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CHAPTER 12

Speciation and Cycling of Arsenic,
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Natural Waters
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ABSTRACT

The cycling of the elements in natural waters is driven by a combination of chemi-
cal and biological processes. This paper will focus on two key features of the natural
water chemistry of As, Cd, Pb and Hg, chemical speciation and mean oceanic resi-
dence time.

Calculation of equilibrium speciation in solution is heavily dependent on the
accuracy of both the complex stability constants used and of the procedure used for
correcting them to the required ionic strength. Some progress has been made in
this respect following the publication of critical data-bases, but there remains con-
siderable uncertainty for lead in particular as to the relative significance of different
complexes. Treatment of organic complexation is further complicated by our lack
of understanding of the structure of natural organic matter. Calculations and mea-
surements based on thermodynamic equilibrium are, however, only the first stage
in the study of chemical speciation. Biological processes can give rise to metastable
chemical species with sufficiently long lifetimes to be important components in an
element’s speciation. Arsenic, mercury and lead alkyls, for instance, fall into this
category, and lead alkyls also have an anthropogenic source. Redox speciation must
also be considered in the case of arsenic; arsenic (V), which is the stable oxidation
state in oxic waters, can be reduced to arsenic (III) in anoxic systems. Arsenic (III)
released to oxic waters can then be reoxidized to arsenic (V) within a timescale of
some days.

The mean oceanic residence time gives a measure of the tendency of an element
in seawater to be incorporated into particulate phases: a very short residence time
(<1000 years) indicates that the element is removed very rapidly to the sediments
while a very long residence time (10* years: Na, Br, C1) indicates that the element
Is very unreactive towards particulate matter. Residence times for the elements

considered here range from about 10° years (As) to 10 years or less (Pb).
Each of the processes considered above relates to the chemical properties of the
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element concerned, and hence to its fundamental properties and to its position
in the periodic table. Recent developments in modelling chemical processes in
natural systems in terms of fundamental elemental parameters will be used to place
the cycling of the four elements chosen in a more general chemical context.

INTRODUCTION

The differing chemistries of the four elements, arsenic, cadmium, lead and
mercury, are considered in terms of their chemical speciation and timescales
of cycling through natural waters. Each of the four elements has a different
range of possible oxidation states, and different chemical properties within
each oxidation state. We will concentrate first on the equilibrium oxidation
state of each element in oxygenated waters and its complexation reactions,
and then consider metastable oxidation states. Finally, consideration of the
interaction of the dissolved forms with particulate matter can be related to
the residence times of the elements in seawater.

Equilibrium Speciation Calculations

In oxygenated waters lead, cadmium and mercury are present at equilibrium
in the +2 oxidation state, whose chemistry can be considered in terms of
complexation of the M?* cation; these elements have featured in a large
number of speciation models in recent years. Arsenic, in contrast, is present
at equilibrium in the +5 oxidation state which interacts so strongly with
water that its chemistry is best considered in terms of the acid H3AsOy4
and its anions; this element has received rather less attention in speciation
models.

SELECTION OF STABILITY CONSTANTS

Equilibrium speciation models are only as good as the data (in the form
of stability constants) put into them. Many trace element speciation models
have been published in recent years, with differences arising from the se-
lection of stability constants from the literature and the correction of these
constants to the appropriate ionic strength. These differences will remain
so long as there is room for dispute as to the constants or the correction
procedures to be used. The means for resolving these problems lie in the
careful investigation of the data in the literature, together with new measur-
ments where necessary, resulting in the publication of authoritative critical
compilations of relevant stability constants. The year 1976 saw the publica-
tion of two such critical compilations (Smith and Martell, 1976; Baes and
Mesmer, 1976), the latter of which also contained procedures for correcting
the constants to ionic strengths in the range 0-3 M. These two critical com-
pilations clearly provide the most reliable basis for speciation modelling.
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However problems still arise, firstly, because some important interactions
were not included because no data of sufficient quality were available when
the compilations were prepared, and secondly because in the compilation
of Smith and Martell (1976) critical stability constants for the same com-
plex at different ionic strengths (I) are in some cases incompatible: thus, for
example, correcting constants from 0.5 M or 1 M to the ionic strength of
seawater (0.7 M) may result in different values. Moreover, these compila-
tions are now almost a decade old and many new determinations of stability
constants have been made in the intervening period. Updating and extending
such compilations while maintaining their critical standards would represent
a major undertaking, yet is essential if we are to see a convergence of dif-
ferent workers’ chemical speciation models together with an improvement
in their accuracy.

