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    1.1    A  h istorical  b ackground to  m etal 
 a quatic  c hemistry 

 In terrestrial waters, much of the initial work by environ-
mental engineers and scientists was aimed at understanding 
the processes of waste water treatment, and of the reactions 
and impact of human - released chemicals on the environ-
ment, and on the transport and fate of radioactive chemicals. 
This initial interest was driven by the need to understand 
industrial processes and the consequences of these activities, 
and the recognition of the potential toxicity and environ-
mental impact of trace metals released during extraction 
from the Earth as well as during refi ning and use. Initial 
interest in the chemistry of the ocean was driven by the 
key question of why the sea is salty. Of course, it is now 
known that freshwaters, and even rainwater, contain a small 
amount of dissolved salts; and that the high salt content of 
the ocean, and some terrestrial lakes, is due to the buildup 
of salts as a result of continued input of material to a rela-
tively enclosed system where the major loss of water is due 
to evaporation rather than outfl ow. This is succinctly stated 
by Broecker and Peng  [1] :  “ The composition of sea salt 
refl ects not only the relative abundance of the dissolved 
substances in river water but also the ease with which a 
given substance is entrapped in the sediments ” . 

 The constituents in rivers are derived from the dissolu-
tion of rocks and other terrestrial material by precipitation 
and more recently, through the addition of chemicals from 
anthropogenic activities, and the enhanced release of par-
ticulate through human activity. The dissolution of carbon 
dioxide (CO 2 ) in rainwater results in an acidic solution and 
this solution subsequently dissolves the mostly basic con-
stituents that form the Earth ’ s crust  [2] . The natural acidity, 
and the recently enhanced acidity of precipitation due to 
human - derived atmospheric inputs, results in the dissolu-

tion (weathering) of the terrestrial crust and the fl ow of 
freshwater to the ocean transports these dissolved salts, as 
well as suspended particulate matter, entrained and resus-
pended during transport. However, the ratio of river to 
ocean concentration is not fi xed for all dissolved ions  [3, 4]  
as the concentration in the ocean is determined primarily 
by the ratio of the rate of input compared to the rate of 
removal, which will be equivalent at steady state. Thus, the 
ocean concentration of a constituent is related to its reactiv-
ity, solubility or other property that may control its rates of 
input or removal  [1, 5] . 

 Many of the early investigations looked at the aquatic 
ecosystem as an inorganic entity or reactor, primarily based 
on the assumption that aquatic chemistry was driven by 
abiotic chemical processes and reactions, and that the impact 
of organisms on their environment was relatively minor. 
In 1967, Sillen  [6] , a physical chemist, published a paper 
 The Ocean as a Chemical System , in which he aimed at explain-
ing the composition of the ocean in terms of various equi-
librium processes, being an equilibrium mixture of so - called 
 “ volatile components ”  (e.g., H 2 O and HCl) and  “ igneous 
rock ”  (primarily KOH, Al(OH) 3  and SiO 2 ), and other com-
ponents, such as CO 2 , NaOH, CaO and MgO. His analysis 
was a follow - up of the initial proposed weathering reaction 
of Goldschmidt in 1933:
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 Sillen stated that  “ the composition may    . . .    be given by 
well - defi ned equilibria, and that deviations from equilib-
rium may be explainable by well - defi ned processes ” , and 
proposed the box model shown in Fig.  1.1   [6] . However, he 
also stated that this did not  “ mean that I suggest that there 
would be true equilibrium in the real system ” . In reality, 
the ocean composition is a steady state system where the 
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2   Chapter 1

metamorphism which buffers the CO 2  content of the atmos-
phere ”   [7] . They concluded that the  “ ocean composition [is] 
dominated by geophysical rather than geochemical proc-
esses. The acid - base chemistry refl ects, however, a funda-
mental control by heterogeneous chemical processes. ”  

 McDuff and Morel  [7]  also focused attention on the 
importance of biological processes (photosynthesis and res-
piration) on the carbon balance, something that the earlier 
chemists did not consider  [6] . These biological processes 
result in large fl uxes via carbon fi xation in the surface ocean 
and through organic matter degradation at depth, but overall 
most of this material is recycled within the ocean so that 
little organic carbon is removed from the system through 
sediment burial. Thus, the primary removal process for 
carbon is through burial of inorganic material, primarily as 
Ca and Mg carbonates. Recently, the short - term impact of 
increasing atmospheric CO 2  on ocean chemistry has been 
vigorously debated, and is a topic of recent research focus 
 [8, 9]  because of the resultant impact of pH change due to 
higher dissolved CO 2  in ocean waters on the formation of 
insoluble carbonate materials. Carbonate formation is either 
biotic (shell formation by phytoplankton and other organ-
isms) or abiotic. Thus, there has been a transition from an 
initial conceptualization of the ocean and the biosphere in 
general, as a physical chemical system to one where the 
biogeochemical processes and cycles are all seen to be impor-
tant in determining the overall composition. This is true for 
saline waters as well as large freshwaters, such as the Great 
Lakes of North America, and small freshwater ecosystems, 
and even more so for dynamic systems, such as rivers and 
the coastal zone  [2, 4, 10] . 

