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Chapter 35

HAWAIIAN VOLCANOES AND THE BIOGEOLOGY OF MERCURY

By Barbara Z. Siegel! and Sanford M. Siegel!

ABSTRACT

The global importance of volcanoes as a source of mercury
appears to have been underestimated. The highly active Kilauea
Volcano in Hawaii lies in the middle of one of the world’s most
productive forest ecosystems; hence it provides an ideal situa-
tion for the study of biological-geological-chemical interactions
and interrelationships.

Mercury-rich emissions from Hawaiian volcanoes were
discovered in 1971. Since then, the local sources of mercury in
Hawaii, its chemical species, accompanying gases, release dur-
ing lava weathering, dispersal, and vertical distribution have
been studied. Parallel investigations have been made of bioac-
cumulation, biotransformation, and biovolatilization of mercury.

The most significant results during the period covered in
this report, 1970-84, are:

1. Mercury emission data have been obtained from the
Mauna Loa and Kilauea summit calderas, the Kilauea east rift
and nearby fumaroles.

2. A provocative drop in mercury output was observed
during the recent (1983—84) Puu Oo eruption compared to the
1977 Kalalua event.

3. The first measurements of mercury over a vertical range
(rift level to 2,500-m elevation) were made during the 1977
Kalalua eruption.

4. The relation between Hg? and HgX, have been studied
with respect to site, time, and distance, and a specific Hg-CO,
correlation has been derived.

5. The regulatory role of vegetation in mercury distribu-
tion as a sink and secondary source through facile conversion of
the ion to Hg? and its continuous release has been established.

6. It has been found that seedlings have a 300-fold greater
sensitivity to Hg® than mature plants, which respond by pre-
mature senescence.

INTRODUCTION

Mercury is produced by Hawan’s active volcanoes, Kilauea
and Mauna Loa, and by many other volcanoes the world over,
including Hekla, Erebus, and St. Helens, irrespective of their
chemical description (basaltic or andesitic) or location {midplate or
plate margin). In spite of the element’s global scarcity, mercury
appears to be a ubiquitous constituent of volcanic gases, lavas, and
pyroclastic deposits.

Recent flux measurements indicate that the amount of mercury
attributable to volcanic activity has been underestimated in the past.
Output figures from Mount St. Helens and several Central Amer-
ican volcanoes are remarkably similar to those reported from
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Halemaumau, the main vent of Kilauea, which produces approx-
imately 270 tons annually (Varekamp and Buseck, 1981; Siegel
and Siegel, 1984a). If, in fact, 200—300 tons of mercury were
released annually by each of the 50-60 terrestrial volcanoes
considered active (1975—80 annual average from Simkin and
others, 1981), then the volcanic contribution to the global total
would equal or exceed the commonly cited value of
10 x 10°-20 x 10° g/yr for all mercury transfer to the atmosphere
(U.S. National Academy of Sciences, 1977; Andren and Nriagu,
1979).

In 1970 we identified Kilauea as the major source of mercury
in air over Qahu, 320 km away. Our work since that time has
attempted to develop a comprehensive picture of the primary and
secondary sources of the mercury, its sites of temporary storage,
transfer modes, and sinks.

The cool upland forest in and around Hawaii Volcanoes
National Park on the Island of Hawaii is one of the most productive
ecosystems on this planet. Few volcanoes are situated in environ-
ments so heavily covered with vegetation as is Kilauea. Since the
biosphere exerts a remarkable degree of control over the chemistry of
the air, water, and soil, the location of Kilanea on Hawai offers an
exceptional opportunity to examine the transformation and distribu-
tion of volcanic mercury in a geobotanical and biogeochemical
framework. On the other hand, few volcances are situated in
locations so barren that their activity can be studied and their
behavior interpreted without reference to geobiology; Mount Erebus
in Antarctica may be one of those few (Siegel and others, 1980b)
and therefore allow for interesting comparisons.

We have worked more than 15 years on this problem in Hawaii
and elsewhere; much information has also been contributed by many
others. Nevertheless, a great deal still remains unknown about the
cycling of mercury on Earth, and this paper is only a progress
report.

ACKNOWLEDGMENTS

Our research was made possible by the generous research
funds, travel support, and facilities provided by many organizations
and institutions. We thank the National Aeronautics and Space
Administration; National Geographic Society; National Science
Foundation, Division of Polar Programs; National Institutes of
Health, Division of Research Resources; Department of Energy,

827

U.S. Geological Survey Professional Paper 1350



828

Lawrence-Livermore Laboratory (Institutional Grants Program);
North Atlantic Treaty Organization; the Cottrell Foundation; the
Environmental Center, the Hawaii Natural Energy Institute, and
the Office of Research Administration of the University of Hawaii
at Manoa; the University of British Columbia; and the British
Columbia Science Council.

