This element is selected for somewhat extended treatment because it provides
examples of complexity in its chemistry and biogeochemical cycling, it has numerous
anthropogenic and natural sources, and it has potential for causing harm (Fitzgerald
1989). It is, however, difficult to analyze at environmental concentrations and much
is yet not known about important aspects of its behavior.

Mercury is generally rare in Earth’s crust; the usually quoted average concen-
tration is 0.085 ppm (parts per million) but, being concentrated in its ores, it is readily
obtainable and easily separated from the ore. Mercury was one of the few elements
known in ancient times and it has been used in several ways for at least 3500 years. Its
primary ore, mercuric sulfide, HgS, was known to the ancient Greeks as cinnabar, a
word of earlier oriental origin and still in use. Cinnabar is red in color, soft, and easily
ground into a paste, so perhaps its first use was as the pigment also known as

vermilion. Simple roasting of the ore yields the element as a vapor, which can be
readily condensed as the liquid metal.

HgS + 0, — Hg1+S0,1. (9.1)



This and related processes were evidently parts of a technology developed long ago.

—nd probably the work was normally assigned to slaves.

scoop up again. This behavior is caused by—
—T he high surface tension prevents it from wetting glass; this property, its

r), low vapor pressure; and apparent
ed to its use in thermometers, barometers, and many other kinds of
chemical apparatus. These properties and the uses for mercury materially advanced
the early practlce and development of physws and chemistry.
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occurs— this compound is known as calomel
and among its many uses are some in medicine and as a component of electrodes
for measuring electromotive force (e.g., pH electrodes).

The cation Hg?>* forms very strong bonds with many substances; in saline solutions
such as seawater the predominant form in solution is probably HgCl," ", a tetrachlor-
ide complex, and some Hg>" is also associated with other ions and with organic
matter.
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In ocean and lake water, in soils, and in marine sediments, Hg*" is strongly
adsorbed onto particles and organic matter, but some is also taken up by bacteria
and other biota. Under mildly reducing conditions, such as are found in marine
sediments, bacteria methylate mercury to form monomethylmercury (CH:Hg "), and
dimethylmercury (CH3;HgCH3). The latter compound appears to be less stable, and
is much less often found in measurable amounts. Divalent mercury is also reduced to
elemental mercury (Hg") by bacteria, and in surface waters can also be photochemi-
cally reduced (Fitzgerald et al. 2007).

Monomethylmercury is relatively stable in natural waters, occurring in seawater as
CH;HgCl. It is accumulated biologically, and concentrated up the food chain
(Mason et al. 1996). This substance is especially toxic to mammals. Fish in many
lakes have accumulated levels of monomethylmercury sufficient to present a toxic
hazard if eaten in large amounts. This accumulation is natural and indeed universal,
but where the concentrations of mercury have been enhanced by some process, the
situation can become serious, as it has in several parts of the world. The worst
example of toxicity in humans occurred in the 1950s around Minamata Bay, Japan.
Large amounts of mercury were discharged by an acetaldehyde plant into the bay.
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Presso il villaggio di pescatori di Minamata, I Giappone, un’industria chimicy che

impiegavaddg " com: @Mmmgmmlpj - 410)
(uilescaricava residui ricchi di mercurio nella baia di Minamata. I composti di metil.
mercurio, in particolar“he successivamente s*
curio inorganico per biometilazione operata dai microrganismi presenti nei sedimen.
t della baia si accumularono fino a concentrazioni di 100 ppm nei pesel; componen.
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'50 migliaia di abitanti di Minamata furono colpiti da intossicaz
fonte e centinaia di essi morirono. Dal mor
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Negli anni
da mercurio proveniente da questa
to che linsorgenza della sintomatologia nell’uomo & piuttosto
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led to an increasing level of geochemical and regulatory interest in this element,
resulting in a considerable research effort, with hundreds of papers and several
symposia and reviews devoted to the subject, as well as a recent global assessment

(UNEP Chemicals Branch 2008). T
|
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Elemental metallic mercury has an appreciable vapor pressure at ordinary
temperatures (Appendix Figure D.l) @nd should be present in the atmosphere;

from several sources. Very small amounts of elemental mercury are sometimes

found in association with its ores. Small amounts are found in volcanic vapors,
and droplets have even been observed at hydrothermal vents (Stoffers et al. 1999).
As mentioned earlier, biochemical processes, widespread in nature and probably

Table 9.3 Anthropogenic emissions of mercury (t yr™)