RESULTS OF SPECIATION CALCULATIONS

We will restrict the discussion to two recent speciation models based on
critical compilations (Dyrssen and Wedborg, 1980; Turner et al., 1981) since
these will suffice to illustrate the major features of the chemistry of the four
elements under consideration. Calculations have been made for seawater,
low alkalinity river water (LARW) and high alkalinity river water (HARW);
the two models differ significantly in the alkalinity and pH values assigned
to these river waters (Table 12.1). The results of the speciation calculations
are summarized in Tables 12.2 and 12.3, and are quoted only to the nearest
percent since the accuracy of the models themselves does not justify further
detail. Values of less than 0.5% are therefore shown as zero.

Table 12.1 pH and alkalinity of model systems

Turner et al. (1981) Dyrssen and Wedborg (1980)

Water pH AlkalinityymM pH Alkalinity/mM
Seawater 8.2 224 8.20 24
LARW 6.0 0.21 7.31 0.1
HARW 90 1.41 8.44 1.4

It can be seen that the major features are in accord (Table 12.2); how-
ever each model differs in the exact percentages calculated for complexes
with individual ligands, sometimes by large margins (Table 12.3). These dif-
ferences arise from different ionic strength correction procedures, different
stability constants for the lead carbonate complexes (not included in the
critical compilation owing to lack of data), and the inclusion or otherwise
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Table 12.2 Major species of Cd, Hg, Pb and As in oxygenated waters™®

Element Seawater LARW! HARW! Remarks

Cd(11) Cl complexes Free cation CO; complex
Hg(1I) Cl complexes Cl complexes OH complexes
Pb(Il)  Cl, CO;, OH Free cation Cl, CO3,0H
complexes complexes
As(V) HAsO4%~ H2As04 HAsO42~ No data for
association with
major cations

* Dyrssen and Wedborg (1980), Turner ez al. (1981).
t Table 12.1.

Table 12.3 Seawater speciation models based on critical compilations

Cd Hg Pb
Ligand T D&W!' T* DpD&W' T* D&W'  T&S!

Free metal 3 2 0 0 3 4 3
OH~ 0 0 0 0 9 9 8
Gl~ 97 97 100 82 47 75 46
(CIBr) -8 0 S 18 -t 0 -8
CO;3* 0 0 0 41 11 42
SO~ 0 0 0 0 1 0 1
% + charged 37 43 0 0 26 47 25
% uncharged 43 37 3 5 57 53 58
% - charged 21 20 97 95 18 0 17

* Turner et al. (1981).
T Dyrssen and Wedborg (1980).

* As * but using carbonate data from Sipos et al. (1980).
§ Mixed ligand complexes not included in this model.

of mixed ligand complexes. In the case of lead-carbonate complexation the
most reliable constants are probably those of Sipos er al. (1980) determined
at seawater ionic strength; these constants however make little difference
to the model of Turner er al. (1981) (Table 12.3). The inclusion of mixed
ligand C1Br complexes of mercury by Dyrssen and Wedborg (1980) is based
on statistical grounds in the absence of experimental evidence for their ex-
istence: this step is therefore to some extent arbitrary but with a significant
effect on the calculated speciation (Table 12.3). Similarly for lead, which
is bound by a variety of ligands (Table 12.2 and 12.3), the introduction of
mixed ligand complexes will effect a change in the speciation: Whitfield and
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Turner (1980) estimated 14% of mixed ligand complexes of lead in seawater.
Cadmium, which is weakly bound by only one ligand would not be affected
by the inclusion of mixed ligand complexes.

Speciation calculations for arsenic (V) are limited to the dissociation of
the tribasic acid H3AsOy as a function of pH owing to the lack of other data
(Turner et al., 1981). The analogous phosphate system has been well studied,
and in seawater 65% of the total phosphate is calculated to be complexed
with the major cations Na, K, Ca and Mg (Turner et al., 1981) so that we
can expect similar results for arsenic when the data becomes available.

