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Critical Review on Natural Global and Regional Emissions
of Six Trace Metalsto the Atmosphere

Executive Summary

Thereis on-going regulatory concern for metals in the environment, and numerous regulations have been
implemented globally, or are being developed, to control or curtail industrial meta emissons. However,
the relative contribution made by naturd sources, versusthose of anthropogenic origin, istypicaly ignored
in environmenta regulation, or dated publications are cited as evidence that natural sources are relatively
inggnificant.  The primary reference cited concerning the contribution made by natural sources to
environmenta meta contamination remains Nriagu (1989).

There is congderable uncertainty in previoudy-published estimates of atmospheric metals emissons and
uncertainties have gone largely unquantified. Recent data provide an opportunity to update and generate
more reliable and precise natural emissions estimates. Also, the advent of computer-assisted uncertainty
andys's provides an opportunity to quantify the degree of uncertainty in metals emisson estimates from
various natura sources.

Presented hereinisacritical review and andysis of natura emissionsof cadmium (Cd), copper (Cu), lead
(Pb), mercury (Hg), nickel (Ni) and zinc (Zn). Emissions were estimated globaly, for Canada, and for
continental North America.  The naturad emission sources considered included wind eroson of soil
particulate matter, sea sdt spray, volcanic emissons, forest and brush fires, and meteoric dust. For Hg,
biogenic emissionsfrom terrestrid vegetation, and evasion of vapour from soil, from the surface of oceans
and the surface of lakes were also considered. Statistical methods were employed to derive mean
(average) estimates and 5™ percentile and 95™ percentile emission estimates, the latter statistics providing
90 percent confidence limits for the mean predictions made.

Withrespect to global emissions, the estimates presented herein are between 1 and 2 orders of magnitude
greater than those of Nriagu (1989). Given gainsin the volume of available dataand literature from which
to derive such estimates, theimprovementsin data collection and anaytical methods, and the quantification
of fluxes from previoudy unmeasured or unrecognized sources, it is believed that the estimates presented

herein, and their 90% confidence limits, are the most reliable estimates of natura source emissonsto date.

The omisson of biogenic emissions from terrestria vegetation for al but Hg may have resulted in a
sgnificant underestimation of tota naturd metd fluxes to the aamosphere for those non-volaile metas.

For Cd, Cu, Pb, Ni and Zn, the entrainment of soil dust particles into the air is a predominant source of
natura emissions to the atimosphere. For mercury, volcanic emissions of Hg vapour predominate. Tota
natura emissions estimates for each metd, for Canada, North America and the globe, are presented in
Table A.1, dong with the globa estimates of Nriagu (1989) for comparison.

The most Sgnificant datagap identified wasthelack of information to quantify biogenic emissonsof metas
other than Hg. Data are required on the concentrations of non-volatile metals associated with volatile
organic substances emitted by terrestrial and marine vegetation to enable the quantification of meta
emissions from this natural source. Also, data are required to establish reliable enrichment factors to sea
sdt spray from seawater for both nickel and zinc.
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TableA.L Estimated naturad emissions of metds to the atmosphere for Canada, continental North
America, and globdly.
gh 50 95" Median
MEAN PERCENTILE PERCENTILE PERCENTILE estimates
from Nriagu
(1989)

CANADA Flux of Cd 53x10° 19x10* 48x 10 11x10°
Metal

kglyy ~Cu  26x10° 35x10° 19x 1P 76x10°

Pb 97x10° 29x10° 82x10° 22x10°

Hg 11x10° 54x10° 82x10° 23x10°

Ni 10x10° 17x10° 80x10° 27x10°

Zn 46x 10° 1.2x 10° 39x10° 10x 10

e ——

ZS/IE;{TC A Flux of Cd  71x10° 24x10° 63x10° 15x10°
Metal

(kglyr) Cu 50x 10 74X 10° 38x 10 14x 10

Po  45x10 6.6x 10° 34x 10 13x10°

Hg 56x10° 22x10° 47 x10° 11x10°

Ni 25x10° 52x10° 25x 1 80x 10

Zn 38x 10 12x 10 33x10 85x 10

GLOBAL

Fluxof  Cd 41x10 15x10° 36x 10 88x 10 114x 1¢°
'(\fl(;j) Cu 20x10° 27x10° 15x10° 55x 10° 27.7x 10°

Pb 18x10° 30x10° 13x10° 51x10° 12x10¢°

Hg 58x10 20x10° A7x10° 12x10° 25x10°

Ni 18x10° 22x10° 13x10° 49x 10° 0x10°

Zn  59x10° 12x10° 47x10° 15x 10 45x 10°P
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1.0 INTRODUCTION

Thereis on-going regulatory concern for metals in the environment, and numerous regulations have been
implemented globdly, or are being developed, to control or curtail industrial emissionsto the atmosphere.
Of particular concern are metdsand metalloids (Sang and Lourie, 1997; Lin and Pehkonen, 1998; among
others). However, the relative impact or contribution made by naturd sources, versus those of
anthropogenic origin, istypicaly ignored in environmenta regulation.

Metds are released into the environment from natura sources through a variety of processes including
volcanic eruption, forest and brush fires, and wind-blown suspension of dust and sea st spray (Nriagu,

1989; Lin and Pehkonen, 1998; among others). Metals generdly exist within the amosphere as a
component of particulate matter (de Mora et d., 1993). In the case of Hg, however, a significant

proportionisasoin the vapour phase, dueto itsvolatility at typica ambient temperatures (de Moraet d.,

1993; Schroeder et d., 1995; among others).

The primary citaion concerning the contribution made by naturd sources to environmental metdl
contamination remains Nriagu (1989), adthough other authors have dso attempted to quantify this
phenomenon (discussed and reviewed below). Nriagu (1989) presented an andysis of available data
suggesting that naturd contributions of meta's and metalloids make up generdly less than 50% of the total
emissions to the amosphere.

There is consderable uncertainty in previoudy-published estimates of atmospheric metals emissions,
uncertainties that generdly go unquantified, and often unmentioned. These uncertainties relate to the
application of different quantification methods, to spatid and tempora variation in the data required to
predict total atmospheric emissions, and to uncertainties introduced by less than complete knowledge of
emisson sources, their characteristics, spatial extent and tempord variability.

Regulatory agencies are now preparing to introduce or enact legidativeinitiativesto reduceindustrial metal
emissions, with no clear understanding of the relative contributions of anthropogenic and natural sources,
and the uncertainties therein. Such legidation has been conceived on the bass of these earlier uncertain
estimates of natural source contributions. For example, Canadaisdeve oping pollution abatement initiatives
for Hg (soil, ar and water quaity guiddines, phase-out of products containing Hg, emissons reduction
targets, etc.) on the assumption that natural and anthropogenic sources contribute approximately equally
(50:50) to the environmental Hg problem (L.Trip, Environment Canada, Hull, Quebec, persona
communication). Some data indicate that planned reductions in Hg indudtrid emissions, without
congderation for natura sources, will result in no significant decline in levels of biotic contamination
(Richardsonand Currie, 2000). It isapparent, therefore, that aneed existsto updatethe estimate of natural
source contributions with the spate of recent research on the emission of eemental Hg from surface waters,
soils, faults and geologic deposits.

