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The Forms of Trace Elements in the Abiotic Phases of Natural Aqueous
Media
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The literature data on the phase, physicochemical, and chemical properties of trace elements (microelements) in the abiotic
phases of natural aqueous media—the atmosphere, the surface microlayer of water, natural waters, suspended and colloidal
particles, bottom deposits, and pore waters, as well as the mechanisms of the interconversions of these forms are surveyed and
critically examined. The ways in which trace elements are absorbed and removed via the interfaces of these phases and on
mixing in the estuary as well as the causes of such sorption and removal are considered. It is shown that the form of the trace
elements in the phases of all types of natural waters (in oceans, seas, rivers, estuaries, lakes, and bogs) plays a decisive role in
their transport, biological availability, and biogeochemical cycles.
The bibliography includes 368 references.
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I. INTRODUCTION

In many industrially developed countries the present
degree of pollution of individual internal water basins and
regions of coastal sea waters by chemicals of anthropogenic
origin exceeds the ecologically safe level. Together with
organochlorine compounds and petroleum, the toxic elements
Hg, Pb, Cd, As, Cu, Se, as well as others whose concentra-
tion in natural waters (NW) is less than 1 mg kg" 1 (1 p.p.m.)
constitute a special danger. They are referred to as trace
elements (TE) and they do not include biogenic and radio-
active elements or dissolved gases.

The determination of such extremely low TE concentrations
in natural aqueous media constitutes an extremely difficult
analytical problem. The situation is greatly complicated by
the fact that at any stage of the analysis, especially in the
removal and preliminary treatment of samples, it is very easy
to contaminate the latter from the sampler, air, reagents, the
vessels used, and other sources. This is particularly
important for ocean waters, in which the concentration of
many TE is lower by several orders of magnitude than in
surface waters and can amount to 1 ng kg" 1 ( p . p . t . ) . As
the above causes of the contamination of samples in analysis
have been eliminated and the sensitivity and selectivity of
the analytical methods for the determination of TE have
improved, their measured content in NW, including ocean
waters, has steadily decreased during the last decade, by
orders of magnitude despite the constantly increasing anthro-
pogenic injection of TE into NW. However, this trend has
been sharply retarded in recent years and the concentrations
of many TE established at present, even in ocean waters, 1 ' 2

may be regarded as sufficiently reliable. They will be
quoted below in the appropriate sections. However, the
main bulk of the data concerning the content of the Τ Ε in
sea waters, published up to 1975,x and in river waters,
probably up to 1973, must be rejected.

However, the overall content of TE in aqueous media still
does not reflect the true degree of pollution of the latter.
Studies in various countries of the causes of numerous
instances of the poisoning of hydrobionts by TE made it
possible many years ago to reach the important conclusion
that the biological accessibility and toxicity of TE depends
very greatly on the form in which they exist. The data
accumulated at the present time also permit the assertion
that the forms in which TE exist plays a decisive role in their
transport in the biogeochemical cycle. The knowledge of
the form in which TE exist in aqueous media has therefore
assumed first class importance.

Two main approaches are used to study the forms in
which TE exist in NW. The first is theoretical and involves
the calculation of the equilibrium concentrations of all the
dissolved forms with the aid of mathematical models based on
the employment of the experimental concentrations of TE and
ligands as well as the published stability constants of the
TE—ligand bonds. Chemical modelling embraces at the
present time all possible competing equilibria; computer
programs are employed for thermodynamic calculations. The
accuracy of the computer modelling is however greatly
reduced as a consequence of the uncertainty of the pub-
lished stability constant and activity coefficient data.
Furthermore, many parameters influencing the forms in
which TE exist are not as a rule included in the calculation
in view of the lack for the majority of them of qualitative
and quantitative data concerning the pH, the redox poten-
tial, the nature of the vast majority of organic ligands,
colloidal particles and the adsorption on them, the interfacial
precipitation reactions, dissolution and sorption, biological
and physical processes, etc. These factors as well as the
lack of information about the non-equilibrium conditions which
exist in many NW yield calculated results which are extremely
doubtful. The advances in the field of chemical modelling
have been described elsewhere. 3~6
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Another approach to the study of the forms of TE is
analytical. All the experimental forms of TE in the abiotic
phases of natural aqueous media can be usefully divided
into three large groups—the phase, physicochemical, and
chemical forms. The particular phase form to which the TE
belongs is determined by the principal phases of aqueous
media in which the TE is present—the natural atmospheric
layer, the surface microlayer (SML) of water, NW, sus-
pended and colloidal particles, deposits in aqueous media,
and pore waters. A classification based on the physico-
chemical forms depends on the presence of the TE in specific
fractions of aqueous media (for example in the dissolved
organic fraction, the suspended inorganic fraction, and
the sorbed fraction), which are subdivided either in terms
of their size (established, for example, by ultrafiltration
and gel filtration) or in terms of the lability of the fraction
in relation to the analytical technique employed (for example,
ion exchange or inversion voltamperometry are used for this
purpose). The chemical forms can exist in aqueous media
as compounds of TE in various oxidation states [for example
inorganic arsenic(III) and arsenic(V)], as organoelemental
compounds (for example, MeHgCl and Bu2SnMe2), or as com-
plexes (for example, vitamin B^). In this classification
the chemical forms of TE are frequently their physicochemical
forms; the overall amount of TE in these forms yields the
overall content of Τ Ε in each phase of natural aqueous
media.

The distribution of TE and their forms in the phases of
aqueous media enumerated above takes place via very com-
plex pathways as a result of various chemical, physico-
chemical, physical , and biological processes, the mechanisms
of which are still little understood. The available chemical
data and phenomenological models do not permit the predic-
tion of the distribution of TE, let alone their forms, between
different phases of aqueous media, which constitute extremely
complex systems usually possessing variable qualitative and
quantitative compositions.

The analytical determination of the forms of TE in NW
cannot be regarded as a problem which has been solved,
firstly, owing to their extremely low concentrations and,
secondly, owing to their sensitivity to the salt composition,
pH, the content of dissolved organic and high-molecular-
weight compounds, colloidal and suspended particles, and
other conditions which depend both on the type of the NW
and on the time of year. It is important to note that the
equilibrium concentrations of different forms of TE in NW
inevitably change when samples are taken, as a consequence
of their contact with atmospheric oxygen and the walls of
the sampler and changes in temperature and pressure, and
also in the course of their separation (isolation) and analysis.
These changes are indefinite, but it is essential to minimize
them in all cases. A number of reviews have been pub-
lished on the methods for the determination of the physico-
chemical 3>7~№ and chemical7 forms of TE in NW.

The aim of the present review is to examine the phase,
physicochemical, and chemical forms of TE in the abiotic
phases of natural aqueous media—the atmosphere, the SML,
NW, suspended and colloidal particles, deposits in aqueous
media, and pore waters, and also the mechanism of their
interconversions. Individual aspects of this question were
discussed earlier in relation to TE, 1 5 Hg, Cd, and Zn, 1 6

Cd in sea water,1 7 organoelemental compounds,18'19 and TE
in ocean waters.2 0 The types and causes of the absorption
removal of different forms of TE through the interfaces of
the above phases and in estuarine mixing are also examined.

In view of the existence of the above problems in the
analytical determination of TE and their forms in aqueous
media, we shall consider here, with rare exceptions, only

data published during the last 5—7 years. Owing to the
limited size of the article, they will be only briefly described
and many publications concerned with the topic under dis-
cussion will not be mentioned. Preference is given to the
latest, fundamental information and also review articles.

I I . THE ATMOSPHERE

The substances present in the atmosphere in the liquid
(water), solid (aerosols), and gaseous states exist in
variable concentrations. Among them impurities of natural
origin include particles of sea salts, dust from active vol-
canoes and continental erosion, etc. while anthropogenic
impurities comprise different types of smoke and gases
ejected by industrial undertakings, automobile transport,
etc. The chemical composition of aerosols and atmospheric
deposits has assumed great importance both for the investi-
gation of the pollution of the environment on a global scale
and for the determination of their role in the establishment
of the chemical composition of NW.

It has been shown that Hg, Pb, Cd, Se, Sb, and other TE
are transported in the atmosphere over long distances above
the oceans.2 1 The content of these TE exceeds by 2-3
orders of magnitude their average concentration in the
Earth's core. This applies, for example, to the aeolian
suspension over the pelagic regions of the Atlantic Ocean,2 2

but the latter has, however, a different origin.2 3

In the marine aerosols, whose content varies in the range
0.003-30 ug m"3,21* many TE have been determined.21"2'* For
example, the concentrations of Cr and Se over the Atlantic
Ocean are 0.54 and 0.033 mg m"3 Ά and those of Pb are 0.98
and 0.15 mg m~3 in the southern and northern hemispheres,2 5

whereas over the Pacific Ocean the concentrations of these
TE are respectively 0.73, 0.028,21* and 0.2 mg irT 3 . 2 6 It is
noteworthy that the TE in natural marine aerosols exist
preferentially in the water-soluble, exchangeable, and
weakly bound forms.21*

The content of the TE and their forms in rain water and
in the gas phase has been studied to a lesser extent than in
aerosols. The following amounts of TE have been observed
in rain water (ng l i t re" 1 ) : Hg 2 (open ocean), 2 7 Cd 320
(Lake Michigan),28 Se(IV) 52.4 and Se(VI) < 5 (California),2 9

As(III) < 2, As(V) 13.7, MeAsO(OH)2 < 2 and Me2AsO(OH) 12
(California),30 As(III) 214 and As(V) 4850 (Belgium),31

Ge(IV) 0.5-0.7, Me2Ge(IV) 1.0-5.9, and Me3Ge(IV) 0.2-
1.0 (Florida),3 2 Sn(IV) 11, MeSn(IV) 5.9, Me2Sn(IV) 7.4,
and Me3Sn(IV) 0.22 (Florida),3 3 MenEtmPb(IV), (n, m =
0-3) < 2-68 (Belgium),34 Hg (inorganic) and Hg (organic)
12.2 and 0.8 respectively (Japan), 3 5 and Pb (inorganic)
133 χ 103 and 280 χ 103 [Antwerp, Belgium, suburbs and
city centre respectively (Translator)].3 1*

