

However, there are indications that, like Niaq  and  CUaq . Znaq concentrations are 

slightly higher over the top 14 cm than at depth. The CUaq profile of 1722 is also 

very interesting, like core 1721, CUaq  concentrations are slightly higher over the 

top 12 cm, being lower and uniform between 14 and 30 cm. Below 30 cm the 

CUaq concentrations increase rapidly, suggesting release from a deeper solid 

phase. 

F. 	Pacific Ocean, N.W. 	Indian Ocean 

Guatemala Basin. Oman Margin. 

Sawlan & Murray, 	1983 This study 

surface 	at depth surface 

Mn pmol/l 2-40 	 nd <2 

Fe imo1/1 4-10 	 nd <2 

Ni nmol/l 18-22 	 5-35 110 

Cu nmol/1 4-10 	 5-15 110-560 

Zn nmol/1 nd 	 nd 430 

Table 7.2. Comparison of interstitial water concentrations of Mn, 
Fe, Ni, Cu and Zn. nd not determined. 

Only Vcfb  solid phase data are available for the shelf cores; Figure 7.6. shows 

more erratic depth profiles which have little similarity to the other metals or to 

the lithogenic elements (chapter 4). In contrast to the other trace metals, Vcfb 

contents are higher in the shelf basin cores than they are in the lagged cores. All 

four cores show a distinct surficial minima, and with the exception of 1710, show 

gradual decreases with depth below 4-7 cm. The Vcfb  contents of these cores are 

lower than average shale and at the low end of the Baja California data range 

(Shimmield, 1984). 
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7.3 Controls on organic matter distribution. 

To evaluate the comparative importance of organic and lithogenic inputs on trace 

metals, the degree to which the lithogenic grain size controls the carbon content 

must first be established. The greater organic carbon content of clays over coarser 

grained sediments has been reported for Peruvian upwelling sediments (Busch 

and Keller, 1981). Figure 7.7. shows the relationships of total Si/Al and Ti/Al to 

organic carbon. The Ti/Al ratio can be considered as an index of the coarse 

detrital input (Boyle, 1983; Schmitz, 1987) and the total Si/Al ratio includes 

aeolian silicates and biogenic silica inputs. However, it is interesting to note that 

in Figure 7.7. plot b the more organic-rich diatornaceous cores (1721 and 1722) 

have lower Ti/Al ratios than cores 1704 and 1710. Hence, there is a grainsize 

influence on organic carbon content between the shelf cores rather than within 

each core. The inverse relationship observed by Shimmield (1984) for Baja 

California shelf sediments is not apparent within each of the CDI7 shelf 

sediments. This indicates that for each individual core, the input and preservation 

of the organic carbon exerts a greater control over its concentration than the 

grainsize of that core. 

7.4 Manganese fluxes from reducing shelf sediments. 

The Mnaq  depth profiles illustrated in Figure 7.1. show low concentrations, as 

would be anticipated in sediments of this reducing nature. The concentrations of 

Mnaq in the surface interstitial water are, however, still greater than regional 

bottom water concentrations. Landing and Bruland (1980) report concentrations 

of —0.2 nmol/l for the north Pacific bottom waters, Statham and Burton (1986) 

report values of —0.25 nmol/1 for north east Atlantic bottom waters. Bottom water 

data from cruise 15 of R/V Char/es Darwin (Elderfield and Burton, 1988), further 

south than the CDI7 cruise, give Mnaq  concentrations of <0.2 nmol/kg (station 7, 

06 09.2' S, 50 53.7' E, 4815 m). However, within the localised conditions of the 

intrashelf basins and the oxygen minimum zone it is quite possible that Mnaq  

concentrations are enhanced in the bottom waters overlying these sediments. 
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In vertical profiles of dissolved Mn from the north Pacific (Landing and Bruland, 

1980) and the eastern Tropical Pacific (Murray et al., 1983), maxima coincident 

with oxygen minimum zones have been reported. There is uncertainty as to 

whether this maxima is due to dissolution of Mn containing particulate matter 

within the oxygen minimum zone, or whether it is due to lateral advection and 

diffusion of Mflaq  within the oxygen depleted water layer from anoxic continental 

slope sediments. Murray et 31. (1983) suggest that biologically mediated 

dissolution of particulate Mn, within the oxygen minimum zone is responsible, 

whereas Martin and Knauer (1984, 1985), working on more central stations, 

concluded that horizontal transport from nearshore sources was more important. 

Data from the Berring Sea (Heggie et al., 1987) also indicates that benthic fluxes 

of Mn over the mildly reducing shelf area, are sufficient to supply 	12% of the 

Mn accumulating in the deep Berring Sea. Equally, significant benthic fluxes of 

Mn from Mississippi deltaic sediments have been recorded by Trefry and Presley 

(1982) who concluded that 40-75 % of the 'excess' Mn over suspended riverine 

input found in the Gulf of Mexico hemipelagic sediments is attributable to the 

nearshore benthic flux of Mn. Mflaq interstitial water data from the western 

Guatemala Basin (Sawlan and Murray, 1983) also strongly suggests leakage of 

Mriaq from the reducing sediments to the bottom waters. This is corroborated by 

the bottom water Mflaq  concentration gradient which decreases westwards, 

suggesting a sediment source of Mfl.1q  (Murray et al., 1983). Mnaq water column 

data from cruise CD15 also shows indications of a Mnaq maxima within the 

oxygen minimum zone (C. German, 1988 pers. comm.) 

Using a similar approach to the nutrient fluxes (see chapter 5) i.e. Ficks First Law 

of Diffusion (equation 5.5.), benthic fluxes of Mfl q  can be calculated. The 

apparent diffusion coefficient can be calculated from Li and Gregory (1974); Da  

Mn2+ 1.81 xlcr6  cm2 /s at 49C, 	0.9 and 8 = 0.55. This is slightly lower than 

of 2.22 x10 6  cm2 /s used by Sawlan and Murray (1983). Table 8.5. shows Da  Mn2   
the apparent diffusion coefficients for Mnrraq  used in other studies. The benthic 

Mn. 	fluxes thus estimated are: 0.23 mol/cm2 /yr for 1721, 0.06 imol /cm2/yr for 

1722, 0.11 mol/cm/yr for 1710 and 0.04 jmol/cm/yr for 1704. These values are 

low but comparable to data from Sawlan and Murray (1983) which range between 

0.11 to 3.14 imol/cm 17 2 /yr for the reducing sediments of the Guatemala Basin and 
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are also comparable to data from the Berring Sea shelf sediments (Fleggie et al., 

1987) of 0.014-0.178 mol/cm2 /yr. Clearly the shelf sediments of the Oman 

margin, at depths within the oxygen minimum zone release sufficient Mflaq  to be 

a source of dissolved Mn to the deeper bottom waters. 

7.5 Relationships between trace metals and organic matter. 

The characteristics of the shelf cores can be summarised by grouping them in 

pairs. Cores 1721 and 1722 are diatomaceous, organic-rich anoxic cores, whereas 

cores 1704 and 1710 are less organic-rich and suboxic but show features indicative 

of erosive current lagging (particularly core 1704). The characteristics of the 

detrital input and any subsequent physical modification of lithogenic geochemical 

signatures has been discussed in chapter 4. Likewise the organic distribution and 

diagenetic patterns have been examined in chapter 5. The aim of this chapter is 

to evaluate differences in the mode of incorporation, diagenetic behaviour and 

fixation of trace metal elements (Ni, Cu, Zn and V) in sediments which are 

comparatively spatially close. These sediments are all subject to the following 

conditions; 

they lie within the oxygen minimum zone, therefore under low oxygen 
content bottom waters, with similar nutrient and possibly metal 
concentrations, 
under euphotic waters of high productivity and consequently (assumed) 
relatively high organic matter particulate flux, 
over the time span of the Holocene, fluvial and lateral detrital inputs are 
relatively insignificant 
high and areally compatible aeolian detrital input flux. 

The primary differences between the two sets of cores can be attributed to the 

differences in the organic carbon concentrations and lability. This was discussed 

in greater detail in chapter 5, the main point being that current reworking of 1704 

and 1710 has dramatically reduced the labile fraction of the organic matter as 

seen by the C/N ratios (and dN values, Khan, pers. comm.). Another factor is the 

greater proportion of diatomaceous debris seen in cores 1721 and 1722, as 

illustrated by the biogenic silica content of 1721 (see section 4.2). 



Inputs of trace metals to the marine system occur through various media including 

in decreasing order; incorporation into living biological material and adsorption 

on to marine snow, detrital particulates, hydrogenous precipitation, hydrothermal 

emanations and precipitation. The identifiable presence of biological debris 

(diatomaceous and cocolithophorid) in 1721 and 1722 may further help clarify the 

importance of such material when other considerations are similar for all the shelf 

cores. 

The relationship between biological material and trace metals within the water 

column has been investigated by many authors. But at the low metal 

concentrations observed in oceanic waters it is only the more recent work which 

has applied stringent enough procedures to obtain oceanographically consistent 

data, (Bruland and Franks, 1983; Bruland, 1980; Elderfield and Burton, 1988). 

The distributions of the trace metals (Cu, Ni, Zn and Cd) are clearly linked to the 

biogeochemical cycle and nutrient regeneration. Depth profiles have been 

reported from the western north Atlantic (Bruland and Franks, 1983), north 

Pacific (Bruland, 1980) and the Indian Ocean (Danielsson, 1980; Elderfield and 

Burton, 1988). The overall picture is one of removal of metals onto biological 

particulates in the surface waters, followed by sinking and regeneration at depth. 

Sediment trap data collected at 3200 m from the Sargasso Sea ( an oligotrophic 

gyre) (Jickells et a/., 1984) shows strong correlations between organic carbon and 

trace element fluxes. In the western north Atlantic ZrLhows a strong correlation 

with silicate, and Nian be correlated with phosphate and silicate (Bruland and 

Franks, 1983). Cudata also showed nutrient regeneration linked distributions but 

these were additionally complicated by deep water scavenging. Curofiles from 

the Indian Ocean (Elderfield and Burton, 1988) again indicate deep water 

scavenging and benthic boundary layer inputs, although these authors also 

correlate Cu distributions with dissolved silicon. 

With the high atmospheric particulate input (Chester et al., 1985) and the high 

productivity (Qasim, 1982) it is probable that there is a flux of aeolian detrital - 

biological aggregates from the surface waters. It is also possible that trace metals 

may desorb from aeolian particulates in the surface waters and be actively taken 

up by planktonic organisms or adsorbed on to organic detritus e.g. faecal pellets 

or siliceous / calcareous tests. Active uptake of dissolved iron has been 
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demonstrated experimentally by Martin and Fitzwater (1988). Using 

plankton/water samples from the north east subarctic Pacific, these authors 

showed that additions of nmol quantities of dissolved iron stimulated chlorophyll 

production and consumption of NO3  and P043  significantly above the control 

levels. They concluded that dissolved iron could be a limiting factor in plankton 

growth and that variation in iron containing dust inputs can thus stimulate or 

limit plankton growth. Miklishanskiy etal. (1987) discounted desorption of metals 

from aeolian detritus as being of considerable importance in the metal cycling of 

surface suspensates from the central Indian Ocean. They do, however, argue that 

biofiltration and biotransformation of the aeolian inputs by plankton does have a 

significant effect on the composition of the sedimentary material and that the 

mobility of the metals is enhanced by biofiltration. Within the upwelling zone of 

the North West Indian Ocean, the return of nutrients to the euphotic zone 

ensures that primary productivity is not limited. Metal inputs through surface 

suspensates and nutrient-like recycling may also contribute to maintaining good 

growth conditions. 

Table 7.3. shows some of the data on planktonic composition which has been 

reported in the literature, together with bottom water metal concentrations. This 

indicates that biological material has an important role in concentrating trace 

metals in the particulate phase and acting as a transporting agent for these metals 

into deep water and sediments. 

The plots presented in Figures 7.8. and 7.9. illustrate the relationships of CUCfb, 

Nicfb, ZnCfb, and  Vcfb  against organic carbon. Throughout, there is a positive 

relationship with organic carbon, both intra- and inter-core. The element - 

organic carbon plots show variable separation between the shelf basin cores (1721 

and 1722) and the lagged cores (1704 and 1710), this is particularly clear for V 

and Ni, less so for Zn. To some extent this indicates not only the strong 

association between trace metals and organic matter in these cores but also that 

the relatively more reactive organic matter of the diatomaceous shelf basin cores 

has a greater affinity (or adsorptive capacity) for trace metals. 

Work by Nissenbaum and Swaine (1976) on recent sediments identified significant 

levels of trace metals in humic materials, which they postulate to be strongly 
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hound either physically or chemically. Calvert et al. (1985) have shown that high 

molecular weight humic and fulvic acid fractions, extracted from organic-rich 

diatomaceous Peruvian shelf sediments are enriched in several metals, particularly 

those with a biochemical role (Cr, Cu, Mo, Ni and Zn). They suggest that direct 

supply of metals by plankton is insufficient to account for the observed 

enrichment and invoke condensation/polymerisation of the organic moieties 

Cu ppm 	Ni ppm 	Zn ppm 	V ppm 	Pb ppm 	Mo ppm Ret. 

7.9 	29 	75 	49 	0.03ug/1 	bug/i 	1 

228 	93 	880 	21 	64 	56 	2 

340 	83 	3700 	4.2 	160 	 3 

11.5- 	8.4- 	180- 	3.1 	2.1- 	 4 
57.5 	11.6 	780 	 31 

7.9- 	12.9- 	41.8- 	 5a 
10.5 	15.0 	66.7 

9.6- 	23.0- 	82.4- 	 5b 
18.5 	25.4 	88.3 

370 	359 	544 	70 	260 	 6a 
48 	0.66 	62 	 1.1 	- 	 6b 

226 	 20 	950 	 34 	 6c 

650 	 <20 	76 	 7a 
308 	 <20 	114 	 7b 

600- 	100- 	350- 	20- 	<40- 	 8 
4000 	1000 	4500 	200 	600 

255 	298 	250 	45 	3 	100 	9a 
63 	117 	104 	265 	12 	57 	9b 

Average seawater. 	Brewer, 1975. 
Plankton. 	Moore and Bostrom, 1978. 
Plankton. 	Bostrom eta]., 1974. 
Zoo- & Micro- Plankton. 	Martin and Knauer, 1973. 
Bulk Plankton. a). MANOP C. b). MANOP S. 	Collier and Edmond, 1983. 
Central Indian Ocean. a). surface suspensate. b). faecal pellets. 
c). zooplankton. 	Miklishanskiy etal., 1987. 
Sargasso Sea a). Green faecal pellets. b). Red faecal pellets. 
Spencer etal., 1978. 
Humic substances. 	Nissenbaum and Swaine, 1976. 
Peruvian shelf sediment (0-5 cm). a). Humic acid, molecular 
weight >300000. 	b). Bulk sediment. 	Calvert etal., 1985. 

Table 7.3. The changing concentrations of trace metals through the 
bioaccumulation stages, from sea water to sedimentary humic substances. 
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together with complexation of organically bound metals as a possible mechanism. 

Additionally the high levels of S and N found in humates are suggested to play a 

role in complexing trace metals. The ranges of trace metal concentrations 

indicated by Nissenbaum and Swaine (1976) (shown in Table 7.3.) together with 

the premise that approximately 60% of the organic carbon within this area is of a 

humic nature (Poutanen and Morris, 1985, see chapter 5) suggests that a large 

fraction of the trace metal content of the shelf cores could be associated with the 

humic fraction. 

Electron microscopy studies by lttekkot and Degens (1983) on Black Sea anoxic 

sediments, have shown membrane and bacterial structures to be naturally stained 

by metals. These authors suggest that the organic matrix (of protein, 

polysaccharide or phosphoprotein) acts as a template for metal precipitation. This 

occurs through surface coordination of the metals, which then act as nucleation 

sites for further mineral growth. 

Trace metals are not necessarily simply adsorbed by biological material. Several 

metals are involved in organic moieties (enzymes, blood pigments e.g. 

haemoglobin, chlorophyll, cytochromes and vitamins (lttekkot and Degens, 

1983)). According to Bowen (1966) the relative affinity of the divalent transition 

metals for plankton follows the sequence Zn>Pb>Cu>Mn>Ni>Cd but equally 

the order of stability of organic ligand complexes (suggested by Goldberg, 1957) is 

Cu>Ni>Pb>Co>Zn. The enrichment of elements, including Mo, Zn, Ni, Cu, Cr 

and V in organic-rich sediments (Brongersma-Sanders et 3/., 1980) and the 

associations of Mo, V (and Cr) with dissolved organic matter (Gulf of California, 

Brumsack and Gieskes, 1983) all support the role of organic debris in 

transporting, scavenging and complexing metals in environments where the 

relationships between trace metals and Mn and Fe oxyhydroxides are negligible. 

Not only does organic matter adsorb and fix trace metals in the solid phase, the 

dissolved organic acids, humic and aminoacids have been demonstrated 

experimentally to have a significant effect on solubilising trace metal salts. Thus 

maintaining the metals in the aqueous phase as humic-metal complexes (Rashid 

and Leonard, 1973). 
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Other considerations which may complicate the trace metal enrichments of the 

CDI7 shelf cores are the metal contributions from the Masirah Melange and the 

reworking and concentration of that detritus, particularly in cores 1704 and 1710. 

The Melange serpentinite has high concentrations of Ni (-2400 ppm) in addition 

to the Cr enrichment (Moseley and Abbotts, 1979) also the Zn content of 41 ppm 

(lower than average shale) may tend to be concentrated in the magnetite fraction. 

However from Table 7.1. and Figure 7.3. this localised lithogenic source does not 

have a significant contribution, apart from Cr and Mg as discussed previously 

(chapter 4). 

7.6 Trace metal benthic fluxes. 

The diagenetic behaviour of the trace metals so far discussed indicates that the 

system is in a state of constant transition between fixed, adsorbed and aqueous 

phases. The aqueous phase profiles of Cu, Ni, and Zn for 1721 and 1722 and the 

data shown in Table 7.2. indicate that interfacial aqueous metal concentrations are 

likely to be in excess of bottom water concentrations. Unfortunately there is no 

direct bottom water data available, the nearest water column data are from studies 

by Danielsson (1980) and Elderfield and Burton (1988). In this case the former 

data set is used for reasons discussed in chapter 8. The metal concentrations 

reported by Danielsson (1980) for 101'N, 6700l'E at 3132 m are: Cu 4.4 nmol/l, 

Ni 11.1 nmol/l and Zn 13.8 nmol/l. Like Mriaq  (section 7.4.) and nutrient (chapter 

5) benthic fluxes, Ficks First Law of Diffusion can be applied to the interfacial 

interstitial water metal data, assuming a linear concentration gradient between the 

bottom water and 0.5 cm and using apparent diffusion coefficients estimated from 

Li and Gregory (1974) (Table 8.5.). 

The benthic fluxes thus calculated are shown in Table 7.4. together with data from 

comparative Pacific Ocean sites. Taking into consideration the limitations of 

Danielsson's data, which is likely to give minimum estimates of benthic fluxes, 

Table 7.4. clearly indicates that benthic Cu fluxes from CD1721 and CD1722 are 

higher than data from comparative Pacific sites. This suggests a high input of 

metals associated with organics which are rapidly regenerated and recycled. The 

depth profiles of aqueous metals (Figures 7.3. to 7.5.) indicate that there is a zone 
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of up to 14 cm depth, over which slightly higher concentrations of dissolved 

metals suggest that organic degradation and metal regeneration are occurring most 

Mn 	 Cu 	Ni 	Zn 
nmol/cm/yr 

2.82 
5.97 

18 

6.6 
1.8 

actively. 

Area 

E. Eq. Pacific 
ave red clay. 
ave hemipelagic. 

E. Pacific 
HtJD22 

E. Pacific 
MANOP C 
MANOP M, H & S 

Berring Sea 
shelf 

Mississippi 
Delta 

Reference. 

Sawlan & Murray, 
1983 

Pedersen etal., 
1986 

Klinkhammer, 
1980 

Bender etal., 
1987 

Trefry & Presley 
1982 

14- 
	 1. 1- 

178 
	

15.2 

546- 
15290 

N.W. Indian 
	 This study 

CD1704 
	

40 
CD171O 
	

110 
CD1721 
	

230 
	

35.4 	16.3 	84.0 

CD1722 
	

60 
	

40.9 

Table 7.4. Benthic flux estimates for the shelf sediments of the North West 
Indian Ocean and comparative Pacific data. CD17 data were calculated using 
bottom water data from Danielsson (1980), see text. 

7.7 Trace metal and sulphur relationships. 

There has been, and still is, some controversy over the relative roles of sulphide 

and organic matter in the behaviour of trace metals in anoxic systems, particularly 

in maintaining high aqueous metal concentrations. In their review of sulphide in 

natural waters, Morse et al. (1987) comment that whilst organic complexes may 

vary in importance at different locations, overall the role of polysuiphides may be 

of more general significance and quote the example of Cd speciation. The roles of 

bi- and poly-sulphide complexing are hypothesised to play a significant part in 

anoxic metal systems, although as Emerson et al. (1983) indicate the uncertainties 
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and inconsistencies in thermodynamic and equilibrium data are a severe 

limitation to our understanding of the system. 

In anoxic environments such as Framvaren Fjord (Haraldsson and Westerlund, 

1988; Skei, 1988 b), Baltic Sea (Brugmann, 1988), Narragansett Bay (Elderfield et 

al., 1981) and the Black Sea (Volkov and Fomina, 1974), the distribution of solid 

phase trace metals has been linked to sulphides, either through precipitation of 

trace metal sulphides or coprecipitation with iron sulphides. Morse et al. (1987) 

indicate that amorphous iron sulphides, (mackinawite and gregite) may host trace 

metals more easily than pyrite. In the CDI7 shelf cores trace metals may be 

hosted by organic matter or possibly sulphide phases. Figures 5.7. and 5.8. 

illustrate the relationship between sulphur and organic carbon. From Figure 5.8. 

it is clear that there are only slight increases in S/C ratio in cores 1710, 1721 and 

1722, whereas 1704 shows a dramatic increase in S/C with depth, suggesting that 

sulphide formation may exist at depth. Figure 7.10. shows the relationship 

between trace metal content and S/C (weight ratio). As the S/C ratio increases (i.e. 

with depth of sediment) the metal content decreases, indicating that the solid 

phase sulphur (sulphide) phase is not the main host for the trace metals. 

However, the role of sulphides cannot be ignored as there is evidence that 

bisulphide and polysulphide complexes can enhance the solubility of trace metals 

(Emerson et al., 1985; Davies-Colley et al., 1985). Considering that the presence 

of l-12S was detected in cores 1721 and 1722, and as Table 7.2. indicates these 

cores have higher interstitial water metal contents, it could be suggested that 

sulphide complexing may be significant in controlling the solubility of metals. 

Whatever the relationship between sulphide and humic complexing of metals, it is 

apparent that trace metals are being maintained in the aqueous phase, particularly 

in cores 1721 and 1722. Consequently these sediments are a significant source of 

aqueous metal to the oxygen depleted waters as the benthic flux data (Table 7.4.) 

indicates. 

Figure 7.10. also indicates that the shelf sediments are significantly depleted in 

trace metals when compared to other upwelling areas at similar levels of S/C. This 

depletion is probably due to the degradation and regeneration of organic-metal 

aggregates in the oxygen minimum zone (i.e. mainly 1721 and 1722), the loss of 
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aqueous metals through benthic fluxes and the intensive reworking and associated 

degradation observed in 1704 and 1710, as evidenced by the ON ratios (chapter 

5). The lagging of these two cores influences their trace metal distributions. It 

would appear that current reworking and winnowing of 1704 has reduced the 

surface layer. Hence sediment at deeper than 10 cm, with SIC ratios >3400 (or a 

molar ratio >0.13) would have been more deeply buried at one point. The SIC 

ratio suggests that pyrite may exist which would also account for the relative 

depletion of trace metals as this phase has a lower trace metal affinity than 

monosulphide phases (Morse eta]., 1987). 