In order to evauate, more rigoroudy, the sustainable use of metds, it is essentia that the contributions of
natural releases to the atmosphere be updated to reflect the latest data, and that a statistically rigorous
trestment of these data be undertaken to quantify confidence limits and uncertaintiesin these estimates.
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The purpose of thispaper wastwofold. Firg, recently-availableinformation wasincorporated to estimate
natural emissons of Sx metasto the atmosphere. Those metals were cadmium (Cd), copper (Cu), lead
(Pb), mercury (Hg), nicke (Ni) and zinc (Zn). These emissions have been quantified locally (Canada),
regiondly (continental North America) and globally. Secondly, variability and uncertainty in the data
required to quantitetively estimate emissonswere subjected to agatisticaly-rigorous probabilistic analyss
to derive confidence limits on those emisson estimates.

20 PREVIOUS INVENTORIES OF NATURAL METALS EMISSIONS TO THE
ATMOSPHERE

21 Particle Flux Estimates

The emissons of metas other than Hg are mainly associated with particulate matter. Therefore, estimates
of metd fluxesare dosdy linked to estimates of primary particlefluxes. Previousemissonsinventoriesfor
particles are summarized in Table 2.1.

An eaxly inventory of particle fluxes was developed by Hidy and Brock (1970). These estimates were
basad on studies by other authors, and the particleflux dueto forest fireswas developed by extrapolating
from United States data. Peterson and Junge (1971) independently developed an inventory of total
particulate emissons. They dso estimated the proportion of the particles that would belessthan 5 Fmin
diameter. The Study of Man’s Impact on Climate (Matthews et d., 1971) presented globa particulate
emisson inventories for particles <20 Fm diameter and particles<6Fm diameter. All of these inventories
were based on the limited published data avalable at the time, and included broad assumptions and
extrgpolations from regiona data (where necessary).

Another inventory of particulate emissonswasdevel oped by Lantzy and Mackenzie (1979). Thisinventory
was based on globd flux estimates for individua pathways from severd other authors. Prospero et d.
(1983) compiled emissons inventories from severd authors, mainly from the early 1970s. Pacyna (1986)
presented ranges of globa particulate fluxes based on other authors, including Andren and Nriagu (1979),
Peterson and Junge (1971) and Study of Man's Impact on Climate (Matthewset d., 1971). Mosher and
Duce (1987) developed an independent particulate emissions inventory for volcanoes, sea sdt and fires
based on available literature; their estimate for windblown dust was adapted from Progpero et d. (1983).

Regiond particulate emisson inventories have aso been devel oped. Evans and Cooper (1980) estimated
particuate fluxes from windblown dust and fires in the United States, including a breakdown by Sate.
Environment Canada (1981a) published particle flux estimates for Canada, including breskdowns by
province, biome and source (i.e., soil dust, sea sdts, forest and brush fires, volcanoes, plants and micro-
community sysems).
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The Environment Canadareport relied heavily on previouswork by Robinson and Robbins (1971), Davis
(1974) and Jeenicke (1980), who determined that natural sources contributed 85% to 89% of the
particulate mass entrained into the atmosphere.

Windblown soil isone of the largest sources of natural metd emissionsto the atmosphere (Pacyna, 1986).
Through the process of wegthering and eroson, metasthat naturally occur in the Earth’s crust will also be
found in soil. Hagen and Woodruff (1975) suggest that wind erosion is an important source of total
particulate mass and high particulate concentrations in the atmosphere. Their estimates place this source
of particulate emissions to the atmosphere on par with emissions from anthropogenic sources.

Severd authors have estimated the amount of soil that is entrained into the atmosphere via the wind, with
the general range of 200-500 x 10° kg/yr globally (Nriagu, 1978; Schmidt and Andren, 1980). Nriagu
(1989), to estimate metal fluxes to the atmosphere, used a soil flux range from areview paper prepared
by Prospero et d. (1983). The maximum value of 500 x 10° kg/yr (commonly cited) is aso cited in
Peterson and Junge (1971) and is based on a vaue from an unpublished paper. The estimate was
extrapolated from a cal culation made for the United States including agricultural and natural dust sources.
Another source cited in Peterson and Junge (1971) derives the same value of 500 x 10° kg/yr based on
deep ocean sedimentation rates.

Duce (1995) conducted a review of more recent estimates of globa soil flux, ranging from 1000-3000 x
10° kg/yr. Duce (1995) suggests that these higher estimates are more accurate than previoudy published
estimates, due to more frequent monitoring and more remote ocean stations monitoring long distance dust
flux. Alfaroet d. (1998) cite avauefor dust flux from the Saharaaone a 600 x 10° kg/yr. Although the
Sahara is a large contributor of wind blown dust, there are several other arid areas in the world that
produce dugt, suggesting that global emissions may be much higher.

2.2 Metal Flux Estimates

Previous metd emission inventoriesfrom natura sources are summarizedin Tables 2.2 through 2.7. These
inventories are generally based on particulate fluxes and estimated meta concentrations in the source
particulate materid. In some cases, metal concentrations measured directly in airborne particles were
employed.

These inventories of natural metal fluxes have not been consistent in the sources consdered or in the
methods employed to quantify those emissons. However, they generdly show windblown dugt, volcanic
emissions, sea st goray, fires and biogenic emissons as the main sources of atmaospheric aerosols. With
a few exceptions, estimated meta fluxes from windblown dust and volcanoes have been reaively
consstent between different inventories, estimated metal fluxes from other pathways have often varied by
orders of magnitude. Meta fluxes from meteoritic dust were rarely consdered in previous inventories.

In the late 1970's and early 1980's (Nriagu, 1978; Nriagu, 1980a,b,c), inventories generaly used data
obtained by Curtin et d. (1974) for metalsin residual ash and ashed plant exudatesto caculate fluxesfrom
forest fires and biogenic emissions. However, these data were collected from conifers in areas with
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anomaoudy high metal concentrations in soils or plants, and are not likely representative of typica metas
concentrations in those media. Emissions due to sea st spray were based on concentrations of metalsin
sea water and published enrichment factors of the metd from sea water to sea sdt. However, the
enrichment factors appear to have been used incorrectly in many cases (see Section 4.3). Volcanic
emissions were based on crustal meta concentrations and published enrichment factors for meta
enrichment in fine particulate matter.  Zoller (1984) and Pacyna (1986) have summarized emissons
inventories from other authors.

Lantzy and Mackenzie (1979) published aninventory of metd fluxesin which thevolcanic emissonswere
based on concentrations in andesites (for volcanic particles) and gases from volcanoes, hot springs and
fumaroles (for volcanic gases). The emissons due to fires were based on metal concentrations measured
in land plants.