 It has also become apparent that most chemical (mostly 
redox) reactions in the environment that are a source of 
energy are used by microorganisms for their biochemical 
survival and that, for example, much of the environmen-
tal oxidation and reduction reactions of Fe and Mn are 
mediated by microbes, even in environments that were 
previously deemed unsuitable for life, because of high tem-
perature and/or acidity  [2, 10] . Overall, microorganisms 
specifi cally, and biology in general, impact aquatic trace 
metal(loid) concentrations and fate and their presence and 
reactivity play multiple roles in the biogeochemistry of 
aquatic systems. Understanding their environmental con-
centration, reactivity, bioavailability and mobility are there-
fore of high importance to environmental scientists and 
managers. Trace metals are essential to life as they form the 
basis of many important biochemicals, such as enzymes  [10, 
11] , but they are also toxic and can cause both human and 
environmental damage. As an example, it is known that 
mercury (Hg) is an element that is toxic to organisms and 
bioaccumulates into aquatic food chains, while the other 
elements in Group 12 of the periodic table  –  zinc (Zn) and 
cadmium (Cd)  –  can play a biochemical role  [11] . Until 
recently, Cd was thought to be a toxic metal only but the 

concentrations are determined primarily by the relative rates 
of addition and removal, and that reversible equilibrium 
reactions are not the primary control over ocean composi-
tion  [1] ; something Sillen  [6]  alluded to. The major differ-
ence between these two conceptualizations is that the 
equilibrium situation would lead to a constancy of composi-
tion over geological time while the steady state model 
accommodates variation due to changes in the rate of input 
of chemicals to the ocean. The Sillen paper established the 
idea that the ocean was a system that could be described as 
being at geological equilibrium in terms of the major reac-
tions of the primary chemicals at the Earth ’ s surface, and 
that the average composition of the overall system could be 
described. The composition of seawater, for example, was 
due to a series of reversible equilibrium reactions between 
the ocean waters, sediments and the atmosphere  [6] . 
Similarly, it was proposed that the composition of the bio-
sphere was determined by a complex series of equilibrium 
reactions  –  acid - base and oxidation - reduction reactions  –  by 
which the reduced volatile acids released from the depths of 
the Earth by volcanoes and other sources, reacted with the 
basic rocks of the Earth and with the oxygen in the 
atmosphere.   

 A follow - up paper in 1980 by McDuff and Morel  [7]  enti-
tled  The Geochemical Control of Seawater (Sillen Revisited) , dis-
cussed in detail these approaches and contrasted them in 
terms of explaining the composition of the major ions in 
seawater. This paper focused on the controls over alkalinity 
in the ocean and the recycled source of carbon that is 
required to balance the removal of CaCO 3  via precipitation 
in the ocean, and its burial in sediments. These authors 
concluded that  “ while seawater alkalinity is directly control-
led by the formation of calcium carbonate as its major sedi-
mentary sink, it is also controlled indirectly by carbonate 

     Fig. 1.1     A representation of the global material cycle. The 
reservoirs are indicated as symbols C    =    continental rock; 
B: basaltic rock; O: ocean; S C : continental sediments; S B : basaltic 
sediments. The fl uxes into ( + ) and out of ( − ) each reservoir are 
indicated by appropriate symbols that represent the fl ow paths. 
 Redrawn from Sillen (1967)  Science   156:  1189 – 97. Reprinted with 
permission of AAAS  [6] .   
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of the periodic table (Groups 13 – 17, from gallium (Ga) to 
astatine (As); see Fig.  1.3 )  [12] . They do not fi t neatly 
into the defi nition of  “ trace metals, ”  as these elements are 
transitional between metals and non - metals in chemical 
character, but their behavior and importance to aquatic bio-
geochemistry argue for their inclusion in this book. Indeed, 
selenium (Se) is another example of an element that is 
essential to living organisms, being found in selenopro-
teins which have a vital biochemical role, but it can also 
be toxic if present at high concentrations  [13] . As noted 
previously, the chemistry of both metals and microorgan-
isms are strongly linked and many microbes can transform 
metals from a benign to a more toxic form, or vice versa; for 
example, bacteria convert inorganic Hg into a much more 
toxic and bioaccumulative methylmercury, while methyla-
tion of arsenic (As) leads to a less toxic product  [14] .   

