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SUMMARY

In 1995 a coastal-zone pollution monitoring programme for developing countries, the Land-Ocean
Contamination Study (LOCS), was initiated by the British Geological Survey (BGS) under funding from
the UK Overseas Development Administration (ODA) Natural Resources Division (NRD). The central
objectives of LOCS are (i) the provision of data regarding the sources, transport pathways and fates of
contaminant metals and selected organic compounds along urbanised coastal margins, and (ii) promotion of
the use of such data in integrated coastal-zone management (CZM).

A systematic geochemical and hydrochemical survey of the inshore waters of Mombasa, Kenya was carried
out under the ODA-LOCS programme in liaison with the Kenya Marine and Fisheries Research Institute
(KMFRI) during the period September 1995 to February 1996. The survey included an assessment of
heavy metal, alkane, polycyclic aromatic hydrocarbon (PAH) and organochlorine concentrations in water,
suspended particulate matter (SPM) and sediment at 48 localities within the inshore lagoonal waters, and
the reef-fronted coastline extending to Mtwapa Creek some 13 km to the north. Oceanographic and
sedimentological data of relevance to the interpretation of contaminant distributions and transport pathways
were also collected and form the subject of an independent report (Rees et al., 1996).

The fundamental hydrochemical properties (e.g. pH, salinity, dissolved oxygen) of individual creek and
back-reef water bodies are readily differentiable, reflecting variations of residence-time, evaporative
influence and freshwater influx. All are characterised by concentrations of Cu, Cd and Cr within the global
background range for marine waters. The concentration of Pb is, however, systematically elevated.
Anomalous concentrations of Zn and Cd prevail along the reef-front between Nyali and Mtwapa, although
precise source has not been ascertained.

Concentrations of several potentially toxic trace elements (e.g. Cr, As, Ni, Cu & V) are enriched in
suspended particulate matter (SPM) in Tudor Creek, relative to SPM in other inshore and reef-front waters.
A spatial correlation between these metals and Mn is evident. Such trends are inconsistent with an
anthropogenic control, and are almost certainly attributable to the dominance of mangrove-derived
particulate matter in the overall SPM assemblage in Tudor Creek.

Several heavy metals attain high concentrations in surficial sediments around Mombasa. With the
exception of Pb, Zn and Cu, the signatures are almost entirely related to lithology. Localised enrichment
of Pb, Zn and Cu is evident in close proximity to several known point-sources including sewage outfalls
to the east of Mombasa Island, Likoni and Kilindini docks. Temporal flux variations, typically involving
increased trace metal deposition towards the sediment-water interface, are apparent from downcore
concentration profiles through the sediments of Makupa Creek, Port Kilindini and Tudor Creek. Following
normalisation against Al,O, or TiO,, however, no clear anthropogenic control can be identified.

Sedimentary partitioning data for sediments from Makupa Creek indicate that labile geochemical fractions
(e.g. reducible oxides) are significant as carriers of Mn, Pb, Cu and Co. Detrital silicates and sulphides
form the principal carriers of Fe, Al, V, Co, Cr and Ni. The available partitioning data and
complementary data for intersitial pore-waters suggest that the post-depositional alteration of labile phases
predominantly results in the immobilisation of metals as sulphides. Under such circumstances, the
sediment reservoir can be considered to constitute a relatively long-term contaminant sink.

The concentrations of n-alkanes, PAHs and organochlorines recorded in Mombasa sediments are very low
(often falling below analytical detection limits). Alkanes and PAHs frequently remain as residues at sites
of crude oil spillage. Their low concentrations in the sediments of Port Reitz and Makupa Creek, both
known to have been impacted by spills during the last decade, signify high rates of biodegradation
facilitated by conducive climatic and biochemical factors.

The geochemical, oceanographic and sedimentological data collated under the LOCS programme for
Mombasa provide a valuable baseline against which to evaluate the effects of future urban and industrial
development. In an attempt to maximise the utility of the survey outputs in practical CZM and planning,
a GIS has been developed allowing interrogation of pollution data in conjunction with pre-existing
information concerning land- and marine resource use.




1: INTRODUCTION

Estuarine and coastal sites form important focal points for urban and industrial development
worldwide, offering favourable conditions for trade and transportation, marine fisheries
exploitation and domestic or industrial effluent disposal. Such diverse activities are, however,
often poorly compatible and problems of coastal-zone pollution are becoming increasingly
prevalent, with potentially severe environmental and socio-economic implications. The
consequences of nearshore contamination are particularly acute in the many developing
countries of Africa, Asia, the Caribbean and Latin America which are reliant on the coastal zone
for the provision of domestic food supplies, or for foreign exchange generation through
fisheries exports and tourism. With continued urban and industrial growth along the seaboards
of such countries, the implementation of strategies to assess the sources, fates and impacts of
land-derived contaminants (at both national and trans-boundary scales) may be vital to underpin
sustainable long-term development.

In 1995, the British Geological Survey (BGS) initiated a coastal-zone pollution monitoring
programme for developing countries, the Land-Ocean Contamination Study (LOCS), under
funding from the UK Overseas Development Administration (ODA), Natural Resources
Division (NRD). The central objective of LOCS is the provision of contaminant monitoring,
impact amelioration and integrated coastal-zone management protocols to meet the specific
social, technical and economic requirements of the targeted study regions. The LOCS project
structure comprises three discrete phases of field activity, the first focusing on the reef fringed
coastal margins of East Africa, the second on the more heavily industrialised setting of Jakarta
Bay, Indonesia, and the third on lagoonal coasts of Latin America. This report outlines the
methodology, preliminary results and implications of a geochemical survey of waters around
Mombasa, Kenya, executed by BGS in liaison with the Kenya Marine and Fisheries Research
Institute (KMFRI) during the period September 1995 - January 1996 as a component of Phase
One of the project.

2: REGIONAL SETTING
2.1: Physiography and climate

The administrative district of Mombasa occupies an area of approximately 275 km® on the
Indian Ocean coast of Kenya, centred on latitude 4.05°S and longditude 39.65°E (Fig. 1). The
district comprises the island settlement of Mombasa (now connected to the mainland by the c. 1
km Makupa causeway) and a series of mainly urban or industrial settlements to the north-east,
west and south-west, the combined population of which exceeds 500,000. To the south-west
and west of Mombasa Island, the Port Kilindini and Port Reitz creek complexes extend inland




for some 15 km. To the north-east and north, the island is bounded by Mombasa Harbour and
the Tudor Creek complex. Fluvial inputs to these systems are provided by the Mwache,
Shimba, Kombeni and Tsalu rivers, the annual discharges from which range between 10 - 50 x
10°m’. The open coastline north and south of Mombasa is fringed by a multiple reef (typically

1-1.5 km offshore) which extends virtually unbroken for a distance of 60 km between Mtwapa
and Gazi.