Nriagu (1978) adapted the Hidy and Brock (1970) and Peterson and Junge (1971) particleflux inventories
for hismetd flux esimates, though he used alower meteorite dust flux estimated by Hindley (1976). He
generdly used the same particle fluxesin later publications during the late 1970's and early 1980's, though
his inventories for copper (Nriagu, 1980b) and zinc (Nriagu and Davidson, 1980) used a lower flux for
volcanogenic particles, and hisinventory for Hg used a higher vaue for the flux from vegetation (Andren
and Nriagu, 1979).

Jaworowski et d. (1981) devel oped natura metal emissioninventoriesusing two different gpoproaches. One
of these approaches was generdly smilar to the other inventories discussed above, though the emissons
from forest fires, volcanoes and meteoritic dust were based on extrgpolations usng soil metd
concentrations rather than metal concentrations specific to the sources of interest. The second approach
was based on a back extrapolation from concentrations of metals and radionuclides in glacier ice; this
second method resulted in metal flux estimates orders of magnitude higher than estimates based on
particulate flux.

Nriagu (1989) published arevised metal emissionsinventory based on particulate fluxes. These estimates,
dill frequently cited, were based on more recent data than his earlier publications. The basis for his
inventory was as follows:

. windblown dust emissions were based on estimates of wind-borne soil particles combined with
concentrations of metasin soil;
. sea sAt gpray emissons were based on estimated global sea sdlt flux, concentrations of metasin

seawater, and enrichment factorsfor the metalsfrom seawater to seasdt; the enrichment factors
used were generdly lower than those reported in the source literature;

. volcanic emissonswere based on estimated sul phur emissionsfrom vol canoesand published metd
- Ulphur réios,

. wild forest fire emissions were based on biomass consumed by forest fires, metd concentrations
in plants and assumed burning yieds for metas,

. continental biogenic metad emissions were based on particulate organic carbon concentrations,

aerosol deposition, and metal concentrations in plants; and
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. biogenic emiss onsof meta'scomplexed with vol atileswere based on estimated hydrocarbon fluxes
fromterrestrid and marine plantsand meta concentrationsin surfaceorganic microlayersof aguetic
ecosystems.

Various datasuggest that the natural metd fluxesto the atmosphere may be under-estimated by the Nriagu
(1989) study:

. the atmospheric soil flux from the centra United States done (Hagen and Woodruff, 1975)
appears to be of the same magnitude as the global flux reported by Nriagu (1989);

. the sea sdt enrichment factors used by Nriagu were generdly lower than those found in other
literature (see Table 4.14); Nriagu (1989) did not specificaly present the metal concentrationsin
seawater employed in his ca culations, so those cal culations could not be duplicated or confirmed,

. there are now more recent data available on sulphur flux and meta to sulphur ratios (see Tables
4.15 and 4.16) for revised predictions of emissons from volcanic emissions,
. for emissons due to fires, recent studies have measured actua concentrations of metalsin smoke

particulate (see Table 4.19) (rather than relying on concentrations in non-combusted wood and
vegetation); aswell, morerefined estimates of the quantity of biomassburned (see Table4.18) and
particulate emissons (see Table 4.20) have been published; and

. measurements of Hg vapour emissions from vegetation, and more refined estimates of biogenic
emissions of Hg (see Table 4.24), have been recently published.

2.3 Mercury

Additional comment on Hg is warranted given its release from natural sources as both particulate matter
and vapour.

To date, two primary approaches have been employed to estimate the relative contributions of
anthropogenic and natural sources of Hg to the atmosphere: source inventories and dated lake sediment
Cores.

2.3.1 Mercury emissionsinventories

On agloba basis, previous source inventories have been used to estimate that anthropogenic sources
contribute between 50% and 75% of tota annua atmospheric Hg loadings (reviewed by Fitzgerald, 1995;
see dso Fitzgerald, 1986; Lindgvist et d., 1991; Nriagu, 1989). By difference, natura sourceswould then
contribute between 25% and 50% of total global atmosphericloadings. Onamoreregiona scae, however,
available source inventories suggest that natural sources (involving gaseous and particulate emissons from
land and water surfaces) can contribute anywhere from only about 13% of total atmospheric loadings
(estimated within the province of Ontario, Canada; Innanen, 1998) up to 80% of atmospheric Hg
concentrations (for Sweden; Brosset, 1981). Unfortunately, the reliability (quality and quantity) of data
upon which natural source Hg emissions estimates are based is far less than that for industrial emissions,
the latter having been the subject of quantitative industrid emissonsinventories in numerous countries for
more than a decade.
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Various authors have estimated the annual globa Hg flux, or reviewed estimates by other authors, from
various natura sources. These authors include Ebinghaus et d. (1999), Rasmussen (1994a), Lindqvist et
d. (1991), Nriagu (1989), Pacyna (1986, 1987), Zoller (1984), Jaworowski et a. (1981), and Lantzy and
Mackenzie (1979). Regiond inventories of natura Hg emissions have been presented by Innanen (1998;
for Ontario, Canada) and Vasiliev et d. (1998; for Sberia). These estimatesare summarized in Table 2.5.

Since the mid-1980's, quantification of globa emissions of Hg to the atmosphere has suggested
approximately equa contributions from natura and anthropogenic sources, with the analys's presented by
Nriagu (1989) remaining the primary citation on the contributions of natural emissons of Hg to the globa
atmosphere. For example, the andysis of Nriagu (1989) is the primary basis upon which Environment
Canada has assumed that natural sources contribute between 40% and 50% of total annua Hg emissions
to the Canadian atmosphere (L. Trip, Environment Canada, personal communication). Unfortunately,
previous analyses have not attempted to quantify the uncertainty in these estimates, beyond providing
goproximate minima and maxima around predicted mean or moda values. The potential range between
minimum and maximum natural source emissons can be quite large, however (see Table 2.5).

2.3.2 Mercury sediment profiles

Profiles of Hg concentration by depth in sediment cores from remote lakes (lakes not affected by direct
industrid discharges or impoundment) have aso been put forward as evidence of the sgnificant increase
inindustriad emissonsof Hg inthe past century (Fitzgerald et d., 1998). Examination of published datafrom
Ontario lakes (Evans, 1986; Johnson et al., 1986; Johnson, 1987, Rasmussen &t al., 1998a) suggests that
Hg deposition from the atmosphere to these lakes has increased anywhere from less than 2 times to as
much as 10 times over the past 100 to 150 years. This suggests that the natural source component of this
atmospheric deposition could range from more than 50% to less than 10%.