The fraction of mercury in the gaseous form corresponds
to more than 99% of its entire content in the atmospheric
forms in the natural atmosphere over the sea.2 7 In the
northern and southern hemispheres its concentrations in the
pure atmosphere over the sea are respectively -1.5 and
-1.0 ng m"3, 2 7 > 3 6 -10% being present in the form of Me2Hg. x

About 50% of the mercury in the coastal sea atmosphere may
be present in the organic form.27 Data concerning the
formation and fate of volatile molecular forms of TE have
been surveyed.3 7

There is a constant reciprocal transfer of TE through
the ocean—atmosphere interface, which are thus involved
in the establishment of the chemical composition of both
phases. The direction and rate of transfer are determined
by the forms of the TE. The estimates of the fluxes for
different TE and different regions of the world ocean can
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differ markedly. Rains, which carry TE in a water soluble
form, apparently play the greatest role in the atmospheric
transport of TE to the ocean. It has been suggested38 that,
up to a depth of 100 m in the North Atlantic waters, 100% of
Pb, 50% of Zn, Cu, and Mn, and up to 25% of Cd, Cr, and
Al and other TE are of atmospheric origin. This has been
demonstrated for Mn39 and has been postulated for Se and
Bi."*° The atmospheric input of Pb has been studied in
particularly great detail.25'26'1*1'1*2 For example, it has been
calculated that 24% of the lead entering the atmosphere
annually is deposited on the ocean surface of the North
Atlantic region.2 5

However, the exact sources of the TE brought through
the atmosphere remain obscure. In certain regions of the
world ocean Pb, Ni, Cu, and Zn are probably to a large
extent of anthropogenic origin. They are formed, for
example, by combustion of mineral fuels.38·1*3 However,
according to Jaworowski et al., "* the natural input of Pb,
Hg, and Cd, for example, with atmospheric dust and products
of volcanic eruptions, is of decisive importance.

The transfer of TE from the surface of the ocean to the
atmosphere takes place as a result of wind action; TE are
contained in the air bubbles bursting on the surface of the
ocean and in the vapour. It has been observed that Cu,
As, Hg, Pb, and other elements are mainly concentrated in
the submicron fraction of sea aerosols,2 3 in the establishment
of the chemical composition of which the SML plays a major
role, the latter being usually greatly enriched in TE com-
pared with the bulk of the sea water (see Section III).

It has been suggested that considerable amounts of certain
TE, particularly those forming gaseous methyl derivatives in
the marine medium (Hg, As, Pb, e t c . ) , pass from the surface
of sea water to the atmosphere, since otherwise it would be
impossible to balance their global cycles. 23>21* This can be
regarded as proved for mercury. 2 7

III. THE SURFACE MICROLAYER ON WATER

Studies in recent years have demonstrated that extremely
important chemical and biological processes occur on the
surfaces or at the interfaces of different NW phases. The
latter include the interface between the ocean and the atmo-
sphere—the SML, which is the site where many substances
of natural and anthropogenic origin are concentrated (TE,
petroleum and chlorinated hydrocarbons, detergents, etc.)
as well as the habitat of a varied and abundant flora and
fauna (neuston) with a much higher biological activity than
in the lower water layers. The marine SML with its enormous
size plays an especially important role. A series of reviews
on chemistry and biology have been devoted to it."*5'116

The physical stability of the SML is ensured by surface
tension forces and by the presence of organic films. At the
same time it is a climatically unstable medium subjected to
much greater oscillations in temperature and salinity (S) than
the subsurface water layer. In order to explain the available
facts, a model has been proposed,1*5 according to which the
upper layer of the marine SML consists of a unimolecular
lipid film 10—20 λ thick, below which there is a polysaccharide
protein layer 100—300 X thick and a layer, closely linked to it,
of abiotic suspended matter of bacterioneuston, yeast, and
mould (to a depth of ~1 pm). In marshes (saline bogs near
the sea) two types of SML have been observed.1*7 The
commonest of these is opaque and is enriched in organic
matter, while the second type encountered much more rarely,
has a bluish colour and is enriched in iron.

Various SML serve simultaneously as sources and traps
for substances in the atmosphere and in bulk water. The
methods whereby TE and their forms are transferred in the
ocean—atmosphere system have been described in Section II.
They pass from the bulk of the water to the SML as a result
of upwelling, convection, diffusion, and bubble flotation.

In the SML of all types of NW the concentrations of TE
(Pb, Cu, Cd, etc.) and their forms are usually much
higher than in the subsurface water layers. This has
been demonstrated for lake,1*8 river,1*9 marsh,5 0 and sea1*3'51

waters. The above difference is especially large for the
bound dissolved1*9 and suspended1*8 forms of TE. Their
concentrations can differ by an order of magnitude and
more [differences in concentrations reaching 4 orders of
magnitude have been observed for Bu3Sn(IV), Bu2Sn(IV),
and the total Sn in various NW of Canada 5 2], which reflects
a much higher content of suspended materials and of dis-
solved organic material in the SML compared with the bulk
water. Although the forms of TE in the SML and their
exchange with the bulk water and with the atmosphere are
controlled by a series of processes which are not yet fully
understood, it appears likely that the most important of
these are surface adsorption on the suspension and complex
formation involving the dissolved organic substance. The
influence of a surface-active dissolved or colloidal organic
substance on the chemical form and transport of Pb, Cu,
and Hg through the marine SML has been discussed.5 3 A
decrease of the Fe and Mn contents in the SML as a conse-
quence of the precipitation of the mineral particles carrying
them1*3 as well as the lack of enrichment by basic ions (Κ ,
Mg, Ca, Cl, and Br) have been observed. 5 1

It is essential to note that many fundamental questions
associated with the SML, including the entry, redistribution,
and fate of TE and their forms have been clearly inadequately
investigated. For example, the relative contribution of
aerosols and bubble flotation to the enrichment of the marine
SML by suspended TE remains obscure. According to some
data,1*3 they are approximately the same, while according to
others, flotation predominates.51* Furthermore, the lack of
generally adopted samplers and methods for taking SML
samples whose depths may differ by several orders of mag-
nitude in the work of different investigators1*5 makes it very
difficult and sometimes even impossible to compare the experi-
mental results.

IV. NATURAL WATERS

1. The Overall Content and Distribution of TE

As already noted above, the major advances in analytical
chemistry during the last ten years and the elimination of
contamination at all the stages of the analysis2 '5 5 '5 6 made it
possible to demonstrate that the concentration of the majority
of TE in unpolluted ocean waters are in fact lower by 1—3
orders of magnitude than had been believed previously.1 '2

The present data about the concentrations of all the ele-
ments in the Periodic System in open ocean waters have
been compiled in two publications.1»5 7 The first indicates
for each element the proportions of inorganic forms in oxi-
dised sea water calculated as described by Stumm and
Morgan1* and Turner et al . , 5 the range and average values
of the concentrations, and the type of distribution and the
the second gives the concentrations in the surface and deep
(~1000 m) waters and predicts the average concentrations,
the type of distribution, and the relation to the chlorine
content. Table 1 lists the concentrations and types of
pollution of the most important TE. •"·
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It has been suggested that the vertical TE profiles be
subdivided into 7 main types depending on the charac-
teristics of the processes controlling them:1 (1) the con-
servative type, which corresponds to the case where the
concentration of the TE is independent of the salinity as a
consequence of their low reactivity in sea water (this has
been observed, for example, for Pb, Cs, and MoO2");
(2) the biogenic type, in which the surface layers are
depleted and the deep layers are enriched in trace elements
as a result of their involvement in the biogeochemical cycle:
the TE are removed from the surface layers of water by the
plankton and the biological suspended particles formed, which
descend to deeper regions, where the TE are regenerated via
their oxidation or transition to a soluble state (for example,
Cd, Zn, Se, and Ni); (3) surface enrichment and depletion
in deeper regions when TE enter the upper layers of water
(for example, from the atmosphere and rivers) and are then
rapidly and constantly removed from the water (for example,
Pb and Mn); (4) the minimum TE concentrations occur at
an intermediate depth when TE fall on the surface of the
ocean and are regenerated near its bottom, or are scavenged
(adsorption on submerging particles) during passage through
the bulk of the water (for example, Al and Cu); (5) the
maximum TE concentration occurs at an intermediate depth
due to hydrothermal activity (for example, Mn); (6) the
minimum or maximum TE concentration occurs at an inter-
mediate depth within incompletely oxidised layers associated
with the occurrence of reductive processes in the bulk of the
water or deposits on the adjoining continental slope [for
example, Mn(II), Fe(II), and Cr(III)]; (7) the maximum or
minimum TE concentration occurs in oxygen-free waters,
established as a result of the interconversion of the SO l~—
H2S air [for example, Mn(II), Fe(II), and Cr(III)].

Table 1. The concentrations and type of distribution of TE
in ocean water.1

Element

A g "
Cd
Cr
Ni
Zn
G e * *
As
Se

Be··
Cu
Al
V
Mn
Fe
Co

Pb*·

Sn··Sb
Ti

Au*·
Hg··

Concentration,
for S = 35%

range

(0.5—35)
0.001—1.1

2—5
2—12

0.05—9
<7—115
15—25

0.5—2.3
4- 30

0,5—6
(5—40)
20—35

0.2—3
0.1—2,5

(0.01—0.1)
5—175

(1-12)
(1.2)

«20)
(25)

(2-10)

nmolkg"!,
*

mean

(25)
0.7
4
8
β

70
23

1.7
20

4
(20)
30

0.5
1

(0.02)
10

(—4)
—
—
—
(5)

Type of distribution

biogenic
»

>
»
»
>
»

biogenic and scavenging
ditto
minimum at intermediate depth
weak surface depletion
depletion in deep regions
depletion on the surface and in deep regions
ditto
high content in surface waters,

depletion in deep regions
high content in surface waters
not established
ditto

>
»

The round brackets show that the data are unreliable.
**The concentrations are given in pmol kg"1.