General Trends

The most important conclusions to be drawn from speciation models are not
usually the percentages of individual complexes but the trends in strength
of complexation and in the properties which directly affect the biological
and geochemical reactivity of the element concerned. The most important of
these are the proportion of free metal ion, which is the biologically available
fraction for weakly complexed metals such as Cd and Pb (Turner, 1984),
and the charge distribution of the complexes which will affect their surface
interactions. Both these properties are shown in Table 12.3, and it can be
seen that agreement between the models is good, with the exception of
anionic lead complexes (with chloride) which are not included in the model
of Dyrssen and Wedborg. Mercury in seawater in almost entirely negatively
charged while lead and cadmium are distributed between the different charge
types. Arsenic is also largely negatively charged in all waters (Table 12.2).
The proportion of free metal ion (Table 12.3) also gives an indication
of the strength of complexing of the cations which increases in the or-
der Cd ~ Pb <« Hg in seawater. Two important trends in complex sta-
bility constants contribute to these sequences; the chloride affinity of the
cations which increases in the order Pb <Cd «Hg and the degree of hy-
drolysis which increases in the order Cd <Pb <«Hg. The reversal of Pb
and Cd in these two sequences is important in comparing the two ele-
ments; cadmium speciation depends mainly on salinity while lead speci-
ation is significantly pH-dependent. Thus in river water the strength of
complexing follows the hydrolysis sequence Cd <Pb «Hg; compare this
with the seawater sequence above. Such sequences can be rationalized in
terms of ionic and covalent bonding in complex formation. Ionic bonding
depends largely on the sizes and charges of the ions concerned, and thus
varies little between these three cations which have the same charge (+2)
and similar ionic radii. Sulphate complexation is typical of this type, with
the metal-sulphate stability constants being almost identical for all three
cations. The chloride ion, which prefers to bind covalently, shows a very
definite sequence of affinities as noted above; this is part of a more gen-
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eral sequence of metals from class (a) which form essentially ionic com-
plexes (e.g. Al) to class (b) which form largely covalent complexes (e.g.
Hg) (Ahrland, 1975; Turner et al, 1981). This classification has a simi-
lar basis to the hard and soft acid and base (HSAB) concept (Pearson,
1969). The hydroxide ion, in common with many other oxygen-binding
ligands of high pK, shows somewhat ambivalent behaviour in being able
to bond strongly to class (b) metals as a covalently bonded ligand, and
also to class (a) metals by ionic bonding. The hydrolysis sequence shown
above is thus less easy to interpret in terms of the properties of the
cations. The same sequence is shown by carbonate and by fulvic acids (be-
low).

Organic Complex Formation

In addition to inorganic complexing ligands, natural waters contain signifi-
cant quantities of ill-defined organic matter (humic and fulvic acids) which
can complex trace metals and thus modify the speciation patterns consid-
ered above. Table 12.4 shows the results of adding 10~% M fulvic acid to the
speciation model of Turner et al. (1981) using various metal-FA stability
constants from the literature. The concentration of 107® M used in Table
12.4 is roughly equivalent to 1 mg/litre DOC since fulvic acids typically
show metal binding capacities of the order of 1 meg/gm. No corrections
have been made for ionic strength, so the calculations are necessarily very
approximate. Furthermore several of the measurements have been made at
pH values lower than those of seawater or HARW so that complexation will
tend to be underestimated in those waters; at higher pH values the metal
binding will be enhanced owing to increased proton dissociation of the bind-
ing sites (see e.g. Saar and Weber, 1979). Despite these limitations we can
draw some useful general conclusions from Table 12.4. It can be seen that
the strength of complexation by FA increases in the order Cd <Pb <Hg
which parallels the hydrolysis sequence noted above. For all three metals
the importance of FA complexation also increases in the order seawater
<HARW <LARW. This sequence arises firstly from competition by the
major ions Ca’* and Mg?™* in seawater which decreases FA binding of trace
metals relative to freshwaters, and also from increased hydrolysis and car-
bonate complexation of the trace metals at higher pH which decreases the
importance of FA binding in HARW relative to LARW.

Redox Speciation

The above calculations all depend on the assumption of equilibrium con-
ditions. In practice, non-equilibrium behaviour is frequently found, gener-
ally in the form of metastable oxidation states, including metal alkyls. Such
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Table 12.4 Metal-organic interactions in natural waters

% organic bound metal™®

Metal log K 1 pH Seawater LARW! HARW!

Hg! 18.0 0.02 8.0 0 100 62

Cd? 4.69 0.02 8.0 0 = 2

Cd* 4.08 0.1 80 0 1 1

Pl K,=5.1 0.1 6.0 0 11 0
K.=10.1

pPbl-** k,=55 0.1 6.8 0 23 0
K.=104

22 0

(=

Pb' 6.78 (5%) 0.1 6.4
4.19 (95%)

Calculated for 10~%M organic matter; in seawater the ligand concentration
is reduced to 3.4 % 107®M due to association with Ca?* and Mg?*. No cor-
rections have been made for pH or ionic strength changes.
Table 12.1.
Mantoura et al. (1978).
Saar and Weber (1979).
Saar and Weber (1980).
I K, refers to bidentate binding, i.e. Pb (FA),.
*% Buffle ¢t al. (1977).
T Varney (1982).