7.8 The influence of phosphorite on trace metal distributions. 

The presence of eroded phosphatic nodules and high ON ratios in 1704 indicate 

its lagged nature. In phosphatised sections of cores from the south west African 

Shelf, Brongersma-Sanders et a]. (1980) report varying enrichments and 

depletions of trace metals relative to the green muds of the area, overall only As, 

Br, La, Sr and U are noted as being enriched (see Table 7.5.). Price and Calvert 

(1978) looked at several forms of the phosphorite from this area and noted that 

Ba, Ni, Sr and U were relatively enriched in the unconsolidated phosphorites, 

with further enrichments of Ce, Mo, Y, Zn and Zr in the concretionary 

phosphorites. As core 1704 has up to 3.21% (salt-free) P, there may be some trace 

metals associated with the phosphorite in this core. Figure 7.11. does show a 

positive correlation between P and trace metals in this core. Metal enrichments 

follow the order of Ni>V>Zn>Cu, which does to some extent reflect the order 

found by Price and Calvert (1978) of Ni>Zn>Mo>Cu, in unconsolidated 

phosphorite. It must also be taken into consideration that the organic carbon 

profile also follows the P profile for this core and hence it is difficult to determine 

which has the greater influence on the trace metal distributions. The occurrence 

of phosphorite in 1704 is discussed in more detail in chapter 3. 
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Cu ppm 	Ni ppm Zn ppm Mo ppm P wt % 

diatom ooze 68 108 68 53 0.69 

unconsolidated 21- 64- 34- 16- 1.92- 

phosphorite 94 142 57 45 6.98 

pelletal 16- 14- 33- 15- 11.87- 

phosphorite 28 98 100 35 14.23 

CD17 range 8- 41- 19- 0.43 

salt-free 22 31 35 3.21 

Table 7.5. Trace metal data from phosphorus containing sediments, 	from 

Price and Calvert (1978), 	compared with salt-free data from core 1704. 

7.9 Summary. 

Within the shelf sediments of CDI7 the influence of Mn and Fe oxyhydroxides 

are negligible due to the reducing conditions within the oxygen minimum zone 

and sediments. The distribution of the trace metals is influenced by the organic 

matter degradation and cornplexation behaviour as is summarised in Figure 7.12. 

The sources of trace metals to this area are mainly aeolian dusts, which will also 

include debris from the Masirah Melange serpentinite. This lithogenic source has 

anomalous Ni contents which may be reflected in the marine distributions. Within 

the euphotic zone aeolian inputs and plankton interact, there is some debate as to 

the extent of passive trace metal desorption -adsorption verses active biofiltration 

of aeolian dusts by the plankton. But it is generally agreed that trace metals can 

become concentrated within the particulate matter either as faecal pellets or 

organic-dust aggregates (Table 7.3.). 

As particulate material sinks through the water column, much of the organic 

matter is subject to bacterial decomposition. Not only does this regenerate 

nutrients as was discussed in chapter 5 but also trace metals have frequently been 

observed to be regenerated in a similar manner (Bruland, 1980; Danielsson, 1980; 

Bruland and Franks, 1983; Elderfield and Burton, 1988). Both nutrients and trace 

metals are returned to the surface waters via the upwelling system and the 

presence of dissolved metals such as Fe may stimulate plankton productivity 
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Figure 7.12. A schematic representation of trace metal transport, behaviour and 

incorporation into the reducing shelf sediments. Solid lines indicate solid phase 

material and dashed lines indicate dissolved phase. 
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(Martin and Fitzwater, 1988). Some organic-dust aggregates may scavenge 

regenerated trace metals within the water column and obviously a proportion of 

the marine snow will escape degradation and accumulate in the sediments. 

Active suboxic organic matter degradation does occur in these sediments and 

trace metals are released to the aqueous phase. The high interstitial water 

concentrations reported for 1721 and 1722, together with low solid phase contents 

indicate that the metals are maintained in the aqueous phase, although it is not 

clear whether humic or bi-/poly-sulphide complexing is more important. The 

sediments are thus a source of dissolved metals for the bottom waters as the high 

benthic fluxes calculated for 1721 indicate. Although Cu2qbenthic fluxes are 

considerably higher than other areas, Mnbenthic fluxes are comparable to the 

- Berring sea (Table 7.4.) and a dissolved Mn1q  maximum has been observed in the 

western Indian Ocean oxygen minimum zone (CDI5), corroborating the idea of 

lateral advection of dissolved metals from the shelf sediments. 

Unlike sediments of the east Pacific, where smectite clays are a particular metal 

host, the clay mineral3 	(dominantly chlorite and illite, see chapter 3) of the 

Oman Margin haveno significant role in the fixation of metals. Likewise authigenic 

clay formation and sulphide precipitation do not appear to have any major 

influence on trace metal distributions. The lithology of the shelf sediments does 

have an influence on the trace metal distributions in the lagged cores. This is 

mainly through the reworking of the sediment and concentration of detrital 

Melange minerals. Additionally the winnowing of fine sediment from 1704 has 

resulted in an exhumed sediment. This core has a more impoverished trace metal 

content than the other cores, despite the greatest SIC ratio which might be 

anticipated to indicate sulphide formation. Equally in 1704 the phosphorite 

(apatite) present in the surface layer does not appear to host any trace metals. 
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CHAPTER 8 
MANGANESE REDOX AND TRACE METAL BEHAVIOUR. 

8.1 Introduction. 

The mineralisation of organic matter, as discussed in chapter 5, not only 

influences the distribution of its chemical constituents but also the reactive metals 

such as manganese (Mn), iron (Fe), copper (Cu), nickel (Ni), zinc (Zn) and 

vanadium (V). The interactions between organic matter and metals are both 

direct, e.g. biological transport of metals associated with biogenic particulates and 

indirect, e.g. the influence of organic matter degradation on the redox state of the 

system. The distribution and diagenetic behaviour of Mn and Fe compounds 

(oxides and sulphides) have a controlling influence on reactive trace metals. Mn 

and Fe oxyhydroxides are thought to scavenge trace metals from seawater during 

settling and continue to adsorb metals whilst at the sediment-water interface. 

Organic material can also transport metals to the sediment, either through 

incorporation into living biological material, or adsorption and complexation by 

organic debris aggregates. As sedimentary material is buried and the organic 

matter subjected to microbial degradation trace metals can be released. The 

reductive dissolution of Mn and Fe oxyhyroxides during the suboxic diagenesis of 

organic matter and the associated behaviour of trace metals has been investigated 

in many areas using sediment and interstitial water geochemistry (Froelich etal., 

1979; Klinkhammer, 1980; Klinkhammer et al, 1982; Sawlan and Murray, 1983; 

Graybeal and Heath, 1984; Shimmield, 1984; Balistrieri and Murray, 1984, 1986; 

Pedersen etal., 1986 b). Although this literature has been reviewed by Shimmield 

and Pedersen (1989) a summary of reactive metal diagenesis is useful to set the 

data from CDI7 in context. 

The general model of metal diagenesis presented in the literature is one 

controlled by the redox behaviour of Mn. During burial and diagenesis Mn 

oxyhydroxide undergoes reductive dissolution, due to both its involvement in the 

oxidation of organic matter and the changes in the redox system through suboxic 

diagenesis (see Figure 5.9.) (Froelich etal., 1979; Bender and Heggie, 1984). The 
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depth at which aqueous rvtn2+  ions rapidly increase in concentration is known as 

the Mn redoxcline and at steady state this corresponds to the depth of rapid 

decrease in solid phase Mn content. At the redoxcline Mn2+  ions may diffuse up 

the concentration gradient towards the younger surficial sediment, becoming 

reoxidised and entrapped in the enriched Mn oxyhydroxide layer. Studies of east 

Pacific sediments have illustrated the role of organic carbon degradation 

(Balistrieri and Murray, 1984, 1986; Graybeal and Heath, 1984; Shimmield and 

Price, 1986); increasing organic carbon levels, frequently found closer to the 

continental margin, promotes active diagenesis and a shallowing of the redoxcline. 

There is also evidence from valence studies (Kalhorn and Emerson, 1984; 

Shimmield and Price, 1986) to suggest that, in addition to precipitation of Mn 

oxyhyrdoxide, this phase has a strong affinity for Mn2  ions and will adsorp 

aqueous Mn 	to balance its negative surface charge, displacing other cations e.g. 

Ni2 . This readsorption of Mn2  and inhibition of trace metal cation absorption 

has been cited as an explanation of the relative trace metal enrichments of several 

Pacific sites where there is a shallow Mn redoxcline (upper few decimetres) and a 

relative abundance of Mn (Shimmield and Pedersen, 1989 b). 

Below the redoxcline Mn2  concentrations have been observed to increase and 

ultimately reach constant values, between 0.05 - 400 pmol/kg (Froelich et at., 

1979; Klinkhammer, 1980; Emerson etal., 1980; Pedersen and Price, 1982; Sawlan 

and Murray, 1983; Thomson et al., 1986; Pedersen et at., 1986). The amount of 

surficial oxyhyrdoxide supplying Mn 	to this deeper zone is obviously important, 

as is pressure, carbonate ion activity, grain size and redox state (Pedersen and 

Price, 1982). The variation between Mn2  concentrations at different sites has 

been suggested to be dependant upon the reduced Mn-bearing phase in 

equilibrium e.g. rhodocrosite (MnCO3) or Mn-Ca-carbonate or calcite (CaCO3). 

Removal to specific layers within cores recovered from the Panama Basin has 

been attributed to the formation of MnCO3- MnCaCO3  (Pedersen, 1979). 

The behaviour of trace metals relates not only to the Mn redox cycling but also to 

organic matter degradation and to adsorption by, and coprecipitation of, 

authigenic mineral phases. The relative importance of each of these inputs/sinks 

obviously will be controlled by the hydrographic and sedimentary conditions, as 

well as the characteristics of the metal itself. 
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Copper is known to be essential for many organisms but is also toxic in higher 

concentrations. Within the water column Cu shows nutrient-like behaviour, being 

regenerated from sinking biological detritus. This is modified by deep water and 

interfacial sediment in-situ scavenging (Bruland and Franks, 1983). Ni and Zn 

also illustrate nutrient-like behaviour; Ni is well correlated with P043  and 

Si044  and Zn with S'04 4-. These relationships have been observed in the 

Atlantic (Bruland and Franks, 1983) and the Indian Ocean (Danielsson, 1980; 

Elderfield and Burton 1988). 

Studies on Cu (Callender and Bowser, 1980; Klinkhammer et 31., 1982; Sawlan 

and Murray, 1983; Pedersen et al., 1986) have clearly shown how involved the 

interactions between Cu, organic matter, Mn oxyhydroxides, authigenic sulphide 

formation and organic complexing are. Several of these studies have shown high 

interfacial Cuconcentrations in the interstitial water relative to overlying seawater 

concentrations in both pelagic (Klinkhammer et a]., 1982) and hemipelagic 

sediments (Klinkhammer, 1980; Pedersen eta/., 1986). This is suggested to be due 

to very rapid regenerative recycling of Cu within the organic floc at the 

sediment-water interface. Aqueous Cu released at the interface will diffuse both 

into the bottom water and into the surficial oxic sediment. Within the sediment it 

can be readsorped or diffuse downwards to precipitate with sulphides or be 

adsorped by clays such as nontronitic Fe-rich smectites, as was observed by 

Pedersen etal. (1986) in HLJD22 sediments (East Pacific Rise). 

Nickel has been observed to be much more closely linked to Mn behaviour. The 

aqueous Ni profiles observed in Pacific abyssal (Klinkhammer et 31., 1982) and 

hemipelagic (Sawlan and Murray, 1983) sediments closely follow Mn"
.  profiles. 

The solid phase Ni and Zn distributions over the Mn oxyhydroxide layer observed 

from several sites in the east Pacific (MANOP, Baja California and Panama 

Basin) have been compared using enrichment factors (Balistrieri and Murray, 

1986) 
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(Me/Al)deepsea clay 

Rw 

These authors observed that the trace element enrichment varies systematically; 

Panama Basin < MANOP site M < MANOP site H. Other studies have also 

indicated that the relationship between trace metals and Mn changes with 

diagenesis (Klinkhammer, 1980; Sawlan and Murray, 1983; Graybeal and Heath, 

1984). The Mn oxyhydroxide appears to become more refined as diagenesis 

becomes more intense. Consideration of a transect off the Baja Peninsula by 

Shimmield (1984) showed that trace element enrichment decreases relative to the 

Mn content as the organic carbon content increases. This may be due to 

competition and sorptive inhibition by Mn+  ions or due to lower trace metal 

affinity of the recycled Mn oxyhydroxide. 

Several of the more recent studies have placed more emphasis on non-steady state 

systems, which are becoming recognised as increasingly important and prevalent 

in the marine environment. The distributions of aqueous and solid phase 

components is controlled both by their kinetics and equilibrium state. Chemical 

species which only occur in the interstitial water, such as nitrate, do not indicate 

disequilibrium. Whereas those elements which are partitioned between aqueous 

and solid phases, such as Mn, Fe and U do, i.e. when the observed solid phase 

profiles do not agree with the profiles modelled from the aqueous data (Froelich 

et al., 1979; Burdige and Gieskes, 1983; Pedersen etal., 1986). Non-steady state 

conditions can arise through rapid changes in accumulation rate e.g. the 

deposition of turbidites. North east and equatorial Atlantic turbidites have been 

extensively studied in this context by Colley et al., 1984; Wilson et al., 1985; 

Colley and Thomson, 1985; Wallace et al., 1988. Equally, abrupt and significant 

changes in oceanic fertility and productivity, such as has been observed at the 

glacial 	interglacial boundary (Berger et al., 1983; Thomson et a]., 1984) can 

produce disequilibrium, through rapid changes in the organic carbon inputs. For 

instance the HUD22 core (East Pacific Rise) studied by Pedersen et al. (1986) 

showed lower surface organic carbon contents attributed to lower productivity. As 

a result of this lower oxidant demand, the interstitial Mn2  profile is deeper than 
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is indicated by the solid phase Mn spike, which is left 'perched' within the 

oxidised layer, until it will be buried to the depth of the current redoxcline. 

Deposition of organic depleted slump sediments has not been noted as important, 

whereas organic-rich turbidites deposited in the equatorial and north eastern 

Atlantic show 'burn-down fronts' of oxidised sediment. Oxidants diffusing from 

the bottom waters penetrate the organic-rich turbiclite producing distinct colour 

changes and layers rich in remobilised Mn-hosted metals. 

Data concerning oxic and suboxic metal diagenesis from the North West Indian 

Ocean are not abundant. Shankar et al. (1987) examined the regional surface 

geochemical trends for the northern Indian Ocean sediments, but detailed depth 

data of both solid and aqueous phases for early diagenetic studies is lacking. One 

of the aims of the RIV Char/es Darwin cruise was to investigate the diagenetic 

processes operating in the sediments, and in particular to examine the influence of 

the upwelling system with its high productivity and associated oxygen minimum 

zone on sediment composition. To this end the cores collected covered a range of 

environments, at depths within and below the oxygen minimum zone (chapter 2). 

The detailed solid phase and interstitial water profiles, particularly the 

hemipelagic cores, are examined in this chapter to corroborate the uniformity of 

general diagenetic models and to further expand the data available to appraise 

other problems. Non-steady state diagenesis is seemingly more prevalent than 

previously realised and the hemipelagic cores of CD17 illustrate several of the 

main causes; 

lower surficial organic carbon contents (see chapter 5), 
bioturbation (see chapter 5), 
interrupted sedimentation (see chapter 4). 

Additionally the combination of detailed solid and aqueous phase profiles permits 

examination of release and uptake of trace metals by their various host phases. 
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8.2 Metal distributions. 

The analyses of solid phase Mn, Fe, Cu, Ni, Zn and V were obtained by X-ray 

fluorescence spectrometry as described in Appendix B.3 The data are presented as 

salt-corrected and carbonate-free (subscript cfb ), in tabulations in Appendix C.2. 

Mn and Fe are as weight % and Cu, Ni, Zn and V as ppm. The interstitial water 

data (subscript aq ) were obtained by direct injection Graphite Furnace Atomic 

Absorption Spectrometry (GFAAS), using methods and instrument settings 

detailed in Appendices B.9 and B.10. The data are tabulated in Appendix C.4 as 

Ilg/l and in the text are recalculated to jimol/l and nmol/l. Any ratios presented 

are on a weight or concentration basis rather than molar basis. 

8.2.1 Manganese distributions. 

The Mncfb  profiles of the hemipelagic cores are illustrated in Figure 8.1. All these 

cores show maxima in the oxidised zone of between 1.02 and 2.82%, with 

concentrations in the reduced zone generally below 0.2%. The surface and 

maximum Mncfb  contents of the CD17 hernipelagic cores are compared with 

other ocean areas in Table 8.1. The Mn enrichments observed in these cores are 

not as high as those reported from MANOP site I-I, Panama Basin or Baja 

borderland sediments but are comparable or greater than Mn contents reported at 

several Atlantic sites, East Pacific Rise (HUD22) and previous work on the Indian 

Ocean. 

The Mncfb  spikes do vary between cores. Core 1712 shows the greatest Mncfb 

content, as an interfacial spike of 2.82%. The Mncfb  content rapidly decreases 

exponentially, reaching background levels at 4-5 cm. Both 1713 and 1715 show 

subsurface Mncfb  spikes at 3-4 and 2-3 cm respectively, however, there are 

differences in the peak profiles. The top 3 cm of 1713 are constant (1.44%) 

below which there is a sharp peak of 1.96%. Whereas the Mncfb  profile of 1715 

increases smoothly from the surface to 1.45% at 2-3 cm. Both decrease rapidly to 

background levels at 10-12 and 6-7 cm respectively. Within 1715 there are 
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Mn wt % Fe wt % Cu ppm Ni ppm Zn ppm Ref. 

S 0.01- 1 

0.6 
m 1.2 1 

s 0.12 2 

m 0.15 

S 0.04 1.13 37 21 34 3 

m 0.55 5.70 71 53 90 

s cfb 	(1.3) (6.09) (133) 4 

m cfb 	(1.3) (7.05) (158) 

s 1.43- 287- 238- 208- 5 

3.58 357 341 333 

m 2.8- 305- 504- 308- 5 

6.49 328 514 399 

s 0.09- 0.63- 96- 201- 120- 6 

3.91 7.41 158 318 378 

s 4.49 4.90 3017 822 699 7 

0.9 0.4 39 67 32 

s 5.4 5 600 800 620 8 

m 6.1 5.2 630 1300 620 

S 1.9 7.8 250 400 420 8a 

m 1.9 7.8 250 850 460 

cfb 	(0.03- (5.19- (38- (76- (87- 9 

0.29) 7.33 423) 420) 329) 

s cfb 	(0.03- (4- (50- (<300) (>280) 10 

>0.9) 6) 100) 

s 0.60- 1.81- 53- 156- 91- 11 

2.29 2.54 72 210 181 

m 0.83- 1.90- 64- 161- 100- 11 

2.29 2.71 83 210 181 

s cfb 	(1.02- (3.14- (89- (259- (155- 11 

2.82) 3.63) 107) 309) 274) 

m cfb 	(1.45- (3.54- (145- (275- (215- 11 

2.82 4.58) 212) 391) 385) 

0.085 4.7 45 68 95 12a 

0.67 6.5 250 225 165 12b 

s - surface, m - maximum. 	cfb - carbonate free basis 	( 	). 
1). East Equatorial Atlantic, Froelich eta]., 	1979. 

Table 8.1 	continued.... 
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" 	" 	 ", abyssal sediments, Wilson etal. 1985. 
North East Atlantic, Wallace etal., 1988. 
East Pacific Rise, HUD22, Pedersen etal., 1986. 
East Pacific, Baja California, Shimmield, 1984. 
East Pacific, Panama Basin, Pedersen, 1979. 
Pacific, MANOP H, Balistrieri and Murray, 1984. 

" 	" 	Graybeal and Heath, 1984. (data interpolated from plots) 
8a). 	MANOP M , 	of 	 II 	 U 	 II 	 U 	 U of 

Indian Ocean, DSDP 223, Papavassiliou and Cosgrove, 1982. 
Northern Indian Ocean, Shankar etal., 1987. 
North West Indian Ocean, CD17-1986, This study. 
Average Shale, Turekian and Wedepohi, 1961. 
Average Deep Sea Clay, Turekian and Wedepohi, 1961. 

Table 8.1. Comparison of solid phase data for Mn, Fe, Cu, Ni and Zn for 
different areas if the worlds' oceans, surface and maximum contents are 
presented. Bracketed data are salt and carbonate free, the rest are salt free. 
(Carbonate free ranges for CD17 are independent of salt free ranges). 

indications of a slight increase in MnCfb  at depth. Below the slump and coarse 

units the Mncft  content reaches 0.49% at the top of the grey clay (chapter.  4). 

The interstitial water Mnaq  profiles of the hemipelagic cores (Figure 8.1.) show 

very definite trends. In all these cores the surficial layer Mnaq  concentrations are 

less than 4 - 6 mol/1. The depth of this surficial layer to the recloxcline varies 

from core to core; 3 cm in 1712, 12 cm in 1713 and 8 cm in 1715. Interstitial 

Mnaq concentrations increase rapidly below these depths. In 1712 concentrations 

reach 145 mol/l at 8-14 cm and then gradually decline to —73 mol/1 at 36-38 

cm. Core 1712 is the only core to show this decrease in Mnaq  concentration with 

depth, suggesting the removal of Mnaq  to the solid phase, probably associated 

with carbonate (Thomson et al., 1986). Cores 1713 and 1715 both show continual 

increases in Mnaq  with depth, core 1713 reaches —37 mol/1 and 1715 reaches 

—89 pmol/l. In both cases the profiles suggest a source of Mnaq  below the depth 

of sampling, which is supplying Mnaq  to the oxidising zone. The maximum 

concentrations observed in these cores tend to be comparable to those observed 

in sediments from Guatemala Basin, Baja borderland, and MANOP site M (see 

Table 8.2.) but greater than many of the other MANOP sites and Atlantic cores 

studied. This suggests that Mn recycling is more intense in the Arabian Sea 

sediments. 
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8.2.2 Iron distributions. 

The levels of iron (Fe) found in this suite of cores are generally much lower than 

has been observed in many other areas and lower than average shale (see Table 

8.1.). This reflects the aeolian input of non-ferromagnesian minerais and high 

biogenic contribution of carbonate to these sediments. The depth profiles 

illustrated in Figure 8.2 show quite clearly the FeCfb  content of the hemipelagic 

cores. Generally they show a surface minimum to a greater or lesser degree. 