Burning coal 878
Metal production (non-gold) 200
Large-scale gold mining 111
Artisanal gold mining 350
Cement 189
Chlor-alkali industry 47
Waste incineration 125
Dental amalgam (cremation) 26
Total 1930

Data from the United Nations Environment Program, estimated for
the year 2005. (UNEP Chemicals Branch 2008.)



due mostly t
(formyHg’ For this reason, soils;and evenynaturalyvegetation (Hanson et al. 1995),

-Mercury and its salts are used for many purposes; the largest use
(is;as a catalyst forindustrial processes (AMAP/UNEP 2008) followed by artisanal

d

A recent estlmateﬁ

2006)
and Other estimates

(Table 9.3) suggest slightly lower values and a total emission of about 1930 tons




_! (UNEP

Chemicals Branch 2008). This:mercury:is-believed:to-be-over 90% in:the:form:of
“elemental Hg". This global average concentration corresponds to a total atmospheric

burden of about 5900 t or 29 Mmol.

With these approximate atmospheric data available, we can ask: “
equilibrium concentration of mercury vapor dissolved in seawater relative to that
inthe:atmosphere? The only data on the solubility of the vapor in seawater appear to

be those of Sanemasa (1975). A derivation of the Henry’s law constant from his data

be those of Sanemasa (1975). Arderivation of the Henry's law constant from his data)
@is given in Appendix D, and shown in Figure 9.11. Calculation of the expected
_equilibrium concentration in surface seawater (Box 9.1) shows that usually this
~should be in the range of 17 to 46 fM,

(The uncertainty in the reported values of the Henry’s law constant, the lack of more




3.0 . . Figure 9.11

_ 2.5 3 - the Henry’s law constant, Hyyg, is given
5 50 . inunitsof fmol L™ 'nPa~' (= fMnPa!),
- convenient units when calculating the
':| 1.5 . . solubility in water relative to typical

2 reshwatert  ,imospheric concentrations. These

T 1.0 -, [ relationships were calculated from data
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< 05 1 Seawater in Sanemasa (1975); see Appendix D.
Sanemasa did not specify the salinity of
0.0 o —— . — the seawater used; a reasonable

0 10 20 30 40  assumption is that it was 34%., typical
Temperature, °C for surface seawater near Japan. W




tration in the water should have been about 40 fM. Againginsthisiregionsthepartiai
pressure of elemental mercury in the surface mixed layer was much greater than in
the air above, and mercury vapor must have been diffusing into the atmosphere.
Additional information comes from Andersson et al. (2008) who found average

concentrations of about 220 fM in a transect across the Arctic Ocean. The super-
saturation so far appears to be general, and the ocean appears to be a source of

mercury vapor to the atmosphere.

of this evasion rate (into"global models of ‘the cycling of ‘mercury. Mason et al.
(1994) observed that the concentration of Hg” was often related (o the

concentration of chlorophyll aand thus to the total concentration of living material
in the water. While there is evidence thal bacteria can reduce mercury in the water
from the Hg~" valence state to the elemental Hg® form, mereury can also be both
reduced and oxidized photochemically (Fitzgerald et al. 2007). (The photochemical
effects are mediated in some way by dissolved organic matter, and the concen-
tration of dissolved organic matter is greater in regions of high productivity. The




tration of dissolved organic matter is greater in regions of high productivity’

quprocesses. Mason ez al. (1994) reasoned that the evasion rates in the tropical Pacific;

~ according to the biological productivity in the water where the Pacific measure-
ments: had: been made:and: the global ocean productivitys Taking the global prod-

uct1v1ty as 23 Gt of carbon per year,
Since the standing stock of

‘mercury vapor in the atmosphere is about 29 Mmol (as calculated above),this is )
very significant input to the atmosphere. Their picture of the global (ocean and




Figure 9.12 A sketch of th ith emphasm
Qason et al. 1994). None of the fluxes or concentrations is really well kr.own but,
-. A considerable portion of the estimated anthropogenic emission o mol

from incinerato
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terrestrial) atmospheric cycling of mercury is shown in Figure 9.12.An this modeled
estimate the annual fluxes to and from the atmosphere (each equal to 25 Mmol per
year) are equal to the total mass of mercury in the atmosphere, suggesting that the
residence time of mercury vapor in the atmosphere is approximately one vyear.
Several adjustments made by Hudson e al. (1995) do not substantially change the
picture. Some 40% of the flux to the atmosphere is anthropogenic and another 40%
is from the ocean. Furthermore, since mercury appears to be recycled rather readily

from the oxidized to the elemental state, a portion of the evasion rate from the
ocean must be influenced by the anthropogenic mercury deposited onto the surface
of the ocean. This may be true of the land as well. The ultimate sink for mercury is

the transport and burial of mercury-containing particles in marine sediments




Presumably. this rate has also been accelerated, although evidence is still lacking.
Lake and bog sediments do show a several-fold increase in concentration during the
last century, however, so these provide a record and at least a temporary sink for
mercury deposited on land.

