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Sediment Characteristics and Phase Association and
Mobility of Fe, Mn, Zn, Cu, Pb and Cd in Core Sediments
from Lake Edku

MOHAMED A. EL-SAYED
Faculty of Marine Science, King Abdulaziz University,
Jeddah, Saudi Arabia

ABSTRACT. The acid soluble and total concentrations of Fe, Mn, Cu, Zn,
Pb and Cd were measured in sediment cores from Lake Edku; one of the
Nile Delta coastal lagoons, southern Mediterranean Sea. The proportions
of sand, silt and clay and the contents of CaCO, and organic carbon were
also determined. ;

The results show that the average total concentrations of Fe, Mn, Zn, Cu,
Pb and Cd are 57787 + 19447, 943 = 395, 81 + 19,55 + 21,42 = 10and 3.4
+ 0.7 ng g~ respectively. The percentage of the acid leachable fraction of
these metals in the given order are: 18, 64, 30, 52, 61 and 30.

The importance of the different binding substrates was inferred from the
statistical relationships. The results indicate two groups of metal associa-
tions: Fe, Zn and Cu are preferentially associated with clay and to lesser ex-
tent with silt; calcareous shells are the favorite sites for the second group
comprising Mn, Pb and Cd. The statistical relationships between the acid
leachable metal phases and the different substrates maintain the same trend
but with more specific and improved correlations.

The geochemical mobility of metals was inferred using a relative condi-
tional measure referred as Lability Index. The studied metals showed a gen-
eral mobility decrease with depth in cores.

Introduction

The study of trace metals geochemistry in lake sediments offers valuable information
for understanding the historical development of the basin. Hakanson and Jansson

19



20 M.A. El-Sayed

(1983) stated that lake sediments can be regarded as environmental tachometer,
therefore, the anthropogenic impact on the natural environment can be readily as-
sessed (Forstner 1977).

Apart from direct waste outfalls, recent industrialization has considerably en-
hanced atmospheric trace metals precipitation in aquatic environments (Carignan
and Nriagu 1985). This is confirmed by the study of dated sediment cores as well as
air pollution studies. For example, the annual atmospheric inputs of lead have in-
creased from 3000 tons in prehistoric to about 300,000 tons at present (Patterson and
Settle 1987).

Although the elimination mechanisms in lakes are more efficient relative to oceans
because of the higher sedimentation rate and high productivity (Sigg ef al. 1984), the
effect of man’s activities can not be totally masked.

Very little is known about the characterization and distribution of trace metals in
Lake Edku and the Nile Delta coastal lagoons in general. The present study aims
principally at the assessment and characterization of the presence of Fe, Mn, Cu, Zn,
Pb and Cd in lake Edku sediments as well as at the evaluation of the role of the diffe-
rent substrates in the transfer of these metals to the sediments.

Area of Study

Lake Edku is one of the brackish-water coastal lagoons of the Nile delta (Fig. 1).
The lake is separated from the Mediterranean Sea by a sand coastal barrier yet, lake-
seawater exchange was maintained through a 2 m deep and narrow channel. The lake
is very shallow having a mean depth of about 1 m and a surface area of about 115 km”.

About 1000 X 10°m’ of drainage water are discharged annually into the southeast-
ern part of the lake. This leads to an almost permanent westward flow of fresh water
in the southern part of the lake (Dowidar et al. 1976). The southern part of the lake
(Fig. 1) as well as the surrounding shores are characterized by extensive sedentary
vegetation and accumulation of free floating plants. These plant communities create
a sort of sheltered environment favorable for several types of animal life.

The lake prober is divided into several sub-basins by means of small islets and
sometimes belts of islets. According to Sestini (1988}, these islets represent old
beach ridges or banks of old river channels.

Material and Methods

Three sediments cores were collected to represent the three main subenviron-
ments of the lake; the lake-sea communication vicinage, the central basin and the
southeastern basin affected directly by the drainage water (Fig. 1).

Immediately after collection, the cores were sectioned at the desired intervals and
the sediments were then dried at 70°C. A carefully homogenized portion of each in-
terval was ground, using agate mortar, for the determination of organic carbon, car-
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bonate and trace metal concentrations. For the determination of the total trace metal
concentration, samples were digested in a digestion bomb using 3:3:1 (v/v) mixture
of HNO;, HF, HCIO, respectively. A one gram subsample of each nonpowdered
sediment was taken for the extraction of the labile metal fraction using 1 M HCI; the
sediment acid ratio was 1/25 and samples were shaken for 24 hours. Trace metals in
the extracts were measured using Flame Atomic Absorption Spectrophotometer
(Varian 1250). The relative standard deviation for eight replicates of a test sample
ranged between 5 and 10% for the ensemble of metals and for the determination of
both total and acid leachable forms.