In addition to the data quoted by Bruland,1 vertical pro-
files have also been described for Ni, Cu, and Cd,58'59 Zn,
Co,60 Ag,a Fe,6 2 Pb,1* Hg,63 Cr, 61f'65 Mn,66 V,67 and the
lanthanides.ra

It is essential to note that concentrations of TE differ
markedly in different oceans2>55>63~71 as a consequence of
the differences between the hydrographic parameters, bio-
logical productivity, and atmospheric input. The data for
the same ocean obtained by different investigators2 also show
discrepancies due to the lack of a single methodological
approach to the determination of TE. This has been con-
firmed by the comparison of different samplers2'72 and
analytical methods73 and also by intercalibrations.A

The concentrations of TE in epicontinental seas and coastal
waters are usually higher than in the open regions of the
oceans (Table 2). We may also note data for the content of
Hg (ng litre"1) in the Sea of Japan (4.880 and 16. 781), the
Sea of Japan [near the middle part of the mainland of Japan]
(6.3 and 12.4),81 the Bering Sea (5.8), the East and South
China Seas (5.2),80 and in the coastal waters of the USA
(0.2-1.082 and 12. 783) and Japan (2.9-12. 5) ,* and the con-
tent of Cr in the Sea of Japan (-0.45 ug litre"1)85 and of Co
in the San Francisco Bay (0.05—1.2 \ig litre"1). s o A com-
parative study of the distribution of TE in oceans and coastal
waters has been carried out. n

Table 2. The concentrations of TE in epicontinental seas
and coastal waters (ug litre"1).

Region

Baltic Sea
North Sea
Mediterranean Sea
Red Sea
Sargasso Sea
Gulf Stream
Shelf waters of the USA
Bermuda platform
Gulf of Mexico

Cd

0.027
0.033
0.008
0.005
0.0002
0.017
0.022
0.047
0.022

Cu

0.661
0.925
0.090
0.090
0.08
0.16
0.25
0.2
0.57

Mn

0.341

—

0.13
—

1.15
0.19

—

NI

0.810

—

0.12
0.23
0.33
0.14
0.53

Pb

0.016*
0.148
0.035
0.013

0.15
—

Zn

0.922

—

0.004

0.16
0.3

—

Refs.

75]
711
76
71

[70
[69
[70
[771
78]

Taken from Danielsson and Westerlund.

Table 3. Concentrations of dissolved TE in rivers
(Mg litre"1).

River

St. Laurence
Mississippi
Amazon
Yukon
Hudson

Fe

55
10

2.0
50
32

Mn

6.3
10
19
20

1.5

Cr

0.3
2,0
2.3
—

Zn

8.6
—
—

4.6

Ni

1.5
1
0.27
0.43
1.9

Cu

2.5
2
1.8
2.0
3.2

Cd

0.11
0.1

—

0.20

Refs.

[86]
[87]
[88]
[88]
[89]

The contents of dissolved TE in certain rivers are listed
in Table 3. It is important to note that the majority of the
TE are bound to a suspension (see Section V). In tropical
rivers during the monsoon period, the concentrations of TE
can decrease by a factor of several tens.9 0 The average
content of Hg is -20 ng litre"1 in ten rivers of the USA,83

4.3-21.1 ng litre"1 in the surface waters of Japan,35'31

9.8 ng litre"1 in the River Thames,92 and 6.6 ng litre"1 in the
Ottawa River and 26.2 ng litre"1 in the Suimon River.93
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2. The Physicochemical Forms of TE

Dissolved TE can be present in NW as part of the com-
position of the various physicochemical forms differing in
their dimensions (Table 4). Several general schemes for the
determination of these forms of TE have been proposed, 7 ' 1 0

differing in the analytical methods employed and also in the
procedures used for separation and decomposition.

Table 4. The possible physicochemical forms of TE in NW
and their dimensions.10

From

Suspended
Simple hydrated ions of elements
Simple inorganic complexes
Simple organic complexes
Stable inorganic compounds
Stable organic complexes
TE adsorbed on inorganic

colloids
TE adsorbed on organic

colloids
TE adsorbed on mixed organic and

inorganic colloids

Example

Cd (II) (1Ι,Ο)β

Pb (ILiC-hCl.,
Cu glycinate
PbS, ZnCO,
Cu fulvate
Cu (II) — Fc.,0,; Pb (II) —

MnO,
Cu(II)-"humic acid

Cu(II)-humic
acid/Fe2O3

Approximate
size^m

> 0 . 4 5 *
0.0008
0.001

0.001-0.002
0.001—0.002
0.002-0.004
0.01—0.50

0.01—0.50

0.01-0.50

*It is retained on a filter with a pore size of 0.45 urn.

of the results obtained by different investigators. Organic
forms of different TE in sea water5 3 '1 0 5"1 0 9 and surface
waters110 have been observed.

These forms have been investigated in greatest detail for
Cu, Hg, and Cr. It has been shown that, among the dis-
solved forms, the organic Cu fraction can amount to between
3 and 98% in marine waters5 3 '1 0 5"1 0 9 '1 1 1-1 1 5 and 50% in surface
waters. 1 1 6 On the basis of the analysis of EPR spectra, it
has been suggested1 1 7 that Cu is bound in these complexes
to various reaction centres of the ligand via oxygen atoms.
Mercury in the bound state amounts to 4—50% in sea water53'
63,83,№ a n d 27-100% in surface waters. 3 5 ' 8 3 ' 1 1 8 The vertical
distribution of various forms of mercury in ocean waters is
illustrated in F ig . I . 6 3 The following elements can exist in
the organic form in sea water: Cr—45-60%,8S Fe—12%,
Mn-11%,106 and Ni—up to 8%;107 Se is present in the organic
form to the extent of 40—60% in NWU9 and Pb is present in
the organic form to the extent of 20—80% in river and estuary
waters. 12° It is noteworthy that usually the highest con-
centrations of many TE are present in the organic fraction
with MW = l O 3 - ^ (see, for example, Refs.63, 121, and
122). The role of organic matter in the binding of TE in
NW99'100 and the methods for the determination of the com-
plexes formed,3'7'10'123»121* as well as problems concerning the
measurement of the complex-forming capacity and of the
conventional stability constants for the ligands in NW125 have
been considered.

It must be emphasised that the dissolved organic matter,
the main bulk of which (up to 80%) consists of highly oxi-
dised biologically stable high-molecular-weight compounds,
resembling the humic substances (HS) isolated from soil,
play the main role in the distribution of the dissolved physico-
chemical forms. The rest of the organic matter consists of
a mixture of polypeptides, polysaccharides, aminoacids, ali-
phatic acids, hydrocarbons, vitamins, and other compounds
whose extremely low concentrations (usually less than 10~6 M)
create serious analytical difficulties in their identification.
The role of organic matter in r iver* and sea9 5 '9 6 waters has
been examined in detail.

The exact structure of aqueous HS is unknown. They
are high-molecular-weight polyelectrolytes of variable com-

position . · On the basis of chemical and spectroscopic
data, it is believed that 9 8 marine fulvoacids and humic acids
(HA) are structurally very similar, differing mainly by the
absence of aromatic character in the former, and consist of
cross-linked auto-oxidised polyunsaturated aliphatic acids.

The mechanism of the chemical binding of TE ions by HS
is unknown, but it is believed that this interaction takes
place via the formation of complex bonds of different types
as a result of ion exchange, surface adsorption, and chela-
tion. 9 9" 1 0 1 The role of the HS is significant in the formation
of complexes by TE, especially Hg, in surface waters,1 0 2·1 0 3

but is much smaller in ocean waters (for example, for Cd,
Pb, and Zn 1 № ) , which can be accounted for by the different
concentrations of the HS in these waters.

The specific organic forms of the TE in NW, with the
exception of the vitamin B^, chlorophylls, and a series of
chemical forms, cannot currently be determined due to their
extremely low concentrations. For this reason one either
finds the overall content of the organic forms of TE or one
analyses fractions with a specific molecular weight (MW).
It is noteworthy that the great variety of methods for the
determination of these forms of TE (with or without their
isolation from the sample) greatly hinders the comparison

total
10

Hg, ng litre"
organ

20 0 10

rart

inorgan
10 20

6 -

Figure 1. Vertical distribution of the different forms of
mercury in the north western part of the Pacific Ocean.6 3

Among other dissolved physicochemical forms of TE, men-
tion should be made of a labile form to which the free ion
of the elements and labile complexes are usually assigned.7 '1 0

The concentrations of the labile mercury are 0.1-0.5 ng
litre" 1 in the Pacific Ocean82 and 6-60 ng litre" 1 in the North
Sea.1 2 6 The proportion of this form may correspond to the
main bulk of the Mn in the <0.015 μΐη fraction in surface
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waters.127 The labile form is subdivided in its turn into the
very labile, moderately labile, weakly labile, and inert
forms.128'129 This specification, which has a kinetic base,
can be useful in the study of the biological accessibility of
TE. It has been shown that Cd and Zn exist in river
waters in more labile forms than Cu and Pb.128 Overall,
only a small proportion of the overall content of TE in NW
corresponds to the labile fractions.

The forms of TE and their concentrations can vary greatly
in oxygen-free deep waters, which exist, for example, in
the Black and Baltic Seas and the fjords of Canada and
Norway. The study of the vertical profiles of the dissolved
TE in the Baltic Sea has shown that, on passing through the
O2—H2S interface (the anoxic wedge), the Fe, Mn, and Co
concentrations increase by a factor not less than 100 and
there is a simultaneous increase of the Cu concentration by
a factor not less than 100 and Zn, Cd, and Ni concentrations
by a factor of 3—5 compared with oxidised waters.130 The
solubility of many TE is then controlled by the formation of
disulphide and polysulphide complexes and the elements
themselves exist in reduced forms, for example, Cu(I),
Fe(II), and Mn(II). The Mn,131>132 Fe, and Cr131 redox
cycles were investigated previously and it was shown, in
particular, that the dissolved Mn(II) accumulates in deep
anaerobic waters as a result of the reduction of the sus-
pended MnO2 when it is submerged via the anoxic wedge.

3. Chemical Forms of TE

The chemical forms of TE in SW have come to be determined
only recently and a limited range of TE in different oxidation
states (Cr, As, Sb, Se, and V) have now been investigated.
It is noteworthy that the forms in the highest and lowest
oxidation states predominate for each of the above TE in
the oxidised and reduced SW respectively.