Thanks are also due Professor Gudmunder Sigvaldasson,
Nordic Institute of Volcanology, University of Iceland; Professors
Neil Towers and Harry Warren, Department of Botany and
Geology, respectively, University of British Columbia; Gordon
Eaton and Robert Decker, past Scientists-in-Charge, Hawan Vol-
cano Observatory (HVQ), U.S. Geological Survey; and to
Hawaii Volcanoes National Park Superintendents Bryan Harry,
Robert Barbee, and David Ames.

Individuals who have generously shared data or field time
include Paul Greenland, Thomas Casadevall, John P. Lockwood,
Reginald Okamura, and many other members of the HVO staff,
and also Thomas Speitel and Gary McMurtry, University of
Hawaii at Manoa; Alan Eshleman, Berkeley, CA; Conrad Bach-
mann, University of Heidelberg; David Penny, Massey University,
and Pauline Penny, Ministry of Works, New Zealand.

Finally, we dedicate this paper to the late Gordon A. Mac-
donald, Professor of Geology and Geophysics, University of
Hawaii at Manoa, and the late Irving Breger, United States
Geological Survey, who actively encouraged us in the exciting
interdisciplinary maze that is biogeochemistry.

MINERALOGY, GEOCHEMISTRY, AND
CHEMISTRY

For a more comprehensive review of mercury’s physical param-
eters, the reader is referred to several excellent texts (King, 1951;
Goldschmidt, 1954; Rankama and Sahama, 1950; Hem, 1970;
Aylett, 1973).

The mineralogy of mercury is comparatively simple. Cinnabar
is the only common mineral; it can be primary or found as an
alteration product of more complicated base-metal sulfides con-
taining mercury. Native mercury is frequently an oxidation product
of cnnabar. The other known mercury minerals are curiosities;
among them the oxysalts are indicators of arid climatic conditions.
Traces of mercury may occur in some minerals, including tetrahedrite
and tennantite (they are then called schwazite and hermesite),
penroseite, argyrodite, clausthalite, altaite, and sphalerite.

Mercury has a high ionization potential (I.P.) and tends
strongly to remain in the elemental state. Its first LP. is 10.39 eV
(gold’s is 9.20 eV and silver 7.53 V), and its second L. P. is 18.65
eV.

Mercury has a uniquely low melting point (— 39 °C) and high
vapor pressure (1.9 X 103 mmHg at 25 °C), indicative of its very
low interatomic forces. Its viscosity, similar to that of water, is also
low.

Mercury vapor is almost all monatomic, even at room tem-
perature; apart from the noble gases, mercury is the only element to
show this behavior at such low temperatures. Viscosity measure-
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ments suggest that the closest interatomic approach in the vapor
phase is about 3.25 A at 850 K, little greater than in the liquid
state. Both absorption and emission spectra of mercury vapor yield
data that indicate the presence of a very small proportion of weakly
bonded Hg, molecules.

The solubility (6 x 10— g/100 g water at 25 °C) of Hg? in
air-free water is exceptional, being much higher than that of most
other metals. Addition of air increases the solubility 700 times, up to
a value almost identical with the solubility of HgO in water.
Mercury is also appreciably soluble in n-hexane (2.7 X 10—7 g/100
g at 40 °C), benzene (2.0% 10~7 g/100 g at 20 °C), methanol
(3.6 x10-7 /100 g at 63 °C) and dioxane (7.0 X 10~7 g/100 g
at 25 °C).

Oxygen and dry air do not react with mercury appreciably at
room temperature, but the reaction may be greatly promoted by
ultraviolet radiation. Ozone rapidly attacks mercury at room tem-
perature to give Hg2+.

All the halogens react directly with mercury at room tem-
perature: mercurous halides seem to be formed first, followed by
mercuric halides if halogen is in excess.

Air-free water below about 200 °C does not react chemically
with mercury. Other elements that react directly with mercury,
especially on heating, include sulphur, selenium, and tellurium; on
the other hand, nitrogen, phosphorus, arsenic, carbon, silicon, and
germanium do not seem to combine with it. Dry halides such as
HX(X=F.Cl), H,S, NH;, PH;, and AsH; do not react with
mercury below about 200 °C. Some reaction with HBr, HI, and
H,Se occurs even at room temperature. Various nonmetallic halides
react readily with mercury. Among oxides, SO,, SO;, N,O, CO,
and CO, are without effect at room temperature, but NO, reacts
very rapidly to give mixtures of mercury (I) nitrite and nitrate as
initial products.