Figure 1: Physiography of Mombasa, showing principal rivers and inshore
water bodies.
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The rainfall regime of the Kenya coast is influenced by two seasonal wind regimes, the South-
East Monsoon from April-October and the North-East Monsoon from November-March (Fig.
2). An average annual precipitation of 1100 mm is substantially concentrated into two periods
referred to as the ‘short’ (October-November) and ‘long’ (March-May) rains. Average daily
temperatures range from 23°C in June-July to 31°C in December-January, with a mean relative
humidity of 67%.

Figure 2: Seasonal wind roses showing monsoon orientations in the vicinity of
Mombasa (from Norconsult, 1975). Wind speeds are expressed in m/s. The
mean (green) and peak (red) velocities are shown for the dominant wind
direction in each monsoon season.
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2.2: Geology

The hinterland to the west of Mombasa is formed of sedimentary lithologies of Upper
Palaeozoic to Cenozoic age, striking parallel to the coast (SW-NE) and younging eastwards
(Figure 3). The upper sectors of the catchments that drain into the inshore waters of Mombasa
are hosted by the Taru, Maji ya Chumvi, Mariakani and Mazeras formations of the Karoo
system (Upper Carboniferous to Lower Jurassic). This lies unconformably on the Archean




Figure 3: Simplified geology of the Mombasa area.

(Post-Karoo sediments include the Kambe and Mtomkuu formations. Karoo sediments include
all other units overlying the basement).
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basement. The formations comprise sandstones, sandy shales and conglomerates deposited in
fluviatile, lacustrine, deltaic and aeolian environments.

The tidal reaches of the Port Reitz and Port Tudor creek systems are predominantly confined
within Upper Jurassic marine shales, sandstones and limestones of the Mtomkuu Formation
(Rais-Assa 1988). Shales of this formation are widely exposed around the creek margins, and

form shale-gravels where broken-up underwater. The underlying Middle to Upper Jurassic




marine shales, sandstones, limestones and conglomerates of the Kambe Formation (Rais-Assa
1988) are resistant to incision and form a broad ridge to the north-west of the creeks.

The position, orientation and morphology of the Port Tudor, Kilindini and Port Reitz creek
complexes is largely controlled by the solid geology of the area. Both are hosted in depressions
within Jurassic rocks on the landward-side of topographically proud Pleistocene reef limestones
and back-reef deposits (Caswell, 1953, 1956; Carruthers 1985). The Pleistocene rocks are
breached by the narrow channels of Mombasa Harbour and Port Kilindini, which link the
inshore waters to the coast. Locally, the Pleistocene rocks unconformably overlie the Magarini
Sands of Pliocene age. Outcrops of these friable orange-brown sands cap Jurassic outcrops
north of Port Reitz (in the vicinity of Moi International Airport), and between the River Majera
and the Pleistocene coastal sequence to the south of Port Reitz.

Late Pleistocene and Holocene reef flats dominate the intertidal and marginal supra-tidal zone
along the open-coastlines north and south of Mombasa. Mangrove muds with intermittent peaty
horizons occur widely in the upper tidal reaches of Tudor Creek, Port Kilindini and Port Reitz.

2.3: Physical oceanography

2.3.1: Bathyfnet_ry:

The physical oceanographic characteristics of the study area, including current orientation and
residence-time models for the principal creek systems of Mombasa, have been outlined by
Norconsult (1975) and Rees et al. (1996). Bathymetric data for the inland creek systems (Figure
4) show a prevalence of narrow scoured seaward entrances up to 50 m deep, with broad and
shallow (2-5 m) upper reaches. Depth/area curves for Port Reitz (including Kilindini) and Port
Tudor produced by Norconsult (1975) indicate that the surface areas of the two systems are 45
km” and 20 km’ respectively, of which at least 50% is characterised by water depths of <10 m.
Water volumes within the two systems have been estimated at 240 x 10° m® and 86 x 10° m’
respectively (Norconsult, 1975). The bathymetric data for the nearshore waters indicate the
presence of a virtually continuous shallow lagoon (<5 m) up to 2 km wide, underlain by
Pleistocene reef flats and bounded on the seaward side by the present-day reef front. Offshore
of the reef, water depths increase rapidly to >200 m.

2.3.2: Tides: B
Mombasa tidal cycles are semi-diurnal with an average range of 2.3 m. Tidal ranges within the

creek systems of Port Tudor and Kilindini have been reported to be closely analogous
(Norconsult, 1975).




Figure 4: Bathymetry of inshore and nearshore waters in the vicinity of
Mombasa.
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2.3.3: Ocean currents:

Surface ocean currents vary in accordance with the seasonal monsoons. In the eastern Indian
Ocean, the NE Monsoon period (November - March) is characterised by two west-trending
currents (focused on 2-8° N and 10-20°S), between which flows the easterly Equatorial
Counter-Current. In the vicinity of Mombasa, water flowing to the Counter-Current runs
northward along the coast (Fig. 5a) during this period, although southward flows prevail along
the coast north of Malindi. With the onset of the SE Monsoon (May - September), the
Equatorial Counter-Current disappears and all surface currents parallel to the Kenya coast trend
northward (Fig. 5b).

Figure 5: Oceanic surface currents in the Indian Ocean a) November-March,
b) May-September
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2.3.4: Nearshore currents:

Nearshore currents in the vicinity of Mombasa are largely accordant with ocean current
movements, with minor modifications induced by local reef configurations, bed morphologies,
winds and tides (Norconsult, 1975). Predominantly northerly nearshore currents with velocities
of 0.3 - 0.5 m/s prevail throughout most of the NE Monsoon, although a southerly current
develops during a 2-3 week period prior to the monsoon interchange in February or March. The
northerly currents continue to prevail during the SE Monsoon, with velocities generally
accelerated by south-easterly winds. Persistent modification of this northerly nearshore current
trend has, however, been recorded at the entrances to Mombasa Harbour and the Kilindini/Port
Reitz creek complex (Norconsult, 1975) due to the influence of tidal currents of 0.25-0.5 m/s
running perpendicular to the open coastline (Fig. 6).

Figure 6: Current drogue study of Mombasa Harbour and Kilindini entrances:
flood tide (blue) & ebb tide (red). All transport times are given in hours.