The organic carbon content was determined using the wet oxidation method of
Walkly and Black (1934). The carbonate content was estimated from the weight loss
after treatment with 0.2 M HCL. Proportions of sand, silt and clay were also deter-
mined.

Results and Discussion

Sediment Types

~ The sediments in Lake Edku are derived principally from its cultivated catchment
through the drainage system. Material from soil erosion and/or soil wash may ulti-
mately find their way to the lake bottom.

Despite the well defined sediment source, the cores examined showed marked var-
iations in sediment types. This, most likely, resulted from differences in the local en-
vironmental conditions. The nature of the local environment may affect the charac-
teristics of the original material through the action of chemical, biological and phys-
ical processes.

For example, core 1, taken close to the lake sea communication, contains substan-
tial amounts of beach sand, the fines (< 62 pm) in this core constitute only 27% of
the sediment (Table 1). A great deal of the sand fractions composed of plant fibers.
This is supported by the positive correlation between sand and organic carbon (r =
0.84). However a negative correlation was found between clay and organic carbon
contradicting the classic trend of clay-organic matter association. Obviously, the
beach sand contributing to the sediments of this area carry along significant portion
of plant debris from the nearby vegetated lake shores. Generally, the sediments of
this core showed the highest organic carbon concentrations (Table 1). The concent-
rations of sand and organic carbon show a general downward decrease whereas, the
clay increases. The distribution of silt was consistent with depth and the carbonate
content showed the highest concentrations in the upper and lowermost layers (Fig.
2). ‘

The sediments of the three upper intervals (0-18 cm) of core 2 did not show any
marked difference in textural appearance from their counterparts in core 1. How-
ever, it contained lower organic carbon and higher carbonates. The deeper layers of
this core are basically different. They comprise distinctive rusty mud dotted with
more bright tan-colored spots. This coloration is probably due to an episode of iron
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TasLE 1. Total trace metals concentrations (ug g”‘ and % of sand, silt, clay, TOC and CaCO, .
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precipitation (Berner 1971) or to the formation of Fe-II1 humate complexes (Stumm
and Morgan 1981). The dotted appearance of the sediment could be resulted from
differential flocculation. The whole sediment in these layers is made up of silty clay
and showed a sharp decline in sand, carbonates and organic carbon (Fig. 2). Obvi-
ously, organic matter accumulation was inhibited by highly oxic conditions.

The sediments of core 3 showed the highest percentage of fine materials. The aver-
age silt and clay content is 76% of the total sediment. The upper most layers showed
the maximum concentrations of sand and carbonates and the lowest clay contents,
whereas, at the bottom of the core the opposite trend was observed (Fig. 2).

Trace Metals

Iron

Generally, the sediments of lake Edku are iron-rich, the average of the total iron
content in the three coresis 5.8% and may reach values as high as 7-9.5% particularly
in the lower core intervals (20-40 cm).

The data indicate that more than 80% of the iron occur in the non-reactive residual
fraction (Table 2). The correlation analysis suggests that about 70% of the residual
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iron are associated with silt and clay (Table 3). Not withstanding the negative corre-
lation between iron and sand, the remaining part of iron could be incorporated into
crystalline iron oxides or some other heavy minerals of the sand fraction. The inverse
correlation between iron and sand is due to the dilution effect of the calcareous shell
fragments which composes.the essential part of the sand fraction.

Unlike the residual iron, the labile iron phase is weakly correlated with the grain
size populations suggesting that the leachable iron rather occurs as discrete hydrous
oxides. '
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TasLE 2. Residual (r) and leachable (L) trace metal concentrations (g g~') and percentage of the leach-
able fraction of the total concentration.
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TasLE 3. Correlation analysis.
A - acid leachable fraction.
B - residual fraction.
(A)
Fe Mn Zn Cu Pb Cd
Sand - (.46 0.73 ns - 0.86 0.83 0.84
Silt 0.32 ns ns 0.54 -0.40 -0.52
Clay 0.43 - 0.79 ns 0.83 - 0.85 -0.82
CaCO, -0.30 0.56 -0.51 - .69 0.87 0.82
TOC ns 0.44 0.75 ns ns ns
Cd - 0.45 0.77 ns ~0.80 0.96 1.00
Pb - .43 0.77 ns - 0.81 1.00
Cu 0.62 -0.54 0.30 1.00
Zn ns 0.34 1.00
Mn ns 1.00
Fe 1.00
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(B)