Not only doesthisratio of surficia (recent) sediment Hg concentration to deep (purported pre-industrial
or natural) sediment Hg concentration vary severd fold, but it varies severa fold between lakes Situated
inclose proximity to one another. The atmospheric depostion of industrid Hg emissonsto lakesisknown
to decline with increasing distance from point sources (EPMARP, 1994). However, lakesin close proximity
to one another are dso more or less equaly distant from significant industrid point sources. Therefore,
distance from point sources does not explain al of the inter-lake variation in Hg sedimentation rates. This
inter-lake variation in gpparent anthropogenic Hg sedimentation indicates that Hg concentration in lake
sediments is influenced by factors other than smply aimospheric inputs. One confounding factor may be
early diagenesis(Matty and Long, 1995), whichiscontrolled by sediment organic matter content and other
chemicd and geochemica characteridtics that vary from lake to lake. Although the significance, and even
the existence, of this phenomenon is debated (Fitzgerald et a., 1998; Rasmussen, 1998a), it is clearly
evident that the content of organic matter in sediments explains a great ded of the inter-lake variability in
sediment Hg concentrations among lakes in relaively close proximity (Rasmussen et d., 1998a). As a
result, it is apparent that Hg sediment profiles provide an inadequate basis for quantifying the relative
contributions of natural versus anthropogenic sources of the Hg that is ultimately deposited to lake
Sediments.
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3.0 UNCERTAINTY ANALYSES

Asindicated throughout the M ethods section (below), variables necessary to caculate natural emissons
of metad sto the atmogpherewere defined interms of adigtribution, spanning vauesfrom thelikely minimum
through the likely maximum. In order to derive confidence limits for estimates of naturd emissons to the
aimosphere, a satisticaly rigorous approach to data analyss was required. In order to achieve this,
probabiligtic (stochasgtic) methods were employed.

Probabiligtic uncertainty andyses were carried out in order to evauate the influence of smultaneous,
independent variations in several equation variables. Data such as concentrations of metas in oil
particulate matter, sea sdlt, etc. are not constant, but range over severa orders of magnitude, depending
on geographic setting and numerous other factors. The ranges of possible values are best represented by
digtributions or probability dengity functions.

The exact form of the probability digtribution for many of the parameters is not known. Therefore,
triangular distributions have been assigned to most of the variables, defined in terms of the upper and lower
limits and the modal or most likely value. Triangular distributions are recommended when data are
inuffident to define the true data distribution, or when the underlying digtribution type is known (log-
normd, say) but deta are insufficient to accurately quantify al distributiond characteristicsand parameters
(Finley et d., 1994).

Usng a form of Monte Carlo smulation, multiple iterations of flux caculations were conducted while
randomly sampling from thedidtributions of input variables. A population of equation solutionswasthereby
generated, resulting in aprobability distribution for the cal culated fluxes from which the mean vdue and the
5t 501 (median) and 95" percentilesof theflux distributionswere estimated. The 5™ and 95 percentile
datistics represent robust estimates of the upper and lower 90% confidence limitsfor the estimated mean
and median flux values. For each smulation, a Latin hypercube sampling method was used and 20 000
iterations were performed using Microsoft Excel97® (Microsoft Corp., 1996) and Crystd Bal ®
(Decisioneering Inc., 1996), software.

40 GENERAL METHODS

Consagent with the earlier work of Nriagu (1989), five natural sources of metas emissons to the
atmosphere were considered herein for Cd, Cu, Pb, Ni and Zn:

. wind-borne soil particles,
. sea sdt spray;

. volcanoes,
. forest and brush fires,
. meteoritic (extra-terrestria) dust.
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The atimospheric emissions of Cd, Cu, Pb, Ni and Zn due to biogenic processes could not be calculated
due toinsufficient dataon meta concentrationsin volatile plant exudates. Thisisdiscussed further in section
8 (Discussion).

| naddition to particul ate-borne emissions of Hg, direct evasion of vapour aso occursfrom surface waters,
s0il, geologic deposits and vegetation. Therefore, nine natural sources of Hg emisson to the atmosphere
were consdered:

. Hg vapour (Hg) flux from soils and bedrock;

. Hgf flux from surface marine waters;
. Hgf flux from surface fresh waters;
. volcanic emissions (both gassous and particulate Hg);

. wind-induced entrainment of surficid soil and dust particles;
. wind-induced entrainment of sea At Soray;

. forest and brush fires;

. meteoritic (extra-terrestrid) dust;

. Hgf flux directly from vegetation (biogenic emissions).

Nriagu (1989) recognized the potentia biogenic emission of Hg vapour from vegetation. However, no data
existed at that time to directly quantify such emissions. Therefore, Nriagu (1989) necessarily extrgpol ated
from published data on hydrocarbon emissions from plants, combined with measured fluxes of methylated
Hg compounds and available dataon theratio of Hg vapour concentration and hydrocarbon concentration
asreported for urban, rura and remote air samples. Recent advancesin the measurement of vegetative Hg
emissions haslead to speculation that natural emissionsof Hg may be under-estimated by as much as100%
(Lindberg et al., 1998).

Also, the accurate quantification of Hg vapour flux from soils and bedrock is a recent (< 5 years)
development and that recent research permits the direct quantification of Hg flux to the atmosphere as a
function of soil Hg concentration (see Rassmussen et d., 1998, for example).

Nriagu (1989) did not specificdly quantify Hg emissions emanating from bodies of fresh water. However,
recent research permitsthe quantification of thisflux, accounting for seasond variability dueto theinfluence
of ambient temperature.

Specific equationsand datareviewed to quantify natura emissonsareoutlined in greater detail below. The
firg step, however, was to divide the regions under consideration (Canada, continental North America,
Globe) into specific biomes or ecoregions, each of which has unique vegetative characterigtics, leading to
unique atmospheric particle flux rates, unique fire frequency, eic.
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4.1  Ecoregions

The total areas of Canada, continental North America and the globe that encompass nine prescribed
ecoregions are presented in Tables 4.1 through 4.3. Generd descriptions of the different ecoregions are
provided below.

For Canada, two sources of information were used to define ecoregions - Environment Canada (1981a)
and Clayton et d. (1977). The ecoregion areasin both reports were quite Smilar. Therefore, they were
averaged together to obtain mean values for surface area covered. In the case of the grasdand ecoregion,
that defined by Clayton et d. (1977) comprised 3 of Environment Canada s ecoregions - Eastern Canada
Grasdand, Agricultural Grasdand (Prairies and BC) and Aspen Parkland. To smplify the proposed
ecoregion scheme, the grassdand scheme of Clayton et a. (1977) was used.

For continental North America, data from Leenhouts (1998) provided detailed informeation on vegetation
cover in the United States. That information wasreviewed in conjunction with an ecoregion map prepared
by the United States Geological Survey (Eastern Energy and Land Use Team, 1982) which used
ecoregions asdescribed by Bailey (1998). Thesetwo sourceswere used to define ecoregionsin the United
States. The nine ecoregions defined for Canada and the U.S. were smply added to derive totdl areasfor
each ecoregion in continental North America

Different researchers have used varying criteria in categorizing the globa land surface into ecoregions
(Guenther et dl., 1995; Bailey, 1998; Hannah et d., 1995; and Pears, 1985). Categoriesdefined by Bailey
(1998) most closdy resemble the ecoregion scheme used herein. In addition, Bailey (1998) provides a
detailed map by which to gain ageographica understanding of the ecoregions. Therefore, Bailey’ s (1998)
data were used herein to estimate world ecoregion aress.

The estimated total surface area of each ecoregion changes temporaly due to changing climatic factors,
deforestation, etc. Also, the estimation of ecoregion surface area varies from one author to another due
to varying estimation methods and data employed. However, for the purpose of the analys's presented
herein, the area of each ecoregion was assumed to be congtant (fixed) so as not to unduly influence the
uncertainty andyss.