Dilute hydrochloric and sulphuric acids do not react with
mercury, but moderately concentrated solutions (>6/N) attack it
superficially to give a little mercurous salt. Concentrated hot H,SO,,
dissolves mercury to yield Hg,SO,, HgSO,, and SO,, and nitric
acid gives a range of products depending on conditions that include
Hg,(NO,),, Hg(NO,), Hg(NO;),, NO, and NO;. Phosphoric
acid does not react appreciably.

Mercury is not attacked by alkali, but ammonia solutions in air
rapidly lead to the production of Millon’s base, Hg,NOH.

Under natural conditions of temperature and pressure that
occur in river and lake water and water-saturated sediment, mercury
can be present in one or more of its three different oxidation states.
The most reduced, in a chemical sense, of these forms is the metal,
which has a distinct tendency to vaporize because it is a liquid at
ordinary temperatures. The other two forms are ionic: where the
average valence of mercury is + |, the more reduced of the two ions
is the mercurous ion Hg,?*; in oxidizing conditions, especially at
low pH, the stable form is the mercuric ion, Hg2+ (Hem, 1970).

Although chemical oxidation reactions do not require the
presence of oxygen, it is the most common oxidizing agent. Systems
in contact with air tend to be oxidized, and in its absence reducing
conditions readily become established. In moderately oxidizing
conditions of pH above 5 the predominant mercury species in
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solution is undissociated mercury. Its solubility, constant over the
whole range of temperature where the liquid metal is stable, 1s fairly
low (25 ppb), and the mercury exists as Hg?. This solubility value
represents the likely upper equilibrium limit of mercury in low-
chloride surface streams and lakes.

Mildly reducing conditions, which are likely to occur in many
lake and streambed sediments, can cause the mercury to be precipi-
tated as cinnabar, which has an extremely low solubility. In the field
at neutral pH, Hg(HS),? aq and HgS,2~ have an equilibrium
solubility lower than 0.002 ppb. Very strongly reducing conditions,
however, may increase the solubility somewhat by converting the
mercuric ion to free metal.

In solutions high in chloride the solubility of mercury in
oxygenated water may be greatly increased by the formation of the
uncharged HgCl, complex, or anionic complexes such as HgCl,2~
(Wagman, 1969).

The frequent departure of natural systems from equilibrium is
well known and must be kept in mind when using equilibrium
calculations. There are two aspects of mercury chemistry that are
particularly important sources of departure from what is predicted
theoretically. One of these is the formation of organic complexes and
participation of mercury in biochemical processes, especially in the
production of methyl mercury by sedimentary bacteria (Jensen and
Jernelov, 1969). A secondary property of importance is the tend-
ency for mercury to participate in dismutation reactions—that is, in
reactions of the type Hg,?*=Hg0+Hg*?2 that provide a means
whereby mercury can be first converted to the liquid form and then
escape as vapor.

Although there is some understanding of the aqueous chemistry
of mercury, a considerable amount of basic research is still needed,
especially on rates and mechanisms of reaction and on the behavior
of organic mercury complexes.

TOXICOLOGY

The onset of symptoms from mercury poisoning in humans is
insidious, and the symptoms, with the exception of tremor, may often
be ignored or attributed to other causes (Bidstrup, 1964). This is
especially true of a peculiar emotional instability called erethism,
which is defined by irritability, irrational outbursts of temper,
excitability, shyness, and sometimes depression; such symptoms are
often just attributed to an anxiety state.

The classic signs of poisoning by mercury in the inorganic form
are gingivitis and stomatitis accompanied by excessive salivation or a
metallic taste, burning, swelling and ashy discoloration of the mouth
followed by intense thirst and abdominal pain; erethism; and tremor
(Goldwater, 1951). Vomiting may occur, and in some cases cir-
culatory collapse with a fatal outcome appears suddenly and at an
early stage. Delayed effects on the kidneys or large intestine are
generally the cause of death (Sollman, 1957) There is no clear
difference between the acute, subacute, and chronic forms except
that the symptoms develop more quickly and are of greater intensity,
and generally the oral and gastrointestinal symptoms are more
obvious in acute and subacute poisoning (Bidstrup, 1964). Mer-
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curic chloride especially is irritating to the skin and mucous mem-
branes, causing irritation, vesication, and corrosion. Absorption
through the skin and mucous membranes may canse systemic poison-
ing.