 Therefore, in this book the term  “ trace metal(loid) ”  is 
used in a relatively expansive manner to encompass: (1) 
the transition metals, such as Fe and Mn, that are relatively 
abundant in the Earth ’ s crust but are found in solution 
at relatively low concentrations due to their insolubility, and 
because they play an important role in biogeochemical 
cycles  [2, 10] ; (2) the so - called  “ heavy metals, ”  such as Hg, 
Cd, lead (Pb) and Zn that are often the source of environ-
mental concern, although some can have a biochemical role 
 [4, 10] ; (3) the metalloids, such as As and Se, which can 
be toxic and/or required elements in organisms; and (4) 
includes the lanthanides and actinides, which exist at low 
concentration and/or are radioactive  [15] . Many of the lan-
thanides (so - called  “ rare earth elements ” ) are now being 

demonstration of its substitution for Zn in the important 
enzyme, carbonic anhydrase, in marine phytoplankton has 
demonstrated one important tenet of the trace metal(loid)s 
 –  that while they may be essential elements for organisms, 
at high concentrations they can also be toxic  [11, 12] . 
Copper (Cu) is another element that is both required for 
some enzymes but can also be toxic to aquatic organisms, 
especially cyanobacteria, at higher concentrations. This 
dichotomy is illustrated in Fig.  1.2 , and is true not only for 
metals but for non - metals and organic compounds, many of 
which also show a requirement at low concentration and a 
toxicity at high exposure.   

 This dual role is also apparent for the group of elements, 
termed the metalloids, which occupy the bottom right region 

     Fig. 1.2     Concentration - response curve for a trace element that is 
both required by organisms for survival but that can be toxic to 
the same organism at high concentration.  
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     Fig. 1.3     The Periodic Table of the elements.  
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 While Fe is not truly a trace element, being one of the 
most abundant elements on Earth, it is a metal that has been 
shown to be a limiting nutrient to oceanic phytoplankton 
 [17] . This reason, and the fact that its chemistry plays a vital 
role in the overall fate and transport of many trace metals 
and metalloids argues for its inclusion in this book, along 
with Mn. The focus of the book will be on the metal(loid)s 
for which the most information is available, or which are 
the most environmentally relevant. While there will be a 
focus on metals of the fi rst transition series, and all the 
metals of Groups 11 and 12, as they are either important 

actively mined given their heightened use in modern tech-
nology  [16] . Many of the actinides, including uranium (U), 
plutonium (Pu), are used or produced in the nuclear indus-
try, while others, such as thorium (Th) and protactinium 
(Pa) are formed naturally from the decay of U in the envi-
ronment and have been used as geochemical tracers. The 
elements that are the primary focus of the book are con-
tained in Table  1.1 , along with some key details about each 
element. The Periodic Table (Fig.  1.3 ) and the information 
in Table  1.1  provide an indication of the differences between 
these elements.   

  Table 1.1    Characteristics of the elements that will be principally discussed in this book.   The average ocean and river concentrations for 
unpolluted waters are taken from various sources  [4, 5, 17, 18] .   

   Element     Symbol, Atomic 
Number  

   Atomic Mass     Abundance 
 ( μ mol kg  − 1  or as noted)  

   Main Oxidation 
States  

   Average Ocean 
Concentration (nM)  

   Average River 
 Concentration  *   
(nM)  

  Aluminum    Al 13    26.982    Most    III    20    1850  
  Titanium    Ti 22    47.88    0.6%    IV     < 20      
  Vanadium    V 23    50.942    0.02%    II − V    30      
  Chromium    Cr 24    51.996    2700    III, VI    4    19  
  Manganese    Mn 25    54.938    0.085%    II, IV, VII    0.3    145  
  Iron    Fe 26    55.847    2nd most    II, III    0.5    720  
  Cobalt    Co 27    58.933    500    II, III    0.02    3.4  
  Nickel    Ni 28    58.69    1500    II    8    8.5  
  Copper    Cu 29    63.546    1100    II, I    4    24  
  Zinc    Zn 30    65.39    1200    II    5    460  
  Gallium    Ga 31    69.72    270    III    0.3    1.3  
  Germanium    Ge 32    72.59    20    IV    0.07    0.1  
  Arsenic    As 33    74.913    28    III, V    23    23  
  Selenium    Se 34    78.96    0.6     − II, IV, VI    1.7      
  Molybdenum    Mo 42    95.94    11    VI    110    5.2  
  Silver    Ag 47    107.868    0.7    I    0.025    2.8  
  Cadmium    Cd 48    112.41    1.3    II    0.6    0.2  
  Tin    Sn 50    118.71    18    II, IV    0.004    0.01  
  Antimony    Sb 51    121.75    1.7    III, V    1.6    8.2  
  Tellurium    Te 52    127.60    0.008     − II, IV, VI     < 0.001      
  Cerium    Ce 58    140.12    430    III, IV    0.02      
  Other Lanthanides    59 – 71    140.91 –