Examination of the FeCf.b  profiles of the hemipelagic cores does give some 

evidence of Fe remobilisation, with some enrichment of Fe below the depth of 

Mn enrichment. Certainly in cores 1712 and 1713 the FeCfb  profiles show a broad 

maximum over 3-10 and 4-12 cm respectively. Below 10 cm, the FeCfb content of 

1712 is essentially uniform, whereas in core 1713 the influence of bioturbation can 

be seen. Within the interval 12-16 cm in the latter core there is a decrease of 0.3 

wt % in FeCf.b  content, but a secondary maximum occurs at 21-25 cm. In core 

1715, unlike 1712 and 1713 there is little separation of the Fe and Mn 

enrichments. Below the surficial minima, FeCI.b  contents decrease linearly over 

2-7 cm and are uniform throughout the slump unit. This suggests that since the 

emplacement of the slump there has been insufficient time for a significant Fe 

enrichment to have developed at the top of the slump unit. Within the coarse 

band of 1715 at 40-42 cm the FeCfb  content is low and below that, in the 

underlying clay unit the FeCfb  contents are much higher. This may be, in part, 

due to mineralogical differences but as it corresponds with the deep Mn maxima 

it implies that this clay unit is a relict surficial sediment. 

Comparison of the North West Indian Ocean Feaq  data with that from other areas 

of the world is shown in Table 8.2. Generally those areas where Feaq data have 

been recovered and are above detection limits are all higher than the CD17 data. 

This may be due to the lower Fe content of the sediment overall or due to an 

artifact involving sample oxidation prior to analysis. Although the data shows 

scatter, suggesting some interfering process (scavenging or oxidation), some 

general trends can be observed in the hemipelagic profiles. 
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Mn 	Fe 	Cu 	Ni 	Zn 	Ref. 

llmol/1 	- 	 nmol/l 

E Eq Atlantic r 	1-80 	1-20 	 Froelich 

s 	<0.02 	<0.2 	 etal. 1979 

NE Atlantic 	s 	<0.02 	 Wilson eta! 

m 	10-15 	 1985 

E Pacific Rise s 	nd 	0.02 	167 	 Pedersen et 
HtJD22 	 ra 	32 	13-16 	 al. 1986 

E Pacific TGT- s 	<0.2 	 45-100 	<10-100 	Sawlan & 

127 &145 hemip m 	40-170 	10 	80>200 200-400 	Murray 1983 

MANOP H 	s 	<0.02 	<0.06 	19-47 	<10 	 Klinkhammer 

maximum ranges 	27-30 	<0.06 	 230-240 	1980 

30-45 	 Emerson eta] 1980 

25-45 	 Bender & Heggietllk  

32 	<0.06 	20-45 	230 	100 Graybeal & Heath 

MANOP M m 	 58-62 	16-20 	50-77 	380 	 Klinkhammer 1980 

20-80 	4-8 	 Emerson eta] 1980 

60 	18-20 	30 	300 	300 Graybeal & Heath 

MANOP B m 	 13 	 Klinkhammer 1980 

-10 	 Emerson eta! 1980 

MANOP S b.w. 	 0.0004 	 5.4 	7.7 	 Klinkhammer eta! 

5 	 47 	10 	 1911 

MANOP C b.c. 	 0.0005 	 6.0 	6.5 	 Klinkhammer eta! 

m 	 3.8 	 237 	90 	 It 	 17%L 

4-6 	 Jahnke eta! 1982 a 

CD17 	s 	 4-6 	0.6-1.8 228-960 50-235 170-1494 This study 

in 	 37-145 0.8-1.1 356-960 345-467 918-1494 

Table 8.2. Comparison of interstitial water concentrations of Mn, Fe, Ni, Cu 
and Zn from several areas of the Pacific and Atlantic Oceans. Mn and Fe are 

in ji.mol/l and Ni, Cu and Zn are in nmol/l. 

The Feaq  profile of 1712 shows a steady increase from near zero values at the 

surface to 400 nmol/1 at 10-14 cm. Below, the data are more scattered, and range 

between 180-900 nmol/l. The surface oxidised layer (-8-9 cm) of 1713 shows 

scattered Feaq  data of <360 nmol/l, while between 10-16 cm concentrations are 

essentially constant (- 180 nmoIII) and below increase with depth to reach 

400-1100 nmol/l. In core 1715 Feaq  concentrations between the surface and 10 cm 

depth range between 400-1000 nmo/l but below this depth the concentrations drop 

to <360 ninot/l. The high Feaq  concentration at 36-38 cm (1200 nmol/l) could be 
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contamination or could be associated with the Fe content of the underlying grey 

clay. 

8.2.3 Redox boundaries and colour changes. 

Many studies of hernipelagic sediments have related the colour change observed 

to the redox conditions of the core i.e. 'brown oxidised' sediment overlying 'green 

reduced' sediment. In many cases the field evidence of the colour transition has 

been found to relate to the oxidation state of Fe rather than Mn (summarised by 

Lyle, 1983). In more specific studies (Russell et al., 1979), the colour transition 

has been uniquely associated with reversible changes in the Fe of Fe-rich 

smectites; this is particularly the case for the eastern Pacific sediments which 

contain Fe-smectites. Lyle (1983) reported that Fe oxyhydroxides do not show this 

reversible colour change. 

The X-ray diffraction studies of the CDI7 cores show only minor montmorillonite 

contents and hence this colour transition is unlikely to have been caused by 

smectites. Examination of the core descriptions (chapter 3) and the profiles of 

Mncfb, Fe /Al, 1aq  and NO3- (Figures 8.1., 8.2. and 8.3.) highlights some points 

in relation to Lyles' tenents; 

nitrates within these cores and those of the eastern Pacific are consumed 
within the depth of the brown layer, 
the solid phase MnCfb profile of the north Arabian Sea sediments provides 
evidence of Mn reduction within the brown layer, whereas the interstitial 
water Mflaq  profiles indicate that the observed colour change occurs at the 
base of the Mn oxidising zone 
Figure 8.3. shows that the enriched zone of Fe depicted as Fe/Al ratios, and 
attributable to Fe oxyhydroxides, extends deeper (by between 4 to 6 cm). 
than the colour transition. 

Furthermore, Lyle (1983) argues that the brown-green transition occurs at Eh 

values of <200 mV, whereas the Eh for the Mn(IV) - Mn(II) redox couple is 

—P300-350 mV (pH 7.5-7.7). It would appear from these observations that the 

brown-green colour transition in the CD17 cores correlates more closely to the 

present boundary of Mn(IV) - Mn(ll), than that of Fe (III) - Fe(II) and the 
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1712 1713 1715 

depth of colour change (cm) 5 12 6 

depth to Mn spike (cm) 0-1 3-4 3-4 

depth to dMn/dz = max 2-3 4-7 4-5 

depth to Mn redoxcline 4-5 12-14 7-8 

depth to NO3 = 0 	 6-7 	9-10 	6-7 

Table 8.3. Benchmark inflections in profiles of the hemipelagic cores. 

Mn redox change rather than the Fe/Fe-smectite redox change appears to be 

responsible for the colour transition. 

8.2.4 Nickel distributions. 

The ranges of solid phase nickel contents in the CDI7 cores are shown in Table 

8.1. The ranges of Nicfb  content in the hemipelagic cores tend to be greater than 

average shale (Turekian and Wedepohl, 1961) but lower than deep sea clay and 

lower than the MANOP and Baja California sites. Only sediments from the north 

east Atlantic (Wallace et at., 1988) have lower Nicfb  contents. 

Depth profiles of the hemipelagic cores are illustrated in Figure 8.4. All three 

cores show surface layer maxima which relate closely to the Mn spike. 

Immediately below, but in each case, above the position where Mncfb  reaches 

background levels, the Nicfb  contents display clear minima and then increase 

below. Cores 1712 and 1713 show continuing increases with depth, particularly the 

latter core, where the contents are greater than those associated with the Mn 

spike. It is interesting to note that the base of the bioturbated layer (see chapter 5) 

corresponds to the increase in Nicfb  content. Core 1712 shows a more gradual 

Nicfb increase but there is a secondary peak at 27 cm, the data being more 

scattered below this depth. As might be expected from the lithology of core 1715, 

Nicfb contents below the subsurface minima are constant within the slump unit. 

The coarse band is low in Nicfb  and the clay unit slightly higher. 

Interstitial water data for Ni are available for cores 1712, 1713, and 1715. From 
aq' 

the data shown in Table 8.2. (calculated in nmol/l) it can be seen that generally 
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the maximum Niaq  concentrations observed in the CDI7 hemipelagic cores are 

comparable or greater than those reported from sediments of similar 

environments in other areas. 

The depth profiles of Niaq  in the hemipelagic cores (Figure 8.4.) show minimum 

Niaq  concentrations at the depths of the respective Mn solid phase spikes, i.e. 

surface in 1712, 3-4 cm in 1713 and 1715. This indicates that the Mn spike is a 

locus of Niaq  removal. Below these minima NIaq  concentrations generally 

increase, reaching in 1712 a maximum at -'-6-8 cm and then declining below this 

horizon. The concentrations in 1713 tend to increase with depth reflecting the 

solid phase profile. In core 1715, below the secondary maxima (4-5 cm) Niaq  

concentrations decrease rapidly and between 10 and 28 cm are uniform. Below 

there is more scatter and some indication of increasing Ni aq  concentrations as the 

base of the slump is approached. 

8.2.5 Copper distributions. 

Like Ni, the ranges of copper observed in the hemipelagic cores (Table 8.1.) are 

slightly greater than those reported for the Atlantic sediments but generally lower 

than the Pacific sediments except for East Pacific Rise (HUD22) (Pedersen etal., 

1986) and lower than average deep sea clays (Turekian and Wedepohl, 1961). 

The Cucfb  profiles (Figure 8.5.) observed in the hemipelagic cores show trends 

which show little agreement with the Nicfb  profiles. In cores 1712 and 1713 Cucfb 

contents increase with depth, core 1713 showing higher Cucfb  contents than 1712 

or 1715. In 1712, is a small spike (27 cm), occurs below the disturbance at 20-24 

cm noted by anomalies in many elemental profiles (chapter 4). The Cucfb  profile 

of 1713 shows a distinct increase at 12-14 cm, corresponding to the base of the 

bioturbated layer and indicated by a ON change (chapter 5). At the base of this 

core Cucfb  contents are —'200 ppm. The basal clay of 1715 also reaches Cucfb 

contents >200 ppm, levels much higher than the slump unit of this core. Core 

1715 shows a slight surficial minima, and a layer 4 cm thick of uniform Cucfb 

content, corresponding to the horizon of high Mn. Cucfb  contents then decreases 
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slightly and are fairly uniform throughout the slump unit, with the lowest CUcfb 

content in the coarse band at 40-42 cm. 

Interstitial water data for Cuaq  is available for cores 1712, 1713 and 1715. Table 

8.2. compares data (calculated in nmol/l) from the North West Indian Ocean with 

data reported from other studies. Generally, the concentrations of Cuaq  found in 

CDI7 hemipelagic sediments are greater than those observed in other comparable 

sediments. Only the highest Cuaq  concentrations observed in Baja California, 

HUD22 and MANOP C sites approach those of CD 17. The trend of high surficial 

Cuaq concentrations concurs with depth profiles from HUD22 (Pedersen et 3/., 

1986) and east Pacific (Klinkhammer, 1980: Klinkhammer et al., 1982). This is 

also seen in the profiles of cores 1713 and 1715 (Figure 8.5.). Both show very 

strong interfacial Cuaq  enrichments (960 and 650 nmol/l respectively) which can 

be attributed to the rapid regeneration of Cu from an organic host at the 

sediment-water interface. Cuaq  concentrations decline rapidly at depths within the 

oxidised layer before becoming more uniform. Core 1713 shows the highest 

subsurface Cuaq  concentrations, —290 nmol/l whereas 1715 reaches a uniform 

level of only - 100 nmol/l with minima at 15 and 29 cm. Core 1712 does not show 

the interfacial Cuaq  maxima so clearly and the data are more scattered. However 

it does, like 1713 and 1715, show indications of a secondary Cuaq maximum just 

below the surficial Mn peak, indicating that the Mn oxyhydroxide can remove 

some Cuaq  by sorption but that this is rapidly released upon burial. 

8.2.6 Zinc distributions. 

The ranges of zinc data for the CD17 cores are shown in Table 8.1, and show 
01-he r 

lower contents than alli(areas quoted, except the north east Atlantic. The 

hemipelagic cores of this suite straddle the average deep sea clay value, of 

Turekian and Wedepohl (1961). 

In some aspects the Zncib  depth profiles (Figure 8.6.) of the hemipelagic cores 

are similar to both the Nicf.b  and  CuCf.b.  In core 1712 interfacial contents are high 

with secondary maxima at 6, 13, 27 and 35 cm, superimposed on an otherwise 

uniform profile. The ZnCfb  contents of 1713 generally increase with depth, 
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showing a subsurface maxima at 4 cm corresponding to the Mn peak and a low 

concentration at 21 cm, which is also seen in the Nicfb  and CuCt.b profiles. The 

ZnCIb profile of 1715 shows a small subsurface maxima, within the depth of the 

Mn peak and then is very uniform throughout the slump unit. Like the Ti, Zr, Cr 

profiles, the Zflcfb  contents decrease over the lowest 6 cm to the coarse grained 

band, indicating a mineralogical control of Zn at this depth. The Zn contents of 

the clay unit show the highest contents of the core. 

There are fewer reported Znaq data to compare with the CDI7 data, but as Table 

8.2. shows Znaq  concentrations observed from these sediments are much higher 

(3-10 x higher) than those quoted. The problem of contamination can not be 

ruled out, particularly as the neoprene plungers of the sampling syringes may be a 

source of contamination (Price pers. comm.). However, the data from the 

hemipelagic cores show defined trends. For instance, the Zflaq profile of 1712 

shows fairly constant concentrations to —'25 cm depth and increases significantly 

with depth. Both cores 1713 and 1715 have high very interfacial Znaq  

concentrations possibly reflecting release from their organic hosts but immediately 

below show decreased concentrations possibly indicating Znaq removal within the 

Mn spike. The Znaq concentrations of 1713 increase quite linearly to a maximum 

(-1000 nmol/l) at 9-10 cm but then fall to —'170 nmol/l just below the limit of 

bioturbation between 10-16 cm, to then gradually increase to the bottom of the 

core. A similar trend can be seen in 1715; below the horizon of low Znaq  

concentrations, corresponding to the Mn peak there is a secondary high (-690 

nmol/l) at 4-5 cm, and below concentrations decline exponentially, to <170 

nmol/l between 18-24 cm, below this depth Znaq concentrations increase again. 

8.2.7 Vanadium distributions. 

Only solid phase data are available for vanadium, the profiles of which are shown 

in Figure 8.7. Turekian and Wedepohl (1961) and Landergren (1978) report an 

average V content of deep sea clay of 120 ppm, Landergren suggests that average 

V contents of Indian Ocean sediments is 80 ppm (range of 40-120 ppm). The 

hemipelagic cores generally have comparable V contents, ranging from 57-133 

ppm (salt-corrected data). 
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The salt-corrected and carbonate-free V profiles are illustrated in Figure 8.7. At 

the depths where Mn enrichment occurs in the cores, Vcf.b shows minor increases 

Core 1712 shows a gradual increase in Vcf.b  below this depth, with a 

superimposed spike at 27 cm. In core 1713 there is a slight increase in Vcfb 

between 7 and 12 cm, and then a rapid increase over 12-14 cm, (at the depth 

corresponding to the limit of bioturbation). Below, the data are more scattered 

and show some indication of a decrease with depth. In 1715 the mixed unit layer 

(upper 7 cm) shows the same pattern observed in the other hemipelagic cores. 

Below, there is an enrichment of Vcfb  content at the top of the slump unit. Within 

the slump unit the Vcfb content shows a very gradual decline and the trend 

observed in the Ti, Zr and Cr profiles towards the coarse grained band (chapter 

4) is also seen in the decline in V contents, which is low (57 ppm salt-corrected! 

102 ppm cfb) in the coarse band. Vct.b  contents in the clay are comparable to 

those in the slump unit, there are no indications of any enrichment of V within 

the relict Mn spike. V distributions are mainly controlled by its redox chemistry, 

as (VO4 )3  is fairly soluble in oxidised sediment (Bonatti et at., 1971) whereas in 

reducing sediment V is fixed as V5+  as hydroxides and sulphides. The distinct V 

enrichments observed in cores 1713 and 1715 in the reduced sediment below the 

redoxcline concur with profiles from Maclena Abyssal Plain turbidite sequences. 

Where V, like U, is typically enriched in suboxic sediment below the redox front 

(Jarvis and Riggs, 1987). 

8.3 Manganese redox behaviour. 

There have been many recent studies concerned with the sequence of organic 

oxidants and the role of redox sensitive metals in diagenetic reactions of suboxic 

systems (Froelich et at., 1979; Klinkhammer, 1980; Emerson etal. , 1980; 

Klinkhammer et al., 1982; Jahnke et at., 1982 a; Sawlan and Murray, 1983; 

Bender and Heggie, 1984; Graybeal and Heath, 1984; Balistrieri and Murray, 1984; 

Pedersen et at., 1986). Manganese is particularly important in this context, as can 

be seen in Figure 5.9. The reduction of Mn oxyhydroxide occurs at a lower 

theoretical redox potential than that describing NO3  reduction, although Gibbs 

Free Energy yields of these reactions are such that Mn reduction may occur 
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before NO3  reduction is complete. The relationship between interstitial water 

NO3  and Mflaq  for the hemipelagic cores are shown in Figure 8.8. The situation 

displayed in cores 1712 and 1715 closely resemble the schematic profiles shown in 

Figure 5.9. However, this is not the case for core 1713. The rapid increase in 

Mn., in 1713 occurs around 6 cm below the depletion of NO3- (i.e. within this 

zone dissolved species are not in equilibrium with each other). This may be a 

result of the bioturbation of the upper sediment layer of this core, as alluded to in 

chapter 5. Such biomixing would enhance the degradation of organic matter, 

hence depleting NO3  rapidly, but at the same time the incorporation of oxidising 

bottom waters to below the depth of NO3  reduction. As a consequence Mn 

reduction occurs deeper in the sediment. 

Figure 8.8. shows how the CD17 hemipelagic cores relate to the diagenetic 

sequence of Froelich et al., 1979; Klinkhammer, 1980; Sawlan and Murray, 1983 

and Bender and Heggie, 1984. The assumption of steady state is frequently a 

condition of many diagenetic studies, (Berner, 1980; Jahnke et al., 1982 a), but 

there is growing evidence that in many sedimentary systems, non-steady state 

conditions exist, particularly for the elements partitioned between solid and 

aqueous phases, e.g. Mn, Fe, and U (Burdige and Gieskes, 1983; Pedersen et al., 

1986; Thomson etal. , 1984; Wilson et a/., 1985, 1986; Wallace et al., 1988 and 

Finney et al., 1988). 

Using the diagenetic model of Burdige and Gieskes, (1983), theoretical profiles of 

Mn aqueous and solid phase can be calculated for steady state conditions (Figure 

8.9.). Under such conditions Mn buried in the sediment to the depth of the 

redoxcline undergoes reductive dissolution and subsequently migrates (diffuses) 

along the concentration gradient to the oxidising zone where it is oxidised and 

trapped within the sediment. Continual burial, dissolution, migration, and 

reprecipitation in this way lead to a recycling and entrapment of Mn within a 

particular layer. With constant total sediment accumulation, organic carbon input, 

bottom water oxidant concentrations and no bioturbation (all discussed in more 

detail by Berner, 1980), the Mn enriched layer will stay at a constant depth below 

the sediment-water interface and will continue to increase in concentration as Mn 

is recycled. 
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Figure 8.9. Theoretical Mn solid (solid line) and aqueous phase (dashed line) 

profiles, in equilibrium, assuming steady state. Taken from Burdige and Gieskes 

(1983), calulated using the following parameters: Db = 71.6 cm/yr, w 	3 

cm/lyrs, e = 0.8, p = 2.6 gr/cm3/sed, Li = 20 cm, L2 = 30 cm, Co = 0.1 

wt%, k0 = 5 y( and kred = 1.50 x10 yr 
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Comparing the solid and aqueous Mn profiles for cores 1712, 1713 and 1715 

(Figure 8.10.) to the theoretical profile in Figure 8.9. indicates that to a greater or 

lesser degree all three hemipelagic cores are in non-steady state. In each case the 

onset of increasing Mflaq concentrations is below the decrease in the solid phase 

Mn spike. The depth of oxidant penetration into the sediment is deeper at present 

than during the period in which the current Mn enriched layers developed. 

Factors contributing to this deepening of the Mn oxidation zone are: 

Decrease in oxidant consumption due to lower organic carbon inputs and/or 
decreased lability of the organic matter input. 
Increased bioturbation, increasing the supply and depth of penetration of 
oxidising bottom waters into the sediments. 
Increased bottom water oxygen concentrations, increasing the oxygen 
available to the sediment. 
Decreased sedimentation rates. 

The organic carbon profiles (Figure 5.1.) clearly show surficial minima in cores 

1712 and 1715 and there are also indications of lower surficial organic carbon 

contents in 1713. The causes of these surficial minima are discussed in chapter 5. 

The effect of lower organic carbon is to reduce the demand for oxidants (02 and 

NO3 ), so allowing their deeper penetration into the sediment. Bioturbation may 

smear this lower organic carbon input, as profiles of 1713 indicate (Figures 5.1. 

and 5.5.). The combined effects of lower oxidant demand and enhanced oxidant 

supply increases the depth of the Mn oxidising zone. Against these influences 

variable bottom water oxygen contents are unlikely to have had a major effect and 

evidence from the 1/C profiles (chapter 6) suggests that throughout the sediment 

accumulation recorded in the hemipelagic cores the bottom water conditions have 

been oxidising (Pedersen etal., 1988). 

Sediment accumulation rates have been variable over the past 10-12,000 years (see 

chapter 4) and whilst accurate evidence of fine scale accumulation rate changes is 

not available, overall there is a suggestion of lower accumulation rates over the 

top 10-14 cm. This is particularly the case in 1712 and 1713 where the carbonate 

accumulation has decreased rapidly over the past 2,000 years (see Figure 4.8.). 

Mass accumulation rates during the last glacial (>12 kyr) were higher and have 

decreased towards the present (Shimmield and Mowbray, 1989). 
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Other effects of sediment accumulation on Mn profiles can be seen in 1715, where 

a slump of —4000 years has been emplaced over a clay sediment with a (possible) 

surface enrichment of Mn. The slump emplacement occurred very recently as 

indicated by the present young age of the grey clay sediment. There is evidence 

from U/Th isotope work (G. Shimmield, iiers.conim.) that the top of the clay unit 

was once a surficial sediment that has been recently catastrophically buried; this 

layer still preserves an excess 30Th signature. The Mn enriched layer was 

suddenly buried by organic carbon-rich, reducing sediment. Rather than having 

been gradually recycled during constant burial, this rapidly buried Mn spike has 

been left stranded, out of equilibrium with its redox environment. Subsequently, 

this relict Mn spike has been undergoing reductive dissolution and supplying 

Mnaq  to the present immediate subsurface Mn spike. Thomson et al. (1986) have 

discussed the release of Mnaq from turbidite buried sediments in the Atlantic. 

They looked at thicker turbidites (>1 m) and noted that relict Mn spikes are the 

source of Mnaq  for the younger Mn spikes forming at an active oxidation front 

within the new turbidite. Although the Mnaq  profile does not extend as deep as 

the grey clay unit, its trend indicates that there is clearly a source of Mnaq below 

the depths analysed, which is most probably the Mn spike at 42 cm. 

8.4 Surficial trace metal enrichments. 

The trace metal profiles illustrated (Figures 8.4. to 8.6.) show an enrichment, to a 

greater or lesser degree within the oxidised zone of the sediment associated with 

the Mn spike. This is due to scavenging and adsorption of trace metals by the Mn 

oxyhydroxide phase as has been previously discussed. From other studies in the 

east Pacific (Balistrieri and Murray, 1984; Klinkhammer, 1980; Sawlan and 

Murray, 1983; Graybeal and Heath, 1984) it is apparent that the relative 

enrichment of trace metals to Mn decreases as the diagenetic intensity increases. 