Acrodynia (so-called pink disease) occurs in infants and young
children; it is characterized by mental disturbances, insomnia,
sweating, disordered sensation of the extremities, and peripheral
vascular phenomena and is often fatal. Strong evidence exists that
the absorption of mercury is the most important cause of this disease,
although there is confusing etiology (Warkany and Hubbard,
1953).

When cinnabar, HgS, has been used for the red color in
tattooing, mercury dermatitis has been reported, and occasionally an
eczematous rash has spread to involve the entire body.

Acute poisoning from metallic mercury or its vapor rarely
occurs now and is usually the result of an accidental exposure
(Matthes and others, 1958), but historically it was a common
occurrence among men exposed to mercury in certain occupations.
Hunter (1955, p. 256) quotes from Ramazzini concerning miners
and goldsmiths:

It is from mercury mines that there issues the most cruel bane of all that deals death
and destruction to miners.

We.all know what le:nble maladies are‘conu‘acted from t:m:ury by goldsmiths,
especially those employed in gilding silver and copper objects. Hence craftsmen of
this sort very soon become subject to vertigo, asthma and paralysis. Very few of them
reach old age, and even when they die young their health is so terribly undermined
that they pray for death.

and also mirror makers:

you may see these workmen gazing with reluctance and scowling at the reflection of
their own sufferings in their mirrors and cursing the trade they have adopted.

Acute and subacute poisoning among persons engaged in the
mining and refining of mercury have been reported, but improve-
ments in ventilation of mines, refinery processes, and the use of
personal protective measures have reduced the numbers and severity
of poisoning. Vouk and others (1950), reporting on environmental
conditions in the Idria (Yugoslavia) mercury mines, stated that there
were 93 cases in 1949 and 53 reported in the first half of 1950. In
Idria mercury occurs both as cinnabar and in the free form, and the
mining of Hg? is particularly hazardous.

Concentrations of mercury in the air in pits where cinnabar,
alone or with free mercury, is mined are 50—59 pg/m3. Dizon and
others (1960) investigated a mercury mine in the Philippines, where
it is a relatively new industry and the processes are highly mecha-
nized. The highest atmospheric concentrations reported were
100—400 pg/m? in the vicinity of the ore crushers, and 6 of the 11
men employed at the crushers had symptoms of mercury poisoning.
In Peru, Carlin and others (1960) reported that 16 out of 18
refinery workers were found to have high mercury excretion in the
urine (average 224 pg/L), and 13 had definite evidence of mercury
poisoning.

More general problems of animal toxicity have been discussed
in detail in the compilations of Buhler (1973) and Nriagu (1979).
Included are behavioral effects, cell and organ degeneration, and
developmental abnormalities in birds, terrestrial vertebrates, and
aguatic marine forms from mammals to fish.



830

In spite of the obvious role of plants in primary life support, the
effect of mercury on vegetation has received little more than token
attention until recently. From the first account of mercury intoxica-
tion of plants (Deiman and others, 1797), the only reports up to
1930 were those of Boussingault (1867a,b), Harrington (1917),
and Le Van (1930). Zimmermann and Crocker (1933, 1934) and
Ratsek (1933) revived the experimental study of mercury toxicity in
conjunction with seed and greenhouse problems, but they did not
recognize major developmental features of mercury toxicity and its-
dependency on the chemical species used.

Typically, plant-cell damage takes place with aqueous solutions
containing as little as 10 pg/L. of Hg ion (Siegel, 1977).

In contrast, when 18 species and varieties of seeds were
germinated in air containing 14 pg/L. of Hg® vapor (Siegel and
Siegel, 1979a; Siegel and others, 1984a), root growth was stimu-
lated in 4 species, inhibited by 25 percent or less in 6, and did not
exceed 50 percent inhibition in the 8 remaining species. Shoot
growth was even less adversely affected; only 4 species were
inhibited by more than 25 percent.

Of castor bean seedlings 20 days old in air containing 0.05
pg/L of Hg?, only 14 percent lost their leaves, and none showed
zones of discoloration or morbidity after seven days. Coleus seed-
lings of the same age were even less affected. However, mature plants
of both species after seven days in air containing 0.05 pg/L of Hg?,
lose 50—90 percent of their leaves. In terms of toxic thresholds,
mature plants are approximately 300 times more sensitive to mercury
than seedlings.

At the concentration of 0.05 pg/LL HgCl, vapor has essen-
tially no toxic effect on seedlings or mature plants.