In sea and surface waters the concentration of inorganic
Cr(VI) have been found to be 0.1-1.0 \ig litre"1 8S»133-135

and 0.05—3.75 ug litre"1,133'136 while those of inorganic
Cr(III) are 0.002-1.0 ug litre"1 65,85»133-135

 and 0.20-2.36 ug
litre"1.136 Vertical profiles have been obtained for these
forms in ocean waters64»85 and it has been shown that dis-
solved oxygen oxidises Cr(III) to the thermodynamically
more stable Cr(VI), MnO2 being a powerful catalyst of this
process.137 However, the ratio of the oxidised and reduced
forms is not very well understood; it is believed that it is
probably controlled kinetically.138

The following forms of As 3 W 3 9 - l l t 3 and Sb1*8"11* have been
found in various types of SW (the two elements are designated
by the general symbol E) : E(III), E(V), MeE(V), and
Me2E(V). Among the inorganic forms, E(V) predominates
in the oxidised waters, while in the reduced waters the
main form is E(III) and a sharp change in the ratio E(III)/
E(V) is observed on passing the anoxic wedge. owing
to the reduction of E(V) and the possible formation of thio-
complexes.11*3'1116 In oxidised estuary waters, pronounced
seasonal variations in the concentrations of the As forms
have been noted;11*2 in particular As(III) and the methyl
forms of As are absent during the cold months at water
temperatures below 9—12 °C probably owing to the sharp
decrease of natural biomethylation.

The MeE(V) and Me2E(V) forms are encountered throughout
the photic zone in the oceans but their proportion is only
-10% of the total content of the corresponding dissolved
TE.M"'11*5 fhe vertical profiles of the chemical forms of As,
Sb, and Ge in the Baltic Sea (where the anoxic wedge is at
a depth of 170 m) (Table 5)1If3 are controlled by biogeo-
chemical cycles.

The concentrations of inorganic Se(IV) and Se(VI), which
increase with the depth in the oceans, are in the range 4—
64 and 40-120 ng litre"1 respectively.va>Vt9 in the oxygen-
free sea water Se(-II) has been detected mainly in the form
of Se-aminoacids and (or) peptides with the Se—C bond.150

It has been shown that Se(IV) and Se(VI) are present in
greater amounts in sea water than in surface water;29'151

the opposite assertion is valid for Se(-II,0) . i a Among the
different forms of vanadium, V(IV) and V(V) have been
determined in river waters.15Z

Table 5. The vertical profiles of the chemical forms of As,
Sb, and Ge (nmol litre"1) in the Baltic Sea (the Gotland
Depression) ,lk3

Depth, m

10
40

100
150
175
200
215

Depth, m

iO
40

100
150
175
200
215

MeA*

0.43
0.23
0.04

<0.04
0.06
0.08
0.04

Me.As

2.79
0.20
0.07
0.07
0.15
0.21
0.24

Me,Sb

<0.006
<0.006
<0.006
<0.006
<0.006
<0.006
<0.006

As(IU)

1.44
0.18
0.11
0.18

12.3
11.2
10.7

S b (III)

0.008
0.002
0.003
0.004
0.008
0.150
0.137

As(V)

3.12
8.46

11.6
13.2
2.63
3.55
3.30

Sb(V)

0.56
0.50
0.31
0.20
0.25
0.18
0.18

McGe ·

78.4
79.6
94.3

114
88.2
83.3

108

MeSb

0.032
0.030
0.022
0.019
0.013
0.034
0.032

Me.Ge ·

54.5
39.C
54. (i
67.8
54.3
53.4
75.3

*In pmol litre"

The dominant dissolved forms of other important TE in
certain oxidation states cannot be determined in NW with
the aid of the analytical methods employed. They include
Pb(II), Mn(II), Co(II), Ni(II), Fe(III), and Sn(IV).

Organoelemental compounds have now been found in NW
only for Group IV and V and also mercury owing to the
hydrolytic and oxidative instability of the element-carbon
bonds for other TE . With rare exceptions, only the methyl
derivatives of TE have been detected in NW, although thou-
sands of tonnes of ethyl, butyl, and phenyl compounds of
the most toxic TE (Hg, Pb, As, and Sn), some of which
ultimately enter the NW, are produced annually by the
chemical industry. However, these compounds are unstable
and decompose in NW as a consequence of microbiological
and chemical processes accompanied by the subsequent
natural methylation with formation of methyl derivatives of
TE (see Section VII).

The methyl compounds of As and Sn were examined above.
Among the methylmercury derivatives, MeHg(II) has been
found in the coastal sea waters of Japan at a concentration
of 0.1 ng litre"1 81 and in the river waters of Japan and
Canada at concentrations in the range 2—8 ng litre"1 ,93 which
amounts to 1 and 30% respectively of the total content of
mercury in these waters. In addition Me2Hg at concentra-
tions of 0—4 ng litre"1 has been detected in the surface
waters of Japan.153

More detailed data have been compiled for Group IV ele-
ments. The methyl compounds of germanium have been
found in the Sargasso and Bering Seas and also in the
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river and estuary waters of the USA and Portugal at con-
centrations in the following ranges (ng l i t re" 1 ) : Ge(IV)—
0.4-12.3 and 0.6-7.4, MeGe(IV)—18. 2-24. 5 and 0-19.6,
Me2Ge(IV)—8-11.5 and 0-12, and Me3Ge(IV)—0 and traces. :

The vertical profiles for MeGe(IV) and Me2Ge(IV) in the
Baltic Sea are presented in Table 5.

The concentrations of methyltin derivatives in the rivers
of the USA and Europe are indicated in Table 6. Only 5%
of the total tin exists in the methyl form15* but its content
in the form of these compounds increases sharply in the
polluted rivers of Florida (up to 54%)33 and in the Rhine
(up to 94%).1St The following amounts of different tin
derivatives have been found in the coastal waters and sur-
face waters mainly in the USA and Canada (ng l i t re" 1 ) :
MeSn(IV)-0-4233>155,156 and 0-1220,33. Ά>№ Me2Sn(IV)—0-
20033,iss-i57 a n d o-4OO, ^,52,*56 Me3Sn(IV)-0-4003 3.1 5 7 and
0-50, 33»ffi and Me^Sn-480 and 930.157

Table 6. The content of the chemical forms of tin (pmol
litre" 1) in certain rivers of the USA and Europe.1 ! U

River

Colorado
Mississippi
Ochlockonee
Rhine
Main

MeSn(IV)

traces
11.8

1.7
592.3

Me2Sn(IV)

1.7
26.1

0.8
1769

3.4

Me3Sn(IV)

1.7
0.8
0.8

13.5
2.5

Sn(inorg.)

21.1
1036

35.4
155
101.1

Sn (total)

24.5
1075

38.7
2530

107

Large concentrations of butyl derivatives of tin have
been detected in Lake Michigan and in the surface waters
of Canada (ng l i t re" 1 ) : BuSn(IV)—56-8480; Bu2Sn(IV)—
10-7300,s2>156 and Bu3Sn(IV)—10-2910. The content of
the last form in the rivers and lakes of Switzerland is only
1-15 ng l i tre" 1 . 1 5 8 It is believed that these butyl compounds
are of anthropogenic origin and enter NW as a result of, for
example, leaching from the paint on boats and ships or as
a result of transport through the atmosphere. ffi A dif-
ference has been discovered in the interaction of various
forms of tin with inorganic and organic substances in NW.159

The stability and degree of decomposition of organotin and
organolead compounds under natural conditions in aqueous
systems depend greatly on the number of organic groups
linked to the metal.160»161 Silicones at concentrations ranging
from 2.0 to 54.2 ug l itre" 1 have been detected in the rivers
of Japan. 1 6 2

V. COLLOIDAL AND SUSPENDED PARTICLES

1. Composition, Properties, and Distribution of Particles

It has come to be assumed that filtration of samples of
NW through membrane filters with a pore size of -0.45 am
makes it possible to separate the suspended forms of any
chemical ingredients from the dissolved forms. However,
it has been frequently found that the dissolved forms
usually contain fairly numerous submicron particles and
organic macromolecules (see, for example, Refs.10, 163,
164), which are colloidal particles in terms of their size
and whose origin, composition, and nature have so far been

little investigated. It has been shown that the composition
and content of 0.0012—0.4 μπι colloidal particles isolated from
river and estuary waters depend on the time of year and
the salinity.1 6 5 During the winter, fresh water colloids,
which consist mainly of the products of continental erosion
(argillaceous minerals and iron oxide), become enriched
in carbon with increase of the salinity of water and their
content falls sharply from 28.6 to 0.6 mg l itre" 1 . During
the summer, these colloids are enriched mainly in carbon of
biogenic origin and their concentration changes insignifi-
cantly, from 1.9 to 0.7 mg litre" 1, with increase of the
salinity of water. According to data obtained by the
pyrolysis of the organic fraction of these colloids, it is
suggested that it consists mainly of the secretions and decom-
position products of the phytoplankton and micro-organisms.166

It has been shown167 that the average content of colloidal
carbon in coastal sea waters is 0.15 mg litre" 1 regardless
of the season, which corresponds to 11% of the total non-
suspended carbon. It has been found that Fe(III) in river
waters is present in the form of colloids stabilised by organic
matter,163»161*'168»169 detergents, silicates, and phosphates, but
not chlorides, nitrates, hydrogen carbonates, and sul-
phates . 1 6 9 The main bulk of colloidal Al is also coated by
organic matter; the degree of adsorption of TE by these
colloids depends on the stability of the complexes formed
by the TE with organic ligands.1 7 0

The colloids in fresh water consist of electrically charged
particles, whose charge is due to the presence of unsaturated
and ruptured bonds on the surface of the crystal and the
substitution of structural cations in the mineral lattice by
cations in another valence state. The charge on the sur-
faces of inorganic colloids can be both positive (Al hydrox-
ides at a high pH) and negative (quartz or argillaceous
minerals), while in organic colloids (HS) it can only be
negative. The negative charge of the colloids is balanced
by binding the TE as a result of ion exchange, surface
adsorption, and chelation.99»171

The content of the suspension in river waters varies
from a fraction of a milligram to tens of grams per litre.
Its average concentration in world rivers is ~0.5 g litre" 1

and the maximum and minimum concentrations in the rivers
of Asia and South America are 1.28 and 0.095 g litre" 1

respectively.1 7 2 In the waters of the open ocean its content
is lower by several orders of magnitude: depending on the
season, it changes by up to several hundreds of micro-
grammes per litre in surface waters and is on average 10 ug
litre" 1 at depths in excess of 200 m.1 7 3 The main bulk of the
suspended particles have dimensions less than 10 urn in both
river91* and sea173 waters, but the size of the biological par-
ticles formed in the ocean can reach 1 mm.173