Fe Mn Zn Cu Pb Cd
Sand -0.74 ns -0.51 ns -0.70 -0.30
Silt 0.45 ns 0.29 ns 0.36 ns
Clay 0.72 ns 0.52 ns 0.70 0.34
CaCO, -0.64 ns -0.45 ns -0.50 ns
TOC -0.10 ns ns ns ns ns
Cd 0.51 0.71 ns ns 0.69 1.00
Pb 0.79 0.64 0.5t ns 1.00
Cu 0.48 ns 0.79 1.00
Zn 0.87 0.48 1.00
Mn 0.60 1.00
Fe 1.00

ns = not significant at 95%.

The profiles of residual iron in the three cores follow almost similar trends, where,
subsurface concentration peaks were noticed at a more or less similar stratigraphic
depths (Fig. 3). A concomittant peak of labile iron was observed in core 2 only. Al-
though the other cores did not show the same peak, there is some evidences that ac-
tive processes of hydrous oxides precipitation did occur at that time span probably all
over the western and central parts of the lake. These oxides have possibly been pre-
cipitated first as colloids in the different lake subenvironments and then transported
as flocs to the deepest central part of the lake.

Paleochlorosity data (Khamis, in prep.) show higher than normal chloride ions
concentrations in the interstitial waters taken at similar intervals. This case could
probably be resulted from a continuous flood of seawater into the lake for a long
period of time. The aggregation and precipitation of iron hydrous oxides and humic
material during the mixing of seawater with freshwater is well known (Eckert and
Sholkovitz 1976; Stumm and Morgan 1981). In the meantime, the capacity of clays to
adsorb humic substances increases with increasing salinity (Rashid et al. 1982; Pic-
kering 1980; Schnitzer and Kodama 1977). We suggest that these mechanisms are re-
sponsible for the subsurface peak of the labile iron. The yellowish brown pigment
which is associated with the subsurface iron peak in core 2 has been maintained be-
cause of the deficiency therein of oxidizable organic matter (Berner 1971) as well as
the lack of vegetation in the central basin.

Manganese

The results indicate that the major fraction of manganese (65%) occurs in the
labile phase (Table 2). It seems that the distribution of manganese throughout the
cores is essentially controlied by its redox geochemistry. The profiles of labile man-
ganese (Fig. 3) show a sharp downward decrease in the upper 5-10 cm followed by a
more or less gradual decrease. The labile manganese is positively correlated with
sand and carbonate and to a lesser extent with the organic carbon (Table 3). This
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suggests that part of this phase is incorporated into a carbonate substrate, most likely
into the structure of mollusks shells. Some other parts could be found as a discrete
oxides which tend to precipitate in the highly aerated sands on the top of the core.
The weak correlation with organic carbon may indicate that organically-bound man-
ganese could be released to the interstitial water through the breakdown of organic
materials. The occurrence of labile manganese in high concentrations in the top most
sediment layer not consistent with the gradient below may be a result of the limited
circulation through sediment-water interface impeded by the rapid precipitation of
iron hydrous oxides {Martin ef al. 1987).

The concentrations of residual manganese on the other hand fluctuate within nar-
row limits. However, two concentration maxima coinciding with the residual iron
maxima of core 1 and core 3 were observed (Fig. 3). In addition, questionable
minimum values were noticed in core 2 and core 3 in the layer just overlying the iron-
rich intervals. The residual manganese is not correlated with any of the sediment
parameters, but it is only correlated with iron and other trace metals. This suggests
that the inert part of manganese is incorporated probably into iron oxide minerals.

Zinc

Like iron, zinc occurs mainly in the residual form (Table 2). The correlation
analysis shows that the residual zinc is strongly correlated with residual iron and
weakly correlated with manganese (Table 3). They seem to be associated in crystal-
line oxides as well as in clay minerals. It is also evident from the profiles of residual
zinc that the concentration maxima of zinc coincide with those of iron (Fig. 3).