The principal toxic effect of Hg? seems to be an acceleration of
the aging process mediated by induction of the plant stress hormone
ethylene (Siegel and others, 1973b; Goren and Siegel, 1976).

MERCURY IN HAWAII
DISCOVERY

Mercury in Hawaii was first found in stream sediments on the
Island of Oahu and later in the air (Siegel and others, 1973b). To
determine the source of this mercury, widespread monitoring, sam-
pling, and analyses were carried out. Air mercury levels on Oahu
were found to be highest in the southeastern part of the island and
lowest at sites facing the northeast tradewinds; this indicated that the
primary source was the thermally active Island of Hawaii (Eshleman
and others, 1971). The verification of volcanic-fumarolic mercury
sources in 1970-71 led in turn to a program of study that has
continued to the present. The main focus has been the active volcanic
areas of Hawaii, but the studies have also included Iceland, Alaska,
New Zealand, and Antarctica.

The sources of mercury on Oahu, with its long-dormant (or
extinct) volcanoes Kaala and Waianae (Macdonald and Abbott,
1970), have provided us with opportunities for research involving
residual mercury, mercury transport, and biological compartments.

These subjects will be discussed later.

VOLCANISM IN HAWAII

PRIMARY SOURCES AND SPECIATION

There are two active centers of gas emission on the Island of
Hawaii—the volcanoes Kilauea and Mauna Loa. Kilauea and the
thermal features of the east rift zone have been studied extensively;
the Mauna L.oa summit caldera, Mokuaweoweo, has also been
sampled, but emissions during flank eruption have only been mea-
sured for mercury during March 1984. The most commonly studied
sites on Kilauea have been Halemaumau (the main vent) and the
Sulphur Bank fumaroles, first sampled in 1970 (Siegel and Siegel,
1980, 1984a).

In our ongoing studies, air samples have been regularly col-
lected in nitric acid/pyrex-fiberglass impingers at flow rates of 1-2
L/min for periods of 4—7 h, thus assuring a gas volume of at least
240 L (0.24 m3). Samples have been analyzed by flameless atomic
absorption (Eshleman and others, 1971; Siegel and Siegel, 1978,
1979; Siegel and others, 1985). Parallel sampling was also carried
out by drawing air through gold-foil traps, which were subsequently
stripped of mercury in nitric acid. Millipore filters were used to trap
particles with diameters larger than 0.22 um. The nitric acid traps
collect total mercury; the gold foil collects Hg? only and millipore
filters insoluble HgS (cinnabar). Cinnabar was verified by solubility
in aqua regia and msolubility in cold nitric acid. Any difference
observed between total mercury and particulate mercury plus Hg? is
considered to be HgX,, presumably a mixed halide (Cadle, 1975),
but mainly the chloride.

Another approach to air sampling is fallout measurement or
deposition (Siegel and Siegel, 1977). Here copper foil, which
reduces HgZ+, and gold foil, which amalgamates Hg?, are used to
distinguish the mercury species.

We assume that copper foil collects both Hg? and Hg2+,
hence the amount of mercury trapped on gold foil subtracted from
the amount of mercury on copper foil yields a value for Hg2+. This
calculation is valid only if the HgS particulate fraction is negligible.

The average total mercury concentration in the open air 2 m
above the ground (at right angles to the slope) at Sulphur Bank
ranged from 2,700 to 40,600 ng/m> through 1977, but in subse-
quent years exceeded 1,000 ng/m?® only during January—February
1982, at the start of the current Puu Oo eruption series (fig. 35.1;
table 35.1). The Halemaumau vent of Kilauea (fig. 35.1, table
35.2) has also been highly productive, behaving similarly to Sulphur
Bank in eruptive and quiescent periods. Overall, it would appear
that the normal value for mercury in air in the Kilavea summit area
ranges from 400 to 1,000 ng/m®. Similar values are seen along the
approach to Kilauea caldera from the northeast (as seen in the 500-
to 1,000-m transects along the volcano highway; fig. 35.2). For the
period 1971-78, the average mercury value in the immediate
vicinity of the caldera lies between 400 and 1,400 ng/m>, but it falls
off dramatically to the northeast into the tradewinds.