2.3.5: Back-reef lagoonal currents:

Tidal movements in the lagoonal systems constitute the principal determinant of current
directions and velocities. High velocity currents are generated in the vicinity of reef channels
during the initial stages of the flood tide (producing onshore currents) and the latter stages of the
ebb tide (producing offshore currents). Longshore currents produced by wave action in the
lagoons may attain velocities of 0.5 m/s (Norconsult, 1975).

2.3.6; Inshore tidal currents:
A large tidal prism accumulates in the shallow waters of the Port Tudor and Kilindini/Port Reitz
creek systems during each flood tide, resulting in the generation of strong tidal currents in the

seaward openings to these inshore waters. Data derived from drogue studies of Port Kilindini
and Port Tudor (Norconsult, 1975) indicate typical current strengths of 0.3-0.6 m/s throughout
the tidal cycle, except for periods of around 1 hr at maximum flood and maximum ebb, when
~ velocities increase to around 1 m/s. Current velocities vary little with depth. Opposing flood and
ebb tide current velocities are maximised along the eastern margin of Port Kilindini (adjacent to
the loading berths), the northern shoreline of Port Reitz, and along a central scour channel in
Port Tudor. The large tidal excursion inferred from the Norconsult (1975) drogue studies
suggests an almost complete exchange of water in the major creeks with each tidal cycle.
Substantially longer residence times may, however, prevail in the landward parts of certain
systems. For example, hydrodynamic models for Tudor Creek (incorporating pressure, current,
bathymetric and salinity data) have produced residence-time estimations of up to 14 days
(Nguli, 1994; Odido, 1994).

2.4: Industrial activity

A synopsis of industrial activity within Mombasa District has been provided by Munga et al.
(1994) in a document prepared for the WHO. Most industrial activities are concentrated within
designated industrial areas on the western side of Mombasa Island and the northern margin of
Port Reitz. A summary of industrial plant registered with the Kenya Mininstry of Industry is
given in Table 1, and the locations of plant in each activity class are shown in Figure 7.

2.5: Marine contaminant sources and waste management.

The relatively large urban population of Mombasa, coupled with it’s broad industrial base,
maritime activity and increasingly intensive agricultural development of the Mwache and
Kombeni catchments, provide a diversity of contaminant sources which may potentially affect
the quality of inshore and nearshore waters. The municipal sewage treatment system serves
approximately 17% of the population, with plant located on Mombasa Island at Kizingo and on
the mainland near Kipevu oil terminal. These installations discharge treated residues into Tudor




Creek and lower Port Reitz respectively. Both plant are currently operating at low efficiency
with the result that large volumes of raw sewage are discharged (Munga et al., 1994). The
remaining 83% of the population utilise pit latrines or septic tank facilities for sewage disposal,
with sludges dumped at Kibarani landfill (adjacent to Makupa Creek) or other unspecified areas
of mangrove (Munga et al., 1994). Beach hotels along the coastal strips to the north and south
of Mombasa (with a current capacity of approximately 10,000 beds) typically utilise septic
tanks, with overflows discharging directly into the sea. Sewage constitutes the dominant source
of N and P to the inshore waters of Mombasa, exceeding industrial emissions by at least a factor
of three (Table 2).

Municipal refuse is currently dumped at Kibarani landfill. Leachate migration from the site is
unconfined and discharges directly into Makupa Creek. There is no specified treatment
procedure for waste from ships using Kenya Port Authority berths, although some solid (often
toxic) waste products are reportedly discarded at Kibarani.

Data produced by Munga et al (1994) indicate that industrial wastes are the dominant contributor
to BOD in the inshore waters of Mombasa (72% total, Table 2). Textiles and brewing activities
exert a disproportionate influence. A major component of the total heavy metal load is derived
from steel-rolling and galvanising activities (>3 t/yr), the non-ferrous metal industry (0.1 t/yr)
and power generation (0.1 t/yr). Petroleum refining activities provide the principal source of
phenols.

Table 1: Industrial activities in Mombasa District, classified according to
Kenya Government Ministry of Industry criteria (from Munga et al., 1994).

INDUSTRY PLANT NO. ANN. INPUT ANN PRODUCTION
Fish processing 2 - 1,694 ton
Slaughter house 1 28762 ton -

Milk processing 1 - 67,251 ton
Vegetable/animal oil 9 - 48,064 ton
Grain mills 8 - © 12,613,618 ton
Bakeries 8 - 50,004 ton
Soft drink manufact. 2 - 1,484 cum
Brewing 1 - 45,041 cum
Soap manufacture 2 - 1,250 ton
Textiles 22 - 50,000 ton
Plastics 8 - 150,000 ton
Oil refining 1 2,000,000 ton -

Glass manufacture 2 - 5,000 ton
Ferrous metals 7 - 30,464 ton
Non ferrous metals 12 - 69,123 ton
Power generation 2 - 100,292 MW

10



Figure 7: Location of industrial plant (classified by activity) in Mombasa
District (source - UNEP EAF6 Kenya Coast database).
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Agrochemicals are used widely in the Mwachi and Kombeni basins, providing a potentially
significant flux of nutrients and toxic organic residues (and the dominant source of
organochlorines) to the inshore waters. Data compiled by the District Agricultural Office in 1992
indicate that approximately 7000 kg of fertilizers, 300 kg of fungicides, 325 kg of insecticides
and 250 kg of nematicides are used in the area annually.

Table 2: Summary of estimated pollution loads (tons/yr) to marine waters in
Mombasa District, classified by generic source type (blanks indicate that inputs
cannot be quantified on the basis of existing data).

Source BOD| SS| Oil N P Metals | Phenols
Domestic sewage 3909 | 3550 | - 138 |34 |- -
Beach hotels 143 126 |- 26 3 - -
Storm water runoff 679 9252 |- 123 |12 |- .
Solid waste (municipal) 1575 | - - - - - -
Industrial waste 16249 218371103 [ 45 | 6 Cr-02s5, |0.01

Cu - 0.001

Fe - 29

Ni - 0.005

Zn - 0.11
Ship waste (solid and liquid) 11 11 - 2 0 - -
Livestock waste 73 493 | - 75 56 - -

3: BGS - KMFRI INVESTIGATION

3.1: Water quality assessment.