The river suspension contains an amount of organic matter
ranging from several tenths to 20%172»1Λ while in ocean water
it is 30—70%.173 Quartz and argillaceous minerals (illite,
chlorite, montmorillonite, and kaolinite) predominate in the
terrigenous (mineral) river suspension,1 7 2 while alumino-
silicate particles, incorporating clay and non-aqueous
minerals and also non-aluminosilicate minerals (quartz,
pyrite, dolomite, barite, titanite, and iron and titanium
oxides) predominate in coastal sea water.1 7 5

The main bulk of the suspension in surface ocean waters is
of biological origin, consisting of carbonates, opal, and cellu-
lar and amorphous organic matter.1 7 3»1 7 6 Its fraction is 60—
90% of the total amount of the suspension entering deep
waters down to 5000 m177"180 (for example, the suspension
collected in deep water traps contained 0—25% of clay, 60—70%
of CaCO3, 0-15% of opal, and 8-12% of organic carbon 1 8 0 ' 1 8 1),
despite the fact that most of the suspension is mineralised
and is consumed by hydrobionts following submersion.
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The terrigenous component of the entire oceanic suspension
is only 0.5-10%,176 but, in contrast to the biogenic suspen-
sion, it does not dissolve and does not change in the bulk of
the water and in sediments in water. A suspension of
anthropogenic origin has been found in deep waters.1 8 2

It follows from data for the basic chemical composition of
the suspensions in many world rivers91*'172 and also from the
average compositions172'183 that river suspensions occupy,
in terms of their composition, an intermediate position
between sedimentary rocks and soils. This indicates the
source from which they originate. The basic chemical com-
position of a marine suspension has also been investi-
gated. 1*. 1 8 5

2. The Overall Content and Distribution of TE

Table 7 presents the content of certain TE in suspensions
in the major world rivers. Among individual countries,
this question has been most fully investigated in Japan,
where 21 suspended TE have been determined in each of
166 rivers. 1 8 7 The highest concentrations in the suspension
are usually those of Fe and Mn and in the Mississippi, for
example, their contents reach 46.1 and 1.3 mg g" 1 respec-
tively.8 7

Table 7. The contents of TE in suspension in certain
world rivers (Mg g 1 ) .

River

Amazon
Congo
Ganges
Garonne
Mekong
Mississippi
Niger
Yangtze Kiang
Yellow River
Danube
Dnieper
D o n

Volga

Co

41
25
14
39
20
21
40
25
12
16

5
12
11

Cr

193
175
71

255
102

72
150

83
72

140
86

143
183

Cu

266
—
30
51

107
42
60
70
33

189
90

200
86

Ni

105
74
80
33
99
55
—
78
38
89
93
—
76

Pb

105
455

—
381
113

45
—
65
35
—
—
—
-

V

232
163

—
150
175

—.

180
—
—

90
—

102

Zn

426
400
163
874
300
184

—
108

75
322
260
870
260

Refs.

[183]
[183J
[1831
[183]
[183]
183]

[183]
[186]
[186]
[172]
[172]
[172|
[172]

The contents of the suspended forms of TE in surface
waters depend on the concentration of the suspension, its
mineralogical and granulometric compositions, the climatic
zone, and the time of year. Thus the concentrations of the
suspended TE in various sections of the river proved to be
inversely proportional to the content of the suspension in
those sections,1 8 8 while in Lake Ontario they were found to
depend on the distance from the shore and amount on average
to 50—80, 10—40, 20—60, and >60% of the overall concentra-
tions of Cu, Ni, Cd, and Pb respectively.1 8 9

The contents of the suspended Hg and MeHg(II), which
predominate during spring flooding, fall sharply during the
summer period.1 9 0

It is impossible to say α priori which of the principal
various forms of the TE, suspended or dissolved, is the
main one in river waters. Al, whose suspended form
always predominates, is an exception.№ >172>183 It has been
shown that Fe and Mn,86 Fe, 1 9 1 ' 1 9 2 Fe, Mn, Ni, Co, Cr, and
Pb, 1 8 3 and Cd, Pb, and Cu1 9 3 predominate in the river sus-
pensions; there is more than 90% of the Fe, Mn, Cd, Cr,
Cu, Ni, Pb, and Zn in the suspension from the Mississippi87

and more than 98% of the Hg from the Thames.9 2 The rela-
tive importance of the suspended forms diminishes in the
sequence Al > Fe > Mn > Co > Zn > Ni > Cu > Cd. 8 6 On the
other hand, the dissolved form predominates for Ni, Cu,
Zn, and Cd86 and for Mn; 1 9 3 ' 1 * ~70% of Mn, Cu, and Zn
and 100% of Cd191 and more than 75% of Fe, Cd, Cu, and
Zn195 exist in this form. In order to arrive at correct
conclusions from geochemical studies, it is desirable to carry
out monthly measurements of the concentrations of these
forms of TE in rivers over a period of many years. 8 6 Never-
theless one should note that the vast majority of TE are
transported in rivers mainly in the suspended form.88> 172> 1 8 3

As a consequence of the low concentrations of the sus-
pension in sea water and particularly ocean waters, they
contain much smaller amounts of suspended TE than river
waters. For example, the concentrations in the waters of
the Central Atlantic are as follows (ng l i t re" 1 ) : Al—78,
Mn—3.5, Fe—222, Cr—3.1, Ni—1.8, Cu—3.6, Pb—4.5, and
Zn—16; ̂  the concentrations found in the Southern Indian
Ocean are (in ng litre" 1 and ug g"1 respectively) Pb—35 and
260, Cd—3.5 and 26, Cu—100 and 730, and Zn—230 and
1700.196 The suspended TE have also been determined in
the waters of the Baltic Sea,18" the Alaska Bay,1 8 5 '1 9 7 and in
the plankton of the Pacific Ocean.1 9 8 Turning now to
individual TE, we may note that the concentrations of sus-
pended mercury are (ng litre" 1) 0.2—0.3 in the coastal
waters of Japan81* and 0.5—0.9 in the Pacific Ocean and the
Sea of Okhotsk63 and those of suspended Cr are 80 in the
Sea of Japan and 70 in the Pacific Ocean.8 S Pressure can
exert a considerable influence on the interaction of the dis-
solved Al with the inorganic detritus in the bulk water, the
bottom deposits, and at the water—deposit interface.1 9 9 The
importance of adsorption on the submerging organic suspen-
sion for the rapid decrease of the concentration of Hg in
coastal sea waters has been emphasised.122

The proportions of the suspended forms of TE relative
to their total content may be as follows: 3—10 for Hg',63

10-30 for Ag (Pacific Ocean), 6 1 and 1.7, 3.3, and 9.8%
respectively for Zn, Cd, and Cu (Baltic Sea). 2 0 0

The majority of the dissolved TE are finally removed into
the deposit in the seas and oceans by becoming adsorbed
on suspended particles. Biogenic particles formed initially
in the surface layer from the phytoplankton and ultimately
submerged into deep regions in the oceans in the form of
detritus (the main bulk of which consists of fecal pellets
whose rate of submersion ranges from several to thousands
of metres per day) play an especially important role in con-
trolling the distribution of TE in oceans. λ A different frac-
tion of each TE in the suspension is remineralised and passes
to the bulk water, while another fraction of TE is found in
pelagic clays and iron—manganese concretions and is then
returned to surface waters by upwelling.

The rates of scavenging, which is an important factor
limiting the concentrations of certain TE in oceans, and of
the removal of TE from deep waters into deposits have been
found.181'201""203 For example, the rates are 20-50 μΐηοΐ cm"2

g" 1 for Mn and Fe and 0.1-0.4 μπιοί cm~2g"1 for Cu, Co, Ni,
Zn, V, and Sr. 2 0 3 The fluxes of suspended TE directed
towards deep waters can undergo seasonal variations con-
nected with the cyclic nature of the primary production,2 0 2
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biogenic particles binding TE more strongly than mineral
particles. 2 №

3. Physicochemical Forms of TE

In a suspension TE can exist in stationary forms (the
crystal lattice of undecomposed fragmented and argillaceous
minerals) and mobile forms (surface sorption on organic
matter and Fe and Mn hydroxides), only the latter being
biologically accessible. It is noteworthy that there are at
present no methods for the independent determination of the
individual physicochemical forms of TE in a suspension, which
seriously hinders comparison of the results obtained by dif-
ferent workers.172> 2 0 5 '2 0 6

The crystalline form and Fe and Mn hydroxides are
usually most important in river suspensions.1 7 2 For example,
in the Amazon and Yukon rivers these forms comprise
together 65-92% of Fe, Mn, Co, Cr, and Cu. 8 8 The pre-
dominance of both mobile172'207 and organic and Mn hydrox-
ides2 0 7 forms has been noted for a series of TE. Differences
between the ratios of different forms of TE in different
granulometric fractions of the suspension have also been
discovered.2 0 7 '2 0 8

In conformity with the significant difference between the
compositions of river and marine suspensions noted above,
it has been shown209 that up to 70% of Al, Mn, Zn, Cu, Pb,
and Li in the suspensions in the Indian Ocean exist in the
adsorbed form and the form bound to Fe and Mn hydroxides
and only 15% of these TE exist in the organic form, while
in the inner seas the latter form reaches 30—70%, which is
apparently associated with the vigorous absorption of the TE
by the phytoplankton.

H. The Mechanisms of the Binding of TE

The suspended particles and deposits in aqueous media
concentrate TE via three main mechanisms:206 via their
physicochemical adsorption from the bulk of the water, via
their biological absorption, and via the sedimentation of the
TE-enriched suspension. The degree of physicochemical
adsorption, subdivided into physical and chemical, and also
ion exchange210 are influenced by the nature of the surface
of the suspension or of the deposit in the aqueous medium.

The physicochemical adsorption of TE in different types of
NW on the surfaces of clay, solid organic substances, and
metal oxides is of greatest importance. Although previously
very much more attention was devoted to the sorption of TE
by clays, it is believed nowadays206 that, in the adsorption
of TE from NW, clays probably play the role of supports
covered by organic matter or metal oxides. The surface of
the clay will therefore not be considered here.