Air samples taken at Royal Gardens during the Kalalua rift
eruption of 1977 show the mercury level rising suddenly from a
putative baseline (June—July) of about 300 ng/m® to 200,000 ng/
m? (200 pg/m®) or more by September |5, then dropping pre-
cipitously after the fountaining and tremor ended in October (Siegel
and Siegel, 1978).
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TABLE 35.1.— Mercury concentration in air a the Sulphur Bank fumaroles
Kilauea Volcano, 1971-1980

[s.d., standard deviation; part., particulates]

HAWAIIAN VOLCANOES AND THE BIOGEOLOGY OF MERCURY

Total Mercury species {percent)
(+ s.d.) Hg? (part.) HeX,
1971 26 28,400+11,000 69 1 30
1972 27 ,700= 520 24 13 63
1973 10 4,900+ 640 62 2 36
1974 9 4,500+ 660 71 <1 29
1975 17 2,700= 390 44 <1 56
1976 24 8,600+ 1,200 32 <1 68
1977 38 40,600+ 4,680 28 <1 72
1978 26 500+ 70 10 5 85
1979 29 880= 95 60 1 39
1980 29 500+ 85 59 <1 41
241 (rotal) 9,528+ 1,464 (avg) 45.9 (avg) 2.2 (avg) 51.9 (avg)

In all the measurements of mercury concentration in air, there
appears a consistent downward trend by as much as 95 percent after
about 1978. This trend downward may even apply to Mauna Loa
mercury output, although the sample data are limited.

It 15 clear from the record, however, that Kilauea’s mercury
output since 1977 has not approached that of the Kalalua rift
emissions, in spite of the far greater output of fluids and gases since
January 1983. This leads to the provocative question of whether the
mercury output of Hawaiian volcances is really declining. If so, is
this phenomenon a long-term downtrend or merely the downward
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limb of a cyclical process? Either alternative poses interesting
challenges for interpretation.

With few exceptions, particulate mercury has not been found in
samples of the air around Kilauea, even during periods of eruptive
activity (table 35.1). The 10-year average of particulate mercury is
2.2 percent of the total, but commonly less than 1 percent of the
total mercury was found on the filters.

The wide vanation in Hg® and HgX, content of air samples
was unexpected—Hg?® ranged from 10-71 percent of the total at
Sulphur Bank (Siegel and Siegel, 1979b). This was also seen i
fallout data from the same location (Siegel and Siegel, 1977):

HeX;

Hi

Date () (ng/m) HeHsX,
1972 January 80+9 37744 0.21

April 300+31 1,220+369 25
1975 May 250+31 540 +60 .46

December 438+48 42+7 10.43
1976 May 575+66 25027 2.30

June 119+22 612+12 .20

On the other hand, concurrent fallout samples taken on Oahu,
about 400 km northwest of Kilauea, always yielded far less total
mercury (about 10 percent of that detected near Kilauea) and mostly
as Hg?. At Halemaumau, Hg® accounted for 15—21 percent of the
total mercury released, but on the floor of Kilauea, at the very active
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FicURE 35.1.—Mercury emission record for Kilauea at Halemaumau main vent, the nearby Sulphur Bank fumaroles,and south of east rift at Royal Gardens, 1977-1984.
Three events noted: major Kalalua rift eruption lasting nearly one month; one-day Pauahi Crater eruption of 1979; and exceptionally prolonged rift eruption at Puu Oo,
beginning January 1983, through its 27th episode. Note that the ordinate scale is logarithmic.
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TABLE 35.2. —Measurements of mercury in air at various locations on Kilauea
and Mauna Loa Volcanoes

[See also Conners, 1979]

" Sampli
Site sy mercury (o)
Kilauea Volcano

Halemaumau 1971 August 40,500 16
1977 August 48,100 21

1978 August 1,400 15

floor

1971 fissure 1978 August 79,900 1

1981 August 3,600 2

1974 fissure 1978 August 29,800 2

1981 August 1,900 5

Kalalua rift 1977 August 1,200 22
1977 September >200,000 50

1977 October 18,500 58

1977 November 500 80

Puhiman thermal area 1978 January 5,800 72
1978 August 12,200 49

1981 January 930 56

Mauna Loa Volcano

Mokuaweoweo caldera 1978 July 24,600 35
Upper rift 1984 March 4,850 —_

1971 and 1974 fissure the Hg® fraction fell to only 1-5 percent of
the total emitted. During the 1977 eruption, the Hg? fraction rose
from its minimum of 22 percent to a peak at 80 percent after the
active phase ended.
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Mercury is, of course, a minor constituent of volcanic and
fumarolic gas emissions, wet or dry. It is accompanied by H,S,
S0,, and CO, (Siegel and Siegel, 1979b, 1980). An exception is
the Puhimau thermal dieback area, where sulfur in any form has only
been detected in the parts per billion range (Phelps and others,
1979). This area formed in 1938-9 after an earthquake and
magma shifting brought heat near the surface, causing several acres
of forest to die; the ground temperature 5 cm below the surface here
averages 97 °C.