4.1.1 Tundra

The tundraregion occupiesthe northernmost regions of the northern hemi sphere and southernmost regions
of the southern hemisphere. It is characterized by a cold climate, general absence of trees, and an
intermittent ground covering of lichens, mosses, and sedges (Clayton et d.,1977). For the purposes of this
study, it dsoincludes areasclassified asarctic desarts. It includes 14.1 x 10° kn? of ice covered areas such
as Greenland and the Antarctic, and the idandsin northern Canada (Bailey, 1998).
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4.1.2 Boreal barrens

The bored barrensrefersto the trangition zone between the tundraand the boreal forest consisting of open,
stunted coniferousforests, interspersed with tundravegetation (Claytonetd., 1977). Itincludesareassuch
as northwest Siberia, northwest Canada and Alaska (Bailey, 1998).

4.1.3 Boreal forest

The bored forest ecoregion refersto the cool forest zone of mainly coniferous trees (dominated by spruce
species) that occurs south of the tundra ecoregion (Clayton et a., 1977). It covers a wide band across
Canada from coast to coast and into Alaska, and for this study includes the taiga regions across most of
Russia (Bailey, 1998).

41.4 Grassdand

The grasdand ecoregion is characterized by ground cover of avariety of grassesand sparsetrees (Clayton
et a., 1977). It covers agricultura areas, savannas, steppes and prairies. For the purposes of this report,
groundcover dominated by grasseswasthe criteriafor placing an areain thiscategory. It was assumed that
smilar ground cover would dlow smilar soil exposure to wind, and smilar fire conditions. Also induded
in this category were the humid savannas of central South America, south centrd Africa, India and the
Carribean. Theselatter areas are dominated by grasses, but may be somewhat more humid than grasdands
in North America. Aspen Parkland areas have been included in the grassand ecoregion becausethey are
largely fescue prairie (Clayton et ., 1977) and they were not segregated by Bailey (1998).

4.1.5 Coastal/mountain forests

The coagtal/mountain ecoregion is characterized by adominance of coniferous forests (mainly pine, cedar
and fir species) in montane and coastal regions (Clayton et d., 1977). It includes areas in western North
Americaincluding the Rocky Mountains, mountainous regionsin the southern portions of South America,
and portions of Europe, the United Kingdom, New Zedland and Audirdia (Bailey, 1998).

4.1.6 Mixedforest

In Canada, the mixed forest ecoregion is comprised of the mixed forests surrounding the Great Lakes
region and the Acadian forest in the Maritimes. These forests consst of a mixture of deciduous and
coniferous trees (Clayton et d., 1977). In North America, thisregion includesthe Grest L akesforests, the
mixed forests in the northeastern United States and the mixed and deciduous forests in the southeastern
United States. Deciduous forests are included in this category based on the assumption that amount and
type of vegetation cover is quite Smilar.
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4.1.7 Rainforest

Rainforests are areas that receive sgnificant annud rainfall and have aclosed canopy of diverse evergreen
treeswith alower layer of vines, palmsand epiphytes (Brown and Gibson, 1983). Regionsin this category
include the Amazon Rainforest, Zaire and severd smaller countriesin west/central Africaaong the coadt,
and Indonesia (Bailey, 1998).

4.1.8 Shrubland

Thisareaisamix between grasdand, forest and desert. It ischaracterized by dry areaswith Mediterranean
climate, and includes chaparra, shrubland and dry woodlands. These areas have a dense mass of shrubs
covering the ground and often have hot, dry summers (Brown and Gibson, 1983). Regionsin this category
include areas of the southwestern United States, centra Africa, parts of Audtraia, and central/southwest
Aga (Bailey, 1998).

419 Desert

Desertsarein themost arid parts of theworld and receive little and/or sporadic rainfal. Vegetation isquite
gparse and consists of scattered shrubs (Brown and Gibson, 1983). Desert areas arefound in north Africa,
the Middle Eadt, Audrdia, south central Asia/northern Chinaand inthe southwestern United States (Bailey,
1998).

42  Atmospheric Metal Emissons dueto Sail Particle Flux

The flux of each element to the atmosphere due to suspension of soil particles was calculated as:
MF (kg/year) = 3 [Agri X PFegi X Cg x 10° kg/mg]

where, MF = metd flux to atmosphere (kg/yr)
AER = the area of ecoregion i (kn¥)
PFer; = particulate flux to amosphere from ecoregion i (kg/kn/yr)
Cg = concentration of metd in soil of ecoregion i (mg/kg)

Based on an extensive review of available literature, only the shrubland ecoregion had published data
quantifying the soil particulate flux to the atmosphere. Severa studies have been conducted on particle
movement during dust sormsin the Great Plains of the centrd United States (Hagen and Woodruff, 1973,
1975; Gillette et d.,1978).

The flux data reported by Hagen and Woodruff (1975) for the south centra United States (Texas,
Oklahoma, New Mexico, Kansas and Colorado) were selected to represent the shrubland ecoregion for
the following reasons.
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1 Hux data were available for the south central United States for 2 decades (the 1950s and the
1960s) while only 1950s data were available for the north central United States.

2. The Environment Canada (1981a) report suggests that the 1950s were an exceptionally dry
decade. Therefore, using the flux data recorded over 2 decades (including the 1950s)would
encompass the range of climate varigbility.

3. The land surface encompassed by the south centra United States most closely resembles the
shrubland ecoregion.

It should be noted that the values reported by Hagen and Woodruff (1975) are based on soil flux during
dusty hoursonly. A previous study by Hagen and Woodruff (1973) cal culated that the south central United
States was dusty 45 hours per year. Therefore, the Hagen and Woodruff (1975) soil fluxes were adjusted
(multiplied by 0.005; i.e., [45 hours]/[8760 hours per year]) to obtain an annua soil flux in units of
kg/kmP/yr for the shrubland ecoregion.

For the uncertainty analysis and determination of confidence limits of estimated emissions, variahility in the
element concentrationsin soil and the atimaospheric flux of the soil particlesfor the different ecoregionswere
considered.

For theuncertainty andys's, atriangular digtribution was assigned to the particle flux va uefor the shrubland
ecoregion with the 1960s minimum vaue as the overal minimum vaue (526 kg/kn¥/yr), the 1950s
maximum va ue asthe overal maximum vaue (431 225 kg/kn/yr) and the mean of the 1950s and 1960s
data as the mogt likely value (61015 kg/kn/yr).

A dudy by Gillette et d. (1978) confirms the range of soil fluxes selected for the shrubland ecoregion.
Gilletteet d. (1978) measured dust flux during dust sormsin Texas, reporting 0.3 to 0.5 million metric tons
of soil entrained per dust storm (measured a an dtitude of 2.7 km and over an areaof 5.7 x 10" n?) which
resultsin 527 to 877 kg/kn? dust particlesreleased per torm. Assuming 3 stormsper year (asper Gillette
et d., 1978), the annual soil flux would be 1578 to 2631 kg/kn?/yr which fals within the low end of the
range of fluxes caculated using the Hagen and Woodruff (1975) data. It should be noted that the Gillette
et d. (1978) data were measured at an dtitude of 2.7 km which implies that their flux excludes those
particles with shorter atmospheric residence times.