There exist three types of organic surfaces:2 0 6 (1) the
surfaces of living organisms such as bacteria and algae and,
which is particularly important, the surface of marine plank-
ton in which the main bulk of the TE are bound to non-
skeletal organic phases and not to calcium carbonate and
opal;1 9 8 (2) the surface arising on decomposition of plant
and animal matter and also on condensation of low-molecular-
weight organic substances to form high-molecular-weight
organic substances; it possesses many of the properties
of poly electrolytes and colloidal particles; (3) the surface
formed by low-molecular-weight organic substances sorbed
on clay or metal oxide supports. ZLL»212

Although the differences between these three types of
organic surfaces have not been ultimately elucidated from
the standpoint of the method of concentration of the TE by

the latter, it has come to be assumed that salicylic acid is
involved in the binding. The participation of carboxylic
and phenolic functional groups 2 1 2. 2 1 3 and also peptides a i t in
the mechanism of the binding of TE has also been suggested.

We may note that the models of the reactions taking place
on the surface in the absence of organic matter cannot be
applied to natural systems, because in this case organic
matter is adsorbed on the surface of the suspension,2 1 3 '2 1 5

which is at least partly responsible for the negative electro-
static charge on almost all suspended particles. 2 1 1 ' 2 1 6 The
amount of adsorbed organic matter then depends on the
chemical composition of the surface of the suspension.2 1 5

Hydroxy-groups are present in water on the surfaces of
metal oxides, the most important of which are A12O3, FeOOH,
and MnC^.1* The specific adsorption of cations and anions
is therefore regarded as a result of their interaction with
these groups at the water—oxide interface. The degree of
binding of TE ions on the surface depends on the con-
centration of the reacting groups and the competing ions
and also on the pH and the ionic strength of the medium.206

Several mechanisms have been proposed to explain the sorp-
tion of TE, 2 1 7 including ion exchange, surface ionisation,
and complex formation—in particular the formation of Zn and
Pb phosphates. m

The picture becomes still more complex where one con-
siders heterogeneous oxide surfaces, where the strengths
of the bonds between TE and various centres can differ
by an order of magnitude.2 1 9 Hydrated oxide surfaces can
adsorb organic matter also via ligand exchange. The degree
of adsorption then depends on the pH and the MW. 2Οε

It must be emphasised that natural organic matter binding
TE can be present in NW both in the dissolved state and in
the form of a thin film coating the suspended particles.
Natural organic matter can be regarded as the most important
factor in the TE cycle in NW.201'205 This has been demon-
strated for the waters of the open ocean where the distribu-
tion of the majority of TE is controlled by their biological
absorption on the surface and their regeneration in deep
waters from submerged biogenic residues. 1

VI. ESTUARINE MIXING

Estuaries, which may be any water area where sea water
mixes with the fresh water from the continental slope,
namely river mouths, coastal bays, marshes, and basins
behind a coastal bar constitute at the same time zones where
there is a transition from the continent to the ocean and the
continuity of the properties of the environment breaks down.
A wide variety of hydrodynamic, physicochemical, and bio-
logical processes take place in estuaries at the geochemical
river—sea barrier.

As a result of the sharp decrease of the flow rate of the
river, estuarine mixing entails the deposition of more than
90% of the river suspension together with the TE bound to
j t _ 172,220-223 Small particles whose size is less than 2—5 urn
can be removed from the bulk of the water also as a result
of the increase in their size as a consequence of coagulation,
which arises on neutralisation or charge transfer involving
clay particles, caused by the mixing of river waters with sea
water, which is a strong electrolyte.

The concentrations of the inorganic and organic substances
present in the suspended, colloidal, and dissolved states
change sometimes very considerably, not only as a result of
the mutual dilution of the fresh and sea waters but also as
a consequence of various physicochemical transformations
occurring under the non- steady conditions of the estuarine
environment owing to the sharp changes over small distances



Russian Chemical Reviews, 55 (6), 1986 571

in salinity, pH, the content of the suspension, and other
factors. Such transformations include precipitation, sorp-
tion, flocculation, complex formation, and other processes.
The 2% isohaline is regarded as the hydrochemical boundary
between the river and sea waters,1 7 2 although the relative
contents of the principal ions are almost constant only after
10% has been reached.

The causes of the observed variations in the content of
both suspended and dissolved principal and trace elements
in estuarine waters are not, however, altogether clear
owing to the lack of complete hydrochemical and hydro-
dynamic information. 220>22'* Sorption processes are frequently
invoked to account for these causes. It has been shown
that, among the principal cations, the Ca in the suspension
exchanges for Na and to a lesser extent for Κ , while Mg is
little involved in exchange reactions. 2 2 5 Among the TE ,
Fe, 2 2 6 Mn,221*'227 Cu,221*'228 Cd, 2 2 7 ' 2 2 9 Pb, 1 2 0 and Ba, Co, Cs,
and Zn229 are desorbed into water. The increase in the
concentrations of the dissolved TE, for example, Cu, is
frequently attributed to their mobilisation from the resus-
pended deposits in aqueous media at high salinities228 (for
further details, see Section VII).

Overall, a clear idea about the role of sorption in estuarine
processes is lacking. On the other hand, there is important
evidence for the predominance of the influence of physical221*'
2 3 0,2 3 1(for example sedimentation and hydrological 23°) pro-
cesses, and not physicochemical processes, on the chemical
composition of the suspension in estuaries.

In the estuarine mixing of waters, the suspended or
dissolved components behave conservatively when they par-
ticipate only in a physical (mechanical) mixing process or
non-conservatively when they are involved in various
physicochemical reactions or in biological turnover. In the
former case their concentrations depend linearly on the
salinity and the input or removal of the components can
therefore be estimated from the observed deviations from the
straight line. 2 2 0

An extremely important process for dissolved inorganic
and organic substances in the estuary zone is their floccula-
tion, i.e. their transformation into suspended amorphous
particles, which takes place with increase of the salinity and
pH of the water. The most important precondition for
flocculation is the presence in river waters of dissolved Fe,
which is believed, on the basis of a series of indirect data,
to exist mainly in the form of Fe(III) hydroxides stabilised
in the colloidal state by chemical binding to HA9 9 '1 6 3 '1 6 8

(although recently objections have been raised against the
latter hypothesis 232) . In the estuarine mixing of waters,
the colloidal Fe and HA flocculate as a consequence of their
destabilisation by cations from sea water. 1 6 3 ' 1 6 8 However,
it is not altogether clear whether this destabilisation of river
colloids is associated with complete163 or only partial2 3 3 neu-
tralisation of the negative charge. In contrast to Fe and
HA, dissolved organic matter behaves conservatively.161*'168'
233-235 -pjjg r a t e of flocculation increases with increasing
salinity up to 15—18% and, for certain salinities, the bulk of
the floccules are formed in the first 0. 5 h after the start of
mixing.236'237

Flocculation is the principal mechanism of the removal of
dissolved TE from river water via coprecipitation and adsorp-
tion on the Fe hydroxide and HA floccules formed.236'237 For
example, TE can be removed from river water to the following
extent: 2 3 6 95% for Fe, 20% for Al, 40% for Cu and Ni, 25-45%
for Mn, and 10% for Co. As11*2 and Hg, Bi, and Sn 2 2 9 also
flocculate. We may note that 65% of their HA is then lost,
which, however, corresponds to only 3% of the dissolved
organic matter.1 6 8 The content of organic matter in river
waters can be a regulating factor in the removal of TE; 2 3 8

the lanthanide elements are removed to the extent of 60—95%
at a high concentration of organic matter and remain in the
water at a low concentration. The removal of TE in the
estuarine zone has been the subject of field observations.1 1 5

163,172,22Ί,239,2W T h e a e g r e e of removal can depend signi-
ficantly on the form of the TE. For example, the inorganic
colloidal form of Fe is removed quantitatively, while the
organic form is removed only to the extent of 50%.119

Estuaries behave as traps for TE in the course of their
transfer from river to sea water, which may serve as one of
the explanations of the relatively low concentrations of TE
in the marine environment compared with the river environ-
ment.21*1. At the same time the conservative behaviour of

Mn,: Cu, Ni, : Cd and Zn,2*2 and Cr21* has
been demonstrated. The form of the TE can strongly influ-
ence its behaviour: for example, compounds having the com-
position RnPb (where R is an organic group) behave con-
servatively, while inorganic Pb behaves in the opposite
manner.2I*5

Overall, the geochemistry of the TE in estuaries, which
depends also on their type and the physicogeographical con-
ditions in the environment, is very complex and so far has
been little investigated. The ideas concerning the behaviour
and estimation of the losses of dissolved and suspended TE
in various river estuaries are frequently contradictory and
vary markedly. The atmospheric input of TE also has an
effect.2H6 Nevertheless it can be regarded as demonstrated
that estuaries serve as traps for the majority of the dissolved
and suspended substances on their way to the ocean.

V I I . BOTTOM DEPOSITS AND PORE WATERS

1. Total Content and Distribution of TE

Marine, coastal, and estuarine deposits usually consist
of two layers—the upper oxidised reddish-brown layer and
the lower reduced olive-green layer. Variations in the
thickness of the oxidised layer up to 1 mm depend on the
input of organic matter on the bottom and on the rates of its
decomposition (destruction). Oxygen diffuses downwards
through the oxidised layer and the free H2S, formed in the
reduced layer by sulphate-reducing bacteria, diffuses
upwards (sometimes without being evolved21*7). The reduced
layer contains benthic organisms. It has been shown
recently21*8 that the colour transition from brown to green
in marine deposits is accompanied by the reduction of Fe(III)
to Fe(II) in pore waters.

In water areas with limited circulation, for example in the
Black Sea and in fjords, oxygen does not reach deep waters
and for this reason H2S is present even near the bottom
layer. In this case the deposits are coloured black and
contain no benthic organisms.

The pore waters impregnating the bottom deposits always
differ in their chemical composition from the water covering
them (bottom water) by the fact that their concentrations of
dissolved O2 and SO2~ are reduced and those of bicarbonate
are increased. Not only SO2" may be reduced to H2S but
also CO2 and NO"i may be reduced to CHi, and NH3 respec-
tively in the pore waters of the reduced deposits.