By using enrichment factors (Balistrieri and Murray, 1986) (equation 8.1.) the 

data from CDI7 can be compared to east Pacific data. 

Figure 8.11. illustrates CDI7 data together with data from Baja California, 

TGT145 (Shimmield, 1984) and Panama Basin (Pedersen, 1979). Nickel 

distributions in all these sediments are obviously closely coupled to the Mn 
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content of the sediment whereas Cu shows very little dependence on the Mn 

content. The only exception is Cu in P1 which may contain a metal signature from 

a hydrothermal source as well as a diagenetic signature. Similarly, Zn enrichment 

shows little dependence on the Mn content which suggests that both elements may 

be more closely coupled to organic matter degradation. For V, cores 1713 and 

1715 show more significant relationships between Mn and V than other cores. 

Quite clearly for each element, Panama Basin sediment is more trace metal 

enriched than CDI7, which is in turn more enriched than Baja California 

sediment. Within the CDI7 cores trace metal enrichment occurs in the sequence; 

1713>1715>1712. This is perhaps surprising, considering that 1712 appears to 

have the most intense Mn redox recycling. As in this core Mn recycling occurs at 

the interface there is little opportunity for trace metals to react and accumulate in 

the organic matter in the surficial floc layer. Scavenging by organic matter seems 

to be an important reservoir of trace metals in 1713 and 1715, prior to their 

uptake and accumulation in the Mn oxyhydroxide phase. 

8.5 Aqueous metals: release and uptake. 

The depth profiles of the dissolved trace metals presented in Figures 8.1., 8.4. to 

8.6. and 8.12. illustrate several processes which are common to Ni..'Cu., and 

Zflaq . In all three hemipelagic cores aqueous metal minimum concentrations can 

be observed at the depth of the solid phase Mn maximum, clearly indicating the 

removal of dissolved trace metals by the Mn oxyhydroxide phase as has been 

observed in other areas. 

From the profiles, particularly of 1712 and 1713 (Figure 8.12.) it can be seen that 

release of trace metals upon reductive dissolution of the Mn oxyhydroxide host 

does not occur simultaneously with the release of M1aq.  Core 1712 illustrates 

clearly for Ni 	and Cuaq.  In this core all three trace metals show the interfacial 

minima attributed to the Mn spike, below Niaq  concentrations increase at a 

shallower depth than Cuaq  which is only slightly above the Mnaq redoxcline. In 

core 1712 Zn.aq  does not appear to be as actively recycled by Mn oxyhydroxides. 

However in contrast, the Znaq profile of 1713 shows the release of Zflaq  

coincident with Niaq  and  Cuaq  several centimetres above the Mriaq  redoxcline. 
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Another important feature of the Zfl q  profile of core 1713 is the release of Zflaq  

between 6 and 10 cm, towards the base of the bioturbated zone. Below the limit 

of bioturbation Zflaq  is rapidly removed from the aqueous phase. Core 1715 also 

shows indications of release of Niaq  Zflaq and  CUaq immediately below the solid 

phase Mn spike but above the Mnaq  redoxcline. However, the influence of the 

lithogenic units affects the aqueous metal distributions differently with respect to 

cores 1712 and 1713, this will be discussed below. 

One important feature of the Mnaq  profiles is that in both 1712 and 1715 there 

are minor increases in the Mflaq  towards the sediment surface. Metastable 

aqueous Mn 	ions within an overall oxidised sediment may well result from 

degradation of organic-oxide coatings, creating 02  depleted microenvironmentS 

(Kalhorn and Emerson, 1984; Shimmield and Price, 1986). Valence studies of 

MnO, (Kaihorn and Emerson, 1984) from interfacial Pacific sediments have 

shown low 0/Mn ratios (e.g. MnO.,, x = 1.69-1.85) for interfacial sediment from the 

east Pacific . This could be attributed to a Mn3  or a mixed valence oxide e.g. 

hausrnannite, or the aqueous Mn+  observed in surficial sediment may be 

adsorbed by the negatively charged surface of the oxide phase (Shimmield and 

Pedersen, 1989 b). This would this contribute to lower 0/Mn ratios. Shimmield 

and Pedersen (1989 b) suggest that this Mnaq adsorption inhibits the adsorption of 

other charge balancing cations e.g. Ni" , Zn2t Cut In addition to inhibition 

effects, Figure 8.12. suggests that the metastable Mn 	may be able to displace 

these other cations from the oxyhydroxide surface. Apparently Ni is more easily 

displaced than Zn or Cu. 

The profiles of all three hemipelagic cores shown in Figures 8.5. and 8.12. show 

interfacial CUaq  maxima, concentrations being greater in 1713 than 1715 and 1712. 

Only CUaq  shows this interfacial maxima in 1712 whereas in 1713 and 1715 both 

Niaq  and  Zflaq  also obviously increase at the sediment-water interface. Interfacial 

CUaq  maxima have been observed in many studies in the Pacific (Klinkhammer, 

1980, 1983; Callender and Bowser, 1980; Sawlan and Murray, 1983; Graybeal and 

Heath, 1984; Pedersen et al., 1986). This is attributed to the rapid microbial 

degradation of Cu-carrying organic matter within the surface layer. Subsequent 

recycling of Cu between the dissolved phase and adsorbed/complexed on to labile 

organic matter within the surface floc layer, (Klinkhammer, 1983) in an analogous 
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fashion to the recycling of Mn will also contribute to the interfacial maxima. The 

enrichment of Cu in the interfacial floc layer is clearly seen in data from 

Balistrieri and Murray (1984) who found —P3000 ppm Cu in the interfacial floc of 

MANOP site H, sampled by submersible. Evidence for the association of Cu with 

organic phases within the sediment and the settling particulates has been 

presented by Chester et 3/. (1988) who conducted selective leach analyses on 

material from the Atlantic and Mediterranean. They concluded that around 50% 

of the total Cu in surface particulates is organically bound, and around 20% of 

the Cu in the Atlantic sediments is associated with organics. 

The interfacial maxima of NIaq  and  Zflaq  in cores 1713 and 1715 has not been 

reported from other areas. The Niaq  profiles from Pacific studies show low Niaq  

concentrations throughout the oxidising sediment indicative of removal by Mn 

oxyhydroxides (Klinkhammer et 31., 1982; Sawlan and Murray, 1983; Graybeal 

and Heath, 1984). Zflqq  data are more sparse but again profiles presented by 

Graybeal and Heath (1984) illustrate low surficial Zflaq  concentrations and a 

concomitant increase with Mflaq  and  Niaq  at the depth of the Mn redoxcline. 

Whilst the CDI7 hemipelagic profiles clearly illustrate the removal of aqueous 

trace metals by the Mn oxyhydroxide phase, the release of trace metals at the 

sediment-water interface in 1713 and 1715 is highly unlikely to be due to simple 

desorption from the oxyhydroxide carrier phases. However, within the relatively 

labile organic-rich environment of the interfacial slurry of these sediments, the 

rapid degradation of organic matter may be the cause of Ni and Zn release in a 

similar manner to Cu. 

The interfacial release of Cuaq , Niaq  and  Zflaq  will support fluxes both to the 

bottom waters and into the sediment to be consumed by the oxyhydroxide phase. 

These benthic fluxes are discussed in section 8.5.2. 

Release of trace metals by reductive dissolution of the Mn spike will also lead to 

fluxes both upwards, to be readsobed by Mn oxyhydroxides (known as the 

oxidising zone flux) and downwards to older sediment. For all three cores Cuaq 

concentrations within the suboxic zone are generally low and fairly uniform 

suggesting an equilibrium between Cuaq  and either clay, carbonate or sulphide 

phases. In core 1713 the Cuaq  concentrations are slightly higher than the other 
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two cores and also the Cu solid phase (cfb) profile increases with depth, 

suggesting Cu accumulation, most probably on the carbonate phase. Core 1712 

shows a smaller Cu increase in the solid phase with depth, but again suggests the 

influence of the carbonate phase. Similarly for Ni solid phase profiles of cores 

1712 and 1713 the downward increases could correspond to the carbonate 

increases with depth. For core 1713 the carbonate associated Ni appears to be a 

source of Niaq  as the Niaq  profile follows the solid phase quite closely. In core 

1712, the Niaq  concentrations decrease below the depth of release from Mn 

oxyhydroxides to around 20-22 cm. At this depth many element profiles show a 

disturbance, linked to the increasing carbonate contents, and also reflected in the 

Ni and Cu solid phase profiles. Below solid phase Ni starts to increase erratically 

while the aqueous profile is more constant indicating Niaq concentrations are 

approaching equilibrium. 

As indicated earlier, 	the oxidised mixed layer of 1715 (0-8 cm) shows 

aqueous metal profiles which concur with the processes operating in 1712 and 

1713. Below the top of the slump unit the uniform lithology appears to influence 

the solid phase Ni, Zn and Cu profiles. Only towards the base, where the Ti/Al, 

Zr/Al and Si/Al profiles (Figures 4.3., 4.18. and 4.20.) indicate mixing with the 

underlying layer, do the Cu and Zn profiles decrease. As would be expected, the 

aqueous metal profiles over this depth are also fairly uniform. Below the coarse 

band the relict Mn-rich surficial sediment is currently subject to reductive 

dissolution. This appears to be the deep source of Mnaq  observed in Figure 8.1. 

From the aqueous trace metal profiles, it would appear that only some Zflaq  is 

still being released from this relict sediment, whereas there is very little indication 

of release of Cuaq  from this zone and the Niaq  concentrations increase only 

slightly and are quite scattered. Overall this agrees with the model of metal 

release from the active surficial Mn oxyhydroxide layer i.e. once in a depth zone 

where Mn+  ions are present, other cations adsorbed on to the Mn oxyhydroxide 

surface become displaced, reducing the transition metal cation capacity of the Mn 

oxyhydroxide. Similarly it appears that Ni is more easily displaced than Cu which 

in turn is easily removed than Zn. 
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8.5.1 Dissolved metal bottom water concentrations. 

Water column data for dissolved metals in the northern Indian Ocean is 

somewhat limited. Danielsson (1980) presents data from several stations, the 

closest being at 19P 01'N, 67001'E, whereas the most northerly station of 

Elderfield and Burton (1988) is CDI5/86-7 at 069  09'S, 50F 54'E. Data from both 

these stations are compared with oceanic data from the Pacific and Atlantic 

Oceans in Table 8.4. The relationships between nutrient distributions and 

dissolved metals has been remarked upon previously. The data of Danielsson 

(1980) and Elderfield and Burton (1988) illustrate the strong correlation between 

particular metals and nutrients. Such correlations can be used to calculate bottom 

water concentrations from nutrient concentrations. Danielsson (1980) presents the 

following relationships for Cu and Ni; 

Cu(nmol/l) = 0.024 Si(i.imol/l) + 0.73 

IN 

Ni(nmol/l) = 0.048 Si(iimol/l) + 5.2 

Elderfield and Burton (1988), while noting that Ni can be correlated with Si and 

that Zn shows a significant correlation with Si, only present a regression 

relationship for Cu; 

Cu(nmol/l) = 0.017 Si(iimol/l) + 0.675 

These relationships have been used to calculate estimates of bottom water metals 

for the CDI7 hemipelagic cores using the nutrient data presented in Appendix 

C.4. These results are presented in Table 8.4., quite clearly the data from 

Danielsson (1980) (using the linear nutrient-metal relationships) are systematically 

higher than those from Elderfield and Burton (1988). This is probably due to the 

more recent oceanographic surveys (Elderfield and Burton, 1988) using much 
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Area. 	 Mn 	Fe 	Cu 	Ni 	Zn 	Pb 
nmol/1 

N. Atlantic 0.25 552 

N. Pacific -0.21  3.0 11.02 

CD15 Indian <0.2 dl 	3 6.5-8 

N. 	Indian 4.5 	4.4 11.1 

Calculated data 

1712 3.1 
1713 2.8 
1715 3.5 

1712 4.1 	11.9 
1713 3.7 	11.1 

1715 4.8 	13.3 

>6 	dl 	5. 

13.8 	0.13 	6. 

Sa 

6a 

Landing and Bruland, 1980. 
Bruland and Franks, 1983. 
Bruland, 1980. 
Statham and Burton, 1986. 
Elderfield and Burton, 1988. 	dl - detection limit. 

Sa). Data calculated using nutrient relationship given by 
Elderfield and Burton. 

Cu (nmol/1) = 0.017 Si (j.tmol/l) + 0.675 

Danielsson, 1980. 
6a). Data calculated using nutrient relationships given by 

Dan ielsson. 

Cu (nmol/1) = 0.024 Si (pmol/l) + 0.73 

Ni (nmol/1) 	0.048 Si (pmol/l) + 5.2 

The silicate concentrations used for these calculations: 
1712, 140.39; 1713, 122.93; 1715, 168.10. jimol/l 

Table 8.4. Comparison of reported and calculated bottom water 
metal concentrations (nmol/1). 

more rigorous cleaning and handling procedures. It is possible that the bottom 

water in the northernmost Arabian Sea could be older and will have slightly 

increased metal contents. With only the Cu data available this cannot be tested. 

However, bottom water aging and concomitant increased metal contents is 
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suggested by comparing the three oceans (Table 8.4). It has been recognised that 

for dissolved Ni, the Atlantic bottom water (5.5 nmol/l) ages and increases in Ni 

as it circulates, reaching 11.0 nmol/l in the Pacific Ocean (Bruland and Franks, 

1983). As might be anticipated, the Ni contents of the Indian Ocean water 

reported by Elderfield and Burton (1988) are intermediate between the Pacific 

and Atlantic concentrations, at 6.5 - 8.0 nrnol/l. Cu concentrations are however, 

similar to the Pacific values reported by Bruland (1980). Any simplified ideas 

concerning global oceanic bottom water metal concentrations and the effects of 

ageing of water masses must be treated with caution. The effects of bottom water 

source areas, deep oceanic circulation, and benthic, pelagic and hydrothermal 

inputs are all beyond the scope of this discussion. 

8.5.2 Benthic fluxes. 

The bottom water data discussed previously have been used for the calculation of 

benthic fluxes of metals from the hemipelagic sediments. The high interfacial 

maxima of Cuaq  Niaq and  Zflaq  generated by the degradation of organic matter 

can support the loss of metals to the bottom waters. Although there are several 

published data sets appropriate for this purpose, the data reported by Danielsson 

(1980) for bottom water metal concentrations have been used to calculate benthic 

metal fluxes. There are several reasons for this choice; 

the data set covers all four elements required (Mn, Cu, Ni and Zn), 
the data are recovered from a more northerly station than Elderfield and 
Burton (1988), 
although the data may seem slightly high, the benthic flux estimates thus 
calculated will be minimum estimates. 

The benthic flux estimates for the aqueous metals are treated in a similar manner 

to the benthic nutrient fluxes, see chapter 5. The fluxes are calculated using Ficks 

First Law of Diffusion; 

F = -Da  dc 
dz 

where ; F = Flux 

Da 	apparent diffusion coefficient 
dc = concentration gradient of metal 
dz 
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The apparent diffusion coefficients (Da ) are estimated from Li and Gregory 

	

(1974) and are presented in Table 8.5. The values of 	calculated for CDI7 for 

all metals are higher than values from Froelich et al. (1979) and Klinkhammer 

(1980) but comparable or lower than the other data, particularly from the east 

Pacific (see Table 8.5.). 
1 

Area 	 Da Mn_
I  + Da Fe1+ Da Ni

- 	Da Cu_+ 

'. 
X10-6  cm- 2 /s 

MANOP & E Eq 	 1.3 	1.4 
Klinkhammer, 1980 

E Eq Atlantic 	2.27 
Burdige & Gieskes 1983 

E Eq Atlantic 	2.3 	2.4 
Wilson etal. 1986 

NE Atlantic 	 1.88 
Wallace etal. 1988 

1.3 	1.4 4) 0.75 
e 0. 5, 2°C 

4) 0.77, 
F 2, 4°C 

4) 0.7 

no indication 
of derivation 

E Eq Atlantic 	1.5 
Froelich etal. 1979 

E Eq pacific 	 2.22 	2.38 	2.23 	2.39 
Sawlan & Murray, 1983 

E Pacific Rise, HTJD22 2.69 	 2.95 
Pedersen etal. 1986 

no indication 
of derivation 

4) 0.9, 8 1.6 
3°C 

4) 0.88 3°C 

Tracer & self diffusion coefficients from Li & Gregory, 1974 at 
infinite dilution (xl0 6  cm2/s). 

Mn Fe Ni Cu Zn 

00 C 3.05 3.41 3.11 3.41 3.35 

250 C 6.88 7.19 6.79 7.33 7.15 

For this study Dj is corrected to 40C and for porosity 4) 	0.9 and 

tortuosity e 0.55 (Bender, 	1971). (xlO -6 cm2/s) 

1.81 1.99 1.83 2.0 1.96 

error range for 1.56- 1.70- 1.57- 1.72- 1.68- 

± 0.05 	& e 2.0 2.29 2.34 2.30 ZZb 

Table 8.5. Apparent diffusion coefficients used in recent literature for 
Mn +, Fe- k , Ni2+ , and Cu2 . The coefficients calculated for 
this study, including Zn2  are also shown (Da x10 6  cm/s) 

The benthic flux estimates for Mflaq  I CUaq  1 
Niaq and Znaq from cores 1712, 1713 

and 1715 are shown in Table 8.6. This indicates that there is some leakage of 

Mflaq  from these cores, which is intermediate within the range reported by Sawlan 
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and Murray (1983) for east Pacific hemipelagic cores but lower than that reported 

by Callender and Bowser (1980) for north east Pacific hemipelagic cores. 

Benthic fluxes of CUaq  have been reported from a variety of studies, the range 

being between 1.8 to 	18 nrnol/cm/yr. The estimates of Cuaq benthic flux from 

CD17 hemipelagic cores are considerably higher: 28.2 to 121 nmollcm-Iyr. 

Although comparative Niaq  benthic flux data are sparse, the results from CD17 

are again much higher than those reported by Klinkharnmer etal. (1982). There is 

no data to compare Zn benthic fluxes, but in relation to the other trace metals the 

Zn fluxes seem high (19-183 nmol/cm/yr). 

Mn 	Cu 	Ni 	Zn Reference 

Umol cm/yr 	nmol cm -/yr 

E Pacific TGT-145 	0.14- 	2.71- 	 Sawlan & Murray 

& 127, hemipelagics 	1.47 	7.19 	 1983 

TGT-145 red clay 	 3.05 	
of 

- 
9.95 

E Pacific Rise 	 18 	 Pedersen etal. 

HtJD22 	 1986 

E Pacific MANOP H,M,B 1.8 Klinkhammer 1980 

E Pacific MANOP S 1.8 0.094 Klinkhammer et al 

MANOP C 6.6 0.59 1982 

NE Eq Pacific hemipelag 5.0 11.33 Callender & Bowser 

pelagic clay 0.27 4.85 1980 

siliceous ooze 0.46 2.60 - 
calcareous ooze 2.25 12.34 

CD1712 0.65 28.2 2.2 19.3 	This study 

CD1713 0.47 120.5 183.0 

CD1715 81.1 25.9 160.4 

Table 8.6. Benthic flux data from various sites in the East Pacific and from 
CD17 hemipelagic cores. The CD17 data were calculated using Danielssofl'S data 
(1980), hence giving a minimum estimate of the benthic flux of Mn, Ni, Cu and 
Zn out of the sediments. 

This benthic flux data agrees with the qualitative model presented here. The high 

labile organic carbon content undergoes intensive degradation at the 

sediment-water interface and within the top few centimetres of the sediment 

column. This releases trace metals associated with the organic detritus and creates 

microenvironments where reduction of Mn oxyhydroxides occurs. Within this 

highly reactive environment, much of the Mnaq released will form fresh Mn 
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oxyhydroxide and only some metastable Mnaq  will diffuse to the bottom waters. 

Aqueous trace metals at the interface can either diffuse out to the bottom waters 

or be adsorbed by the Mn oxyhydroxide phase. In core 1712 where the Mn 

oxyhydroxide precipitation occurs at the interface rather than within the sediment, 

most of the trace metals released by organic matter degradation under oxic 

conditions are immediately taken up by the oxyhydroxide. As a consequence of 

this no interfacial aqueous metal maxima develops and the benthic fluxes are 

much lower than 1713 and 1715. 

8.5.3 Oxidising zone fluxes. 

Precipitation of Mn oxyhydroxides and the adsorption of trace metals by this 

phase leads to the development of distinct concentration gradients within the 

interstitial water metal profiles. Trace metals released upon reductive dissolution 

of the Mn host phase either diffuse downwards or upwards to be readsorbed. The 

upwards diffusive movement produces linear concentration gradients from which 

fluxes to the base of the oxidising zone (the locus of precipitation/adsorption) can 

be calculated (Sawlan and Murray, 1983). Using Fickian diffusion and 

incorporating porosity, these fluxes can be calculated, and are presented in Table 

8.7. and compared with data from several east Pacific sites. 

Overall fluxes of Mn., to the oxidising zone for the Oman margin hemipelagic 

sediments are lower than MANOP M but comparable to the other sites. Similarly, 

the Fe fluxes for all the cores are lower than MANOP M (Graybeal and Heath, 

1984). Of the trace metals (Niaq , CUaq  and  Znaq ) Niaq fluxes for 1712 and 1713 

are comparable to those reported for MANOP M, TGT 145 and 127 and slightly 

higher than MANOP H, whereas the Cuaq  flux from 1713 is higher than all other 

sites except TGT127. 

There does not appear to be any systematic trends within the CD17 cores. The 

depth profiles of 1713 indicate that the depth of bioturbation does not appear to 

affect the flux of trace metals to the Mn oxidising zone, except for Znaq-  For  Znaq 

the limit of bioturbation appears to stimulate release of Znaq  and the sediment 

immediately below is competing with the Mn oxyhydroxides as a sink for Znaq. 
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Mn 	Fe 	Ni 	Cu 
	Zn 	References 

pmol cm -/yr 	 nmol cm -/yr 

	

E Pacific MANOP M 	0.07- 	 1.5 
	 1<1 inkhammer 

	

0.18 
	

1980 

	

MANOP H 	0.04- 	 0.8 
0.09 

	

E Pacific MANOP M 	0.148 	53.9- 1.45 	0.16- 
	0.26 	Graybeal & 

69.4 	 0.32 
	

Heath, 1984 

	

MANOP H 	0.063 	 0.22- 0.17 
0.6 

E Pacific HUD22 	 0.029 
	 Pedersen et al 

1986 

	

E Pacific TGT-127 	0.04- 	 2.2- 	4.2- 	 Sawlan & Murray 

	

0.6 	 9.6 	5.6 	 1983 

	

TGT-145 	0.15- 	 1.7- 0.4- 

	

0.33 	 4.2 	0.9 

	

MANOP M 	0.24 	 2.7 

	

MANOP H 	0.07 	 1.3 

	

CD1712 	 1.62 	4.8 	 This study 

	

CD1713 	0.07 	4.35 	1.0 	1.64 	4.7 

	

CD1715 	0.09 	2.46 

Table 8.7. Fluxes of aqueous metals to the base of the manganese oxidising 
zone, data from Eastern Pacific sediments are presented as a comparison to 
the results from 0317 hemipelagic sediments. 

The results of the benthic and oxidising zone flux calculations indicate that the 

diffusive movement of Mnaq  in Oman margin hemipelagic sediments is 

comparable to other areas e.g. east Pacific, whereas the trace metal fluxes tend to 

be greater than other sites (except TGT127). 