At Halemaumau, measurements during 1971-78 gave mole
ratios of 590 for H,S, 6,300 for SO,, and 2.10X 106 for CO,
(table 35.3). Obviously, sulfur-mercury relations are highly varied,
even within a single volcanic system, and are highly site dependent.
It is, therefore, of special interest to note that the ratio CO,/Hg is
nearly constant at Kilauea; individual measurements do differ some-
what, however, and data from other locations such as Mount St.
Helens are distinctly different.

Lava flows constitute another source of mercury. Weathering
brings about the slow release of soluble or solubilized constituents as
the igneous materials degrade into soil minerals. Lava samples were
analyzed by digestion of 100-mesh powder with 0.1N HCI to
remove soluble and loosely bound mercury. This was followed by hot
2N HNO; digestion to remove any mercury complex with organic
ligands, and then concentrated HF to destroy the silicate matrix

1000

MOUNTAIN
VIEW

ATMOSPHERIC MERCURY, IN
NANOGRAMS PER CUBIC METER

GLENIWOOD
N
N
\ \\
’f.- s
/ & 2{', Z
L2 o o
<5 N7
2 4 #
7 % %
At Y
7 {A".-’ 7 ¢ 77
7 / '/

P

KURTISTOWN, 'KEAAY

~—— VOLCANO HIGHWAY { ROUTE 11} —

FIGURE 35.2.— Average atmospheric mercury concentration along volcano highway from Kilauea caldera (KC) northeast to the Village of Keaau. North is indicated at
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TABLE 35.3.— Relations between mercury and other gaseous omissions at thermal sites
[s.d., standard deviation; n.d., not determined]
Thermal site Number of Sampling Flux Plume Mole ratios
samples date (tons/yr) (pmol/m?) H,;S/Hg 50,/Hg (CO,/Hg)10-6

Kilauea Volcano

Halemaumau 86 1971-80 260 0.054+0.014 590 6,300 2.10

Sulphur Bank 18 1976-78 — .012+0.083 3,700 3,050 2.75

1971 Fissure 8 1977-78 —_ .396+0.055 0 239 2.75

1974‘ Fissure 8 197778 —_ 146 +0.016 0 96 2.19

Puhimau Thermal 10 1976-78 — .026+0.005 0 0 3.66
Mount St. Helens 5 1980 365 1005+0.002 — 2,750 013
Costa Rica

Fumarole Poas 198082 52 - — 1,030,000 -

Volcan Arenas 1980-82 32 — — 5,000 —_

(Siegel and others, 1975). Samples from flows of 1840, 1923,and
1955 were obtained with the assistance of the late Gordon Mac-
donald; fresh Pauahi samples were collected in 1979. The results
(below) suggest a 50 percent release in about 50 years and a
gradual infiliration of oxidizable, presumably humic, complexing
substrates.

HG concentration

Year of flow pfkg in lava
HCl soluble HNO; soluble HF digest
1840 5 81 45
1923 16 66 310
1955 10 59 970
1979 0 15 1,290

If Kilauea lava typically cools with about 1,000 pgkeg of
mercury and proceeds to release 90 percent, then this still constitutes
only a minor source of the element. The 1840 eruption produced
about 400 % 106 m? of lava weighing perhaps 16 % 10% kg. Thus,
this lava contained a total of 16 X 10% g (16 tons) of mercury, of
which about 14 tons was released in about a century. In contrast,
Halemaumau yields 260 tons annually when it is not erupting (Siegel
and Siegel, 1984a).

Of course, the impact of a small though continuous and
localized release of mercury cannot be discounted as a possible
selection factor for mercury tolerance in the endemic vegetation of
Hawaii. It is clear, as we show below, that plants in volcanic areas
can become well adapted to life in mercuric environments. Also,
Hg? slowly released by lava at ground level will, like any heavy gas,
tend to accumulate in enclosed pockets and depressions and form
areas of local concentration.

At the end of the weathering process, some mercury remains in
the clays and derivative soils. In areas of heavy precipitation, such as
the Sulphur Bank, acid red clays are common and contain no readily
soluble mercury, but when they are heated in closed vessels, their
mercury output can be collected on gold foil and measured.