 174.97  
      II, III    La 0.03    La 0.4  

  Tungsten    W 74    183.85    0.6    IV − VI    0.06      
  Rhenium    Re 75    186.207    0.016     − I, VI, VII    0.04      
  Osmium    OS 76    190.2    0.011    II, III, IV    0.05      
  Platinum    Pt 78    195.08    0.19    II, IV    0.003      
  Gold    Au 79    196.967    0.015    I. III     << 0.001    0.01  
  Mercury    Hg 80    200.59    0.33    0, II    0.002    0.01  
  Lead    Pb 82    207.2    50    II    0.01    0.48  
  Bismuth    Bi 83    208.98    0.12    III, V     < 0.025      
  Polonium    Po 84    (209)    No data    II, IV,  − II     << 0.001      
  Thorium    Th 90    232.038    26    IV     < 0.001    0.4  
  Protactinium    Pa 91    231.036                  
  Uranium    U 92    238.029    7.6    VI    14    1.0  
  Plutonium    Pu 94    244.064                  

    *   Average for unpolluted rivers. For some elements, variability in river concentrations is high.   
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Losses, due to adsorption to container walls are a problem 
for some metals in water samples, and the subsequent leach-
ing of these metals back into solution can produce sampling 
artifacts. The impact of all these factors on the measurement 
of the dilute metal concentrations in natural solutions (Table 
 1.1 ) was not fully appreciated in the early environmental 
studies of natural waters. 

 The fi rst convincing demonstration of the errors in many 
of the measurements of trace metals in environmental 
waters was made by Patterson and Settle  [22] . Their land-
mark paper,  The Reduction of Orders of Magnitude Errors in 
Lead Analyses of Biological Materials and Natural Waters by 
Evaluating and Controlling the Extent and Sources of Industrial 
Lead Contamination Introduced during Sample Collection and 
Analyses ,  [22]  fundamentally changed the approach to the 
collection of samples of natural waters for trace element 
analysis, and lead to the development of protocols, so - called 
 “ clean techniques ” , for the analysis of low level trace metal 
samples. These investigators, and the scientists who adopted 
their approaches, clearly demonstrated the potential for con-
tamination of samples due to traces of metals in the plastic 
materials, the acids and other reagents used in storage and 
analysis, and the importance of excluding dust in laboratory 
settings and the potential for introduction of metals from 
humans during handling. They showed the extent of prepa-
ration and care that was needed at all stages of the process: 
in sample container cleaning and preparation, during sample 
collection and manipulation, and during analysis. Such pre-
cautions that are now routinely used by environmental sci-
entists (acid cleaning of glassware and plastics, use of gloves, 
cleaning of sampling devices and sampling lines, use of spe-
cifi c materials for the contaminant prone metals (e.g., use 
of Tefl on for Hg sampling), and use of non - metallic materials 
where possible) were not done routinely in the early studies. 

 Patterson and Settle  [22]  showed that their measurements 
of Pb in ocean waters were orders of magnitude lower than 
those reported by other investigators and furthermore, that 
their results were  “ environmentally and geochemically con-
sistent  ”  . This realization of the magnitude and extent of the 
contamination of samples subsequently lead to a revolution 
in the way that samples were collected and analyzed, and, 
as a result, in the reported concentrations of metals in envi-
ronmental waters. This is illustrated in Fig.  1.4  for a number 
of metals. In Fig.  1.4 (a), a compilation of data from various 
sources shows the dramatic decrease in the reported con-
centration for the metals Cu, Fe, Zn, and Hg in open ocean 
seawater over time  [49 – 52] . In all cases, the change between 
the reported concentrations in 1983 and 1990 are relatively 
small compared to the dramatic decrease between 1965 and 
1983, especially for Fe, Hg, and Zn. For Cu, the reported 
concentration decrease is about a factor of 50, while is it 
more than two orders of magnitude for the other metals. 
Similar decreases in the reported metal concentrations 
for river water are illustrated by a comparison over time 
 [23]  (see Fig.  1.4 b). Again, the use of clean approaches to 

commercially, or are toxic/required elements, it is also nec-
essary to discuss the radioactive and rare earth elements. 
Few of the elements from the second and third transition 
series have important biochemical or biogeochemical reac-
tions, besides molybdenum (Mo), and possibly tungsten 
(W), but some of these elements, such as rhenium (Re) and 
osmium (Os) have been used as tracers of environmental 
processes. Overall, the elements of the second and third 
transition series have been little studied. The lanthanides, as 
a group, have been used by aquatic chemists as chemical 
tracers, and have similar chemistry, because, while the inner 
4 f  orbital is being fi lled through the series, the electrons lost 
are the outer orbital electrons and they mostly behave as  + 3 
cations in solution. For the actinides, which are often radio-
active, the focus will be on the chemistry of U, Th, Pa, Pu 
as well as the products of nuclear fi ssion reactions, which 
are often radioactive  [4] . 