8.6 Trace metal accumulation. 

From the discussion of aqueous trace metal behaviour, there are clear indications 

that the process of trace metal accumulation is complex. Recycling of metals at 

the sediment-water interface between the various host phases and the loss of a 

proportion of these metals through benthic fluxes are important factors. 

Unfortunately there are no direct estimates of metal fluxes to the sediments of the 

North West Indian Ocean. Table 8.8. gives the ranges of metal fluxes found in 

comparable areas of the Pacific and Atlantic Oceans. The flux estimates have 

IN 
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Mn 	Ni 	Cu 	Zn 	V 
pmol cm/kyr 

NW Atlantic red clay 	22- 	0.26- 	0.39- 	0.06- 	0.08 

Thomson etal. 1984 	25 	0.39 	0.47 	0.10 	0.20 

E Pacific plankton est. 	0.6- 	1.2- 	1.5- 	lO- 	 carrier 

Collier & Edmond, 1983 	0.8 	2.3 	1.7 	25 	 model 

2.1- 	2.7 	1.2- 	2.4 	 box 

2.3 	 1.4 	 model 

NW Atlantic flux 	 78 	0.78 	1.2 	0.26 

Bacon & Rosholt, 1982 	±20 	±0.27 	±0.4 	±0.31 

SW Eq Pacific aggregate 	11.5- 	0.102- 	2.99- 	4.28 

Aplin & Cronan, 1985 	45.5 	0.41 	12.43 	17.59 

pelagic. Krishnaswami 1976 9 	0.17 	0.13 

E Pacific 	MANOP M 	30.9 	1.87 	2.20 	4.89 	 trap 

Fischer etal. MANOP H 	8.74 	0.82 	1.73 	4.44 	 data 

1986 

Table 8.8. Data from Pacific and Atlantic sites for flux of metals to the 
sediments. The data have been estimated from various models and trap data. 

been obtained using a number of methods including particulate traps (Fischer et 

al., 1986) and calculated estimates (Aplin and Cronan, 1985). The calculations of 

Aplin and Cronan suggest that 75% of the mass flux is associated with aggregates 

and faecal pellets and their calculated ranges are within an order of magnitude of 

- other estimates of total and/or authigenic flux, indicating that this is the 

predominant mechanism of metal transport to the sea floor. This method of 

calculating metal flux data can be extended to the North West Indian Ocean. Nair 

et al. (1989) present component flux data from 3 sites in the Indian Ocean. Using 

the annual total flux of carbonate, opal, lithogenic components and organic 

carbon and nitrogen for the western Arabian Sea the metal fluxes can be 

estimated for these components and are summed to give a total primary flux for 

each metal. This approach does have its limitations: 

the metal composition of each phase is not explicitly known, 
the trap data may not be entirely accurate; <100% efficiency, losses through 
bacterial decomposition, and dissolution of calcitic and opaline phase during 
deployment are all possible 



Table 8.9. illustrates the results obtained. Data on fluxes recorded at the surface of 

piston 	cores 	(CD1730 	and 	0DP72213, 	G. Shimmield 	pers. 	comm.) 	indicate 

discrepancies between trap data and sediment data, particularly in the lithogenic 

and CaCO3  components, where the data of Nair et al. (1989) are a considerable 

underestimate. The metal fluxes calculated for the western Indian Ocean are one 

to two orders of magnitude greater than other areas (Table 8.8.) except for Zn. 

This is again suggestive of the crucial role of the high productivity and aeolian 

inputs to these sediments. 

Me 	(1) 	Me 	(2) 	Me 	(2) 	(5) CaCO3 	Opal 	lith 	Corg Total 

CaCO3 	Si02 	Corg 	lith 	flux 	flux 	flux 	flux flux 
g m/yr 

Mn 	4x10 6 	0.8x10 6 	10-5 850 	13.8 	1.1 	409 	3.7 427 

Fe 	8x10 6 	2.2x10'4 	4.5x10 4 	47200 	27.2 	286 	2231 	163 2707 

Cu 	2x10 7 	9x10 6 	1.9x10 5 	45 	0.6 	10.3 	18.7 	6.0 35.6 

Ni 	6.5x10 6 	1.4x10 5 	8.6x10 6 	68 	21.1 	17.4 	30.6 	3.0 72.1 

Zn 	4x10 6 	6x10 6 	1.6x10 4 	95 	11.6 	6.7 	38.4 	49.4 106.1 

Pb 	 l.lxl0 	20 	 2.5 	1.1 

V 	 130 	 67.4 
--------------------------------------------------------------------------- 

Component fluxes g/cm2/kyr 
Nair 	etal. 	1989 	1.9 	0.7 	0.26 	0.2 3.39 

Shimmield pers. 	comm. CD1730 	1.6 	 1.85 
0DP722B 	4.8 	0.06 	1.6 

Table 8.9. 	Using the flux data from Nair etal. 	(1989) and the following 
component compositions: 

Boyle, 	1981. 
Martin & Knauer, 	1973. 
Spencer 	eta]. 	1978. 
Sciater 	etal. 	1976. 
Turekian & Wedepohl, 	1961. 

The metal flux associated with each component can be calculated and summed to 
obtain an estimate of the total metal flux to the sediment. Component fluxes 
from CD1730 and 0DP722B piston cores (Shimmield pers. comm.) are compared to 
the data from Nair 	etal. 	(1989). 

The accumulation rates of metals within the oxidised sediment over background 

values (i.e. the lowest concentration within each core) have been calculated from 

CD17 hemipelagic cores, and are compared to results from several east Pacific 

sites in Table 8.10. The accumulation rate estimates for 1715 should be treated as 

257 



Mn 	Fe 	Ni 	Cu 	Zn 	V 
pmol cm/kyr 

NE Eq Pacific hemipelag 	46 	 0.6 

pelagic 	19 	 0.94 

Callender & Bowser, 1980 

N Pacific Bostrom eta/. 	4.6- 	 0.19- 0.19- 

1973 	 18 	 0.65 	0.85 

E Pacific MANOP M 	 6.4 	 1.02 	0.83 	1.09 

MANOP H 	 30.9 	 0.87 	0.99 	1.01 

Fischer etal. 1986 

CD1712 	 506 	157 	2.46 	 1.15 

CD1713 	 460 	138 	4.05 	 1.19 	0.97 

CD1715 	 270 	61 	2.21 	 0.23 	1.54 

Table 8.10. Accumulation rate estimates for metals in Mmol cm 2/kyr 

for east Pacific and North West Indian Ocean sediments. Data for CD17 
sediments are calculated using the lowest concentration within each core as 
the background value so giving an estimate of 'authigenic' accumulation. 

a rough estimate, due to inaccuracies in calculating the sedimentation rate for this 

core (see chapter 4). Cu accumulation rates could not be calculated from CDI7 

data as Cu contents are generally low at the surface and within the oxidised layer. 

The Mn accumulation rates in CDI7 are an order of magnitude higher than 

Pacific hemipelagic sediments. The accumulation rate of Ni is also higher the 

Pacific sediments whereas Zn accumulation in CDI7 cores is comparable to the 

MANOP sites M and 1-1 (Fischer etal., 1986). There is no data to compare the V 

accumulation rates to but these results are in line with the other CDI7 metal 

accumulation rates. 

Comparing the metal accumulation rate with that flux obtained from sediment 

traps can give an indication of the proportion of metal accumulating due to 

primary flux to that which is diagenetically recycled. The difference between the 

flux to the sediments and the accumulation rate gives an estimate of the benthic 

flux (Fischer et al., 1986) and the fraction diagenetically recycled can be estimated 

using the following relationship: 

%recycled = flux - accumulation rate x 100 
flux 

Where the fraction recycled is a negative number (see table 8.11) the site is under 
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supplied by the primary flux. In each of the CD17 hemipelagic cores the 

accumulation of Mn is greater than the supply by between 0.5 and 15%, whereas 

for Ni, Zn, V and Fe between 94 and 100% of the primary flux is being recycled 

and retained within the oxidising sediment. 

Flux Accum Benthic %recycled p.w. 	benthic 

rate flux flux 

jl mol/cm2 /kyr 

1712 Mn 427 491 -63.9 -15 650 

Ni 72 2.37 69.7 97 2.2 

Zn 106 19.3 

V 1.1 
Fe 2707 151 2566 94 

1713 Mn 427 430 -2.9 -0.7 470 

Ni 72 3.78 68.3 95 

Zn 106 1.11 105 99 183 

V 0.9 
Fe 2707 128 2579 95 

1715 Mn 427 440 -12.9 -3.0 

Ni 72 3.57 68.5 95 26 

Zn 106 0.38 105.7 100 160 

V 2.49 
Fe 2707 99 2608 96 

Table 8.11. A breakdown of the recycled and loss via benthic flux proportions 

of the estimated primary flux input (as estimated in Table 8.9.) 

8.7 Summary. 

Even prior to their burial in the sediments, trace metals undergo various 

transformations, Figure 8.13. illustrates some of the pathways by which trace 

metals may eventually reach the hemipelagic sediments of the North West Indian 

Ocean. The plankton productivity is particularly important. By whatever 

mechanism metals are incorporated or scavenged onto particulate organic matter 

and organic-dust aggregates, it is clear that the flux of metals to these sediments is 

greater than in many other oceanic areas. From data discussed in chapter 7 it is 

also probable that metals remobilised from the shelf sediments may be laterally 

advected within the oxygen minimum zone and so enhance to flux of metals to the 
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hemipelagic sediments. These hemipelagic cores show intense manganese redox 

recycling and entrapment of trace metals but also some loss of trace metals 

through benthic fluxes. 

Each of the three hemipelagic cores has characteristics which deserve individual 

attention, although it is also clear that similar mechanisms are operating in them 

all. Figure 8.14. summarises the processes apparent in core CD1712, the only core 

to show a surficial Mn enrichment and also to have the lowest benthic fluxes 

indicating an effective trapping site for trace metals. The diagenetic recycling of 

MnO is intense within this core and it is the closest to a steady state system. A 

significant feature of the interstitial water chemistry is the release of trace metals, 

in the order Ni, Cu, Zn prior to the rapid remobilisation of Mn. This strongly 

suggests that there is some metastable Mn2+  at the base of the oxidising zone 

which not only inhibits trace metal adsorption by the MnOx  phase, but is also 

able to displace these metal cations from their surface binding sites. This would 

concur with observations in the current literature that as diagenetic intensity 

increases the Mn oxide phase tends to have less trace metal associated with it. 

Core 1712 is also the only core of the suite in which Mnaq reaches a maximum 

concentration and then decreases. Whilst this is indicative of removal to the solid 

phase, there is no evidence from the XRD data of a discrete Mn phase forming. 

Considering that below —20 cm there is a rapid increase in CaCO3  content it is 

more possible that Mn is being removed onto this phase (Thomson etal., 1986). 

The diagenetic processes operating in core 1713 (Figure 8.15.) are complicated by 

the bioturbation alluded to in chapter 5. Whilst the bioturbation has smeared the 

lower surficial carbon signal observed in the other cores, it is also apparent that it 

has significantly deepened the depth of penetration of oxidants. Hence the 

subsurface MnOX 
 spike is left perched several centimetres above the redoxcline. 

Aqueous trace metals are released from their rapidly degraded organic host 

materials, as evidenced by high interfacial concentrations. This regenerative 

release also supports strong benthic fluxes out of the sediment. Immediately 

underlying this zone of interfacial release, the aqueous trace metals are scavenged 

by the manganese solid phase. As in core 1712 the release of trace metals from 

the manganese solid phase occurs at a shallower depth than the redoxcline, 

indicating that metastable Mn2  is displacing the other metal cations. 
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I jflux of organic-metal aggregates 

,' small benthic flux 

__— rapid organic matter degradation, 
release of metals, 
metals taken up by MnOx 

MnOx becomes reduced, - 
redoxcline 	 \ " 

flux of trace metals\to Mn2 displaces and inhibits 
base of oxidizing zone 	trace metal adsorption 

Mn2' reaches 
maximum equilibrium 

/ 	sediment becomes 
more CaCO3 rich 

- 	Mflaq f 

/ adsorption of Mn2 

/ 

I 
/ 	trace metals also 
. 	reach equilibrium 

Mn 5  

1712 

Figure 8.14. Schematic diagram of the processes thought to be operating in core 

1712. 
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Figure 8.15. Schematic diagram of the processes thought to be operating in core 

1713. 
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Although the depth of MnO precipitation has obviously deepened, there has 

been insufficient time for a solid phase enrichment to develop. It is also clear that 

there is a deeper source of aqueous Mn and trace metals as there obvious fluxes 

to the base of the oxidising zone. The aqueous profiles of Cu and Ni are not 

disturbed by the limit of bioturbation, whereas Zflaq  is strongly removed to the 

solid phase at this depth. 

Core 1715 (Figure 8.16.) demonstrates several of the causes of non-steady state 

conditions. Like 1713 it illustrates the perched MnOx  spike and deepened 

redoxcline which is most probably attributable to the lower carbon content of the 

surface layer (chapter 5) and benthic faunal activity. Also like core 1713 the 

aqueous metal profiles illustrate strong interfacial regeneration from the 

organic-rich particulate matter and strong benthic fluxes Out of the sediment. 

Again like its two companion cores, core 1715 shows the displacement of trace 

metal cations from the solid phase at depths shallower than the recloxcline. This 

process of displacement is shown in a more advanced stage at a greater depth in 

the core, where a slumped sediment of an organic-rich shelf-like nature has been 

emplaced on a relict surface sediment. This relict sediment still shows some 

enrichment of MnOx  but this appears to be undergoing reductive dissolution and 

supplying a flux of Mflaq  to the current oxidising zone. However, there are few 

indications of trace metal fluxes from depth suggesting that any remobilisable 

trace metals have already been lost from this relict sediment and are presently 

being actively recycled within the oxidising surface sediment. 
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Figure 8.16. Schematic diagram of the processes thought to be operating in core 

1715. 
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CHAPTER 9 
SUMMARY AND DISCUSSION. 

The cores retrieved from the North West Indian Ocean cover a range of 

environments, consideration of their geochemistry can give indications of both 

regional processes which influence all the sediments of this suite and more 

localised processes only affecting individual cores. Cores 1704 are 1710 represent 

reworked shelf sediment, whereas core 1721 and 1722 and organic-rich 

diatomaceous sediments. Core 1712, 1713 and 1715 are all hemipelagic sediments. 

Major influences on the constituents and composition of these cores are the high 

aeolian inputs of dusts from surrounding desert areas and the high input of 

organic debris from seasonal upwelling stimulated productivity. 

The seasonal upwelling is most significant during the summer months, when the 

southwesterly winds induce coastal divergence, particularly off the Horn of Africa, 

the Kuria Muria and Masirah Islands and off Mirbat and Ras al Madraka (Figure 

2.2.: Currie et al., 1973). The zone of upwelling is wider ihan in many other 

oceanic areas and is thought to come from water depths of 300 to 700 m. 

Productivity stimulated by these cold nutrient rich waters is high, in the range 0.02 

to 2.68 g C/m2 /d (Kuz'menko, 1974), the average value in the euphotic zone is 1.1 

g C/nrld. Hence the rain of dead and decaying organic matter through the water 

column implies significant input to the sediment interface. In conjunction with the 

semi-enclosed nature of the northern Arabian Sea, this leads to a pronounced 

oxygen minimum zone between 200 and 1200 m water depth, of <0.5 ml 02/1  and 

in places lenses of <0.2 ml 0,/I. 

The oxygen minimum zone has a distinct local effect on sediments at depths 

between 200 and 1200 m on the continental shelf and slope, through sediment 

bottom water interactions. In addition, as this particular water layer extends 

laterally throughout the area surveyed, its influence may be seen in the organic 

matter of sediments well below the oxygen minimum zone. 

The arid climate of the Arabian peninsula and adjacent landmasses results in little 

fluvial terrigenous input. The detrital lithogenic component of the Oman margin 

sediments is predominantly aeolian. Studies of clay mineral provenances 
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(Goldberg and Griffin, 1970; Kolla etal., 1976, 1981 a & b) indicate that Somalia, 

Arabia and Iran-Makran are all sources of dust, carried by the reversing monsoon 

winds. Unlike some areas, e.g. the east Pacific Ocean, where smectite clays are an 

important constituent, these are not particularly significant as the clays are mainly 

dominated by chlorite and illite. Other significant aeolian inputs are detrital 

quartz and carbonate (calcite and dolomite) grains. Surface pitting and frosting of 

quartz grains were reported by Stewart et al. (1965) as being indicative of aeolian 

transport. It is not possible to partition the calcite found in these sediments into 

aeolian and biogenic calcites, but clearly the later have important long term 

variations in relation to productivity changes stimulated by climatic change. 

Inflections in the CaCO3  profiles can be cross correlated between cores 1712 and 

1713, which in conjunction with 14C data from core 1712, allows for the 

calculation of sedimentation rates for these cores,which are 8.88 and 6.85 cm!kyr 

respectively. These two cores also show decreases in CaCO3  contents in younger 

sediment, indicating a decrease or change in the productivity regime in the upper 

sediments. The latter is also suggested by changes in the biogenic silica contents 

which were calculated using Ba as a siliceous productivity indicator. It is suggested 

that within this calcareous - siliceous plankton community, the productivity has 

both decreased and shifted away from calcareous species domination over the past 

4,000 years. 

The Masirah Melange provides detrital material with a distinct geochemical 

signature to the shelf. Moseley and Abbotts (1979) report that the serpentinite of 

the Melange has particularly high Cr (3400 ppm), Mg (24%) and Ni (240 

ppm). The high Cr signature can be traced in all four shelf cores and within cores 

1704 and 1710 Cr bearing minerals are further concentrated. The high Mg 

content of the serpentinite may also provides an explanation of the high Mg 

contents of the shelf cores (up to 2.6 %) but an apparent lack of dolomite to 

account for such levels. Using the Cr as an index of the serpentinite detritus 

highlights two points. 1). That the serpentinite of the Melange is a contributor to 

the enriched Mg content of the shelf sediments and 2). that the Mg and Cr are 

not necessarily in the same mineral phase. The Cr is probably contained within 

magnetite and Cr-spinel which are more easily concentrated by current action. 

Using the Cr relationship for the Mg partitioning within the hemipelagic cores 
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does give a clear indication of the proportion of the total Mg attributable to 

dolomite, serpentinite and detrital clays. 

Many of the element profiles in 1715 indicate that there are distinct geochemical 

units in this core. The clay below 42 cm gives the youngest 14 C dates of 0-2200 

BY., with an older (- 5000 yr B.P.) homogeneous sediment above. This 

homogeneous unit has many characteristics in line with the shelf sediments 

suggesting that it was derived from a shallow water environment, probably on the 

flanks of the Murray Ridge. Between these two units is a distinctly coarser 

grained, Si, Ti, Cr and Zr enriched band, probably a basal lag deposit, derived 

from the emplacement of the slump unit. Between the top of the slump unit and 

the currently accumulating sediment (0-1 cm) is a unit of -7 cm thickness. Many 

elements show linear concentration gradients over this depth, suggesting that this 

unit is a mixed zone, its 14 C age of —600 yr B.P. also agrees with this idea. Early 

diagenetic processes in core 1715, further discussed later, are clearly 

superimposed on this disrupted sediment history and are thus influenced by these 

lithological changes. 

A study of degradation in organic matter, was approached using solid phase and 

interstitial water studies. C/N ratios have been frequently used as indicators of 

organic degradation and reactivity (Muller, 1977; Toth and Lerman, 1977). The 

C/N profiles of the Oman margin sediments indicate not only degradation and 

preferential loss of N but also several other features. In cores 1704 and 1710, 

anomalously high C/N values are encountered. These concur with other lines of 

evidence that suggest that these cores have been subject to current action which 

has enhanced degradation of the organics before burial. Additionally, the organic 

rich shelf basin cores show C/N ratios greater than the Redfield ratio even at the 

surface which indicates that the organic detritus input has been subject to 

degradation within the water column, probably within the oxygen minimum zone. 

Such enhanced C/N detritus is also thought to be deposited at the interface of the 

hemipelagic sediments. However, as these cores are overlain by oxygenated 

bottom waters, benthic faunal activity can reconstitute the organic matter 

(Grundmanis and Murray, 1982). Benthic faunal activity is clearly shown in core 

1713 where the C/N ratios are uniform and close to the Redfield ratio for the top 

10-12 cm and then below the limit of bioturbation increase dramatically. Another 
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significant feature of the organic distributions in the hemipelagic cores is the low 

surface organic carbon content seen in cores 1712 and 1715 (bioturbation smears 

this signal in core 1713). This again suggests a decrease in productivity of the 

surface waters over the past 2000 yrs and has important implications for the Mn 

redox diagenesis. 

Interstitial water nutrient data are only available for the suboxic shelf basin cores 

and the hemipelagic cores. In the shelf sediments NO3- concentrations are low or 

below detection limits and the odour of hydrogen sulphide reported on sampling 

clearly indicates that sulphate reduction occurs in these sediments. Within the 

hemipelagic sediments core 1713 shows nitrification occurring, enhanced by 

bioturbation, whereas in both 1712 and 1715 denitrification occurs within the first 

centimetre. The NO3- profile of 1715 does indicate one other feature of fauna! 

activity. After depletion of NO3  at 6 cm, between 10 and 20 cm depth NO3  and 

possibly NO2  reoccurs, indicating that burrowing fauna are irrigating the 

sediment to some depth below the oxic sediment layer. Overall P043  and 

S1044  profiles show increasing concentrations indicating their regeneration from 

organic matter and biogenic silica respectively. Only two cores show indications of 

interstitial water P043  removal; in 1715 it is centred on a dark coloured layer at 

the base of the oxic zone, possibly indicating removal on to ferric hydroxides. 

Within core 1721, the P043  profile suggests its locus of removal is below the 

depth of sampling. 

The halogen elements iodine and bromine are specifically associated with organic 

matter within the marine environment. The distributions of I are known to relate 

to the redox poise of the surficial sediment as electropositive I species are thought 

to be scavenged and fixed on organic matter within oxic sediments (Harvey, 1980). 

Biogeochemical recycling of I species as suggested by Kennedy and Elderfield 

(1987 a & b)leads to pronounced enrichments of I in oxic sediment layers, 

whereas the I signal in anoxic sediments is that of the planktonic input. This 

distinct redox linked behaviour characterises different environments in terms of 

their I/Corg ratios and even degradation and burial does not completely eradicate 

the differences, so providing another geochemical indicator of palaeoceanographic 

redox conditions (Pedersen et at., 1988). The geochemistry of Br is less well 

known and it does not show redox behaviour. However, within the oxic layers of 



the CDI7 hemipelagic sediments there are indications of Br enrichment which 

may be due to its similar adsorptive behaviour to I, and affinity for nitrogenous 

humic substances. 

Minor metal distributions may be controlled by Mn redox behaviour, organic 

complexation and fixation, adsorption by clays or coprecipitation by sulphides or 

other authigenic phases. In the CDI7 shelf cores, reducing conditions exist 

throughout and the minor metal distributions are decoupled from the Mn redox 

behaviour. As the dominant clay mineralogy is detrital chlorite and illite, there is 

very little authigeriic clay mineral formation to host minor metals within these. 

Equally sulphide, although present, does not appear to be a significant host for 

minor metals. Minor metals are strongly correlated with organic carbon and the 

formation of organic-humic-metal complexes appears to be the main control on 

their distributions. Within the reducing sediments trace metals are released during 

organic degradation and undergo cycles of release and uptake on to organic and 

humic components. Aqueous metals concentrations tend to be maintained at fairly 

high levels due to complexing by humics, bi- and poly- sulphides and this results 

in benthic fluxes of metals to the bottom waters of the oxygen minimum zone. 