As a consequence of the occurrence of diagenetic processes
in ageing deposits, mainly in the pore waters, the chemical
composition of the latter is important for the elucidation of
the mechanism of the diagenesis. However, despite the fact
that pore waters are usually enriched in the TE by a factor
of 10 and more compared with the main bulk of the water, the
contribution to the overall TE content in the wet deposit is
insignificant (for the bibliography, see Warren21*9).
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The bottom deposits are enriched in TE mainly as a result
of three processes: (1) the sinking to the bottom of sus-
pended particles; (2) the transfer of suspended particles
along the bottom (in rivers); (3) the sorption of dissolved
TE from water when the latter comes into contact with a
deposit. The most important process is the sedimentation
of the suspension in which one can isolate the detritus, bio-
genic, and deposited fractions. The particles of detritus
contain TE within crystal lattices, in the adsorbed state on
the surface, in the exchange centres of argillaceous minerals,
and in surface layers formed by metal hydroxides or organic
matter. Biogenic particles can contain TE within skeletal
inorganic substances, in the adsorbed state on the surfaces,
in exchange centres, in organic matter, in a bound form, and
in the envelopes coating metal hydroxides. In the deposited
fraction, which includes calcium carbonates and metal hydrox-
ides and sulphides, the adsorbed TE are present on the sur-
face.21*9

The content of TE in deposits from different water areas
varies markedly, sometimes by 2—3 orders of magnitude,
mainly in connection with the different degrees of their con-
tamination. The concentration of TE in coastal,250 lake and
sea21*9 deposits have been considered in a number of reviews.
The contents of cadmium in deposits of different types have
been analysed.2 5 1 There exist data on the concentration of
TE in river, 2 5 2- 2 5 3 lake, 1 8 9 '^coastal, 1 3 7 ' 2 5 5- 2 6 4 and ocean265

deposits.
The estuarine deposits, which behave as traps for the many

suspended and dissolved TE carried out by the rivers, belong
to the class of the most polluted. Their contents of some
TE are listed in Table 8. The Rhine estuary and New
Jersey river estuaries, whose deposits contain considerable
concentrations of Pb and Cu, have attracted attention. The
concentrations of As in the deposits in 27 estuaries in Great
Britain differ by 3 orders of magnitude. In particular, its
content in the Thames estuary is 4—6 μg g"1,27k while its
maximum concentration reaches 2500 \ig g-1.

Table 8. The average TE concentrations in estuarine
deposits (ug/g of dry mass)

Estuary

Ems
Rhine
Weser
St. Laurence
Miramichi
Ko-Jima
New Jersey rivers
Mersey
St. John

Mn

—

417
703

5G4
296

Cu

24
99
42
24
27
37
06
41
16

Cd

0.7
5.0
2.4
0.22

_
0.61
2.24
5.3
0.16

Ni

27
31
58
33
45
—
36
—
16

Pb

47
213
154

30
83
27

128
57
24

Hg

_

—
—

0.45
0.34

0.60
—.

0.04

Zn

150
870
393
115
219
177
218
236

53

Refs.

[266]
[266]
J267]
[268]
[269]
[270]
[271]
[272]
[273]

deposits. The bore cores of bottom deposits removed without
disturbing the stratification can therefore reflect the entry
of TE into the water basins over any period of time, up to
100 years. The geochronology of bottom deposits is usually
determined by analysing the distribution of the a 0 P b isotope
with respect to depth, but, in order to achieve a more
accurate dating, combinations of different isotopes are
employed, their number being fairly considerable (for exam-

ple, i d / Cs, 2 i 8Pu, °Pu, 2ttAm, and M C m ) .
The TE concentrations in the surface layers of lake,

estuary, and coastal sea deposits in the vicinity of mining,
industrial, and city regions can be a factor of 5—10 higher
than 50—100 years ago, which indicates their anthropogenic
origin. Apart from the information contained in a study
mentioned previously,1 6 there exist data on the geochronology
of TE in the bottom deposits in fords,2 8 3 lakes,2 8 2 '2 8""2 8 8

rivers, 2 8 2 ' 2 8 9 estuaries, 2 9 0 ' 2 9 1 fjords,2 9 2-2* and coastal sea
regions. 295~298 The historical record in the vertical Zn, Pb,
Cr, Cu, As, Ni, Cd, and Hg profiles in the Rhine deposits
over a period greater than 50 years is illustrated in Fig.2. 2 8 9
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Figure 2. Time variation of the concentration of TE in
the bottom deposits of the River Rhine. m

The distribution of mercury has been studied in particular
detail in European countries. Thus its content in the
deposits in more than 30 estuaries in Great Britain is 0.018—
29 \xg g" 1, 275-279 while the deposits of 220 Swedish lakes con-
tain 0.05—0.5 Mg g" 1 of mercury2 8 0 although sewage had never
been previously discharged into the lakes investigated. The
mercury content in oceanic deposits is correlated with the
underwater volcanic activity.2 8 1

The TE which have entered various water areas in a wide
variety of ways—from the atmosphere, from rivers, from
sewage discharges, etc.—inevitably accumulate in the bottom

However, TE are distributed non-uniformly in deposits and
their concentrations usually increase with decreased particle
size.21*9 The difference between the concentrations reaches
in some cases an order of magnitude and more. The observed
scatter can be appreciably reduced by employing different
correction procedures. 1 5 ' 2 9 9 A fraction whose size is less
than 63 um is usually analysed,3 0 0 although it has been
shown299 that the content of many TE in a fraction up to
20 um in size from estuarine deposits varies several times
less from sample to sample than for a fraction whose size is
up to 63 urn. Systematic investigation of different types of
bottom deposits is therefore essential for a final selection of
the fraction size most suitable for the monitoring of TE.
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2. The Physicochemical and Chemical Forms of TE

The TE within bottom deposits are distributed between
various physicochemical forms (geochemical fractions),
which depend on Eh and pH3 0 1 and differ in their mobility,
leachability, and biological accessibility. In order to make
it easier to understand the geochemical distribution of TE,
the deposits are usually fractionated geochemically by
methods involving single- or multi-stage consecutive extrac-
tion, which make it possible to leach selectively, with the aid
of suitable chemical reagents, each of the identified fractions.
The TE linked to the crystal lattice of silicate rocks are
referred to as lithogenic and the corresponding fractions
are called residual. The TE present in all the remaining
geochemical fractions are referred to as non-lithogenic and
the degree of pollution of the given deposit (water area) can
be inferred from the level of their concentrations.

The single-stage extractions (they have been assessed
and compared in a number of studies302"301*) make it possible
to determine either some one of the non-lithogenic TE frac-
tions or their various combinations depending on the pH 30S

and the reagent employed. In order to investigate more
fully the physicochemical forms of TE, extractions comprising
two,2 8 9 three, 30G four, 2 7 2 five, 2 6 7 ' 303>307 six, 308 and seven1 5

steps are used. The advantages and disadvantages of the
extraction methods have been discussed.1 5 '3 0 2·3 0 9·3 1 0 It must
be emphasised that the multistage consecutive extraction
methods are not fully selective, the reactions being always
influenced by factors such as, for example, the extraction
time, temperature, the ratio of the volumes of the deposit
and the extractant, 15>309 and the readsorption of the TE. 3 1 1

Despite this, they are used widely.

Depending on the origin, composition, and degree of pollu-
tion of the deposit, the main bulk of the TE may be located
in different geochemical fractions. The non-lithogenic TE
are frequently bound to organic matter, 2 0 5 ' 2 6 9 ' 2 7 2 · 3 0 8 ' 3 1 2 · 3 1 3

which is particularly characteristic of mercury, 259>275>277>278>31>*
and also to the oxides of Fe (the main bulk of As315"317) and
M n > 2os,259,308,317-320 s u l p h i d e s , 259,313,320 c a r b o n a t e s , 3 2 0 " 3 2 2 a n d

phosphates. 319 Oceanic deposits have also been investi-
gated. 3 1 7 ' 3 2 3

Table 9. The physicochemical forms of TE (%) in the
bottom deposits of the Rhine (A) and the Ems estuary (B). 1 5

Forms

Exchangeable
Carbonate
Readily reducible
Moderately

reducible
Non-silicate iron
Organic and

sulphide
Residual

Total concentration,

2

Λ

9
37
39

5

1
< 1

9

922

Β

2
31
24
12

2
3

26

227

NI

A

6
13
25
17

6
3

40

84

Β

3
10
28
15

—
6

38

42

Cu

A

1
28

3
30

2
4

32

209

Β

2
19
3

29

5
3

39

26

Pb

A

3
52

6
23

6
< 1

10

144

Β

< 1
35

4
29

11
< 1

20

66

Cd

A

18
38
23

1

—
6

14

10

Examples of the application of the seven-stage extraction to
deposits from the Rhine and from the Ems estuary are pre-
sented in Table 9,15 whose data indicate an appreciable
decrease of the proportion of the residual fraction for Zn,

Cu, and Pb, despite the increase of their overall concentra-
tion , as a consequence of the pollution of the deposit.
Appreciable amounts of Zn, Cu, Cd, and Pb are present in
the carbonate fraction, while the proportion of the exchange-
able form is appreciable only for cadmium.

With the exception of mercury, the chemical forms of TE
have been little investigated in deposits. It has been shown
that the MeHg(II) content in various estuarine and coastal
deposits is usually less than 1% of the total Hg. 2 7 5 ' 2 7 8 ' 3 2 ' 1 The
MeHg(II) concentration is largely controlled by the con-
tent of sulphides and not of the total Hg and organic matter.
At a specific concentration of sulphides, the level of MeHg(II)
falls sharply, apparently as a consequence of a dispropor-
tionation reaction:

2MeHg (II) + S 2" -> (Me2Hg)2S -> HgS + Me2Hg.