 There are many texts that cover one or more aspects of 
the topic of this book, which are referred to throughout, 
such as Stumm and Morgan  [2] , Morel and Hering  [10] , 
Cotton and Wilkinson  [18] , Drever  [3] , Buffl e  [19] , Langmuir 
 [4]  and Wilkinson and Leads  [20] . A compilation by Holland 
and Turekian  [21]  and authors therein,  Treatise on Geochem-
istry , synthesizes in the various volumes many of the topics 
that are contained in this book. Some books are specifi c to 
ocean metal chemistry  [1, 5] .  

   1.2    Historical  p roblems with  m etal 
 m easurements in  e nvironmental  m edia 

 While the concentrations of metals in solid phase media  –  
rocks, sediments  –  and in biota are mostly suffi ciently high 
that they can be analyzed using  “ typical ”  conditions found 
in a geochemical laboratory, this is not always the case, and 
it is certainly not true for the more trace constituents such 
as Cd, Hg, and Ag, and especially when making measure-
ments in natural waters. Additionally, many other metals, 
such as Fe, Zn, and Cu, whose concentration in dust and in 
general laboratory materials (e.g., acids, plastics) is elevated, 
are diffi cult to accurately quantify without the proper scien-
tifi c care. The potential for sample contamination during 
collection and analysis in many early environmental studies 
was not initially appreciated prior to the 1980s, and subse-
quently the techniques and approaches applied to the analy-
sis of rocks were found not to be suitable for the analysis of 
natural water samples  [22] . The diffi culty in making meas-
urements of the actual concentration of a metal in the water 
samples when collected, compared with the concentration 
in the sample bottle at the time of analysis, was not initially 
appreciated by many environmental scientists  [23 – 25] , and 
this still could cause erroneous results. Differences in con-
centration could result from any inadvertent addition of 
metal during sampling, handling, and analysis, and due to 
contaminants in the bottle plastics and in the reagents used. 
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plastic sampling bottles used to collect samples at depth (e.g., 
Niskin bottles). Metal inputs from the vessels themselves can 
also be a source of contamination. These sources of contami-
nation were most severe for those waters that have low 
concentration due to their remoteness (e.g., the middle of 
the Pacifi c Ocean). A comparison by a reader of the reported 
concentrations of metals in the ocean in the recent literature 
would further illustrate the point. Such an examination 
indicates that while the reported concentrations of Al 
( ∼ 40   nM), Cr (40   nM) and other metals that are present in 
seawater at relatively high concentrations are similar to 
those in Table  1.1 , many of the concentrations reported in 
various books are 2 – 100 times higher, especially for the 
heavy metals (e.g., Hg, Pb) and even for some of the transi-
tion metals (Ni, Co, Zn). So, there is still a need for caution 
when reading the literature and certainly much care and 
application is needed when doing fi eld studies. 

sampling and analysis lead to more than an order of mag-
nitude decrease in the measured concentrations of Cd and 
Pb in river water compared to the values reported previ-
ously. Finally, data from samples collected in a lake in 
Wisconsin show a similar trend for Hg  [27]  (Fig.  1.4 c). The 
decrease in reported concentration was again more than 
two orders of magnitude between 1983 – 6. As noted earlier, 
the changes in the reported concentration in all these 
instances was not primarily the result of a  “ cleanup ”  of the 
environment, although there is evidence for changing con-
centrations over recent decades, but rather a realization and 
appreciation that the investigators themselves, and the plas-
tics and other materials used for sampling contain signifi cant 
traces of metals, and that these were being leached into the 
samples during handling and storage.   

 For the ocean, sampling methodologies that used metal 
wire cables led to contamination, as did the use of untreated 

     Fig. 1.4     (a) Graph showing the trend in the reported mean 
concentration of several metals in ocean waters.  Early data are 
taken from reviews by Brewer  [24] ; Bruland  [49] ; Bruland et al. 
 [40]  and Goldberg  [25] . The 1990 data are taken from Refs  [50, 
52]  and are for the Pacifi c Ocean. Figure redrawn using this 
information and Mason  [26] ;  (b) reported mercury concentrations 
for Vandercook Lake in Wisconsin over time.  Figure reprinted 