Although low Mn contents are indicative of reducing sediments, there is a 

sufficient benthic flux of Mnaq  to be advected within the oxygen minimum zone 

and supply a fraction of the Mn accumulating in deeper water sediments. 

Manganese and trace metals diagenesis in hemipelagic sediments have been fairly 
W1ere-5 

extensively studied within the Pacific and Atlantic Oceans,Asuch sediment studies 

are sparse for the Indian Ocean. The three CD17 hemipelagic cores show the 

surface or subsurface Mn solid phase spike and subsequent reductive dissolution 

below. However, the main feature of these cores is that they are not in steady 

state. They are subject to several different perturbations. Lower organic carbon 

inputs, as indicated in profiles from 1712 and 1715 result in a decreased oxidant 

demand within the surficial sediment, so pushing the Mn redoxcline deeper into 

the sediment. The bioturbation of the surface layer of core 1713 has a similar 

effect to a lower carbon input, in that the mixing in of more oxidising bottom 

waters also pushes the Mn redoxcline deeper. Both these conditions lead to 

perched Mn solid phase spikes that are out of equilibrium with the aqueous 

phase. This situation either persists until the solid phase spike is buried to the 
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depth of the redoxcline or there is shift in conditions leading to a shallowing of 

the redoxcline. The migration of the Mn redoxcline is a relatively recent 

phenomenon in these cores as there has been insufficient time for a Mn spike to 

develop at the present redoxcline. In addition to the effects of lower productivity 

and bioturbation core 1715 also clearly demonstrates the effect on Mn redox by 

the emplacement of an organic rich slump sediment. The solid phase Mn profile 

of 1715 shows an enrichment of Mn at the top of the basal clay and the presence 

of aqueous Mn immediately above suggests migration of dissolved Mn from 

deeper in the core. 

Of the minor metals in these hemipelagic cores, Ni most closely parallels the Mn 

distributions. Cu behaviour is complex but is more involved with organic 

diagenesis and shows only minor dependence on Mn. In all three hemipelagic 

cores Cu aq  shows strong interfacial release linked to the degradation of organics. 

Equally in cores 1713 and 1715 where the Mn spikes are subsurface, Niaq  and 

Znaq  also show interfacial release. In these cores there are strong benthic fluxes of 

metals released from the highly reactive interfacial hoc layer. In core 1712 

however, the Mn spike is at the sediment-water interface and interfacial release of 

Niaq  Znaq  and to some extent CUaq  is effectively scavenged by the Mn 

oxyhydroxides. Hence metal benthic fluxes are more limited. Despite core 1712 

having the greatest Mn content, its trace metal enrichment factors and 

accumulation rates tend to be lower than 1713 and 1715 due to the lack of organic 

recycling and concentration within the surface floc. 
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APPENDIX A 
SHIP BOARD TECHNIQUES. 

A.1 Core retrival and sampling. 

The suit of cores analysed in this study were collected from the Arabian Sea, 

North West Indian Ocean on the 17th  cruise of R/V char/es Darwin 
(14th 

October to 7th  November, 1986). The cruise track is shown in Figure 2.1. The 

cores were taken using a box core which, on recovery was subsampled using 

potycarbonate liners of 2 2/7" and 3" diameter. The box core produced good 

sediment-water interface recovery with minimal disturbance which was jugded by 

the clarity of the supernant water. To minimise compression disturbance of the 

sediment whilst sampling, a hand pump suction system was used. Of the subcores 

taken, one from each core was kept as an archive core (to be kept at Edinburgh 

University). Others were taken for radionuclide work (Dr G.B. Shimmield and Ms 

T.M. Williams). Seven subcores were selected for this study to be cut and 

centrifuged for interstitial waters. 

The cores for interstitial water extraction were transfered to the constant 

temperature laboratory at 4°C. They were extruded vertically using a rubber bung 

and plunger system under an inert (N,) atmosphere to minimise oxidation. 

Subsections of 1 cm thickness down to 10 cm and 2 cm thickness thereafter, to the 

base of the core were cut using a horizontal perspex guillotine. 

A 5 ml plug of sediment was removed from each sediment subsample, before 

transferring the rest to a screw topped centrifuge tube. This aliquot was then 

sealed using parafilm and placed in a labeled ziplock polythene bag. These 

samples were used for moisture content determinations once in Edinburgh. 

The rest of each sediment subsample was placed in a screw topped centrifuge 

bottle and was centrifuged at 3,000 rpm for between 20 and 25 minutes using a 

Sorval 4000 centrifuge on a gimbel table. This was only done to a depth of 38 cm, 

where core lengths were longer, no interstitial water was extracted from the 

bottom of the core. The bottles were then transferred back to the nitrogen glove 
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box with the minimum of disturbance and the supernantarit interstitial waters 

were syringed off through a fine silicon rubber tube. For ease of handling, 

neoprene plungers had to be used, in 10 ml syringes. The interstitial waters were 

then filtered through 0.45 pm Millipore filters, to remove any remaining 

particulates, the filters were kept. The interstitial water was filtered into acid-clean 

30 ml polythene screw topped bottles. After removing an aliquot for nutrient 

analysis, the solutions were acidified using 50 p1 11.3M Aristar hydrochloric acid 

to prevent dissolved metals adsorbing on the inner surface of the bottles. All 

apparatus used for interstitial water extraction had been previously acid cleaned 

in 10% 1-lCl and rinsed three times in distilled deionised water. The remaining 

centrifuged sediment was put into labelled ziplock polythene bags. 

For cores longer than 38 cm the remainder of the 2 cm sections were bagged after 

moisture content aliqouts had been removed. Two sets of sediment bags, CD 1715 

and CD1721 were brought back to Edinburgh as personal handluggage. The rest 

of the sediment samples and the interstitial water samples were stored at 49C and 

later shipped back to Britain in a refrigerated container. 

Sample numbers are in the form; CD1715 1-2. CDI7 refers to leg 17 of R/V 

Char/es Darwin, 15 is the station number as in the cruise report and 1-2 refers to 

the sample interval, i.e. a 1 cm section from 1 to 2 cm depth. 

A.2 Core descriptions. 

Core 1704. 1  43'N5, 24'E 

25 cm. Dark olive brown 5Y 3/4, fine silt, with layering of coarse silt, rare ? 

glauconite, common planktonic foraminifera, and sponge spicules, rare diatoms 

and fish scales. Silt of moderate sphaericity, subrounded-rounded sandgrains, 

mostly biogenic debris. Bored lithified ?carbonate from surface to 8 cm. Rare 

heavy minerals. 

Core 1710. 1Y32'N5Y21'E 

45 cm core length. Retrieved from the slope environment. Dark olive brown 5Y 
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3/4, common foraminifera, up to sand grade. 0 cm.) Common sponge spicules, 

very common radiolaria fragments, possible zeolites, very rare diatoms. Worm 

traces on surface. 45 cm.) Moderate olive brown 5Y 4/4, slightly indurated, pipe 

worm infauna. 

Core 1712. IN 41'N 51  23'E 

40 cm core length. From slight slope at base of rise, good surface recovery. 0-3 

cm.) Brown mud 5YR 3/4. 3-8 cm.) Yellow brown 10YR 2/2. Nanno ooze, 

common sponge spicules, common diatomd, occasional planktonic formaminifera. 

Could be diatom rich. 40 cm.) Light olive grey 5Y 6/1, possibly more silty than 

above, diatoms less common. 

Core 1713. 1Y04'N5Y24'E 

33 cm core length. 0 cm.) Dark yellow brown IOYR 4/4 nanno ooze, common 

diatoms, common planktonic foraminifera, rare radiolaria, common sponge 

spicules. 33 cm.) IOY 6/6 pale olive, as above except occasional foraminifera and 

diatoms. 

('ore 1715. IN 44N 50 34E 

48 cm core length. Top 5 cm moderate brown IOYR 5/2, mottled black layer at 

4-5 cm, between 8 and 24 cm creamy discrete patches (millimetres in diameter). 

Coarse sandy band at 42 cm, with a buff/grey clay below. 

Core 1721. 146'N536'E 

75 cm core length. Retrieved from an area of considerable topographic relief. 

High water content, smell of H1S. Diatomaceous mud, with up to 50% diatoms. 

Very few foraminifera. Organic banding of silt and clay, silt subangular ro 

subrounded of moderate sphaericity. Possible Bo/ivina species. 

Core 1722. 134'N531'E 

85 cm core length. On the slope, diatomaceous mud of up to 50% diatoms, 

occasional foraminifera, possibly Bo/ivina and Buliminella species. Common 
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sponge spicules, possible radiolarian fragments and occasional organic bindings. 

A.3 Shipboard analysis of pore waters. 

Intersitial waters extracted from cores CD1712, CD1713, CD1715, CD1721 and 

CD1722, were analysed for nutrients i.e. nitrate (NO3 ), phosphate (P043 ) and 

silicate (Si044 ). There was insufficient volume of intersitial water from cores 

CD1704 and CDI710 for nutrients, so these were kept for dissolved metal analysis. 

Aliquots of sample were withdrawn for nutrient analysis and then the samples 

were acidified with concentrated Aristar hydrochloric acid, (HCl, 11.3M). 

Both nitrate and silicate analyses were done on diluted samples. This brought the 

concentration of the nutrient within the range of the method, (similar range to 

seawater) and meant that slightly larger volumes were available to work with. The 

samples were diluted 10 fold i.e. 2ml of intersitial water sample diluted to 20m1 

with artificial seawater. Analyses had to be done by wet chemical methods as the 

shipboard autoanalyser was inoperative. 

A.4 Phosphate analysis. 

Phosphate is determined spectrophotometrically, using a mixed molybdate reagent 

to produce a blue colouration, (Strickland & Parsons, 1968). The mixed reagent of 

ammonium molybdate (15g in 500ml D.W.), sulphuric acid (140ml concentrated 

H2SO4  (s.g.r. 1.82) added to 900ml D.W.), ascorbic acid (27g up to 500m1 with 

D.W.) and potassium antimonyl tartrate (0.34g in 250m1 D.W.), in the proportions 

of; 25ml 62.5ml : 25ml : 12.5ml respectively. 3ml of intersitial water sample was 

added by automatic pipette to a 1cm cuvette and 0.3m1 of mixed reagent was 

added and mixed by inverting. The absorbance was measured at 885nm against a 

distilled water blank after approximately one and a half hours. The concentration 

of phosphate was calculated by ratioing the sample absorbance to a standard 

absorbance (10.546pmol PO4 
 3- /1) after correction for the reagent blank. The 

coefficient of variation calculated from standards run simulataneously with 

samples is 0.73%. 
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A.5 Nitrate analysis. 

Nitrate determination relies on the reduction of nitrate to nitrite using copper 

coated 	cadmium 	fillings, this 	then 	reacts with suiphanilomide 	and 

N-(1-naphyl)-ethylenediamine producing a strong pink colour. The results are 

combined nitrate and nitrite. 

As only 15ml of diluted sample was available for analysis, reduction columns were 

constructed of smaller dimensions than those suggested in Parsons, Maita & Lalli 

(1984) i.e. approximately 0.8mm W. and approximately 6cm long). 0.3m1 

concentrated ammonium chloride (125g in 500m1 D.W.) was added to 15ml of 

sample. the reduction column was washed through rapidly with approximately 

1.5ml, the rest of the sample was put through slowly, the last 5m1 being kept in a 

plastic bottle washed with the previous elutant. To this 5m1 sample was added 

0.lml sulphanilamide (5g sulphanilamide in 50 ml conc. HC1, made up to 500 ml 

with deionised distilled water) this was mixed and allowed to react for between 2 

and 8 minutes, 0.1ml napthylethylenediamine (0.5g napthylethylendiamine made 

up to 500 ml with deionised distilled water) was then added and mixed. The 

absorbance of the solution was measured in a 1cm cuvette against a distilled water 

blank at 543nm after approximately 30 minutes. The combined nitrate/nitrite 

concentration was calculated by ratioing the sample absorbance to the standard 

absorbance (3.525jimol NO3 /l) after correction for the reagent blank. The 

coefficient of variation of standards run simultaneously with samples is 1.40%. 

A.6 Silicate analysis. 

Silicate was analysed spectrophotometrically using a modification of the method 

in Parsons, Maita & Lalli (1984). The diluted sample (Sml) was allowed to react 

with 2m1 ammonium paramolybdate (4.Og in 300m1 D.W. plus 12m1 concentrated 

HCI and made up to 500m1 with D.W.). This produces silicomolybdate, 

phosphomolybdate and asenornolybdate complexes. The latter two complexes are 

destroyed by the addition of a mixed reagent which reduces the silicomolybdate 

complex giving a blue colour. The mixed reagent was made up from 
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metol-sulphite solution (6g sodium sulphite in 500m1 D.W. with lOg metol and 

then filtered), oxalic acid (50g in 500m1 D.W.) and 50% v/v sulphuric acid, in the 

proportions of; 50m1 : 30m1 : 30nil respectively, made up to 150m1 with D.W. 3m1 

of the mixed reagent was added to the sample between 10 and 30 minutes after 

the addition of the molybclate. The absorbance of the solution was measured in a 

1cm cuvette against a distilled water blank at 810nm after allowing the colour to 

develop for 2-3 hours. The silicate concentration was calculated by ratioing the 

sample absorbance to the standard absorbance (35.601j.imol S'04 4- /1) after 

correction for the reagent blank. The coefficient of variation of standards run 

simulanteously with samples is 0.83% using a 12 watt bulb and 0.79% using a 10 

watt bulb. 
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APPENDIX B,  B 
LABORATORY ANALYSIS. 

B.1 Moisture content determination. 

The 5ml plugs from each sediments sample were unsealed and placed on to 

pre-weighed watch-glasses. These were then re-weighed and placed in an oven at 

6€PC overnight. After cooling in a dessiccator they were re-weighed agian. The 

moisture content was calculated as weight percent of water using the following 

equation; 

M.C. = Wt,  - WX 1OO 
Wt2 -Wt1  

Porosity was calculated using the following equation from Berner (1971); 

- 	M.C.x 10 2 .ds 
M.C. x lO.ds + (l-M.C. x 10)dw 

Wt1  = Weight of watch-glass 
Wt = Weight of watch-glass plus wet sediment 
Wt3  = Weight of watch-glass plus dry sediment 
M.C. = Moisture content in percent 

= Porosity 
ds 	Average density of sediment particles (2.65g/cm 3 ) 

dw 	Average density of intersitial water (1.02g/cm3) 

B.2 Bulk sediment analysis. 

Approximately 30g of sediment was dried at ocPC for three days and then ground 

to a fine powder in a tungston carbide TEMA disc mill. The powders were stored 

in dry glass jars until required for analysis. Any remaining wet sediment was left 

in its labelled bag and stored at 49C until required. 
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B.3 X-ray fluoreènce. 

Bulk geochemical analysis of Si, Al, Fe, Mg, Ca, Na, K, Ti, Mn, P, Ni, Cr, V, Sc, 

Cu, Zn, Sr, Rb, Zr, Nb, Ba, Pb, Th, La, Ce, Nd, Y, 1, Br, S and Cl were completed 

using a Phillips PW 1450 Sequential Automatic X-Ray Spectrometer. For those 

elements present in weight percent abundance ("major elements"), fused glass 

discs were prepared by a method similar to that of Norrish and Hutton (1969), 

whilst for elements of lower abundance ("trace elements") pressed powder pellets 

were prepared. The glass fused discs were prepared with approximately 1.5g of 

sample weighed accurately (±0.00Ig) that had been ignited at 1l0PC for 2 hours 

to remove organic carbon and other volatiles. Loss-on-ignition was calculated 

from the weight change. The ignited sample was fused with 5 X its weight of flux 

(Johnson Matthey SPECTROFLUX 105) in a platinum crucible for 20 minutes 

and until the sample was completely dissolved. 46mm glass discs were cast using 

graphite motel on a hot plate at 22PC. The discs were removed and labelled after 

they had anealed and cooled without touching the analytical surface (in contact 

with the graphite). The pressed powder pellets used 2.5g of finely ground 

sediment in a 28 mm diameter pellet which included a boric acid backing and 

surround. The pellets were pressed on to a polished tungsten carbide disc under 

10 tons pressure to ensure stability. Binding agent (MOWIOL) was not added as 

moisture increases problems of salt migration to the analytical surface under the 

X-ray beam. The pellets were stored in a desiccator prior to analysis to minimise 

absorbtion of moisture. The typical analytical precision obtainable using this 

method as given in Fitton and Dunlop (1985) is presented in Table 8.2. 

The analytical conditions for all the elements are shown in table (B.3. ) using a 

Rh tube. Matrix mass absorbance corrections (i.t)  were calculated from the major 

element composition of each sample. International and "in-house" rock 

standards that had been prepared in the same manner were used for 

standardisation. 

For analyses of Cl, I, Br, and S an artificial standard had to be made by additions 

of (KI, KBr, NaCl and Na.SO4) to a dried, ground sediment from Loch Sunart. 

This was homogenised and a dilution series (see table B.1) made for 
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standardisation. Discussion of the problems involved with halogen and sulphur 

analysis by XRF can be found in O'Donnell (1987). 

Cl 	Br 	I 	 S 

ppm 

	

5052 - 1016 	1014 	2019 

2526 	508 	507 	1515 

1263 	254 	253.5 	1010 
505 

Table Bi. Concentrations of Cl, Br, I and S in the standard addition series of 

Sunart A standards. 

Typical reproducibility (l(r) and accuracy (r.ni.s.d.) data 

	

REPRODUCIBILITY 	 ACCURACY (r.m.s.d. from 

	

on sample ST72 	 international standards). 

Weight % 	 Mean (n=5) 	Do 

Si02 	43.80 	0.09 	 0.22 

A1203 	14.06 	0.06 	 0.12 

Fe203 	12.46 	0.03 	
0.05 

MgO 	8.31 	0.03 	 0.08 

CaO 	10.62 	0.03 	 0.05 

Na20 	3.61 	0.04 	 0.06 

K20 	1.412 	0.005 	 0.02 

Ti02 	3.165 	0.006 	 0.01 

MnO 	0.215 	0.007 	 0.01 

	

1.030 	0.003 	 0.01 

ppm. 

Ni 170.9 	0.3 4.3 

Cr 380.5 	2.9 11.0 

V 236.6 	3.5 11.5 

Sc 18.2 	0.3 2.4 

Cu 48.4 	0.4 5.3 

Zn 113.9 	1.1 5.0 

Pb* -1.8 	1.6 4.0 

Sr 1129.7 	4.0 9.6 

Rb 46.7 	0.5 3.5 

Zr 366.0 	1.0 14.8 

Nb 92.2 0.5 2.4 

B  713.4 	5.6 39.0 

Tn 16.6 	1.2 2.8 

La 78.9 	0.3 5.6 

Ce 156.7 	1.6 13.5 

Nd 66.2 	0.6 3.6 

Y 33.2 	0.4 3.4 

Below detection 	limit. 	6 	determinations (by 	
MET) 	of 	Pb 	in 	andesite 

7115 gave 	a mean concentration of 9.6 ppm. 
with 	a a of 0.3 	P.P.M. 
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Line Mv Ma Crystal Peak 2G 

L40 60 PE 109.21 

K40 60 PE 145.13 

K40 60 RAP 55.10 

K 	40 60 RAP 45.17 

K.40 60 GE 141.04 

50 45 lit 200 136.69 
K( 50 45 Lit 200 113.09 
K50 45 Lit 200 86.14 

K50 45 hf 200 62.97 

50 45 hf 200 57.52 

K60 45 Lit 220 123.94 
M 	60 45 Lit 220 123.17 
1. 260  45 Lit 220 115.18 

60 45 lit 200 100.23 
K 	60 45 Lit 200 91.70 

60 45 lit 200 82.91 

L60 45 Lit 200 72.13 

115,  60 45 Lit 200 71.62 
KK  60 45 lit 200 69.36 
K 	60 45 Lit 200 48.67 

60 45 lit 200 45.03 
K60 45 hf 200 41.80 
L60 45 Lit 200 28.24 

L60 45 Lit 200 27.47 
60 45 hit 200 26.62 

K 	60 45 Lit 200 25.15 
K 	60 45 Lit 200 23.80 
K 	60 45 Lit 200 22.55 
K60 45 Lit 200 21.40 

Background Offset 	PBS 

+6.45 250/600 

-5.77 250/600 

-2.00 250/500 
-2.00 200/60 

+3.20 Manual (340/400) 

-4.85 250/600 
-3.09 250/600 

+4.66 300/500 

-0.90 150/700 

-1.71 200/600 

300/500 

-2.62 300/500 

+2.30 300/500 

250/500 

-2.00 250/500 
-1.08 300/500 

-1.01 300/500 

Si 

Al 

Na 

Mg 

P 

K 

Ca 

Ti 

Mn 

Fe 
Ti 
V 
Ba 

Ca 

Sc 

La 

Nd 

Ce 
Cr 

Ni 

Cu 

Zn 

Pb 

Th 

Rb 

Sn 

Y 

Zn 

Mb 

300/500 F F 
+1.44 150/600 F F 
+1.33 Nanual(400/350) F F 
+1.50 Manual (400/350) C F 
-0.80 250/500 F Ff9 
+1.00 250/500 F Ff9 

250/500 F Ff9 
-0.82 250/600 F Ff9 
-0.87 250/600 F Ff9 

250/600 F Ff9 
250/600 F F+S 

-0.40 250/600 F Ff9 

Collimator Counter 

C F 
C F 
C F 
C F 
C F 
C F 
C F 
F F 
F F 
F F 
C F 
C F 
C F 
C F 
C F 
C F 
F F 

B. X-ray fluorescence conditions for the Rh tube 

I K, 70 30 Lit 200 12.40 0.50 250/500 F Ff9 
Or K 	70 30 Lit 200 29.97 -0.60 250/500 F Ff9 
Cl K...dO 60 Ge 92.16 +1.90 250/600 C F 
S K 	40 60 Ge 110.69 +2.52 250/600 C F 
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B.4 X-ray diffraction. 

The preliminary mineralogical investigation used a slurry of acetone and finely 

ground sediment pipetted on to a glass slide. Once dry the sample was analysed 

using a Philips 1011/1050 X-ray Diffractometer with Ni filtered CuKa  radiation. 

The samples were scanned over the range 50  20 to 50  20 at a goniorneter speed of 

20/min. The mineral phases present were identified using tables prepared by Chao 

(1969). 

B.5 Carbon and nitrogen analysis. 

The sediments were analysed for total Carbon and total Nitrogen using a 

Perkin-Elmer 240 Elemental Analyser. 0.lg of finely ground sediment was 

weighed accurately into a platinum boat and combined in a stream of purified 

oxygen. Acetamilide was used as a working standard. The instrumental conditions 

were set to the manufacturers recommendations. The coefficient of variation for 

each core is shown in table R4, overall using duplicate sample runs a coefficient of 

variation of 0.14% for carbon and 0.91% for nitrogen was obtained. 

1704 	1710 

C 	0.32% 	0.27% 
N 	3.82% 	1.27% 

1712 1713 1715 1721 1722 

0.14% 0.17% 0.30% 0.25% 0.63% 

2.71% 6.71% 2.39% 0.53% 0.88% 

Table B.4. Coefficient of variation for individual cores for total carbon 
and nitrogen analyses. 

B.6 Organic carbon analysis. 