3.1.1: Sampling and analyvtical methods.:

Water quality assessments were undertaken at 35 stations within the inshore waters of Port
Tudor, Port Kilindini and Port Reitz, and at 4 stations along the northern Mombasa coastline
between Nyali and Mtwapa Creek (Fig 8). All stations were initially sampled during the period
8th-25th September 1995. Selected re-sampling of stations was carried out in January 1996 to
provide an indication of temporal variability. Sampling of each individual creek was carried out
under a range of flood- and ebb tide conditions. All systematic contrasts of hydrogeochemical
signature noted between the respective water bodies are therefore considered to be largely
independent of tidal condition. '

At all stations, measurements were made of water temperature, dissolved oxygen (DO), O,-
saturation, pH, Eh, turbidity, conductivity and salinity using a pHOX™ model 902 sonde and
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datalogger. Calibration of the component electrodes and sensors in the sonde was carried out
using the following reagents:- (a) 2% sodium sulphite (zero DO), (b) buffer solutions of pH 4.0
and pH 10.0, (c) potassium ferro- and ferricyanide redox standards of 125 and 350 mV, (d)
potassium chloride conductivity standards of 100, 1000 and 50000 uS, and (e¢) polymeric
turbidity solutions of 1, 100 and 1000 FTU.

Water samples for chemical analysis were recovered from the mid-water column using a 2.5 1
acrylic Kemmerer sampler, activated by a 250 g messenger (Fig. ‘9). Immediately following

collection; each - sample-was- decanted -into- an- acid-washed- PTFE -reservoir, - from.which a =~ .

volume of 0.5 1 was pressure-filtered (at 20-40 psi) through a 0.45 um x 50 mm diameter
cellulose acetate membrane (Sartorius™) into an HNO,-washed HDPE bottle (Nalgene™).
Samples were acidified with 1% v/v HNO; (ARISTAR) within 8 hours of collection. Analyses
for a suite of 6 heavy metals (Pb, Zn, Cu, Cd, Cr & Ni) were carried out by anodic stripping
voltammetry (ASV) at the UK Environment Agency (formerly NRA) laboratories, Llanelli,
Wales. The practical analytical detection limits for the six analysed elements in seawater by this
method are 0.024 g/l Pb, 0.042 ug/l Cd, 0.05 pg/l Cu, 0.1 pg/l Zn, 0.35 pg/l Cr and 0.058

pg/l Ni.

Figure 8: Mombasa stations selected for sampling of water, suspended
particulate matter and sediment under the LOCS programme.

39.8
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3.1.2: Results:

3.1.2.1: Physico-chemical parameters: The geographic coordinates, basic physico-chemical
characteristics and trace metal content of the Mombasa seawater suite are given in Table 3, with
summary statistics provided in Table 4. Dissolved O,, pH and salinity vary significantly
between the principal inshore water systems (Figs. 10-11), reflecting differences of residence
time and/or freshwater-seawater mixing. Relatively low values (DO <70% sat., pH <7.7,
salinity <34.0 g/l) consistent with the influence of a terrestrial runoff component (possibly
coupled with a residence-time of several tidal-cycles) prevail in the upper reaches of Tudor
Creek (sites MB1-MB4). Values for these parameters increase progressively through the mid-
and lower reaches of Port Tudor (sites MB5-MB13), approaching typical pure seawater levels
(exemplified on Figs. 10 - 11 by the ‘reef front’ suite) throughout much of Port Kilindini and
Port Reitz. These physico-chemical trends concur with modelled hydrodynamic data for the
inshore waters of Mombasa (Rees et al., 1996), which suggest substantial flushing of the Port
Kilindini and lower Port Reitz systems during each tidal cycle. The position of the Makupa
Creek waters on the horizontal axis of the DO vs. salinity plot suggests a similarly short (single
tidal cycle) residence time. Disproportionately low DO values in this lagoon reflect the
eutrophicating effect of solid waste and leachate from the Kibarani disposal site.

Figure 9: Kemmerer messenger sampler and filtration equipment used in the
hydrochemical survey of Mombasa.
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Figure 10: Relationship between DO saturation (%) and pH in Mombasa waters.
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Figure 11: Relationship between DO saturation & salinity in Mombasa waters.
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The turbidity of the inshore and reef-front waters was consistently low (<100 FTU) during both
the September 1995 and January 1996 field campaigns. The very low values (<50 FTU)
recorded in the zone of mixing in the upper reaches of Tudor Creek (sites MB1-MB3) suggest
that the flux of Fe and dissolved humic organic matter in terrestrial runoff (and consequent
flocculation of these components) is negligible. Although probably subject to marked seasonal
variation, the limited presence of flocculated particulates may significantly influence dissolved
trace metal mobility by restricting particulate scavenging and sedimentation. Locally elevated
turbidities (>80 FTU) in shallow water (<3 m) at the confluence of the two major inland arms of

- Tudor Creek (sites MB13 and. MB14) result from localised eddying and-entrainment of bottom- -

sediment. A turbidity value of 84 FTU was recorded close to the discharge outlet of a sewage
plant near Kipevu oil terminal on the northern shore of Port Reitz (MB29).

3.1.2.2: Trace metals: Spatial variations in the concentration of the six analysed metals in the
Mombasa water suite are shown in Figures 12-17. With the exception of Pb, for which
relatively high values of up to 1.9 ng/l were recorded, the median metal concentrations for all
elements (Cd <0.042 pg/l, Cu 2.63 pg/l, Zn 8.1 pg/l, Cr <0.35 pg/l, Ni 0.28 pg/l ) lie within
the global background range for marine waters (e.g. Crecelius, 1969). The spatial covariability

of dissolved metals is limited (Table 5), with the exception of Zn and Cd (Pearson R coeff. =-

0.967) which display coincident enrichment in the reef-front waters between Nyali and Mtwapa
(sites MB41 - MB44).

Table 5: Pearson correlation matrix for hydrochemical parameters determined in
filtered water from Mombasa.

Pb Cd Cu Zn Cr Ni pH DO (% Salinity
sat)

Pb 1.000 .308 -.194 .286 309 -.413 422 .426 .444
Cd .308 1.000 -.060 967 .034 -.284 .358 .507 .282
Cu - -.194 -.060 1.000 -.048 -.007 -.104 -.443 -.459 -.510
Zn .286 967 -.048 1.000 152 -.238 .355 .483 .235
Cr .309 .034 -.007 .152 1.00 -.220 .024 -.078 .009
Ni -413 -.284 -.104 -.238 -.220 1.000 -.361 -.435 -.382
pH 422 358 -.443 .355 .024 -.361 1.000 .840 .885
DO% .426 507 -.459 .483 -.078 -.435 .840 1.000 744
Temp -.292 -561 | .131 -.582 -.210 .532 -.622 -.489 -.512
Cond .458 297 -.511 251 .027 -.400 .886 751 .996
Sal 444 282 -.510 235 .009 -.382 .885 .744 1.000
Turb 242 -.156 -.301 -.193 .368 -.068 -.123 -.100 219

Statistical analysis (ANOVA and Tukey HSD) of metal data for six discrete sectors of the study
area:- (A) upper Tudor Creek, (B) Port Tudor & Mombasa Harbour, (C) Port Kilindini, (D)
Makupa Creek, (E) Port Reitz and (F) the North Coast reef front, has highlighted significant
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differences of hydrochemical signature, variably controlled by freshwater inputs, point-source
anthropogenic contamination and hydrodynamic factors. Upper Tudor Creek is discriminated by
anomalous Cu concentrations (max. 20.5 pg/l) and, to a lesser extent, Ni enrichment.