from Fitzgerald, W. and Watras, C.J. (1989)  Science of the Total 
Environment   87/88:  223 – 32 with permission of Elsevier  [27] .  
(c) Figure showing the difference between the reported 
concentrations of lead and cadmium for the Quinnipiac River. 
 Figure reprinted with permission from Benoit, G. (1994) 
 Environmental Science and Technology   28:  1987 – 91, Copyright 
(1994), American Chemical Society  [23] .   
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     Fig. 1.5     The measured concentrations of lead and cadmium in successive layers of ice shaved from an ice core recovered from Vostok 
Station in East Antarctica.  Figure reprinted from Boutron et al. (1994)  Geochimica et Cosmochimica Acta   58:  3217 – 25 with permission of 
Elsevier  [29] .   
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 The extent of potential sample contamination is obvi-
ously, but not exclusively, a function of the concentration, 
with potentially more contamination likely for metals that 
are present at low concentrations. Cadmium provides one 
example where this is not true as, even though it exists in 
natural waters at low concentrations, there has been less 
evidence of its contamination in earlier studies. Sampling 
and analytical diffi culties are most severe for those metals 
that are present in low concentration and which are rou-
tinely used in materials, or are part of typical sampling 
equipment and vessels, or occur in high abundance in 
atmospheric aerosols, such as Fe, Cu, Zn, Hg, and Pb. One 
example is the use of metal - containing dyes in plastics, such 
as in the coloring of pipette tips. Use of these tips with acidic 
solutions can lead to metal leaching and contamination. One 
recent example of contamination for Zn that has been high-
lighted in ocean studies is the use of Zn as  “ sacrifi cial anodes ”  
on metal sampling devices to prevent corrosion  –  dissolution 
of Zn was found to be suffi cient to contaminate samples 
during a recent international intercalibration study as part 
of the GEOTRACERS program  [28] . 

 The introduction of these approaches has led to a wealth 
of information on metal distributions in the ocean and in 
freshwaters that has resulted in an enhanced understanding 
of their toxicity to aquatic organisms, and their requirement 
as essential nutrients, and to the factors that control their 
cycling. Accurate measurements also led to a clearer and 
better understanding of the role of human inputs in envi-
ronmental contamination, and the need to curb industrial 
and other emissions of metals to the atmosphere and aquatic 
systems. The importance of this development and the result-

ant explosion of high quality research can be illustrated by 
the papers presented at a special symposium held in honor 
of Claire Patterson on his retirement, in December 1992. The 
papers presented at the meeting were published in a special 
issue of  Geochimica et Cosmochimica Acta  in 1994 and many 
papers cover topics related to Pb and other metals, and their 
geochemical cycle, such as using ice core records and ocean 
measurements and Pb isotope ratios to examine recent 
changes and those over geological timescales  [29 – 37] . The 
paper by Boutron et al.  [29]  illustrates the diffi culty in 
making measurements of trace concentrations of metals 
in a situation where the ice core needed to be drilled and 
recovered using contaminating techniques. These authors 
measured the concentration of the metals in successive 
layers of ice shaved from the outside to the inside of the ice 
core and showed that while the outer layers were highly 
contaminated, the inner core was not (Fig.  1.5 ). This analy-
sis further provided a clear record of the impact of human 
use and release of Pb, primarily from its use as a gasoline 
additive, on the concentrations of Pb in remote precipitation 
(Fig.  1.6 )  [29] .   

 Other papers presented at the symposium, such as the 
review paper of Bruland et al.  [40] , detail measurements 
of reactive trace metals (Al, Fe, Mn, Zn and Cd) in ocean 
waters. These authors discussed the notion, fi rst proposed 
by Whitefi eld and Turner  [38] , that the profi les of such ele-
ments refl ect their biogeochemistry. Some metals such as Zn 
and Cd have so - called  “ nutrient (recycled) profi les ”  in the 
ocean as their concentration is depleted in surface waters 
and higher at depth, while others, such as Al, refl ect their 
primary atmospheric input and their high association with 
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     Fig. 1.6     Lead profi les for ice cores collected in polar region.  Figure reprinted from Boutron et al. (1994)  Geochimica et Cosmochimica Acta  
 58:  3217 – 25 with permission of Elsevier  [29] .   
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the particulate phase (so - called  “ scavenged profi les ” ; high 
surface concentrations and low deep water values). Other 
metals, such as Hg, have a more complex ocean distribution 
due to their complex chemistry and cycling  [39] . 

 The notion that a metal, such as Zn, could have an ocean 
profi le that is similar to that of the major nutrient elements 
 [40]  (i.e., nitrogen (N), phosphorous (P), and silica (Si)  –  
required by diatoms), and that the concentration of Zn and 
Si appear closely correlated for open ocean waters  [17]  was 
reconciled with the knowledge that Zn has a biological role 
and forms part of many enzymes important to cellular bio-
chemistry  [11] . At the time, the correlation of Cd and P 
profi les was more of a  “ mystery ”  as Cd was considered a 
toxic heavy metal with no biological function and there was 
 “ no biological or chemical explanation for the (relation-
ship) ”   [1] . It has since been shown that Cd can substitute 
for Zn in one important enzyme for ocean photosynthetic 
organisms (carbonic anhydrase) and therefore its role as a 
nutrient has been established  [11] . 