The dimethylmercury formed vaporises and is transferred
through the bulk water to the atmosphere.2 7 9

The predominance of a particular form of tin depends on
the type of deposit.1 5 5 In partly reduced and polluted
marine deposits MeSn(IV) predominates, in oxidised and
polluted deposits the main component is Me2Sn(IV), while in
oxidised and unpolluted deposits Me3Sn(IV) is the main com-
ponent. It has been shown155 that the deposits from the
Baltic and Mediterranean Seas contain 0.5 and 0 ng g" 1 of
the first form respectively, 0.3 and 2.6 ng g"1 of the
second form respectively, and 0 and 8.6 ng g"1 of the third
form respectively. The following butyltin derivatives have
been detected in deposits from Canadian lakes (ng g " 1 ) : 3 2 5

BuSn(IV)—0.013-0.58, Bu2Sn(IV)—0. 05-0. 35, and
Bu3Sn(IV) —0.11-0. 40. Mixed compounds, formed apparently
as a result of methylation, have also been found: Bu2SnMe3—
0.011-0.012 ng g~l and Bu3SnMe—0. 011-0. 023 Mg g" 1 . The
deposits from Swiss lakes contain 0.002-0.016 ug g" 1 of
Bu 3Sn(IV). 1 5 8 The river and coastal deposits were found
to contain respectively 0.3-5.8 ng g~l 162>326 and 0.61 ng
g-i 326 0 £ s i i i c o n e s #

3. Pore Waters

The concentration and distribution of TE and of their
different forms in pore waters depend on Eh, pH, and the
content and forms of organic matter and Fe and Mn com-
pounds (amphoteric oxides, sulphides, carbonates, e t c . ) .
Pore waters constitute a medium in which TE are transported
within surface deposits. The upper layer of these deposits
10-20 cm thick is most important for the exchange betiveen
deposits and the water near the bottom.327 In marine
deposits in the oxidised zone the concentrations of Mn and
Ni are the same as in the water near the bottom, while in
the Mn-reduced zone they are higher approximately by
factors of 10 000 and 40 respectively.3 2 8 The Cu content in
oxidised pore waters is higher by a factor of 10 and more
than in the water near the bottom. 328~330 This is due to the
binding of copper by organic matter, 328>330 which is also the
cause of the increase in the Mo, V, and Cr concentrations
in the reduced deposits with increase of depth. 3 3 1

The pore waters in polluted deposits contain a particularly
large amount of TE. For example, it was found that the
pore waters in a lake contain approximately 0.15 mg litre" 1

each of As(III) and As(V),332 river pore waters were found
to contain 5.85-6.88 g litre" 1 of total As [including 6-10%
of inorganic As and -90% of MeAsO(OH)2],333 and the
estuarine pore waters were found to contain 3.8 ng litre""1

of Hg. 331* In the last case an increase of the Cr, Cu, Zn,
Pb, Ag, Ni, and Fe concentrations by a factor of 7.3—15
and of the Mn and Co concentrations by factors of 620 and
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37 respectively compared with the water near the bottom
was noted. 3 3 5 Large seasonal variations have been observed
in the Fe, Mn, Cu and Mo contents. 3 3 6 The Fe, Cr, and
Cu concentration profiles in the bottom water and in the
pore waters of coastal marine deposits are presented in
Fig.3. 3 2 2

4. The Remobilisation of TE

Under the influence of chemical changes in NW and micro-
biological processes in aqueous media, the TE present in
bottom deposits can be remobilised and returned to the
water. The remobilisation is induced by four types of
chemical changes in water: 1 5 (1) by an increase of the con-
centrations of salts whose alkaline earth metal cations can
compete with TE ions for sorption on particles; (2) by a
change in the oxidation—reduction conditions, usually in
connection with the decrease of the oxygen content as a
consequence of increased eutrophication, whereupon Fe
and Mn hydroxides dissolve, either partly or completely,
owing to the reduction to Fe(II) and Mn(II) and some of the
TE bound are then liberated (remobilisation of Mn, Cu, and
Cd from partly reduced deposits with subsequent vertical
transfer to the surface waters has been used to explain the
increase in their concentrations in the shelf waters of Great
Britain 3 3 7); (3) by a decrease in pH, which leads to the
dissolution of hydroxides and carbonates and also to an
increase in the desorption of TE as a consequence of com-
petition with H + ; it takes place either on oxidation of sul-
phides in uncontaminated surfactants or on precipitation of
acid rain, which is characteristic of many lakes in Northern
Europe and North America; in the latter case it has been
shown320 that Zn, Co, and Ni are remobilised mainly from the
fraction of readily reducible deposits—Cd is remobilised from
the organic phase, while Cu and Pb pass to water to only a
slight extent; (4) by the increased employment of natural
and synthetic complex forming agents, capable of forming
soluble and stable complexes with TE, which would have
otherwise been adsorbed on solid particles.

The biological remobilisation of TE can be achieved
indirectly as a result of the activity of benthic organisms,
which increase the ventilation of the deposits by the oxidised
bottom waters338) 339 and prevent thereby the formation of
virtually insoluble sulphides of class Β TE in pore waters.3M))

341

The microbiological proesses in deposits where TE are
bound to organic matter having a higher MW and a smaller
number of functional groups as a result of diagenesis are
more important. The remobilisation of TE takes place mainly
in three principal ways:1 5 (1) by the decomposition of the

organic matter to compounds having a smaller MW but binding
TE more effectively (see, for example, Graybeal and Heath3 4 2);
(2) by the change in the physical properties of the medium,
for example Eh and pH, as a consequence of metabolic activi-
ties; (3) by the conversion of inorganic TE compounds into
organoelemental compounds.

5. Natural Methylation

Biomethylation is of greatest importance among the micro-
biological processes, since hitherto there has been no con-
vincing proof of the biosynthesis of organoelemental com-
pounds containing other alkyl or aromatic groups.3 1*3 Apart
from the experimental evidence for the biomethylation of TE
in deposits described in reviews, 1 6 ' 1 8 ' 3 4 3 ' 3 4 4 the biomethylation
of As by fresh water green algae, 34S the methylation of Sn
in estuary deposits, 1 5 7 ) ̂  and the methylation of Hg in the
bulk of r iver, Ά7 lake, 3 4 8 and sea * 9 waters have been
observed recently. The seasonal variations in these pro-
cesses190» 348 and the influence of sea salts on the formation
and stability of MeHg(II) under aerobic and anaerobic condi-
tions3 5 0 and of the pH on the formation of methyl compounds
of Hg and As 3 5 1 have been investigated.

The contents of the methyl derivatives of Hg, Sn, P b ,
As, Sb, and Se in NW, in suspensions, and in deposits were
indicated above in the appropriate Sections. In biological
systems, in particular in micro-organisms, the methylating
agents are Me—CoB12, S-adenosylmethionine, and N 5-methyl-
tetrahydrofolates. The mechanism of methylation by the
MeCOB^ reagent depends on the oxidation state of the TE
and the reduction potential and can be electrophilic or
radical. 1 8 ' 3 4 3 ' 3 5 2

The biomethylation of TE is always accompanied by the
reverse biodemethylation of their methyl derivatives, 1 6 ) 3V*
which explains, in particular, the low concentrations of
MeHg(II) in NW and deposits. The amount of mercury in
this form is less than 1% of its total content.

However, one should note that by no means all biotrans-
formations of TE have been elucidated. Thus, despite
previous experimental data, the absence of the biomethyla-
tion of Pb 3 5 3 and Me3SnCl351t has been demonstrated recently.
The compounds M e ^ (E = Sn or P b ) , formed as a result of
chemical disproportionation, for example, in the presence of
sulphur compounds, have been detected: 3 5 4 ' 3 5 5

s2-
2Me3E(IV) —> (Me3E)2S -> Me4E.

In river deposits HA and fulvoacids can also methylate
Hg(II) to MeHg, and, among the methylating agents
forming part of their composition, the most powerful is
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2, 6-di-t-butyl-4-methylphenol and the weakest are mesitylene
and p-xylene. 3 5 7

In aqueous solutions MeHg(II) has been obtained from
Hg(II) also in the presence of methanol, acetic and propionic
acids, and aliphatic α-aminoacids (on photolysis), as well as
a result of transmethylation:18>31f3

Me3E(IV) + Hg(II) -»· MeHg(II) + Me2E(IV); Ε = Si, Sn, Pb.

The role of such reactions in the geochemical TE cycles is
not altogether clear.

6. iron—Manganese Concretions

In connection with the exploitation of the resources of the
Pacific Ocean, the autogenic components of its bottom
deposits, namely the iron—manganese concretions whose
chemistry had been examined previously,3 5 8 have become
important. The results of the latest research into the role
of TE and their forms in the concretions of the Pacific Ocean
are described below.

The density of the concretions can reach 300 units per m2

or 30 kg m~2. Their dimensions are on average about 4 cm,
but concretions up to 20 cm are encountered. They increase
at an average rate from 30 to 300 mm in one million years. 3 5 9

Their Mn/Fe ratio varies from 5.6 to 70 and more than 99% of
the Mn is in the form of Mn(IV),3 6 0 although the main diagene-
tic source is probably Mn(II) formed from Mn(IV) in the
vicinity of the deposit—water interface.3 6 1 This process is
part of the well investigated remobilisation of Mn from
deposits,3 2 8 ) 3 3 C '3 6 2 which exerts a decisive influence on its
distribution in bottom waters.

The concretions respond to this remobilisation by a faster
increment in their volume on the side in contact with the
deposit.3 6 3 This side grows faster, compared with the upper
part almost by a factor of 4.359 A typical concretion consists
of two separate non-detritus components having different com-
positions:359 the bottom part is enriched in Μη, Mg, Ca, U, and
Sb and the upper part in Fe, Ni, Cu, Zn, Co, Th, and the
lanthanides. These differences in the chemical compositions of
individual parts of the concretions are explained by the
variable contributions of the following processes: ^ (1) the
hydrogenic process which leads to the direct precipitation or
accumulation of colloidal TE oxides from sea water; (2) oxi-
dative diagenesis which takes place in oxidised deposits and
tends to increase the content of TE in the concretion;
(3) reductive diagenesis, which ensures the reduction of
Mn(IV) to Mn(II) by the organic matter with its subsequent
reoxidation to Mn(IV). Concretions have also been found
in regions with very slow sedimentation of the suspension.
In this case the increment in the mass of the concretions
takes place at the expense of bottom waters with an increased
content of suspended and dissolved TE brought there by
bottom streams. 3 6 5

The TE in concretions and also in a series of autogenic
minerals (apatite, barite, opal, and carbonate) are mainly
concentrated in the aluminosilicate and Mn and Fe oxide
phases, owing to the characteristic features of the chemical
forms of the TE in sea water and the physicochemical proper-
ties of these phases. 366 It has been shown that the TE in a
concretion have different oxidation states—for example,
Co(III), Pb(II), Pb(IV), and Ti(IV) 3 6 7 and Cu(II) and
Ni(II). m

oO ο

Significant advances have been made in recent years in
the study of the forms of TE in natural aqueous media. The
discovery of the relation between the forms of TE in the

abiotic phases of natural aqueous media and their effect on
hydrobionts is especially important. However, the experi-
mental data to date are insufficient to reach definite conclu-
sions about the influence of various forms of TE of anthro-
pogenic origin on the health of specific water basins, which
is one of the principal tasks of biogeochemistry.
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