4.2.1 Dustiness of ecoregionsrelative to shrubland
To quantify the atmospheric soil flux for the other ecoregions, a flux ratio, relaive to shrubland, was
determined based on published dust storm day frequency data (see Table 4.4). It was assumed that the

flux of soil particulate matter to the atmosphere in any given ecoregion was directly proportiond to the
frequency of dust sormsin that area. Therefore:

I:DSrshrubland/ FDSeooregioni = IDl:shrubland/ PFeooregioni
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OR

I:)Fecoregioni = PFshrubIand X I:DSecoregioni/ I:DSshrubIand

where, Fosqrubiand = frequency of dust sorms on shrubland
Fps-ecoregioni = frequency of dust storms on ecoregion i
PFsruland = partidle flux from shrubland
PFecoregioni = particle flux from ecoregion i

Minimum, maximum and most likely vauesfor the ratio Fpg ecoregioni/Fos sruniana Were calculated for each
ecoregion from available data and are presented in Table 4.4.

There is very little information available on soil flux or frequency of dust storms for forested aress.
Edtimates by Middleton (1984) were used to eva uate the forested parts of Australiaand datafrom Orgill
and Sehmel (1976) were used to evaluate the forested parts of the United States. Estimates of dusty day
frequency for forested areas predi cted herein are much higher than those predi cted by Environment Canada
(19814). Although Environment Canada (19814) dso used datafrom Orgill and Sehmd (1976), it remains
unclear as to how Environment Canada (19814) arrived at their reported relative dust frequency for
forested aress.

One problem with using dusty day frequencies as abassfor soil flux isthat these data give no estimate of
the volume of dust raised, the length of the storm nor the dtitude to which the dust israised (Middleton et
a., 1986). Aswadl, the dust observed in an area does not necessarily originate in that area. Orgill and
Sehme (1976) suggest that much of the dust observed in mountainous areas and mixed forest areasin the
United States originated elsewhere. Therefore, the estimated dustiness values for the coasta/mountain
region, mixed forest, and rainforest were arbitrarily reduced by a factor of 2, as done by Environment
Canada (19814a) in their calculations. Therewas no other information in the reviewed literature to suggest
adifferent correction factor.

Based on the dust storm day data, a higher soil flux was cal culated for the mixed forest ecoregion than for
the mountain/coasta forest ecoregion. Support for thisconclusion comesfrom the Wind Erosion Research
Unit (1999) which mapped the areasin the United States with wind erosion problems. The Pecific coastal
and mountain areas showed very little eroson, while alarge section in the southeastern United States (part
of the mixed forest ecoregion) was subject to wind erosion.

For therainforest ecoregion, avaue of 0.077 dusty days/yr, relaiveto shrubland, was caculated from the
maps of Audraia (Middleton, 1984). Thisvaueis high due to the influence of one datalocation that had
amuch higher dust ssorm day frequency than the others. The only other data availablefor rainforestsisa
vadue of 0 from Middleton (1986b) from a map showing the southern tip of India Choosing a most
probable value of 0.039 (0.077/2) relative to shrubland would indicate that rainforests are dusdtier than
mountain/coasta forests and mixed forests, which isunlikdly. It ismore likely there is hardly any dust flux
emitted fromrainforests. Therefore, atriangular distribution was selected herein for therainforest ecoregion
with minimum and mogt likdly relaive vaues of 0 and a maximum vaue of 0.039.
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Edtimates for dusty days on tundra were not found in the literature. In the tundra region, limited ground
cover and trees will dlow wind erosion to occur. However, much of this eroson can be attributed to
blowing snow (Fristrup, 1952). Ashwell (1986) reports that dust storms do occur in centra ledand. It
seems reasonable that, due to lack of vegetation, and reports of dust storms, that tundrawould be dustier
than mountain/coastal areas. However, over hdf of the estimated tundra areais permanently ice covered
from which there should be no dust emissons. Therefore, the tundra region dustiness was arbitrarily
esimated to be %2 of the value for the mountain/coasta ecoregion.

Edtimates from minerogenic dust sorm frequenciesfor boreal barrens and boreal forest were not found in
the literature. Nickling (1978) shows that dust ssorms do occur in bored barrens aress, specificaly in a
river valey ddtain the Y ukon Territory. However, the Nationd Climate Data Center in the United States
(NCDC, 2000) indicates O recorded dust ssormsfrom January 1, 1993 to June 30, 2000 for Alaska (also
boreal barrens). This suggests that dust sorms are possible in boreal barrens and boreal foret, but that
they are not frequent. Boredl forest and boreal barrenshave asimilar coniferoustypeforest to the mountain
regions and, therefore, were assigned the same dusty day frequency as mountain regions(i.e., 0.01 relative
to shrubland). Boredl barrens and boredl forest likely have a longer snow cover (especialy when
compared to the coasta portion of the mountain/coasta region) and thus will likely have a maximum
dustiness less than the maximum for the mountain/coasta ecoregion. A uniform distribution was chosen
for bored barrens and bored forest with O as the minimum and 0.01 as the maximum.

Mountainous, coastal and forested areas do not often experience dust sorms (Orgill and Sehmel, 1976).
In forested areas, the vegetation cover actsasaprotective barrier against windsto prevent aeolian eroson
and suspension of soil materids (Orgill and Sehmel, 1976). Brazel and Nickling (1987) report that
vegetation cover dters the aerodynamics of the air movement over the land and it requires a higher wind
speed to raise dust. A large portion of the coastal mountains and rocky mountains in the northeastern
United States have very low dust frequencies, with much of that dust originating esewhere (Orgill and
Sehme, 1976). The non-erosive materias of mountainous and other Smilar areas dso leadsto aminima
amount of soil suspension (Hagen and Woodruff, 1975).

4.2.2 Metalsconcentrationsin soil

Data used herein on concentrations of metals in soils are summarized in Tables 4.5 through 4.10. Metdl
concentrations in soil entrained into the atmosphere are equivaent to those found in surface soil (Eltayeb
et a., 1993). Canadian average concentrations for each metal were calculated by averaging al tabulated
datafor Canada. North American va ueswere obtained by taking aweighted average of the Canadian and
United States data based on land area. Estimates for globa metal concentrations in soil were calculated
by taking aweighted average of available datafrom various continents. In caseswhere datafor acontinent
were missing, average concentration data from other continents were assumed to be representative. The
vaues caculated for the world were comparable with world estimates made by various other sources.
Average concentrations derived as described above were used as most likely vaues in triangular
digtributions employed for uncertainty andyss. Minimum, maximum and most likely meta's concentrations
used herein are detailed in Tables 4.5 through 4.10.

Page 14 Risklogic Scientific Services, Inc.



Critical Review on Natural Global and Regional Emissions
of Six Trace Metalsto the Atmosphere

Datafor the South Pacific were omitted from caculations for Ni concentrations because of anomaloudy
highvaues (see Table4.9). Hg datafor Africawereaso omitted dueto anomaloudy low values (see Table

4.8).