 It is worth noting that contamination is not only a problem 
in trace metal research where quantifi cation of  in situ  con-
centrations is the principal focus. Fitzwater et al.  [41]  dem-
onstrated, for example, that the introduction of metals into 
solutions from container vessels and reagents could lead to 

substantial under - estimation of the primary productivity 
when using  14 C - incubation approaches. They demonstrated 
the potential for leaching of Cu from glass bottles even after 
acid washing, and the converse, the adsorption of Cu onto 
glass containers in unacidifi ed solutions. High metal levels 
were found in the standard  14 C solutions and in other solu-
tions used in productivity studies. As a result, more recent 
techniques have been devised that use trace metal free 
 “ clean techniques ”   [42]  for productivity and other studies 
with phytoplankton and other microbes, if experiments are 
performed under natural conditions. 

 The environmental scientist is therefore strongly cau-
tioned to check the reported concentrations in any publi-
cation against other sources as, while there is obviously 
variability between ecosystems and especially for systems 
with high or variable  TSS  ( total suspended solids ) loads, 
there is still the possibility that reported concentrations in 
the literature are not refl ective of actual concentrations. 
However, on the contrary, while it is often considered that 
the lowest concentration must be correct, this is not always 
the case, as losses and incomplete recovery of the metal 
during sample analysis is a real possibility, and therefore this 
metric should not be used exclusively to gauge whether a 
reported value is correct or not.  
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and  speciation  (chemical form) of the metal(loid) in solution, 
as well as isotope ratios and other more detailed analysis 
 [2, 10, 40, 44, 45] . Analytical advances and improve-
ments in sensitivity have also improved the amount of 
information that is collected. For example,  graphite furnace 
atomic adsorption spectroscopy  ( GFAAS ) was often the 
prefer red method for trace metal analysis in the early 1980s 
but this method is slow as each element requires a differ-
ent lamp, and the linear calibration range is small, often 
requiring reanalysis of samples  [45] . The analysis is also 
time - consuming although there is the potential to use an 
autosampler. Additionally, extensive pretreatment is required 
to concentrate samples to levels suffi cient for analysis, and 
to remove interferences from the matrix, although tech-
niques, such as Zeeman correction, have evolved to reduce 
these issues. As shown in Table  1.2   [46] , the  detection limits  
( DL ) of GFAAS for the metals shown are within an order of 
magnitude of their concentrations in seawater (Table  1.1 ), 
and so sample preconcentration and/or matrix elimina-
tion is often required. The development of  ICP  ( inductively 
coupled plasma ) as an atomization technique has allowed 
for the more rapid analysis of samples although when 
coupled with  atomic emission quantifi cation  ( ICP - AES ) 
results in a higher detection limit which is unsuitable for 
many metals in environmental waters, or even in sediment 
extracts (Table  1.2 ). However, coupling to a  mass spectrom-
eter  ( ICP - MS ) provides high throughput, and low DL with 
high precision. However, ICP - MS is prone to substantial 
interferences such as different elements with the same 
atomic mass, or interferences due to the formation of oxides 
and other molecules that form after atomization (e.g., 
 40 Ar 16 O and  56 Fe;  40 Ar 35 Cl and  75 As) but there are a variety 
of approaches to circumvent these interferences  [47] . The 
severity of the interferences depends on the resolution of 
the MS, which is relatively low (0.8   amu) for a quadrupole 
ICP - MS, which are the most robust and stable instruments. 
Therefore, analysis using these instruments needs to contend 
with interferences. One approach that has been used to 
circumvent molecular interferences is the use of a reaction 
cell, which is designed to break up diatomic and polyatomic 
molecules prior to the MS, thereby removing the interfer-
ences  [47] . High resolution instruments are also available 

   1.3    Recent  a dvances in  a quatic  m etal 
 a nalysis 

 While the previous section outlined the historical problems 
associated with sample contamination, this issue has been 
mostly addressed and most recent studies have demon-
strated the ability to accurately quantify the total concentra-
tion of an element in environmental waters. Some recent 
intercalibration exercises in open ocean seawater indicate 
that contamination is always a possibility, and care and 
application of  “ clean techniques ”  is necessary as the concen-
trations are low (nM or pM; Table  1.1 ). Comparison and 
confi rmation of accuracy can be achieved through the con-
tinued use and further development of low level refer-
ence materials.  Standard  (or  Certifi ed ) Reference Materials 
( SRM s or  CRM s) are environmental materials that have 
been repeatedly measured, often by more than one tech-
nique, so that their concentration is well - defi ned by an 
accepted value and a standard deviation which refl ects the 
overall precision of the measurement. Such materials allow 
an analyst to confi rm that the method and approach used is 
providing an accurate answer. The US  National Institute for 
Standards and Technology  ( NIST ), the  European Institute 
for Reference Materials and Measures  ( IRMM ), and other 
organizations in other countries around the world, provide 
an impressive array of SRMs in many different media. 
However, it is often diffi cult to provide adequate SRMs for 
the low levels of many metals in seawater or freshwaters 
(nM or lower concentrations), and the number of SRMs for 
water are limited. There are recent concerted efforts to 
develop such SRMs, and the international GEOTRACERS 
Program  [43]  is one avenue through which such reference 
materials are being developed. 