Figures 12-13: Distribution of Cu and Zn (ug/l) in 0.45 pum-
filtered mid-water column samples from Mombasa.
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Figures 14-15: Distribution of Pb and Cd (ug/l) in 0.45 pum-
filtered mid-water column samples from Mombasa.
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Figures 16-17: Distribution of Ni and Cr (ug/l) in 0.45 pm-
filtered mid-water column samples from Mombasa.
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This trend does not, in itself, infer a higher Cu flux than that prevailing in other inshore water
areas, as the observed concentrations are likely to be accentuated by ineffective circulation and
hence extended water residence in the uppermost reaches of the creek. A general tendency for
Cu enrichment in all areas of freshwater-seawater mixing (Cu vs. salinity: R = -0.51, Table 5;
also Fig. 18) does, however, suggest that the Cu concentration of terrestrial runoff into Tudor
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Creek may exceed that of incoming seawater. No anthropogenic contaminant source is

implicated.

Makupa Creek waters (MB22-MB23) are distinguished from all other components of the
inshore and reef-front suite by substantial enrichment of Ni (max. 0.975 ug/l. Modelled
hydrodynamic data (Rees et al., 1996) and physico-chemical inferences regarding residence-
time (see section 3.1.2.1 above) suggest that comprehensive flushing of this lagoonal system
occurs over as few as two tidal cycles. This hydrochemical anomaly must unequivocally be
‘controlled by an elevated Ni flux, probably carried in leachate from the Kibarani-landfill. -

The reef-front waters extending between Nyali and Mtwapa (MB41-MB44) are clearly
differentiated from all inshore samples, displaying enrichment of Zn, Cd and Pb.
Concentrations of Zn in the range 24-69 pg/l exceed the median for the total Mombasa suite by
at least a factor of 3 (Fig. 18). In the case of Cd, samples MB41-MB44 provided the only
instances in which the analytical detection limit (0.042 pg/l) was significantly exceeded (range:-
0.173 - 0.676 pg/). No identifiable source of metals along this coastline has been identified,
and fugher investigation of the controls on Pb, Zn and Cd enrichment is currently in progress.

Figure 18: Relationship between dissolved metals (Cu, Zn and Ni) and DO in
Mombasa waters.
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3.2: Suspended particulate matter.

3.2.1: Sampling and analytical methods.:

Suspended particulate matter (SPM) was collected at all inshore and reef-front water sampling
stations included in the LOCS survey. All SPM samples were obtained from the mid-water
column during the filtration of waters collected for dissolved metal analysis (see section 3.1.1
above). The simultaneous collection of SPM and filtered water from a single sample in this
~ manner is considered most appropriate for the study of biogeochemical interactions between
particulate and dissolved phases. At each sampling station, a known volume of water (typically
1 litre) was pressure-pumped through a pre-loaded 50 mm diameter filtration cartridge, housing
a 0.45 pum cellulose acetate membrane (Sartorius™). The pump reservoir pressure was kept as
low as possible throughout filtration to minimise the rupturing of algal cells, and attendant loss
of metals into the dissolved phase. On completion of the exercise, the filter cartridge was
opened and the membrane transferred into a Sterilin storage tube.

On return to the laboratory, each cellulose acetate filter was weighed to assess the approximate
mass of SPM residue held upon it. Each was then placed in a sealed PTFE bomb and digested
in 5 ml HNO; + 2 ml HCIO, + 2 ml HF until a particulate-free solution remained. The solutions
were subsequently diluted to an appropriate volume and analysed for 13 trace elements (V, Cr,
Mn, Co, Ni, Cu, Zn, As, Mo, Cd, Pb, Th and U) by ICP-MS. A suite of pristine (ie. unused)
membranes, and a variety of acid reagent mixtures were also prepared and analysed using
identical methods to establish their respective trace metal contents. ‘Blank’ corrections were then
applied to the trace metal data generated for all Mombasa SPM samples to account for any
filter/reagent contamination.

3.2.2: Results:

3.2.2.1: Contribution of SPM to the water column trace-metal load. The trace metal loads held
by SPM, expressed as concentration per litre of seawater for each Mombasa sampling station,
are given in Table 6. For the six metals also analysed in filtered waters, the presentation of SPM
data in this manner facilitates direct assessment of the relative importance of particulate and
solute phases as contaminant carriers in the water column.

The mass-balances for Ni and Cr are dominated by particulate carriers at over 60% of sampling
stations, with median SPM values of 0.51 pg/l and 0.55 pg/l respectively, compared to 0.28
Mg/l and <0.35 ug/l respectively in solution. The SPM contribution to the total Ni load exceeds
that of dissolved phases by an order of magnitude at Makupa Creek site MB22. The dominance
of SPM with respect to Cr is maximised in Tudor Creek, where particulate/dissolved ratios of 8
are recorded (site MB4). In the Mombasa area as a whole, the SPM contribution to total water
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column budgets for Ni and Cr vary independently of turbidity (ie. the volume or mass of SPM
present), suggesting that partitioning is actively regulated by in-situ exchange processes in the
water column. The presence of certain metals in hydroxy-complexes (notably Cr) with a
propensity for incorporation into colloids, may constitute one such process.

A contrasting trend is displayed by Cu, the mass-balance for which is dominated by dissolved
phases at most sites (SPM median = 1.1 pg/l, water median = 2.63 pg/l). There is also limited

evidence (notably at stations MB41-MB44) of a dominance of Cd in the dissolved phase. The

partitioning patterns for Zn and Pb are less clearly defined.