The following data on mercury release from Sulphur Bank soil
were cbtained in this way:

T(C) Rate (ng/kg'h)
25 0.254
70 5.67

120 68.1

Using this kind of data and the Arrhenius equation, we have
calculated an apparent heat of activation of 13.81 kcal/mole (Siegel
and Siegel, 1983). This value compares well with the molar heat of
vaporization calculated similarly from CRC Handbook vapor-
pressure data. Thus atmospheric mercury released from soils
directly may have been held entirely as Hg?.

DISPERSAL

The northeast tradewinds with velocity of 20—40 km/h con-
stitute a major and well-known determinant of climate in Hawaii.
However, the assumption that these winds continually cleanse the
atmosphere of pollutants, conveniently displacing them to the south-
west, is not borne out by experience. During the 1977 eruption,
with tradewinds normal, measurements were made on samples of air
from 30 m above ground level at a station on Oahu about 400 km
northwest of Kilauea. The mercury content rose from 40 ng/m? to
160 ng/m3 in only 30 hours after the first fountaining at Kalalia
(Siegel and Siegel, 1978). The mercury released along the rift and
at Halemaumau traveled no less than |13 km/h in a direction about
90° to the tradewind vector. Increases in atmospheric turbidity 1-3
days after the onset of fountaining in a volcanic eruption have often
been observed, not only in Honolulu, but also on the west side of the
Island of Kauai.

The tradewind air masses move southwestward across the
North Pacific and then encounter the high relief and rough terrain of
the Island of Hawaii, where they become turbulent. Furthermore,
the major sources of emission extend from the tradewind zone
upward into air masses moving in other directions. During the final
stages of the 1977 eruption, mercury in the air showed a rapid
dropoff above the Kalalua rift to an asymptotic value of about 1,000
ng/m? at elevations of 1,200-2,500 m (fig. 35.3). Mercury at these
higher elevations was over 90 percent Hg®. This observation agrees
with the fallout data discussed above that showed the proportion of
Hg" in total mercury was higher on Oahu (sea level) than at the
Sulphur Bank when samples collected at the same time were
compared (Siegel and Siegel, 1977). The comparison of the Hg?%
HgX, ratio at the two locations is as follows:

January 1972 May 1975 June 1976
Hawaii 0.212 0.463 0.195
Oahu 2.86 3.16 3.31
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It must also be recalled that the Mauna Loa caldera con-
tinually fumes at an elevation of about 4,500 m, and numerous
fissures are always injecting hot mercuriferous gas into an often
turbulent atmosphere. The gas column is subject in its dispersal to a
variety of wind vectors, including some that carry the mercury
northward and downward as it cools. These may account largely for
the distribution of mercury on Oahu (fig. 35.4; see also, Siegel and
Siegel, 1980), where higher values occur to the south and west. The
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FicURE 35.4. —Distribution of atmospheric mercury (in ng/m?) around Oahu at 2
m above ground. Figures are means of samples taken 1971-78.

same is true of the Island of Kauai. Residual thermal activity on
Maui, however, tends to obscure the direct impact that the Island of
Hawaii’s volcanic activity may have on its mercury distribution, and
anomalies are often related to anthropogenic pollution.

GEOBOTANY AND BIOGEOCHEMISTRY

One factor relating to dispersal of mercury in Hawaii remains
to be considered, however, and that is the role of vegetation in its
cycling and dispersal. For example, toward the back of the Palolo
Valley (Honolulu) the old, weathered soils contain little mercury,
only 15X 3 pgkg (Siegel and others, 1975), yet the two grass
species growing in that soil (Digitaria and Andropogon) contain
much more (688 and 79+ 11 pg/ke, respectively) When these
grasses die, their decaying residues retain most of the mercury
(56 =6 pg/kg), which is then taken in by soil invertebrates, the
earthworm Lumbricus (388 +21 pg/kg) and the millipedes Trig-
onialis (467 =21) and Oxydus (382 = 12). In this simple example,
the earthworm to soil mercury ratio is about 31.

All of the aquatic plants that we have encountered accumulate
mercury (Siegel and others, 1973b, 1975, 1984b, 1985; Siegel and
Siegel, 1982, 1984b), usually with sizeable enrichment (table
35.4). The same is true for marine animals including fish, but not
limited to vertebrates. High ratios are in part a consequence of the
low mercury concentrations found in natural (nonindustrial) waters.
Near black sand (basaltic) beaches in Hawaii, the highest mercury
levels yet found reach 2-3 pg/L.

Many terrestrial plants also accumulate mercury, but nearly
300 samples from four widely separated areas (table 35.5) show a
clear bimodality in the concentration ratio. Overall, 55—77 percent
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