The sediments were analysed for organic carbon using a LECO 521-100 induction 

furnace. The samples had to be pre-treated with hydrochloric acid to remove the 

carbonate phase. Sample weight varied between 0.lg and 0.5g depending on the 

quantity of organic carbon expected. This was weighed out accurately and 

transfered to a ceramic crucible. The sediment was treated with 50% 1-ICI added 

dropwise until effervescence had stopped and then evaporated to dryness on a hot 

282 



plate at 15PC. Care was taken not to loose sample from the crucibles and the 

procedure was repeated to ensure that the carbonate fraction had been completely 

removed. Once the samples were completely dry they were stored in adesiccator 

prior to analysis to avoid rehydration of the calcium chloride present. The 

samples were combusted in a flow of CO2-free oxygen in the induction furnace 

and the volume of CO, produced was measured by adsorbtion by KOFI in a 

LECO 572-100 gas burette. LECO high carbon steel rings were used for 

standardisation. The coefficient of variation for duplicate sample runs from 

various cores was 0.54%. 

B.7 Correction for dilution by seasalt. 

Even sediments which have been centrifuged to remove intersitial water will 

contain some residual salt. When dry this residual salt contributes to certain 

elements, Na, Ca, K, Mg, S and Br, and it acts as a dilutant. Data from X-ray 

fluorescence analysis was corrected for this, using the assumption that the Cl 

analysed was all associated with salt. The salt content of the sediments was then 

calculated using the following equation; 

weight % Salt = (ClI10000) x 1.649 

Those elements to which salt makes a direct contribution were corrected 

individually using the following equations; 

Wt% Nased 	Wt% Nased+salt - 0.306 x Wt% salt 

Wt% Mg5  = Wt% 	- 0.037 x Wt% salt 

Wt% Cased = Wt% Cased+salt - 0.012 x Wt% salt 

Wt% Ksed = WtiO Ksed+salt - 0.011 x Wt% salt 

PPM Ssed = ppm Ssed+salt - 258 x Wt% salt 

ppm Bfsed = ppm Bfsed+salt - 19 x Wt% salt 

Once individual element corrections had been made the bulk salt dilution 
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correction was made using the following equation. 

e lementSalt - free = elementmeasured x 100 

B.8 Calcium carbonate dilution correction 

In some cases it is useful to remove the effects of varying carbonate 

concentration. This is done by assuming that the calcium content, minus the 

calcium in alum ino-silicates, is in calcium carbonate. The bulk carbonate dilution 

correction was made using the following equations; A) for the calcualtion of 

calcium carbonate and B) for the dilution correction. 

CaCO3  = Ca - (0.28Al) x 2.49726 

elementcirboflate  corrected = elementmeisured X 100 
(100 - CaCO3) 

B.9 Interstitial water metal analysis. 

After intersitial water nutrient analysis on board ship (section A. 3 ) the samples 

were acidified using concentrated Aristar hydrochloric acid. They were stored and 

transported under refrigeration at 49C. Prior to analysis it was noted that some of 

the samples had developed a colloidal-like precipitate, this was possibly due to 

the acidification. The precipitate was not removed but care was taken to avoid 

taking any of the precipitate when taking aliquots. 

Initial investigations using the I.L. aa/ae spectrophotmeter with the flameless 

atomiser 455 and autosampler 254 were unsuccessful. Some work was done on a 

solvent extraction method (Danielsson et al., 1978, 1982) modified to Suit 

intersitial water volumes. Once the Varian Graphite Furnace Atomic Absorption 

Spectrophotomer was available this method was found to be unnecessary as direct 

injection of micro volumes with matrix modification was found to be successful. 

The instrumental and analytical conditions are noted in Appendix B.11 for each 

element. It should be noted that in each case the samples were made to a 0.1% 
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V/V nitric acid solution. Also the samples were diluted either 2x or 5x using 

deionised distilled water. This not only brought the concentration ranges in the 

samples within the standard ranges but also diluted the seasalt so reducing to 

some extent the background interference. 

The samples were pipetted into acid cleaned phials in the following proportions; 

0.2ml sample, 0.8m1 deionised distilled water and 10111 nitric acid. All glass and 

plastic ware had been soaked in clecon (10%) overnight, rinsed, soaked in 

hydrochloric acid (10%) overnight, rinsed, soaked in nitric acid (10%) for three 

days and then rinsed three times in distilled deionised water. All reagents used 

were specpure grade or had been purified, and all manipulations were carried out 

in a clean air cabinet. The coefficient of variation for each metal in each core is 

shown in table B.3. 

Mn 	Fe 	Cu 	Ni 	Zn 

1704 	2.7% 	8.7% 

1710 	3.0% 	8.1% 

1712 	1.1% 	3.6% 	19.8% 	na 	1.4% 

1713 	4.5% 	3.3% 	1.4% 	5.7% 	2.0% 

1715 	9.0% 	5.2% 	5.5% 	7.9% 	7.2% 

1721 	4.1% 	7.3% 	3.4% 	12.2% 	1.5% 

1722 	11.7% 	11.6% 	3.2% 

Table 3.3 

The data were originally analysed as pg/l, and are presented as such in these 

appendices. However, for comparative purposes, in the text they have been 

recalculated to molar concentrations using the following convention: 

Mmol/l = jig/I / molecular weight 

The relevant molecular weights are: 

	

Mn 54.938 	Cu 63.546 

	

Fe 55.847 	Zn 65.38 

	

Ni 58.71 	V 50.94 
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B.10 Varian GFAAS analytical conditions. 
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GAS TYPE FAD 
CMMAND 

NORr'IAL 

------------------------ 

NC 
NORMAL NO 
NORMAL 11-11171 
N.ORM All L 	NO 
NORI'ied._ 	ND 
NORMAL 	NO 
'flR'1 	 YES 
NORMAL 	YES 
NORMAL 

_•E!!-...:i 	=a: 

UN I VERB I TY C.::7 E:L: I NBUREH 
Dept. of Eeol oqv Wat. Ma: no Road Edinburgh 9 
Miss Tracy Watson,Analysis of Pore Waters from N, W mdi an Ocean.  

OPERATOR 	Tracy Watson 
DPTE 	 1,2.19813 
BATCH 	51,1722 Mn 

PROGRAM r-%r-4 	
1 	-' x. C  	Cal.  ri 

INSTRUMENT MODE 
CALIBRATION MODE 
MEASUREMENT MODE 
LAMP CURRENT mA 

	

SLIT-r 	r fl r' 	- L.. 	I 	 Ti, 
I4AiELF;.Ii;TH 
SAMPLE I NTF:ODIJCT I ON 
TIME CONSTANT 
MEASUREMENT TIME (sac) 
REPLICATES 
BACKGROUND CORRECTION 

ABSORBANCE 
CONICENTRATI01',11  

PEAK AREA 

0.2 
279 it 

SAMPLER AUTOM IX I NE 

1,C) 
'-I 

ON 

FURNACE PARAMETERS 
STEP TEMPERATURE TIME 	GAS FLOW 
NO, (C) coc) 	(L./min) 

1 75 
2. 9 rf 60.0 	3.0 

5 

,i. 
 

1200 
1200,  

0C) 

----------------------------------------------- 

2.01 	C),, 0 

RATE 

j:'::: rj:::::: NO 	nOT INJECT 	NE 

LI 
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III 	....r 	_._., 	ES--..  ._.... 	..._... 	S.... 	.'Th 	. 	.1 	... 	1 	.. 	r 	..,. ._._ ..'!_ 	..... 	...._. 	.... .._... 	.... .. _. .1k... 1.--lj 	 THiil--;t 	•J..I...•1 	_.,_ l... 	 •;;l 

c:r: EJ.:; 
Dept of 	 Fd.. Edi. nburph 
Miss Tracy Watson. AnalYsis Of Pore Waters from N.W.Indian 

oFER(rcr 	TrRc>/ N1: 
DATE 	 102.8B 
BATCH 	 1713 Fe 

PROGRAM / 	
- fl L

1k 
 
	 ffl _j r r _  

t -.lr.rr, Ik,1r¼1r k/fr' r 
J. 	,J$uJ'1 	IL.IL. 
r' /..0 	1 	rTh /'. -r T r•' I, I 	-i ,- er- L.,iek... J. .CIe -  I .. UI 4 	IIL..L.L:. 
M' 	I'. r'? ,,E-k,It— ,.. Ir 	,..,,'nImr 

LAMP P4r CURRENT rer i 	( T 1 )  
SLIT WIDTH 

.{P'11E!__E'.8T4 	( _ in) 
SAMPLE INTRODUCTION 
TIME1 CONSTANT 
MEP8UFENEr.T TIME (sec)  
REPLICATES 
P1..EkIiMND CORRECTION 

PBBORDPNL2L: 
G',  CIE. "TFPT I [4.! 
FEPf: pprr'. 

0.2 
248.3 

PUTOMI 
U [45 

ON 

FURNACE PARAMETERS 
STEP TEMPERATURE TIME SPE FLOW 649 TYRE 
;o. . _.in-± 

1. 1 	:.J 5... /, ./ hlrnr:'.A.-. 
El ,.. 	I  

2 60.0 :o NL;EMIIL NO 
r.  

/1 1 	'-. rE I 7 	•. 	.• E" 	:, h III r• ',A 1' I 

o l23P:: :.o N!L!!PL 
/ .:..: r U 

-------------------------------------------------------------------------- 
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I 	Ei Eet: 	 1 "" ~2;0 By e.t m 

UNIVERSITY OF El) I NBUF:GH 
Dept of Geology, Wt .Meine Road Edinburgh 9, 
Mi ss Tracy Watson Analysis of Fore Waters from N N. mdi an Ocean 

OPERATOR 	 Thac>' Watson 
DATE 	 19/1/1988 
BTCH 	 D 1715 

ROBRAM 3 	Cu Ft otd ol hn pw 

IN STRIU11E N T MODE 
CALIBRATION MODE 
MEASUREMENT MODE 
LAMP CURRENT ( mA) 
SLIT WIDTH (nrn) 

I 	r I.. 	 - w-,)r .c.'.L Di 	/ .ni , 
SAMPLE INTRODUCTION 
TIME CONSANr 
MEASUREMENT T IME  (sec 
REPLICATES 
BACKGROUND 

rirr'/\ r- 

BA::BROUND CORRECTION 

-  

ABSORBA NCE i I" r 	!S I 1).. ,_iI._r.')-II.i 

CONCENTRATION 
PEAK AREA 

0., 
32 

/1 

SAMPLER AUTOMIX:tNG 
0.05 
1 0 

ON 

STEP 	TEMPERATURE 
NO. 	 (0) 
------------------- 
1 	 755 

2. 

C.' 

------------------- 

FURNACE PARAMETERS 
TIME 	GAS FLOW 

min
-------------------- 

in. C) 

0 11 C) .. 

--------------------- 

GAS TYPE READ 

--------------------------- 
COMM AND 

NORMAL NO 
NORMAL NO 
N.ORMAL NO 
NDF:[A. NO 

%
I. 	.,ur.. 
I4I_.)1"I'li -IL. 

NOR1AL. NO 
ORMAL YES 

NO IR MAL 
NORMAL NO 

SAMP L ER 

	

A r I r 
	PARAMETERS I.,. ri n- 

i")-i1')IIL)Z. ) 

VOLUMES 4uL) 

	

8CJT I ON 	 13L.ANK 

BLAN;::- 

STANDARD 
-- - 

c-r•",''•rn ' 

STANDARD 	 •i. 
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/aL r I.  

UNI'\ER'SIT( OF EDINBURGH 
L)ep'L.. of Geo]oqy 

OPERATOR 	T. Watson 
DATE 	24..6 . 88 
BATC:H 	1 721 	5 

PROGRAM 1 	NI F't/oitrte 

INSTRUMENT MODE ABSORBANCE 
CALIBRATION MODE CONCENTRATION 
MEASUREMENT MODE PEAK HEIGHT 
LAMP CURRENT 	(mA) 5 
SLIT WIDTH 	(nm) 0.2 
WAVELENGTH 	(nrn) 232. 0 
SAMPLE INTRODUCTION SAMPLER AUTOMIXING 
TIME CONSTANT 0, 05 
MEASUREMENT TIME 	(sec) 1.(-) 
REPLICATES 1 

CKGROUND CORRECTION ON 

FURNACE PARAMETERS 
STEP TEMPERATURE 	TIME 	GAS FLOW GAS TYPE READ 
NO, (C) (sec) 	(L/min) COMMAND 

1 75 5, )) 	3. 0 NORMAL NO 
2 95 60.0 	3.0 NORMAL NO 
3 120 10.. C' 	3.0 NORMAL NO 
4 1000 30. 0 	3. 0 NORMAL NO 
5 1000 40,0 	3.0 NORMAL NO 

1000 2. C) 	0.0 NORMAL NO 
7 2400 0. 8 	0. 0 NORMAL YES 
8 2400 1.5 	0. 0 NORMAL YES 
9 2400 
---------------------------------------------------------------- 

3. 0 	3. C) NORMAL NO 

SAMPLER PARAMETERS 
VOLUMES 	(UL) 

SOLUTION 	BLANK MODIFIER 

BLANK -- 	 15 
STANDARD 1 4 	 11 
STANDARD 2 8 	 7 
STANDARD 3 1C) 
SAMPLE 
---------------------------------------------------------------- 

5 	 10 

RECALIECRATION RATE C) 
RESLOPE RATE 10 

MULTIPLE INJECT NO 	HOT INJECT NO 	PRE INJECT NO 
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"Jir-  I 	ri 	 r 	r-  dql  Pjj 	1 C / 5'1.- 	 m 	 cir t. 

UNIVERSITY OF EDINBURGH 
Dept. of G€o1oc.jy 

OPERATOR 	T. Wt son 
DATE 	 24.,88 
BATCH 	1721 5 

PROGRAM 10 	Zn F'WO. 15':Pd3XHNO:3prn2 

INSTRUMENT MODE ABSORBANCE 
CALIBRATION MODE STANDARD ADDITIONS 
MEASUREMENT MODE PEAK AREA 
LAMP CURRENT (mA) 4 
SLIT WIDTH 	(rim) 1 	0 
WAVELENGTH (nm) 213.9 
SAMPLE INTRODUCTION SAMPLER AUTOMIXING 
TIME CONSTANT 0.0(-') 
MEASUREMENT TIME 	(sec) 10 
REPLICATES 2 
BACKGROUND CORRECTION ON 

FURNACE PARAMETERS 
STEP TEMPERATURE TIME 	GAS FLOW GAS TYPE READ 
NO (C) (sec) 	(L/min) COMMAND 

1 160 
------------------------------------------------------------------- 

0.1 	3.0 NORMAL NO 
2 10 60.0 	3.0 NORMAL NO 
3 200 5.0 	3.0 NORMAL NO 
4 200 20 0 	3. 0 NORMAL NO 
5 900 s o 	3. 0 NORMAL NO 

900 30.0 	3. o NORMAL NO 
7 900 2. 0 	0. 0 NORMAL NO 

2:00 0. 7 	0. 0 NORMAL 'YES 
9 2:300 2. a 	a. o NORMAL YES 
10 2500 2 	0 	:7'. 0 NORMAL NO 
11 40 
------------------------------------------------------------------- 

20 0 	3. 0 NORMAL NO 

SAMPLER PARAMETERS 
VOLUMES 	(uL) 

SfMPLE E4_ANK MODIFIER 
BLANK -- 	- 14 1 
ADDITION .1 2 	 2 10 1 
ADDITION 2 4 	 2 8 1 
ADDITION 3 6 	 2 61 
ADDITION 4 8 	 2 4 1 
SAMPLE ----------------------------------------------------------------- -- 	2 12 1 

RECAL I BRAT I ON RA rE 10 

MULTIPLE INJECT NO 	HOT INJECT YES PRE INJECT 	NO 
TEMPERATURE 110 
INJKCT RATE 4 
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APPENDIX C 
DATA TABLES. 



C.1 Porosity data. 

CD1704 	CD1710 	CD1712 	CD1713 	C01715 
id 	ed 	 .' mc% 

0-1 53 .74 
1-2 .53 .75 
2-3 52 .74 
3-4 48 .70 
4-5 42 .66 
5-6 47 .70 
6-7 44 .67 
7-8 43 .66 
8-9 43 .66 
9-10 44 .67 
10-12 43 .66 
12-14 37 .60 
14-16 37 .61 
16-18 37 .61 
18-20 34 .57 
20-22 32 .55 
22-24 
24-26 
26-28 
28-30 
30-32 
32-34 
34-36 
36-38 
38-40 
40-42 
42-44 
44-46 
46-48 
48-50 
50-52 

56 .77 77 .90 
55 .76 75 .88 
54 .75 74 .28 
52 .74 72 .87 
56 .77 71 .87 
53 .75 70 .86 
55 .76 70 .86 
54 .75 69 .86 
53 .75 69 .85 
53 .75 67 .84 
55 .76 65 .83 
49 .71 66 .83 
52 .74 63 .82 
52 .74 61 .80 
50 .72 64 .82 
50 .72 57 .78 
52 .74 56 .78 
52 .74 60 .80 
50 .72 57 .73 
50 .72 51 .73 
50 .72 54 .75 
50 .72 53 .75 
49 .72 49 .71 
49 .71 50 .72 
46 .69 50 .72 

77 .90 75 .89 
71 .86 70 .86. 
67 .84 67 .84 
65 .83 65 .83 
65 .83 63 .32 
63 .82 62 .81 
62 .81 58 .78 
62 .81 60 .80 
61 .80 62 .91 
60 .80 63 .82 
60 .80 63 .82 
58 .78 65 .83 
55 .76 63 .82 
54 .75 61 .80 
54 .75 63 .82 
54 .75 (31 .54) 
51 .73 62 .81 
50 .72 62 .81 
49 .71 63 .82 
47 .70 61 .30 
44 .67 61 .80 

61 .80 
59 .79 
59 .79 
50 .72 
27 .49 
51 .73 
54 .75 
51 .73 

CD1721 
id 

80 .91 
72 .87 
73 .88 
77 .90 
76 .89 
77 .90 
75 .39 
76 .89 
75 .33 
74 .88 
76 .89 
79 .91 
74 .88 
75 .88 
77 .90 
78 .91 
74 .83 
71 .86 
71 .36 
77 .90 
75 .99 
72 .87 
72 .97 
73 .87 
69 .85 
68 .85 
67 .34 
66 .83 
61 .80 
69 .85 
67 .84 

CD 1722 

80 .91 
79 .91 
85 .94 
78 .90 
77 .90 
79 .91 
78 .90 
77 .90 
75 .39 
75 .89 
78 .90 
77 .90 
73 .90 
77 .90 
77 .9Q 
80 .91 
79 .91 
79 .91 
78 .90 
77 .90 
77 .90 
80 .91 
79 .91 
76 .89 
74 .88 
72 .87 
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C.2 Major and minor element concentrations. 
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C.3 Mg partitioned distrbutions. 
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iqdol.tab0d 	Mg Partitioning Mg and Al - wt, Cr - pp. 

Mg 	Al 	Cr 	Mg del 	Mg serp 	Mg al 

1104-0-1. 1.43 1.71 278.00 N/A 2.00 0.24 
1-2. 1.53 1.77 260.00 N/A 1.87 0.26 
2-3. 1.63 1.95 315.00 N/A 2.27 0.29 
3-4. 1.66 1.99 322.00 N/A 2.32 0.30 
4-5. 1.66 1.95 325.00 N/A 2.34 0.29 
5-6. 1.67 1.91 321.00 N/A 2.31 0.28 
6-7. 1.60 1.84 288.00 N/A 2.07 0.21 
1-8. 1.55 1.82 281.00 N/A 2.02 0.26 
8-9. 1.61 1.89 324.00 N/A 2.33 0.28 
9-10. 1.63 1.93 323.00 N/A 2.33 0.28 
10-12. 1.62 1.96 304.00 N/A 2.19 0.29 
12-14. 1.60 1.92 290.00 N/A 2.09 0.28 
14-16. 1.62 1.91 297.00 N/A 2.14 0.29 
16-18. 1.58 1.92 279.00 NIA 2.01 0.28 
18-20. 1.68 2.04 318.00 N/A 2.29 0.31 
20-22. 1.69 1.99 295.00 N/A 2.12 0.30 

N/A - Not analysed 
49 dol 	estisated Mg content (wt) of dolomite. 
Mg serp 	calculated Mg content (wt%) of serpentine. 
Mg al = calculated Mg content (wt%) of alu.ino;ilicates. 
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.gdol.tabl0 	Mg Partitioning: Mg and Al - wt%, Cr - pp. 

Mg 	Al 	Cr 	Mg do! 	Mg serp 	Mg a! 

1710-0-1. 1.43 1.60 142.00 0.19 1.02 0.22 
1-2. 1.44 1.62 150.00 0.14 1.08 0.23 
2-3. 1.46 1.64 133.00 0.28 0.96 0.23 
3-4. 1.44 1.65 136.00 0.23 0.98 0.23 
4-5. 1.42 1.60 138.00 0.20 0.99 0.22 
5-6. 1.40 1.60 132.00 0.23 0.95 0.22 
6-7. 1.46 1.64 124.00 0.34 0.89 0.23 
7-8. 1.48 1.47 153.00 0.14 1.10 0.24 
8-9. 1.48 1.64 138.00 0.26 0.99 0.23 
9-10. 1.47 1.66 150.00 0.15 1.08 0.23 
10-12. 1.46 1.63 118.00 0.39 0.85 0.23 
12-14. 1.50 1.67 124.00 0.38 0.89 0.24 
14-16. 1.50 1.67 149.00 0.19 1.07 0.24 
16-18. 1.47 1.66 158.00 0.10 1.14 0.23 
18-20. 1.48 1.65 146.00 0.19 1.05 0.23 
20-22. 1.49 166 151.00 0.17 1.09 0.23 
22-24. 1.46 1.64 136.00 0.25 0.98 0.23 
24-26. 1.46 1.63 156.00 0.11 1.12 0.23 
26-28. 1.41 1.60 136.00 0.21 0.98 0.22 
28-30. 1.46 1.60 148.00 0.17 1.07 0.22 
30-32. 1.48 1.62 135.00 0.28 0.97 0.23 
32-34. 1.46 1.61 149.00 0.16 1.07 0.22 
34-36. 1.42 1.56 139.00 0.20 1.00 0.21 
36-38. 1.44 1.59 143.00 0.19 1.03 0.22 
38-41. 1.48 1.64 148.00 0.18 1.07 0.23 

N/A - Not analysed 

Mg dol = estimated Mg content (wt%) of debut,. 
Mg serp 	calculated Mg content (wt) of serpentine. 
Mg al 	calculated Mg content (wt) of abuuinosibicates. 
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gdol.tabl2 	Mg Partitioning: Mg and Al - wt% Cr - ppm 

Mg 	Al 	Cr 	Mg dcl 	Mg serp 	Mg al 

1712-0-1. 2.69 3.87 126.00 1.13 0.91 0.65 
1-2. 2.65 3.78 120.00 1.15 0.86 0.64 
2-3. 2.70 3.87 116.00 1.21 0.84 0.65 
3-4. 2.67 3.83 113.00 1.21 0.81 0.65 
4-5. 2.68 3.84 109.00 1.25 0.78 0.65 
5-6. 2.70 3.86 122.00 1.17 0.88 0.65 
6-7. 2.70 3.83 117.00 1.21 0.84 0.65 
7-8. 2.75 3.89 124.00 1.20 0.89 0.66 
8-9. 2.76 3.93 121.00 1.22 0.87 0.67 
9-10. 2.76 3.96 121.00 1.22 0.87 0.67 
10-12. 2.76 4.01 133.00 1.12 0.96 0.68 
12-14. 2.69 3.89 118.00 1.18 0.85 0.66 
14-16. 2.53 3.65 113.00 1.11 0.81 0.61 
16-18. 2.44 3.48 119.00 1.01 0.86 0.58 
18-20. 2.45 3.47 122.00 0.99 0.88 0.58 
20-22. 2.18 2.98 99.00 0.98 0.11 0.48 
22-24. 2.16 2.93 104.00 0.93 0.75 0.47 
24-26. 2.15 2.97 101.00 0.94 0.73 0.48 
26-28. 2.05 2.75 98.00 0.91 0.71 0.44 
28-30. 2.06 2.75 94.00 0.94 0.68 0.44 
30-32. 2.03 2.72 89.00 0.95 0.64 0.43 
32-34. 2.04 2.76 94.00 0.93 0.68 0.44 
34-36. 2.08 2.69 97.00 0.95 0.70 0.43 
36-38. 2.04 2.64 97.00 0.92 0.70 0.42 
38-41. 2.11 2.59 101.00 0.97 0.73 0.41 

N/A - Not analysed 
Mg dcl = estimated Mg content (wt) of dolomite. 
Mg serp = calculated Mg content (wt) of serpentine. 
Mg al = calculated Mg content (wt%) of alusinosilicates. 
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Qdol.tabl3 Mg 	Partitioning: Mg and Al 	- wt%, Cr - pp 

Mg Al Cr Mg 	del,  Mg serp Mg a! 