The partitioning of individual metals between particulate and aqueous phases in the water
column is a function of (i) the physical form in which the respective metals are introduced (via
anthropogenic pathways or terrestrial runoff), (ii) biogeochemical regulation (notably the
selective removal of metals from solution by primary producers), (iii) the solubility products
and stabilities of the principal metal species, and (iv) the composition and surface charge
properties of SPM (ie. sorption surfaces). For most Mombasa stations, the presence of a brown
SPM residue, soluble only on the addition of HF during the digestidn procedure, suggests that
the SPM matrix is largely inorganic. This may provide a partial explanation for the limited
affinity of Cu to particulate matter. While no empirical speciation data are available, the principal
dissolved metal species are likely to be uncomplexed divalent cations (Zn*, Ni**, Cu®*, Cd%,
Pb*), chloride complexes (notably of Cd and Pb) and hydroxy complexes of Cr, Cu and Pb,
the solubility products of which are unlikely to be influential.

3.2.2.2: Spatial covariation of metals in SPM and solution. The extent of spatial covariation
between dissolved and particulate loadings of selected metals in inshore waters of Mombasa is
illustrated in Figure 19. Low Pearson R coefficients (<0.3) have been calculated for particulate
vs. dissolved Ni, Pb and Cu. Higher coefficients for Cd and Zn are produced if the entire
dataset is used (R = 0.80 and 0.84 respectively), but these values fall to insignificant levels if
the enriched North Coast reef-front suite is excluded. '

3.2.2.3: Mass-specific trace element concentrations. The dry weights of SPM residues for the
Mombasa sample suite were found to lie within the range 10-14 mg. Errors in the derivation of
weights for some samples were, however, suspected due to the variable dessication of filter
membranes during drying. Consequently, SPM metal concentrations (Table 7) have been
calculated indirectly using the following procedure:-

M2 mghkg = Ml pug/l x WxDx LT
T
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where M2 = the mass specific metal concentration in SPM, M1 = the SPM metal load per litre of
seawater, W = the weight of thc: smallest SPM sample collected (10 mg), D = the SPM dilution
factor in seawater for the smallest SPM sample analysed ie. 100,000), LT = the lowest recorded
turbidity value (30 FTU) and T = the turbidity of the sample yielding metal load M2. The
calculation method assumes a linear relationship between SPM mass and water turbidity.

Figure 19: Relationship between dissolved and particulate metal loadings of
_ selected trace metals in Mombasa waters.
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Descriptive statistics for the Mombasa SPM suite are given in Table 8. Median elemental
abundances decline in the order:-- Mn>Zn>Cu>Ni>V>Pb>Cr>As>Co>Th>Mo>U
>Cd. Spatial abundance variations (Figs. 20-27) form a coherent trend, As, Mo and most first-
row transition elements (Mn, V, Cr, Co, Ni) showing systematic enrichment in the upper sector
of Tudor Creek relative to all other inshore waters. The principal exception (with respect to the
first-row transition group) is Zn which, although enriched in Tudor Creek relative to Port Reitz
and Kilindini, attains highest concentrations (> 6000 mg/kg) along the North Coast reef-front.
Constrasts of SPM metal concentration between individual inshore water bodies are summarised
in Figure 28, in which representative trace element values for SPM from Tudor Creek,
Mombasa Harbour, Kilindini, Makupa Creek, Port Reitz and the North Coast reef-front are
plotted on a single spidergram. Notable features include the relative enrichment of Ni in SPM
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Figures 20-21: Mass-specific concentration of Cr and As in
SPM from Mombasa.
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Figures 22-23: Mass-specific concentration of Co and Ni in SPM
from Mombasa.
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Figures 24-25: Mass-specific concentration of Mn and Cu in SPM
from Mombasa.
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Figures 26-27: Mass-specific concentration of Zn and V in SPM
from Mombasa.
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from Makupa Creek (max. 516 mg/kg), enrichment of Pb in reef-front samples (max. 112
mg/kg) and low concentrations of Ni, Cu, Zn, As, Mo, Cd and Pb in Port Reitz. Pearson
correlation coefficients for the 13 analysed trace elements (Table 9) confirm the close
interrelationship of Mn, V, Cr, Co and As (R >0.8 using Mn as the ‘x’ variable) graphically
portrayed in Figs. 20-27. Weaker, yet analogous affinities are displayed by Cu, Mo and Ni. A
second statistically covariant group comprises Zn, Pb and Cd.

Figure 28: Geochemical signatures of SPM in selected inshore waters around
Mombasa. Arithmetic means have been utilised in the production of spidergrams for Tudor
Creek (n = 4), Mombasa Harbour (n = 6), Kilindini (n = 4), Port Reitz (n = 4) and the North
Coast reef front (n = 4). Makupa Creek is represented by a single sample (MB22).

mg/kg / 100
100

Tudor Creek
Port Mombasa
Kilindini
Makupa Creek
Port Reitz

North Coast

The observed patterns of trace element enrichment in SPM are unrelated to urban settlement or
industrial activity. Detrital rather than anthropogenic inputs are thus considered likely to
dominate the total particulate metal flux to the inshore waters. The prevalence of Cu, Ni, Cr, V,
Co and As in Port Kilindini and Port Reitz (which host all major shipping, petrochemicals and
sewage installations) at concentrations up to an order of magnitude lower than in the
(unindustrialised) catchment of Tudor Creek reflects fundamental contrasts of SPM source and
composition, compounded by differing surface chemistries and water column behaviour.

The contribution of mangrove-derived detritus to total the SPM budgets of the respective
inshore water bodies is critical. Fine-grained mangrove muds are routinely enriched in a wide
range of trace metals (up to 1% Mn, 1000 mg/kg Zn and 500 mg/kg of most other first-row
transition elements) relative to other coastal and intertidal sediments (eg. Badarudeen et al.,
1996). Such enrichment reflects the presence of a ubiquitous hydrous Fe/Mn oxide coating on
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the fine-grained superficial material, the ability of which to concentrate elements such as Co,
Zn, Ni, V and As by surface adsorption has been well documented (e.g. Balistrieri and Murray,
1986, Williams, 1992). In the inshore lagoonal systems of Mombasa, scavenging of trace
metals (resulting in strong statistical covariation with Mn, as indicated in Table 9) occurs
initially in the mangrove environment, and may continue following the outwash of Fe/Mn
oxide-rich particulates into the water column. In the latter environment, the capacity of SPM to
accumulate metals will be significantly influenced by residence time (ie. the time available for
the operation of surface exhange and sdrption/desorption processes). High levels of trace metal
enrichment in hydrous-oxide-bearing SPM from the uppermost reaches of Tudor Creek may
therefore be anticipated relative to SPM from lower Tudor Creek, Port Kilindini, lower Port
Reitz, Makupa Creek or the North Coast reef-front, on account of the longer residence time
prevailing in the former area (see section 3.1.2.1).