o W e =

metastable states are usually produced either within organisms or in anoxic
environments. Figure 12.1 shows the changes in redox states predicted at
thermodynamic equilibrium as seawater is reduced. The pE scale on the
horizontal axis describes the electron free energy level and is analogous to
pH (Stumm and Morgan, 1981); low pE indicates reducing conditions. The
reductions of bicarbonate to methane and sulphate to sulphide mark the
limits of pE attainable by microbial redox processes. It can be seen that
this is sufficiently low to reduce As(V) to As(III), Hg(II) to Hg(0), and to
form sulphides of all four elements. Arsenic(III) has in fact been observed
in both estuarine waters (Knox et al., 1984) and seawater (Andreae 1978,
1979). The proportion of As(III) is, however, low in these waters, and even
in anoxic interstitial waters complete reduction of arsenic has not been ob-
served (Andreae, 1979; Knox et al, 1984). It can be seen from Figure 12.1
that at the limit of very low pE arsenic is predicted to be present as a
solid phase (As;S3;) while cadmium, lead and mercury are predicted to re-
main in the dissolved state, as solid sulphides of cadmium and lead occur
only in a narrow pE range. However, the pE limit marked in Figure 12.1
runs very close to two boundaries between solid and dissolved phases, those
for CdS/Cd(HS), and As(OH)3/As,S;. The occurrence or otherwise of solid
phases has an important bearing on the ultimate fate of arsenic and cad-
mium discharged into estuarine and coastal waters, since precipitated As,Ss3
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or CdS would be immobilized in anoxic systems such as sediment interstitial
waters, while soluble As(111) or Cd(II) could be remobilized by diffusion
and other transport processes. There are, of course, uncertainties in the
thermodynamic data used in these calculations, and also wide variations in
the sulphide concentrations occurring in anoxic systems. The limit marked
in Figure 12.1 assumes 10% of the total sulphur to be present as dissolved
sulphide as an extreme case. Although almost 50% dissolved sulphide has
been observed in a Norwegian fjord (Skei, 1983), a more common figure
would be 0.1-1%, and less still where iron(1I) precipitates much of the sul-
phide. Such variations, however, cause only minor changes in Figure 12.1.
Since the reduction of sulphate to sulphide requires 8 electrons, 5 pE units
(the horizontal scale marking in Figure 12.1) corresponds to 40 orders of

0, SC
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; CHsHgCL CHHgS”
T: 2- s
: s
| cdc, CdiHs),
: o BUS
PbO,| PbCL,,,PbCO4 PbHS
E HASOQZ— ﬂS{OH}B :JD\SzSB
| I | I I Ir
15 10 5 0 85
pE

Figure 12.1 Predominance diagram for As. Pb, Cd. Hg and CH3Hg" in seawater
at pH 8.2: solid phases are underlined. The pLE of oxygenated seawater is indicated
by the arrow marked 'O;’, and the pE of anoxic systems by the arrows marked
*§"and ‘C’ correspond to 10% reduction of sulphate and bicarbonate, respectively.
The calculations are based on the speciation model of Turner ef al. (1981) with
additional data from Dobos (1975), Dryssen and Wedborg (1980), Smith and Martell
{1976) and Stumm and Morgan (1981), and using oceanic concentrations given by
Bruland (1983)
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magnitude in the sulphate/sulphide ratio, so that changes of only a few orders
of magnitude correspond to very small shifts in the lines drawn. Thus while
firm predictions cannot be made at this stage, the possible formation of these
solid phases merits further investigation.

Data for a range of methylmercury species (CH3Hg*, CH3;HgOH,
CH3HgCl, (CHj3),Hg, CH3HgS™, (CH3Hg).S) were included in the cal-
culations for Hg for Figure 12.1, but even when bicarbonate is fully re-
duced to methane all these species are thermodynamically unstable with
respect to Hg(O) and to Hg-sulphide complexes. This strongly suggests that
methylmercury species cannot be formed in anoxic systems by chemical pro-
cesses alone, and that therefore all methylmercury must be formed within
living organisms.™ Once formed, the CH3;Hg™ unit is kinetically very stable
and can persist for a long time despite its thermodynamic instability: it is
therefore included as a separate species in Figure 12.1. Alkyl species of lead
and arsenic have not been included in these calculations owing to a lack of
data, which leaves an important gap in these thermodynamic models, partic-
ularly in the case of arsenic. Monomethyl and dimethyl arsenic compounds
can make significant contributions to the speciation of arsenic in natural
waters (Andreae, 1978, 1979), so that their thermodynamic stability as a
function of pE is of considerable interest.