1713-0-1. 1.80 2.58 67.00 0.91 0.48 0.41 

1-2. 1.89 2.66 77.00 0.91 0.55 0.42 

2-3. 1.82 2.64 79.00 0.83 0.57 0.42 

3-4. 1.84 2.66 73.00 0.89 0.53 0.42 

4-5 1.83 2.62 78.00 0.85 0.56 0.42 

5-6. 1.75 2.52 16.00 0.80 0.55 0.40 

6-7. 1.72 2.47 68.00 0.84 0.49 0.39 

7-8. 1.72 2.43 74.00 0.81 0.53 0.38 

8-9. 1.68 2.43 76.00 0.75 0.55 0.38 

9-10. 1.69 2.43 71.00 0.80 0.51 0.38 

10-12. 1.67 2.36 71.00 0.80 0.51 0.37 

12-14. 1.57 2.19 65.00 0.77 0.47 0.34 

14-16. 1.53 2.13 60.00 0.78 0.43 0.32 

16-18. 1.46 1.97 58.00 0.75 0.42 0.29 

18-20. 1.50 2.04 54.00 0.81 0.39 0.31 

20-22. 1.56 2.08 64.00 0.79 0.46 0.31 

22-24. 1.47 1.96 63.00 0.72 0.45 0.29 

24-26. 1.40 1.83 51.00 0.76 0.37 0.27 

26-28. 1.38 1.72 55.00 0.74 0.40 0.25 

N/A - Not analysed 
Mc do! = estimated Mg content (wt%) of dolomite. 
Mg serp = calculated Mg content (wt) of serpentine. 
Mg a! =calculated Mg content (wt) of alulinosilicate5. 
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gdol.tabl5 Pig Partitioning: Mg and Al - wt%, Cr - ppm 

Mg Al Cr Mg dol Mg serp Mq al 

1715-0-1. 2.40 3.15 96.00 1.19 0.69 0.52 
1-2. 2.59 3.35 105.00 1.28 0.76 0.56 
2-3. 2.60 3.23 104.00 1.32 0.75 0.53 
3-4. 2.54 3.02 108.00 1.27 0.78 0.49 
4-5. 2.51 2.88 113.00 1.23 0.81 0.47 
5-6. 2.48 2.76 113.00 1.22 0.81 0.44 
6-7. 2.43 2.61 109.00 1.23 0.78 0.41 
1-8. 2.47 2.66 116.00 1.21 0.84 0.42 
8-9. 2.42 2.58 111.00 1.21 0.80 0.41 
9-10. 2.45 2.63 113.00 1.21 0.81 0.42 
10-12. 2.46 2.65 115.00 1.21 0.83 0.42 
12-14. 2.42 2.59 112.00 1.21 0.81 0.41 
14-16. 2.41 2.55 112.00 1.20 0.81 0.40 
16-18. 2.41 2.57 114.00 1.18 0.82 0.41 
18-20. 2.45 2.56 116.00 1.21 0.84 0.40 
20-22. 2.43 2.53 114.00 1.21 0.82 0.40 
22-24. 2.41 2.56 110.00 1.22 0.79 0.41 
24-26. 2.42 2.56 115.00 1.19 0.83 0.40 
26-28. 2.46 2.58 113.00 1.24 0.81 0.41 
28-30. 2.47 2.55 115.00 1.24 0.83 0.40 
30-32. 2.46 2.56 111.00 1.25 0.80 0.41 
32-34. 2.46 2.55 111.00 1.25 0.80 0.40 
34-36. 2.46 2.53 110.00 1.27 0.79 0.40 
36-38. 2.53 2.57 115.00 1.30 0.83 0.41 
38-40. 2.59 2.51 118.00 1.34 0.85 0.39 
40-42. 2.58 2.54 153.00 1.07 1.10 0.40 
42-44. 2.02 3.10 116.00 0.67 0.84 0.51 
44-46. 1.71 2.78 79.00 0.70 0.57 0.45 
46-47. 1.58 2.52 73.00 0.66 0.53 0.40 

N/A - Not analysed 
Mg dcl = estimated Mg content (wt%) of dolomite. 
Mg srp = calculated Mg content (wt) of serpentine. 
Mg al = calculated Mg content (wt) of aluminosilicates. 
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mqdol.tab2l 	Hg Partitioning: Hg and Al - wt 	Cr - ppm 

Hg 	Al 	Cr 	Hg dcl 	Hg serp 	Mg al 

1721-0-1. 2.42 2.55 205.00 0.54 1.48 0.40 

1-2. 2.39 2.72 235.00 0.26 1.69 0.43 

2-3. 2.56 2.77 294.00 N/A 2.12 0.44 

3-4. 2.64 2.73 271.00 0.25 1.95 0.44 

4-5. 2.76 2.76 223.00 0.71 1.61 0.44 

5-6. 2.75 2.82 230.00 0.64 1.66 0.45 

6-7. 2.72 2.89 236.00 0.55 1.70 0.47 

7-3. 2.70 2.85 216.00 0.68 1.56 0.46 

8-9. 2.74 2.96 232.00 0.59 1.67 0.48 
9-10. 2.77 3.02 253.00 0.46 1.82 0.49 

10-12. 2.64 2.91 222.00 0.57 1.60 0.47 

12-14. 2.66 2.77 219.00 0.64 1.58 0.44 

14-16. 2.68 2.85 243.00 0.47 1.75 0.46 

16-18. 2.47 2.61 204.00 0.59 1.47 0.41 

18-20. 2.32 2.45 202.00 0.48 1.45 0.38 

20-22. 2.29 2.35 195.00 0.52 1.40 0.37 

22-24. 2.46 2.59 240.00 0.32 1.73 0.41 
24-26. 2.53 2.72 247.00 0.32 1.78 0.44 

26-28. 2.67 2.90 265.00 0.30 1.91 0.47 

28-30. 2.63 2.71 233.00 0.52 1.68 0.43 

30-32. 2.61 2.74 219.00 0.59 1.58 0.44 

32-34. 2.64 2.72 208.00 0.71 1.50 0.44 

34-36. 2.49 2.60 210.00 0.57 1.51 0.41 

36-33. 2.38 2.52 200.00 0.54 1.44 0.40 

38-40. 2.57 2.65 207.00 0.66 1.49 0.42 

40-42. 2.51 2.66 192.00 0.70 1.38 0.42 

42-44. 2.49 2.68 221.00 0.47 1.59 0.43 

44-46. 2.45 260 .29.00 0.39 1.65 0.41 

46-48. 2.32 2.45 228.00 0.30 1.64 0.38 

48-50. 2.14 2.18 181.00 0.51 1.30 0.33 

50-52.. 2.26 2.30 177.00 0.63 1.27 0.36 

N/A - Not analysed 
Mg dol = estimated Mg content (wt%) of dolomite. 
Mg serp = calculated Mg content (wt) of serpentine. 
Mg al = calculated Mg content (wt%) of aluninosilicates. 
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gdol.tab22 Mg Partitioning: Mg and Al 	- wt%, Cr - pp. 

Mg Al Cr Mg dal Mg serp Mg at 

1722-0-1. 2.10 2.10 155.00 0.67 1.12 0.32 
1-2. 2.11 2.15 160.00 0.63 1.15 0.33 
2-3. 2.36 2.37 167.00 0.79 1.20 0.37 
3-4. 2.18 2.21 162.00 0.68 1.17 0.34 
4-5. 2.19 2.24 156.00 0.72 1.12 0.34 
5-6. 2.20 2.29 165.00 0.66 1.19 0.35 
6-7. 2.25 2.32 161.00 0.74 1.16 0.36 
7-8. 2.27 2.33 164.00 0.73 1.18 0.36 
8-9. 2.21 2.29 189.00 0.50 1.36 0.35 
9-10. 2.23 2.30 169.00 0.66 1.22 0.35 
10-12. 2.19 2.26 13.00 1.75 0.09 0.35 
12-14. 2.15 2.18 151.00 0.73 1.09 0.33 
14-16. 2.16 2.20 159.00 0.68 1.14 0.34 
16-18. 2.09 2.18 148.00 0.69 1.07 0.33 
18-20. 2.04 2.18 159.00 0.57 1.14 0.33 
20-22. 2.09 2.13 152.00 0.67 1.09 0.32 
22-24. 2.12 2.13 150.00 0.71 1.08 0.32 
24-26. 2.09 206 145.00 0.74 1.04 0.31 
26-28. 2.08 2.06 149.00 0.69 1.07 0.31 
28-30. 2.12 2.09 157.00 0.68 1.13 0.32 
30-32. 2.08 2.18 141.00 0.73 1.02 0.33 
32-34. 2.04 2.03 141.00 0.72 1.02 0.30 
34-36. 2.01 1.98 149.00 0.64 1.07 0.29 
36-38. 1.95 1.92 130.00 0.73 0.94 0.28 
38-40. 1.98 1.89 125.00 0.81 0.90 0.28 
40-42. 2.12 2.01 145.00 0.78 1.04 0.30 

N/A - Not analysed 
Mg dot 	estimated Mg content (wt%) of dolomite, 
Mg serp 	calculated Mg content (wt%) of serpentine. 
Mg at = calculated Mg content (wt%) of alu,inosilicates. 
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C.4 Interstitial water metal and nutient concentrations. 



Mn Fe 
ppb 

18 26.03 
1704 

1-2. 26 32.48 
2-3. 31 66.96 
3-4. 22 30.23 
6-7. 36 83.04 

12-14. 23 16.7 
14-16. 22 51.82 
16-18. 26 17.20 

Mn Fe 
ppb 

53 25.53 
1710 

1-2. 61 46.88 
2-3. 81 105.56 
3-4. 296 104.91 
4-5. 71 31.72 
5-6. 83 44.46 
6-1. 183 144.81 
7-8. 45 48.82 
8-9. 43 25.68 
9-10,  121 138.25 

10-12. 60 6.18 
12-14. 58 52.43 
14-16. 65 26.61 
16-18. 48 8.09 
18-20. 110 41.48 
20-22. 83 7.0 
22-24. 55 20.15 
24-26. 58 7.08 
26-28. 35 12.26 
28-30. 17 7.13 
30-32. 46 26.85 
34-36. 32 4.77 
36-38. 24 - 	1.3 
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Si02 	NO3 	PO4 	Corg 	Cu 	Pin 	Fe 	Ni 	Zn 

317.67 41.80 4.44 1.523 14.5 314 1.6 2.91 11.09 
1712 

1-2. 398.45 16.22 3.86 1.634 3.6 	99 2.34 7.75 26.7 

2-3. 423.10 6.86 3.86 1.813 6.35 255 8.86 12.91 17.25 

3-4. 424.47 3.12 5.57 1.931 22.6 1405 54.11 27.44 n.d. 

4-5. 451.86 1.56 4.35 1.983 1.5 5121 6.93 23.11 27.75 

5-6. 451.86 1.87 4.20 1.795 0.6 5991 11.18 19.40 26.9 

6-7. 454.60 0.31 4.49 1.872 14.8 7521 12.87 21.81 19.3 

7-8. 465.55 1.25 4.25 1.777 11.5 6777 16.55 31.64 41.75 

8-9. 464.18 0.0 4.83 1.776 4.3 7937 14.93 19.20 16.4 

9-10. 449.12 0.0 4.64 1.647 8.2 7771 21.40 12.03 n.d. 

10-12. 508.00 	0.0 	5.22 	1.468 	0.0 	7992 13.98 17.30 11.5 

12-14. 503.89 	0.0 	5.03 	1.486 	0.0 	7854 19.97 12.70 13.6 

14-16. 513.48 	0.0 	4.64 	1.337 	5.1 	6583 37.31 	8.90 40.05 

16-18. 549.08 	0.0 	4.49 	1.289 	0.5 	6537 14.59 	7.40 24.6 

18-20. 494.31 	0.0 	4.15 	1.356 	3.3 	6385 16.29 38.21 18.86 

20-22. n.d. n.d. n.d. 0.838 n.d. n.d. n.d. n.d. n.d. 

22-24. 48a.83 	0.0 	4.10 	0.873 	0.0 	6575 13.93 	8.21 16.35 

24-26. 480.61 	0.0 	4.49 	0.972 	0.4 	5766 36.43 10.54 33.85 

26-28. 461.44 	0.0 	4.00 	0.898 	0.0 	4971 47.42 14.03 36.3 

28-30. 477.87 	0.0 	4.44 	0.813 	7.8 	5120 44.76 	8.57 36.3 

30-32. 406.67 	0.0 	4.25 	0.843 	15.6 	4142 26.61 	7.58 60.0 

32-34. n.d. 	n.d. 	n.d. 0.838 0.7 3999 15.83 5.75 30.8 

34-36. 424.47 	0.0 	3.81 	1.044 	15.4 	3900 23.99 14.05 84.29 

36-3L n.d. 	n.d. n.d. 0.896 5.9 4072 26.75 6.86 n.d. 
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SiO4 	NO3 	PO4 	Corg 	Cu 	Mn 	Fe 	Ni 	In 

0-1. 288.63 45.50 2.43 0.0 60.98 227 98.1 n.d. 97.7 
1713 

1-2. 271.33 61.85 4.44 0.668 25.36 226 19.80 13.25 42.5 

2-3. 293.18 63.77 4.02 0.855 17.96 238 6.6 5.48 26.3 

3-4. 316.85 46.47 4.00 0.811 16.08 276 11.02 3.44 29.0 

4-5. 334.16 34.9 4.65 0.699 13.94 279 11.92 4.0 34.45 

5-6. 349.64 6.08 4.37 0.798 13.92 274 20.86 6.4 36.90 

6-7. 363.29 4.17 3.82 0.807 21.56 160 18.17 8.07 59.25 

7-8. 368.76 	1.92 4.51 0.972 16.54 210 54.38 12.82 57.90 

8-9. 402.45 	3.85 4.44 1.182 20.18 168 	7.56 10.09 62.45 

9-10. 396.07 0.0 	4.37 0.848 24.25 213 40.47 14.15 69.8 

10-12. 420.66 	0.0 	4.86 	0.830 	10.02 	151 	5.47 15.15 14.5 

12-14. 427.03 	0.0 	5.27 	0.803 	24.94 	677 	11.75 19.42 12.25 

14-16. 443.42 	0.0 	4.79 	0.820 	18.10 1419 	11.15 19.32 11.25 

16-18. 427.03 	0.0 	5.07 	0.801 	17.66 1455 	7.87 17.84 15.25 

18-20. 417.92 	0.0 	5.76 	0.824 	9.92 1603 	27.49 16.03 39.7 

20-22. 443.42 	0.0 	5.76 	0.0 	19.84 1602 	26.86 19.96 19.05 

22-24. 464.36 	0.0 	5.83 	0.927 	20.22 1689 	29.65 18.32 32.85 

24-26. 430.67 	0.0 	5.69 	0.972 	41.48 1789 	35.72 34.22 	n.d. 

26-28. 417.01 	0.0 	5.97 	0.910 	15.60 1793 	60.00 22.92 61.5 

28-30. 448.88 	0.0 	6.60 	0.0 	18.44 2037 	36.67 30.12 53.0 
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9iO4 	M03 	PO4 	Corg 	Cu 	Mn 	Fe 	Ni 	Zn 

0-1. 	276.20 47.97 6.01 0.928 41.15 n.d. 32.71 13.82 85.70 
1715. 

1-2. 	286.96 20.67 4.00 1.064 27.27 564 0.0 	8.13 20.34 

2-3. 	295.03 20.41 3.47 1.282 26.68 291 39.54 5.57 40.98 

3-4. 	303.10 7.95 3.13 0.0 23.57 Tf.d 54.66 20.26 70.33 

4-5. 	287.86 5.30 2.88 1.705 28.04 496 27.41 4.97 45.06 

5-6. 291.44 1.06 2.98 1.941 29.61 234 142.76 12.43 n.d. 

323.73 0.0 3.27 2.183 12.78 192 51.85 9.16 39.99 

7-8. 331.80 0.0 4.05 2.105 9.40 794 24.05 8.34 26.61 

-9. 342.56 0.0 4.69 2.116 10.52 1182 4.31 5.78 19.41 

9-10. 356.91 0.0 6.98 1.966 12.03 1396 	1.97 4.73 28.47 

10-12. 375.74 3.45 7.81 2.178 12.40 1929 9.42 3.94 19.05 

12-14. 399.05 	1.33 	8.64 	1.975 	11.65 2393 	15.22 . 4.88 14.94 

14-16. 385.60 2.65 8.89 1.962 6.03 2499 23.45 4.66 10.47 

16-18. 401.74 2.39 9.96 2.199 4.74 2618 8.87 4.66 12.33 

18-20. 420.58 2.65 10.25 2.105 6.03 3193 17.86 2.83 8.31 

20-22. 417.89 0.0 10.25 2.195 7.33 3176 125.49 17.77 12.39 

22-24. 418.78 0.0 10.25 2.144 6.46 3652 17.78 3.07 7.77 

24-26. 405.33 0.0 10.40 2.095 8.62 3641 13.50 3.26 11.25 

26-28. 439.41 0.0 10.61 2.075 5.97 4013 19.46 2.01 15.42 

28-30. n.d. n.d. n.d. 	2.191 2.49 4107 9.01 26.15 26.40 

30-32. 412.51 0.0 9.72 2.211 5.47 4318 11.26 9.87 19.53 

32-34. 437.61 0.0 9.86 2.101 4.97 4759 13.21 3.71 18.99 

34-36. 434.03 0.0 9.47 1.901 6.46 4573 6.85 8.10 20.07 

36-38. 444.79 0.0 10.25 1.923 7.96 4972 65.0 14.19 23.01 
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SiO4 	$03 	PO4 	Corg 	Cu 	Mn 	Fe 	Ni 	Z 

0-1. 322.77 3.15 29.20 4.465 18.11 111 103.27 8.92 45.35 
1721 

1-2. 382.25 0.86 47.72 4.460 4.80 89 31.56 6.47 29.45 

2-3. 488.09 0.0 47.34 4.413 11.24 107 41.45 6.27 41.85 

3-4. 418.11 4.01 46.38 5.199 41.12 142 31.56 5.23 33.75 

4-5. 415.82 1.01 n.d. 	4.986 19.14 94 8.78 6.18 52.65 

5-6. 396.83 5.04 42.76 5.634 15.83 114 104.46 n.d. 95.25 

6-7. 	463.29 ' 1.68 	43.90 	4.876 	13.21 	81 	48.64 	7.37 68.95 

7-8. 	461.39 1.01 42.18 5.367 9.78 69 22.29 34.38 66.5 

8-9. 500.31 2.01 38.56 5.127 15.88 69 20.51 6.05 50.25 

9-10,  471.83 2.69 36.27 4.808 20.02 68 13.84 5.59 55.9 

10-12. 509.81 5.04 35.50 5.527 11.18 92 54.77 8.52 28.25 

12-14. 518.35 0.0 33.98 5.571 13.85 92 44.30 30.49 48.15 

14-16. 527.84 1.34 32.45 4.592 5.38 51 18.95 2.20 7.2 

16-18. 518.35 0.0 31.11 4.737 5.18 58 23.64 3.44 26.05 

18-20. 563.92 2.01 32.64 4.933 8.74 75 50.58 4.40 36.85 

20-22. 563.92 0.34 32.26 5.089 6.66 97 9.63 1.54 32.4 

22-24. 581.01 0.67 31.69 4.610 7.49 65 9.08 3.36 32.25 

24-26. 581.01 0.0 30.73 4.155 8.01 75 15.96 n.d. 33.55 

26-28. 582.91 1.34 29.20 4.070 7.17 55 8.81 2.03 39.2 

28-30. 584.81 0.0 28.44 4.899 5.51 62 22.29 8.21 77.3 

30-32. 552.53 0.67 29.01 4.880 7.06 74 17.68 2.32 10.05 

32-34. 601.89 4.36 27.10 4.128 66.56 70 22.77 n.d. 48.15 

34-36. 563.92 0.0 26.91 4.004 7.83 110 74.17 7.73 15.85 

3638. 590.50 0.0 27.10 3.931 5.74 80 10.36 n.d. 16.8 
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SiO4 P103 PO4 Corg Cu Mn Fe 

0-1. 395.86 0.0 5.40 0.0 20.9 28 24.1 
1722 

1-2. 443.68 0.0 19.60 4.996 14.2 26 15.8 

2-3. 510.10 1.43 18.18 4.956 21.1 32 53.2 

3-4. 547.30 0.0 19.32 5.189 18.8 29 51.3 

4-5. 541.99 8.31 17.04 5.147 9.9 22 15.2 

5-6. 571.21 1.43 19.60 5.298 19.3 28 39.9 

6-7. 597.78 3.73 0.0 5.482 18.6 56 115.6 

7-8. 576.52 1.72 65.34 5.581 12.7 21 12.9 

8-9. 600.43 1.4.3 32.95 5.240 10.4 28 7.8 

9-10. 579.18 1.72 31.82 5.468 17.3 25 22.2 

10-12. 60.75 	1.15 39.20 	5.308 21.2 	29 	16.0 

12-14. 629.66 	0.29 48.29 	5.201 12.0 	26 	11.4 

14-16. 634.97 	2.01 56.25 	5.560 10.2 	29 	17.3 

16-18. 632.32 	n.d. 57.10 	5.650 	7.6 	30 	12.1 

18-20. n.d. 	nd. 	n.d. 	5.318 	6.5 	22 	3.4 

	

20-22. 709.36 	n.d. 61.93 	5.176 	9.6 	15 	2.8 

	

22-24. 637.63 	n.d. 63.35 	5.809 11.2 	17 	7.7 

	

24-26. 701.39 	n.d. 65.05 	5.241 14.9 	13 	7.0 

	

26-28. 704.05 	n.d. 66.19 	5.227 13.1 	32 	39.6 

	

28-30. 658.88 	n.d. 67.61 	5.276 10.8 	18 	10.2 

	

30-32. 722.65 	n.d. 68.18 	5.567 12.9 	21 	9.1 

	

32-34. 709.36 	n.d. 66.47 	5.309 28.4 	22 	4.2 

	

34-36. 709.36 	n.d. 66.76 	5.221 35.64 24 	16.3 

	

36-38. 658.88 	n.d. 63.69 	5.005 39.88 18 	20.8 
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