X-ray fluorescence analyses of the <63 um fraction of mangrove muds from the Mombasa
hinterland have confirmed the presence of concentrations of Mn, Zn, Ni, Cr, V and Co which
lie within 20% of the mean for SPM from upper Tudor Creek sites MB1-MB4, suggesting that
wave-erosion of mangrove flats constitutes the principal source of particulate matter in these
waters. With the exception of the north-western sector of Port Reitz, the margins of the inland
lagoons to the west and south-west of Mombasa Island (Kilindini, Makupa, Port Reitz) are less
dominated by mangroves than the catchment of Tudor Creek. Their significance as a source of
SPM may thus be correspondingly lower. In Port Reitz, the terrestrial component of SPM
mainly comprises clastic detritus derived from the erosion of Jurassic shales. A substantial
marine inorganic/algal component may also be supplied by each flood-tide. Although also
supplied to Port Tudor, the influence of this algal component on the geochemical signature of
the SPM is less pronounced in this area, due to the higher clastic loading.

3.3: Sediment geochemistry.

3.3.1: Sampling and analysis:

Sediment samples were collected from a total of 47 stations within the inshore and reef-front
waters of Mombasa during September 1995 (see Fig. 8 for locations), with selected sites (MB1,
MBS, MB20, MB23, MB27, MB29) re-sampled in January 1996. During the 1995 survey, a
20 kg Wildco™ gravity corer of 0.5 m length (Fig. 29) was used at all sites with silty or clay-
rich sediments. A 1.1 m pneumatic piston corer (Fig. 30) was used during the 1996 survey.
This system facilitated core recovery with minimal disturbance of the interfacial layer, and was
utilised specifically at sites considered (on the basis of data from the 1995 campaign) to have
potential for the retention of sedimentary pollution chronologies. Approximately 8 sampling
sites in the lower reaches of Mombasa Harbour, Port Kilindini and along the Nyali-Mtwapa
reef-front were dominated by quartzo-feldspthic or carbonate sand sediments, into which the
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gravity and piston corers failed to penetrate. In these instances, samples of the uppermost 5-10

cm of sediment were obtained using a Van-veen grab sampler of stainless steel construction.

Figure 29: Wildco gravity corer used for sampling of stratified mud and silt
lithologies in the inshore waters of Mombasa in 1995.

Figure 30: Pneumatic piston corer, used for sampling of stratified mud and silt
lithologies in the inshore waters of Mombasa in 1996.




All sample cores were retained upright in sealed perspex tubes during transport to the
laboratory, and were sub-sampled at 2-5 cm resolution on extrusion within 24 hours of
collection. Core sub-samples -and grab samples were transported to the UK in air-tight
securitainers or polythene bags. Further sub-sampling was then undertaken to produce aliquots
for bulk geochemistry, solid-phase speciation and sediment grain size analyses.

The concentrations of 10 major oxides and 13 minor or trace elements were determined in a total
of 252 samples (representing a maximum of c. 20 stratigraphic levels per sampling station) by
XRF analysis of 12 g pressed pellets. The partitioning of elements between detrital, hydrous
oxide and organic fractions of sediments was established using a sequential extractive procedure
based on that developed by Breward and Peachey (1983). This entailed the initial application of
IN HN,OAc to 1g (wet weight) samples to remove adsorbed/exchangeable metals. Ammonia
was then used to extract the organic fraction of the sediment, from which the fulvic and humic
components were then separated by HCI precipitation. The inorganic residue was heated in
0.IN NH,.0H.HCl in 25% v/v HOAC to extract hydrous Fe and Mn oxides. The residuum was
then digested in HNO;+HCIO,+HF to liberate metals held in detrital silicates and other residual
minerals. The leachates from each stage of the procedure were diluted to an appropriate volume
and analysed for 11 elements (Fe, Mn, Al, Co, Cr, Cu, Pb, Zn, V, Ni and Cd) by ICP-ES.
Reagent blanks were prepared and simultaneously analysed with each leachate. The procedures
and results of granulometric analyses of sediment samples are descibed elsewhere (Rees et al.,
1996). ‘

Surficial sediment samples from 6 Mombasa stations (MB1, 5, 20, 23, 27 & 30), plus several
sub-surface samples from station MB23 were selected for the determination of petroleum
compounds, organochlorines and polycyclic aromatic hydrocarbons (PAH’s) by high pressure
liquid chromatography (HPLC) and gas chromatography. A hexane solvent was used for
extraction in all instances. Surficial samples from stations MB1 and MB23 were scanned to
ascertain the concentration of additional organic contaminants (including PCBs) within the
matrix using GC mass spectrometry (GCMS).

3.3.2: Metal distribution in surficial sediments:

The distribution of the 10 major oxides and 13 trace elements analysed in surficial sediments (0-
2 cm depth in gravity & piston core samples; 0-10 cm depth in grab samples) from all sampling
stations is shown in Figs. 31-52, with descriptive statistics and inter-element correlations given
in Tables 10-11. The distribution of major oxides suggests that basic lithofacies variations
within the inshore and reef-front environments can be explained in terms of the variable mixing
of terrigenous and marine biogenic carbonate ‘end-members’. Terrigenous detritus (enriched in
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Figs. 31-32: Distribution of SiO, and K,0 in surficial sediments of Mombasa
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Figs. 33-34: Distribution of P,0; and AlL,O, in surficial sediments of Mombasa
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Figs. 35-36: Distribution of TiO, and CaO in surficial sediments of Mombasa
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Figs. 37-38: Distribution of MgO and MnO in surficial sediments of Mombasa
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Figs. 39-40: Distribution of Na,0O and As in surficial sediments of Mombasa
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Figs. 41-42: Distribution of Sn and Ba in surficial sediments of Mombasa
-3.95 1+ s
i ° i
d -
Lat () | i
-4.05 | -
(ppm)
1 <3.0 i
4 1 3.0-4.0
4.0-5.0
4 5.0-10.0 |
>10.0 =
-4.15
39.5 : A ; 39.8
-3.95 B
° I
-4 =
Lat (%)
-4.05 -
Ba (ppm) |
<150 i
oy 150-300 |
300-350 |
350-450
450-550
>550 r
-4.15
39.5 39.55 39.6 39.65 39.7 39.75 39.8
Long (°)
44




Figs. 43-44: Distribution of Pb and Mo in surficial sediments of Mombasa
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Figs. 45-46: Distribution of Zr and Sr in surficial sediments of Mombasa
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Figs. 47-48: Distribution of Pb and Mo in surficial sediments of Mombasa
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Figs. 49-50: Distribution of Cr and Cu in surficial sediments of Mombasa

-3.95

Lat (°)

-4.05

-4.1

-3.95

Lat ()

-4.05 .’