The labile zinc was found to be mainly organically bound. This was also shown by
Forstner (1977) for lacustrine sediments. However, our results do not agree with
those of Tessier er al. (1980 and 1982) who reported that mobile zinc in stream sedi-
ments is mainly correlated with Fe and Mn oxides. Apparently, the association of
zinc with organic matter in the lake sediments is related to its importance as mic-
ronutrient. Table 2 shows that the highest concentrations of labile zinc are found in
core 1 where, the highest organic carbon values are recorded. The correlation
analysis shows that both labile and residual zinc are inversely correlated with carbo-
nate (Table 3).

Copper

Almost half of the copper occurs in the labile phase (Table 2). The principal sub-
strates for labile copper are the iron hydroxides and the clay minerals (Table 3). The
correlation analysis suggests that copper is especially attached to clays. It could be
found as exchangeable cation or specifically adsorbed (Jenne 1977).

The residual copper on the other hand is strongly associated with zinc and weakly
correlated with iron. This may suggest that copper and zinc are incorporated in some
mineral form.

The depth profiles of copper (Fig. 3) show its irregular distribution, however, in-
creased concentrations are observed at deeper depth intervals. Core 3 showed the
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highest average concentration for labile and residual copper, indicating probably the
influence of the source area.

Lead

The greatest part of lead was found in the HCl leached fraction, it forms on the av-
erage about 60% of the total metal (Table 2), nevertheless, values as high as 99% do
occur. These high values are shown to be specific to carbonate substrate. The corre-
lation analysis suggests that the acid leachable lead holding substrates are carbonates
and manganese phases (Table 3). Therefore, highest lead concentrations are found
in the upper sediment layers, being enriched with carbonates and/or manganese
oxides. High surface lead concentrations could also be partly attributed to atmos-
pheric input of urban dust enriched in lead (Forstner and Wittmann 1981).

On the contrary, the highest concentrations of residual lead were found associated
with sediments of the lower core intervals having the highest clay and residual iron
contents (Fig. 1 & 2).

Cadmium

Cadmium was found in relatively high concentrations. Surprisingly most of it was
found in the residual form (Table 2). Yet, similar values were also reported by Pre-
mazzi et al. (1986) for 13 Italian lakes and by Forstner and Wittnam (1981) for Wis-
konsin lake.

The sediments of lake Edku were originally derived from agricultural lands which
could have been enriched with cadmium through digenetic processes. The use of
phosphate fertilizers which are known to contain significant cadmium concentrations
(Table 4) may enhance this process. Helios-Rybica and Forstner (1986) suggested
that cadmium may substitute for major cations in the octahedral units of clay miner-
als. They mentioned that the relatively open structure of mixed layer minerals in par-
ticular, can offer diffusion-type sorption sites, in which potentially toxic heavy met-
als may become semi-reversibly incorporated during sediment digeneses.
Mineralogical studies of lake Edku sediments (Moussa and Saad; in prep.) showed
that the fine silt and clay minerals are composed entirely of mixed layer illite-smictite
and subordinate kaolinite.

The labile cadmium was found associated with the same substrates as the labile.
lead, i.e., the carbonates and manganese oxides, with increasing concentrations in
the surface layers, which may suggest its anthropogenic origin.

Judgement of Results

The average concentration values of trace metals were inspected by comparing
them with the metal concentrations in the standard shales and related sediment types
(Table 4).

The enrichment factors indicate that the lake sediments are particularly enriched
with lead and cadmium. The labile forms of these two metals seem to be mainly con-
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TaBLE 4. Trace metal concentrations (g g”") in standard shales and other sediment types.

Sediment type Fe Mn Zn Cu Pb Cd | TOC | CO,
Standard shales™ 46700 850 | 160 | 45 2060 1030 - -
Fossil lake sediments™ 18200 406 105 25 i6 0.20 3.5 36
Recent lake sediments™ 43400 760 118 45 34 0.4 1.6 16
from remote areas
Soils* 38000 | 850 50 |20 10 10.06 - -
Clays™* 66300 730|245 | 96 53 - - -
Silts™* 17700 | 400 49 | 20 17 - - |-
Super-phosphate fertilizer” 1190 225 363 16 0.7 1490 - -
Lake Edku 57787 943 81 55 42 340 2.6 40
Enrichment factor (lake/shale) 12 | 11 0.8 1.2 2.1 11.30 - ~
*¢.f. Forstner arid Wittmann (1981} **Calvert (1976)

tributed from atmospheric fallout. As a matter of fact, no point source was felt in the
lake. Forstner and Wittmann (1981) stated that typical non-point sources for cle-
vated metal concentrations in inland lakes are represented by the runoff from ag-
ricultural land and by atmospheric precipitation. Generally, we can safely conclude
that the lake sediments are not polluted with respect to other metals.