The total mercury in the surface layers of the ocean as well as deeper in the water
column tends to be found at concentrations of about 1 to S pM (1000 to 5000 M),
with_higher values near the coast and in polluted areas. The several forms present
(Hg°. CH;Hg". CH3HgCH;, and reactive species [probably ionic species such as
HgCl3 ]) occur in varying ratios to one another in different places, suggesting that
there is an active interchange between them mediated by the biota (e.g. Mason and
Fitzgerald 1990: Mason er a/. 1993, 1998).

There is much yet to be learned about the complex natural and human-enhanced
pathways and reactions of this interesting metal.
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232 9 Trace metars anu vee-=

the minor constituents in seawater

Table 9.2 Concentrations of
Element W-"“
Number Symbol Name Approx. ~mean Range Type of distribution
: thi mol - Conservative
S e B e e
7 N Nitrogen (NO3) 30 pmol <0.1-45 NL'ltl'lCnl ..
13 Al Aluminum 10 nmol 0.1-40 Mld-fiepth minima
14 si Silicon 100 umol,  <i-200  Nutrient
21 Sc Scandium 15 pmol 8-20 Surface depletion
22 Ti Titanium 200 pmol 4-300 Surface depletion
23 \4 Vanadium 30 nmol 20-35 Slight surface depletion
24 Cr Chromium 4 nmol 2-5 Nutrient
25 Mn Manganese 0.5 nmol 0.2-3 Depletion at depth
26 Fe Iron 1 nmol 0.1-2.5 Depletion at surfac:
and depth
27 Co Cobalt 40 pmol 10-100 Depletion at surfac
and depth
28 Ni Nickel 8 nmol 2-12 Nutrient
29 Cu Copper + nmol 0.5-6 Nutrient; scavenged
30 Zn Zinc 6 nmol 0.05-9 Nutrient
- ey allinm 20 pmol 2-50 Complex, scavenge

Fb geoNDley



Name
mole
millimole
micromole
nan’Omole
picomole
femtomole

EHEry BTA2_

Fraction
1 mol
10 mol
10 mol
10”° mol
10" mol
10" mol

Number of chemical units

6.022 x 107 atoms or molecules
6.022 x 10°® atoms or molecules
6.022 x 10"7 atoms or molecules
6.022 x 10"* atoms or molecules
6.022 x 10" atoms or molecules
6.022 x 10° atoms or molecules




Lead

Profiles of lead in the North Atlantic and North Pacific (Figure 9.6)show a distribu=
tion unlike that of any other element. The concentrations are highest in surface

water;-and-decrease dramatically with depth. Furthermore, the concentrations are

highest in the Atlantic. These distributions are evidence that most of the lead must
have entered the oceans from the atmosphere. This and other evidence shows that the

primary source of the atmospherically transported lead is from a variety of releases
by humans, mostly the exhausts from cars using leaded gasoline. The higher concen-

countries bordering the North Atlantic, compared to the Pacific, as well as to the
greater volume of the Pacific and the average direction of the windsThe decrease

from year to year near the surface in both profiles is due to the phasing out of leaded

gasoline, and the surface concentrations have continued to decrease (Figure 9.7).




countries bordering the North Atlantic, compared to the Pacific, as well as to the
greater volume of the Pacific and the average direction of the winds.
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Figure 9.6 Vertical profiles of dissolved
lead in the North Pacific (1800 km
northeast of Hawaii) and in the North
Atlantic (250 km northwest of
Bermuda) measured in 1977 and 1979
respectively (Data from Schaule and
Patterson 1981, 1983). The Pacific data
represent perhaps the first accurate
measurements of lead in the open

ocean; they were made using the ultra-

clean techniques pioneered by Clair
Patterson. The size of the

an enic signal delivered

rom the atmosphere ace waters

and the downward transport of lead
from the surface due to sinking
“particles are both evident. al

igure 9.7).
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Lead profiles near Bermuda, 1979-1993
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Figure 9.7. Ed Boyle at MIT
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rom Wu and Boyle
(1997). n
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