Adsorption and Residence Time

The discussion has thus far been limited to homogeneous reactions in the dis-
solved phase, except for some precipitation processes noted in Figure 12.1.
A more important heterogeneous process for the four elements considered
here, and for the trace elements generally, is adsorption at the surface of
particulate or colloidal matter. This process can be considered as a further
contribution to the speciation of the element concerned, and is also the key
factor determining the residence time of the element in seawater, the ma-
jor removal process being the sedimentation of particulate matter with its
adsorbed trace elements. The study of the adsorption of trace elements on
particle surfaces is thus important not only in understanding the distribution
of these elements over short time and space scales in natural water systems,
but also in understanding the residence times of the elements in the global
ocean.

An important development here is the surface complexation model which
allows adsorption to be modelled as a chemical process analogous to com-
plexation in the dissolved phase (Davis et al., 1978, Davis and Leckie, 1978).
This model treats the particle surface as an array of immobilized ionizable

* This opinion is not one that is generally accepted. Many feel that methylation can take
place without the presence of living biota. (Editors)
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hydroxy!l groups which can exchange protons and bind anions and cations
of both the major and trace elements of the dissolved phase, thus develop-
ing the surface charge of the particles. The surface complexation constants
are potential-dependent and thus depend in turn on the surface charge de-
veloped. The intrinsic surface complexation constants (i.e. the constants at
zero surface charge) are found to be directly proportional on a logarithmic
scale to the corresponding hydrolysis constants of the cations concerned
(Balistrieri et al., 1981), thus providing further encouragement to the de-
velopment of the model. This approach has proved successful in modelling
adsorption data in simple media (Davis and Leckie, 1978, 1979) and is now
being extended to more complex systems which more closely resemble those
encountered in natural waters, that is seawater instead of simple ionic me-
dia and natural particulate matter instead of synthetic, homogeneous solid
phases (Balistrieri and Murray, 1982, 1983).

The application of such models to natural systems is thus at an early stage
of development, but as a first approximation we might expect the intensity
of adsorption of the three cationic metals to follow the hydrolysis sequence
Cd <Pb «Hg. In practice this simple picture will be modified firstly by
the complexation of the cation in the dissolved phase as discussed above,
and secondly by the tendency of charged complexes, particularly hydrolysis
products, to be adsorbed in addition to the free metal ion (Davis and Leckie,
1978, 1979). The overall importance of adsorption in the marine environ-
ment can, however, be assessed in order of magnitude terms by studying the
sequence of oceanic residence times.

The mean oceanic residence time of an element is defined as the total
quantity present in the oceans divided by the input rate (from rivers) or the
output rate (to the sediment). It is thus a rather approximate quantity since
it implicitly assumes the whole ocean to be a well-stirred system, and ignores
several important input and output terms (exchanges with the atmosphere
and with ridge spreading centres, hydrothermal vents etc.). Nevertheless,
residence times give a useful overall picture of the geochemical reactivities
of the elements in the oceans. Mean oceanic residence times of the four
elements are shown in Table 12.5, together with scavenging residence times
in the deep ocean which have been derived from particle and elemental flux
measurements. The latter residence times can be expected to be more closely
related to adsorption processes, and indeed Balistrieri et al. (1981) have
shown that the scavenging residence times of Pb, Cd and five other elements
can be successfully correlated with a speciation model which incorporates the
surfaces of sinking particles. It will be noted from Table 12.5 that the mean
oceanic residence time of Hg is greater than that of Pb despite its far greater
tendency to hydrolysis. Although a range of factors will contribute to this dif-
ference, the strong complexing of Hg by chloride in seawater will undoubt-
edly tend to inhibit adsorption. The mean oceanic residence times shown in
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Table 12.5 also give some idea of the timescale of response of oceanic con-
centrations to perturbations in the input terms, and are thus important in
assessing the effects of anthropogenic inputs to the marine system. The res-
idence time concept is strictly only valid for times significantly greater than
the mixing time of the ocean waters themselves (~ 1500 years). Lead with its
very short residence time can thus be seen to be qualitatively as well as quan-
titatively different from the other three elements, as shown in their concen-
tration profiles in the oceans: recent measurements have shown strongly en-
hanced concentrations of Pb in ocean surface waters attributable to anthro-
pogenic inputs, while Cd shows a stable nutrient-type depth profile which
appears to result from long-term cycling within the oceans (Bruland, 1983).

Table 12.5 Residence times in seawater (years)

#*

Element Mean oceanic Scavenging'
As 63000 —

Cd 92 000—500 000* 177 800
Pb 340 47

Hg 14 500 -

* Whitfield (1979), calculated from river input data.

Balistrieri et al. (1981), calculated for the deep

ocean.

! Range of values calculated from sedimentation
rates.

-
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