Relative Mobility of Metals

To appraise the geochemical mobility of sediment associated metals we introduce
the Lability Index as a relative conditional measure. It is defined as the ratio of the
acid leachable metal concentration (ug g”') to the metal concentration in the residual
phase (g g”'). The greater the value of this index for a given metal, the greater is its
mobility. This index can give a good estimate of the geochemical reactivity of metals
and it offers the possibility of reliable comparison between varying environments
having completely different total metal concentration when the methods of chemical
attack are normalized.

This index may also be of great interest in environmental studies since it permits an
approximate evaluation of the part of the metal that may exchange with the intersti-
tial and overlying waters and therefore, may affect the bottom organisms.

Although the method we have applied in this work for the extraction of labile
metal forms (1M HCl) may be considered as relatively severe, still this relative mea-
sure can be of much help.

The lability index for the studied metal (Table 5) generally decreases with depth
indicating greater metal stabilities at the deeper core intervals. This seems to be par-
ticularly related to the concomitant increase in the clay content with depth. How-
ever, the distribution of copper lability index with depth in core 2 shows a completely
inverse trend (Fig. 4). Obviously, this is related to the association of copper with the
hydrous iron oxides enriched in the 'sediments in the deeper intervals. The lability
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TagLE 5. Distribution of lability index in the core samples.

Interval Fe Mn Zn Cu Pb Cd
{cm)
Core 1
0-4 0.29 5.01 0.79 1.14 2.44 0.76
4-10 0.20 2.17 0.62 1.25 2.94 0.48
10-20 0.24 1.51 0.50 1.79 2.25 0.34
2028 0.13 0.57 0.22 0.50 0.77 0.34
Core 2
0-5 0.30 8.40 0.59 0.61 82.60 1.42
5-10 0.27 4.10 0.58 0.99 42.20 .46
10-18 0.20 12.10 (.40 0.90 9.40 0,54
1839 0.32 1.10 0:32 1.36 0.50 0.21
39-41 0.15 0.57 0.26 1.17 0.80 0.27
Core 3
0-2 0.23 4.30 0.40 2.02 1.89 0.50
2-4 0.19 1.88 0.31 1.55 1.54 0.40
4-6 0.22 2.18 0.37 1.77 0.91 0.40
68 0.22 2.14 (.33 1,42 1.02 0.28
8-10 0.24 2.15 0.38 1.48 .69 0.24
10-15 0.20 4.93 0.21 0.34 1.63 0.60
15-20 0.09 0.11 0.22 0.77 0.41 0.16
25-40 0.1 0.32 0.98 1.55 0.25 0.16

index of cadmium and, to some extent lead, can be correlated with that of manganese
which showed the highest index and therefore, seems the most reactive metal.

Considering the lability index as a reliable measure for the metal mobility, man-
ganese, lead and copper appear more reactive than zinc, cadmium and iron.

Conclusion

The concentrations of Fe, Mn, Zn and Cu demonstrate that the sediments of lake
Edku are nonpolluted with respect to these metals. The measured concentrations
rather reflect the lithological influence of the catchment area as well as the enhanced
geochemical activity. Therefore, the mean concentrations of these metals can be re-
garded as the background values.

On the other hand, the concentrations of Pb and Cd indicate some enrichment
with these two metals. Atmospheric precipitation is probably the main factor which
is responsible for Pb enrichment, whereas, Cd seems to originate from the drainage
of the soil of the catchment area.
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In the context of the relative importance of the different substrates, it is revealed
that the inorganic carbon plays a major role in the elimination of some trace metals.
The build up process of calcareous shells results probably in the incorporation of Pb,
Cd and Mn in the shells. On the other hand, manganese hydrous oxides were found
to be important sinks for lead and cadmium. Copper is shown to be. particularly
sequestrated by a discrete iron hydrous oxide phase in addition to adsorption onto
clay mineral surfaces. Zinc was mainly assQciated with the organic matter.

The mobility of the studied metals as revealed from the postulated Lability Index
generally decreases with increasing depth in core. Manganese, copper and lead ap-
peared more mobile than zinc and cadmium; iron was the least reactive.
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