-4.1 -'ZE

48




Figs. 51-52: Distribution of Zn and Ni in surficial sediments of Mombasa
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Si0,, AL,0,, TiO, and K,O) is supplied via the Komboni, Tsalu, Mwache and Shimba rivers
into Tudor Creek and Port Reitz, and is geochemically predominant in the upper reaches of
Tudor Creek. Granulometric sorting of terrestrially-derived detritus in this area has resulted in
clear geochemical zonation. Silt-clay sediments characterised up to 15% AlLO; and 2.5% K,O
occupy the low énergy marginal settings (including mangrove flats), while the higher energy
channel environment extending into central Port Tudor is characterised by coarser sandy
sediments (>60% SiO,). Carbonate sands (characterised by >30% CaO and only trace
concentrations of SiO, and Al,O;) are the dominant lithofacies along the Nyali-Mtwapa reef-
front. The transport gradient of this material into the inland waters of Mombasa is portrayed. by
the sediment CaO content, which declines from >8% at the estuary mouths (lower Mombasa
Harbour and Likoni) to 3-8% in upper Mombasa Harbour and Port Kilindini, and <3% in much
of Port Tudor and Port Reitz.

Trace element abundances in all Mombasa sediments show a substantial lithological control.
Inter-element Pearson correlation coefficients for surficial sediments (Table 11) indicate marked
covariance of a first:row transition metal group comprising Ni, Cr, V and Co with AL,O; and
TiO, (R >0.75). The relationship is primarily controlled by the presence of fine terrestrial clastic
material. Disproportionate enrichment of hydrous oxides in such material is indicated by a
strong correlation between Al,O; and MnO (R = 0.70). These secondary oxides may provide an
important carrier of first-row transition metals (e.g. Ni, V, Co) within the matrix. Evidence of
an anthropogenic control on the distribution of trace metals in this behavioural group is limited,
with the exception of Makupa Creek sites MB 22 and MB23 which display Ni, Cr and V
enrichment beyond the levels directly attributable to lithology. The highest concentrations
recorded in the entire study area for Ni (43 mg/kg), Cr (112 mg/kg), V (179 mg/kg) and Co (31
mg/kg) are within c. 50% of the global average for marine shales (Ni 80 mg/kg, Cr 100 mg/kg,
V 130 mg/kg, Co 20 mg/kg; Krauskopf, 1979).

A strong statistical association with SiO, is displayed by Ba and Zr. These elements have a
predominantly terrestrial source and are disproportionately enriched (>450 mg/kg) in the
quartzose sands which occupy the high energy channel environment of central Port Tudor.
Heavy minerals such as barite and zircon are the most likely carrier phases.

A discrete group of heavy metals comprising Pb, Zn and Cu show considerable independence
from any lithological or granulometric control, yielding weak or negative correlations with SiO,,
Al,O; and TiO, (Cu max. R = -0.02, Zn max. R = 0.38, Pb max. R = 0.05; Table 11) and
strong within-group covariability (R = 0.97 for Pb vs. Cu, 0.67 for Pb vs. Zn). Anomalous
concentrations of these elements (2 SD > mean) are recorded in the lower reaches of Port
Kilindini (max. 427 mg/kg Pb, 283 mg/kg Zn, 1177 mg/kg Cu), Makupa Creek (max. 44
mg/kg Pb, 225 mg/kg Zn, 43 mg/kg Cu), the north-eastern shore of Port Reitz (max. 30 mg/kg
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Pb, 190 mg/kg Zn and 26 mg/kg Cu) and on the east of Mombasa Island north of Fort Jesus.
This distribution is consistent with a predominantly anthropogenic control. Anomalies highlight

specific point-sources including Kipevu oil terminal and the adjacerit sewage plant (Port Reitz), -

Kibarani landfill (Makupa Creek) and sewage outfalls from Mombasa Island into Port Kilindini
and Mombasa Harbour.

Strontium is closely covariant with CaO (R=0.91) and negatively correlated with most

indicators of terrestrial detritus, consistent with the partitioning of Sr into most carbonate

- -matrices by lattice substitution forCa. -~ -—— - -~ - — - -

3.3.3: Downcore metal variations:

3.3.3.1: Major oxides: Downcore concentration profiles for major oxides and trace elements at
6 Mombasa coring stations (including sites from Tudor Creek, Port Kilindini, Makupa Creek
and Port Reitz) are shown in Figs. 53-58. The fundamental controls on downcore geochemical
variations are anafbébus at all Mombasa coring sites, and the trends evident within these cores
can therefore be considered representatiVe of the entire study area.

Textural and mineralogical heterogeneity is evident through the uppermost 20-30 c¢cm of

sediment at all stations. Tudor Creek and Port Tudor cores (e.g. MB1 and MBS, Figs. 53-54) -

show a characteristic downcore transition from predominantly argillaceous clastic sediment to a

coarser assemblage of quartzo-feldspathic sand and marine-derived shell fragments, possibly

corresponding to lateral migration of a channel. The transition is geochemically reflected by a
20-40% increase in SiO,, a six-fold increase in CaO, and a negatively correlated adjustment of
Al 03, TiO, and KO concentrations downward of 15-20 cm. Similar antipathetic relationships
between the profiles of major oxides carried in quartzose sand (SiO,) or shelly detritis (CaO)
and terrigenous clastic material (Al,O,, TiO, and K,O) are evident in cores from Kilindini (e.g.
MB20, Fig. 55), Makupa Creek (cores MB22 and MB23, Figs 56-57) and Port Reitz (e.g.
MB31, Fig. 58). Reduced concentrations of most major oxides in the uppermost 1-2 cm of
sediment (relative to the underlying strata) are evident at the majority of sites and reflect the
dilution of inorganic detritus by active organic matter.

In contrast to all other major oxides, the downcore profiles for Mn show no major lithological

control: Statistical relationships between Mn and SiO,, CaO, Al,O;, TiO, and K,O in sub-
surface profiles are inconsistent (Tables 12-17). Concentrations of Mn characteristically increase
progressively through the uppermost 3-6 cm of sediment, consistent with the upward diffusion
of Mn* through anoxic pore-waters, with subsequent precipitation of Mn* oxides in the