 While accurate measurement of the total concentration is 
a goal, there is an acknowledgement that the total concen-
tration of an element in solution is not often an accurate 
predictor of the bioavailability, toxicity, or reactivity of the 
element  [2 – 4, 10] , as most metals do not exist in solution 
purely as the free metal ion, and are often associated with 
dissolved organic matter or can be in colloidal phases in the 
fi ltered fraction, as discussed in Chapter  2 . Therefore, pro-
tocols have been developed to examine the distribution 

  Table 1.2    Comparison of techniques for determining metal concentrations in water samples showing relative precision and other 
analytical metrics  [46] . 

   Technique     Linear 
Range  

   Precision     DL Cd 
(nM)  

   DL Cu (nM)     DL Zn (nM)     Interferences  

  GFAA     ∼ 10 2     0.5 – 5 %    0.02    0.2    0.3    Relatively few  
  ICP - AE     ∼ 10 5      < 2%    0.9    6    3    Spectral; many lines overlap  
  ICP - MS    10 5  – 10 7     1 – 3%    10  − 3     3    ×    10  − 3     4.5    ×    10  − 3     Many; isotopes, oxides and other 

molecular mass  
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complex, or after reaction of the metal with a complex that 
changes the signal, as occurs, for example, with the reaction 
of Fe II  or Mn II  with luminol  [44] . Alternatively, as discussed 
in Chapter  6 , many metals can be determined using electro-
chemical techniques using mercury drop electrodes. 

 One example of a detailed approach to standardizing 
methods and analysis is the GEOTRACERS Program inter-
calibration study  [28, 43] . This program has provided a 
detailed manual on how to collect ocean water samples for 
the determination of a suite of metals, metalloids, radionu-
clides and other tracer compounds (TEIs). The manual that 
has been developed covers the sampling, fi ltration and 
storage with details on which type of equipment, fi lters and 
other methods to be used, and the best container and sample 
preservation protocols. These methods are for both radioac-
tive elements as well as stable trace metal(loid)s and other 
elements, and their stable isotopes; see Section  6.4.2  for 
further details. 

 Finally, the development of  in situ  detection methods for 
the analysis of metal(loid)s in environmental waters is in its 
infancy but there is the promise of a further explosion of 
information as such techniques become available. It will be 
apparent through the discussions in the later chapters of the 
book, especially Chapters  6  and  7 , that there has been enor-
mous progress in recent decades in the understanding of the 
fate, transport and transformation of metal(loid)s in aquatic 
systems and the dynamics of the interactions between metals 
in solution and the solid phase, and with microorganisms 
that inhabit these waters. Many of the recent discoveries 
would not be possible without the development of new 
techniques and approaches, including the methods to quan-
tify different fractions of an element in aqueous systems.   
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    Problems 

    1.1.    Discuss briefl y the chemistry of the elements that form 
the  “ rare earths ”  and provide brief details of the use of 
four of these elements in industrial applications.   

    1.2.    A chemist makes a standard solution for the analysis of 
metals by ICP - MS. She wants the fi nal standards to 
cover the range from one tenth to 10 times the average 
concentration of the element in seawater. To do this she 
will make a composite stock solution that is 1    μ M in the 
following metals (Co, Cu, Zn, Cd, Ag) and 100   nM in 
Pb and Hg. How much metal does she need to weigh 
out for each element, using the anhydrous chloride salt 
(e.g., CuCl 2 ) given that the fi nal solution will be made 
in 1   l of acidifi ed water?   

    1.3.    Examine the concentrations of the elements in Table 
 1.1  and summarize any evident trends between the 
concentrations in seawater versus those in river water. 
Discuss why this may be so, and comment on the ele-
ments that do not fi t the trend and why you may 
suspect they do not.   

    1.4.    
   a.     If the pH of seawater is 8.1 and the pH is mostly 

controlled by the acid - base chemistry of the carbon-
ate system, calculate the concentration of dissolved 
carbonate assuming the total carbonate concentra-
tion (all species) is 2   mM. The following acid - base 
constants are appropriate for this problem:

   H CO H HCO K 1 6 1
2 3 3 0= + =+ − − .  

   HCO H CO K 1 9 3
3 3

2 0− + − −= + = .   

 Equilibrium constants have been adjusted to account 
for ionic strength effects. 

 (Hint: given the pH, it is reasonable to assume 
that the bicarbonate concentration is approximately 
equivalent to the total carbonate concentration.)  

  b.     If the pH decreased to 7.9, how much would the 
carbonate concentration change?      

    1.5.    It has been stated that the concentrations of Fe and 
Mn in seawater are controlled by the precipitation of 
their solid phases. Estimate the concentrations based on 
the precipitation of Fe(OH) 3  and MnO 2  and compare 
these values to those in Table  1.1 . If the concentrations 
are different, provide a reasonable explanation for the 
differences.    