4.3

Atmospheric Metal Emissions Dueto Sea Salt Spray

The flux of each element to the atimosphere through suspension of sea salt spray was cadculated as:

MF (kglyear) = Aocean X SFocen X [Csw /Cal X EFgen X SS\a

where, MF = metd flux to amosphere (kg/yr)

Ao = Surface area of ocean (knv)

SFoeen = SEASAt spray flux to amosphere from the ocean area considered (kg/kn-yr)

Csw = concentration of metal in seawater (ng/L)

Cna = Concentration of sodium in seawater (ng/L)

EFs, = enrichment factor for the concentration of the meta in seawater versus sea dt, relaive
to the enrichment of sodium in seawater versus sea st

SS\a = concentration of sodium in sea sdt (kg/kg)

Note: EFg, isnot smply the relative concentration of the meta in sea sdt versus sea water
(discussed below).

Inorder to estimate the emission of Cd, Cu, Pb, Hg, Ni and Zn to the atmospherein sea sdt, the following
assumptions were employed:

For the Canadian and North American estimates, the ocean surface area was considered to be
defined by internationa territorid limits (200 nautica miles from the coast). These areas were
prorated for seasona ice cover to obtain annua average ice-free surface aress.

The seadt flux per unit ice-free area for Canada, North America and globally was assumed to
be equivaent, on akg/kn?/yr basis, dthough variation due to average wind speed, storms, €tc.
were conddered within the uncertainty analysis.

The concentrations of metals in the sea near Canada and North America were based on data
collected adjacent to North America, whereas all reviewed data were used for globd average
concentrations.

Data from areas clearly polluted by anthropogenic effects (i.e., located near mgjor industria
sources) were excluded.

For the uncertainty analyss, variability in element concentrations in sea water, sea water to sea sdt
enrichment factors and ocean surface emission rates of sea st spray (as affected by sorms, variation in
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annua average wind speeds, etc.) were considered. The estimates of sea sdlt flux (as sodium) to the
atmosphere was summarized by atriangular distribution defined from the minimum, moda and maximum
vaues published in the literature. The enrichment factor was represented by atriangular distribution, with
the minimum enrichment factor of 1 (assumes that the ratio of the concentrations of the metal and sodium
(Na) wasthe same in seawater and sea sdlt); the ‘most probable’ enrichment factors were taken as the
median of al published values (on a metal-by-meta basis) (see discussion below); and the maximum
enrichment factor was taken as the maximum reported vauein theliterature. Triangular distributionswere
developed for metal concentration data, using published valuesfor Canadian, North American and globa
average metal concentrations in sea water.

4.3.1 Metal concentrationsin sea water

Measurements of metal concentrationsin seawater aresummarizedin Table4.11. Datasuspected of being
affected by nearby anthropogenic sources were excluded. Median values were used to represent “most
probable’ concentrations instead of mean values, since the data were not normaly distributed.

4.3.2 Massof sea salt emitted to the atmosphere

Available estimates of globa sea sdt flux are summarized in Table 4.12. Based on these estimates a
triangular didtribution (minimum, mode and maximum vaues) was developed to represent the globa sea
st flux from the oceans on a kg/kn? /yr basis. Sea sdt is emitted to the amosphere through bursting
bubbles at the water surface, and the rate of sea salt production is highly dependent on wind speed
(Monahan, 1986). The salt is emitted from athin microlayer at the ocean surface, which contains elevated
concentrations of many metals when compared with the near-surface water (Duce et d., 1976).

The sea st fluxes for Canadian and North American marine territories (defined by the international
territory boundaries) were caculated by multiplying published globa fluxes by theratio of the ocean area
in the territorial boundaries to the total ocean area. Adjustment was dso made in Canadian cdculations
to account for areas of ice cover, from which salt spray isnot expected. Thiswas done by multiplying the
actual area defined by the territoria boundaries by ice cover factors adapted from Environment Canada
(19814): 0.25for the Arctic Ocean, 0.58 for the Atlantic Ocean north and east of Newfoundland and 0.83
for the Canadian portion of the Atlantic Ocean south and west of Newfoundland.

4.3.3 Enrichment of metalsin sea salt

Previous estimates of the contribution of seasdt flux to globa metals emissonswere caculated by Nriagu
(1980a,b,c). In those papers, the meta flux due to sea salt spray was determined as.

MF = Cqy X EF X Fes

where, MF = metd flux to the aimaosphere (kg/yr)
Cgw = concentration of metal in seawater (mg/kg)
EF = enrichment factor for meta between seawater and sea salt (mg/kg sat/mg/L water)
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Fss = flux of seasdt to the atmosphere (kglyr)

However, in those papers, the enrichment factors obtained from Duce et d. (1976) appeared to be
migakenly represented as [Cy.aml/[Cyvowael, Where Gyam 1S the concentration of the meta in the
atmosphereand C,,.,.4 1S the concentration of the meta in seawater. The enrichment factors are actualy
meant to represent the ratio of the concentrations of the metal to that of sodium in seasalt aerosol divided
by the ratio of the concentrations of the metd to that of sodium in seawater:

_ e N
e (U

Studies have shown that the concentrations of many metas are greeter in the ocean surface microlayer
compared to bulk seawater (Buat-Ménard, 1984; Duce et d., 1976; Hardy, 1997). Surface microlayer
metal concentration dataare summarizedin Table4.13 (for comparisonto datain Table4.11). Therefore,
the enrichment of metalsin seasdt reflects, in part, their higher concentration in thissurface microlayer from
whichseasdtsare emitted. Enrichment may also be partly dueto the surface bubbles (which generate sea
sdt) scavenging materids from the ocean (Weisd et d., 1984; Heeton, 1986). The amount of materid
scavenged isaffected by biological activity. Also, anthropogenic metalsdeposited to the ocean surfacemay
be bound to organic particles contained in the surface microlayer (Hardy, 1997).

EF..

Asareault of this enrichment, the composition of seasalt particlesis different than the composition of bulk
sea water. An enrichment factor can be estimated to account for this effect; this factor is based on the
assumptionthat al sodium measured in seasdt aerosol isfrom the ocean. These factors have been derived
under controlled conditionsin order to ensure that the enrichment is due to the bubble generation, and not
due to other sources (such as windblown dust or anthropogenic sources), as described by Duce et al.
(1976), Weisdl et d. (1984) and Heaton (1986).

Vaues of enrichment factors reported in the literature (for Cd, Cu, Pb and Zn) are summarized in Table
4.14. The published values date from 1986 or earlier. Dr. Robert Duce, one of the principa authors of
the published research on enrichment factors, reported that, to his knowledge, no subsequent dataon sea
water to seasat enrichment factors have been published or collected (R. Duce, persona communication).
He aso indicated that enrichment factors have not been published for Hg and Ni.

For purposes of the andlysis presented herein, reported concentrations of metals in bulk seawater were
employed to estimate atmospheric emissions from the ocean surface. Published sdt spray enrichment
factors were consdered to indirectly account for the surface microlayer enrichment phenomenon.

Work by Fitzgerald (1976) suggested that Hg concentrations are not enriched in the ocean surface
microlayer. Therefore, it was assumed herein that Hg is not enriched in seasdt aerosols. In the case of
Ni, the EF,, was consarvatively assigned minimum and moda values of 1 (i.e., no enrichment) and a
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maximum vaue of 10, the vaue used by Nriagu (1989). The assumed maximum vaue of 10 is gill much
lower than the measured EF, vaues for other metals (see Table 4.14).

For purposes of caculating the meta fluxes, it was assumed herein that the mean concentration of sodium
in seawater was 10.6 g/L, and the concentration of sodium in sea salt was assumed to be 35% by weight
(based on Duce et d., 1976, and Weisdl et dl., 1984).

Sea st flux ishighly dependent on wind speed, among other factors (Monahan, 1986). The estimates of
sea st flux used herein were, of necessity, globd averages. In addition to the variability in sea sdt flux,
thereisdso spatia variability in the concentrations of metasin seawater, and in the enrichment of metals
in seasdt. The latter is likely dueto variable biologica activity in the ocean; the extent of the variability is
dill not well understood (Weisd et d., 1984). Unfortunately, there were insufficient datato permit amore
detailed and precise treetment of this variability.

4.4 Volcanoes

The flux of each element to the atmosphere due to volcanic emissons was caculated as.
MF (kg/yr) = ERgy X Ry.a

where, MF = metd flux to aimosphere (kg/yr)
ERso, = sulphur dioxide emisson rate (kg/yr)
Ru-so2 = metd to sulphur dioxide ratio

The quantification of metal emissons from volcanoes could not be determined based on direct
measurements of particulate emissions and metal concentrationsin that particulate matter. Thereareonly
afew estimates of globa particulate emissionsfrom volcanoes, most of which are dated. Although severd
publications exist on the concentration of metalsin vol canic particulate matter, most of these reported data
inunits of mass'volume. Unfortunately, only one publication (Abramovskiy et d. , 1977) provides dataon
the mass of dust in the plume of avolcano (3-4 mg/n?) and the generd representativeness of thisfigureis
unknown.

Volcanic meta emissions based on limited and possibly outdated studies was not considered a reliable
representation of the present sate of emissons. Therefore, atmospheric metal emissions from volcanic
activity were determined using metal:sulphur dioxide emisson ratios.  Severd recent studies have used
metd:sulphur ratiosasamethod for estimating metal emissions(LeCloarecetd. 1992; Hinkley et . 1999;
Dedeurwaerder et al. 1982; Varekamp and Buseck 1986; Patterson and Settle 1987; Bdlantine et d.
1982; Stoiber et a. 1982; Nriagu 1989; Phelan et al. 1982; Buat-Menard and Arnold 1978) and, in our
opinion, remains the most vaid approach until sufficient direct measurements are made. Using metd to
sulphur dioxide ratios aso accounts for emissions during both passive and active periods; sulphur dioxide
rel ease has been measured from volcanoes at different stages of volcanic activity.
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In order to estimate the emission of Cd, Cu, Pb, Hg, Ni and Zn to the atmosphere, which are contained
in or adsorbed to gected particulate matter, the following assumptions were employed:

. Metals are released from volcanoes proportiondly to sulphur dioxide.

. Globally, theannua average emission of sulphur dioxideis approximately 4.5x 10° - 5.0 x 107 t/yr.
The ratio of metals to sulphur dioxide was used aong with the annua globa sulphur dioxide
emissons to determine meta emissions from volcanoes.

. The continenta United States (including Alaska and the Aleutian Idands) contains gpproximately
10% of theworld' sactive volcanoes. Lacking more precise data, it was assumed that theemission
of sulphur dioxide to the atmosphere of continenta North America was, therefore, 10% of the
annual average globa emission (this equatesto 4.5x 10° - 5.0 x 10° t/yr).

. In Canada there are no active volcanoes and, therefore, this sourceis not considered in estimates
of naturd emissons of metas to the atmosphere of that country.

For the uncertainty analyss, variability in sulphur dioxide emissions between different years and variation

in element concentrations emitted to the atmaosphere (which can vary widdy from one volcano to another)

were considered.

4.4.1 Sulphur dioxide released to the atmosphere

Various estimates of volcanic sulphur dioxide emissions are presented in Table 4.15. There have been
several estimates of volcanic sulphur dioxide emissions as it is a frequently messured compound.
Berresheim and Jaeschke (1983) estimated that 1.52 x 107 t of sulphur dioxide are released each year from
volcanoes globaly. Thisvaueisused commonly by othersin their estimates of emissons, and was chosen
asthe“mog probable’ vauefor thissudy. Aswell, itisvery smilar to the vaues mentioned in the gudies
by Hinkley et a. (1999) and Varekamp and Buseck (1986). A larger vaue of 5.0 x 10 t/yr was estimated
by Lambert et d. (1988) using a different measurement technique. This larger value was used as the
maximum value for the sulphur dioxide emisson digtribution.

Hinkley et a. (1999) reported agloba sulphur dioxide emission vaue of 1.3 x 10 t/yr, but chose to use
asmdler vaue of 4.5 x 10° t/yr in their caculations of worldwide volcanic metd emissions. This vaue
represents the emissions from quiescently degassing volcanoes. The vaue of 4.5 x 10°t/yr sulphur dioxide
release was chosen asaminimum va uefor theemisson digtribution. Dueto tempora variability of volcanic
eruptions and thevariationin the quantity of emissonsduring eruptions, abasdineamount of emissonsfrom
passive volcanoes is assumed to be released during these non-eruptive periods. During a period without
any mgor volcanic eruptions, volcanoeswould still be degassing passvely and it isassumed thet thisvalue
would adequately represent emissions during those times.
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4.4.2 Metal to sulphur dioxideratios

Metal concentrationsare often measured in paralel with sulphur dioxide concentrationsin volcanic plumes.
The metal concentrations are measured through filtration and collection of the volcanic dust and gasesin
the plume or at vents or fumeroles depending on the eruptive sate of the volcano. From these data, the
ratio of metal concentration to sulphur dioxide concentration can be caculated (Hinkley et d., 1999). For
the andysis presented herein, it was assumed that particulate adsorbed metds and sulphur dioxide are
aways reeased at the sametime.

Data published on metal to sulphur dioxide ratios are presented in Table 4.16 and the values employed
hereinareindicated in Table 4.17. The“most probable’ vaue used for the digtribution of meta to sulphur
dioxide ratios was the mean of the values presented (see Appendix 1 for the detailed data). The minimum
and maximum values are the lowest and highest published vaues, respectively. Mot of the vaues were
caculated by the authors, however, some vaues were calculated from their raw datafor usein thisstudy.

Some authors distinguish between passively degassing volcanoes and active volcanoes. Varekamp and
Buseck (1986), for example, suggest that Hg: SO, ratios were higher in active volcanoes. However, the
summarized data suggest that the values for Hg vary over 3 orders of magnitude and that the mean Hg to
sulphur ratio for active volcanoes is very smilar to the ratio from passive volcanoes. For other metals,
insUfficent datawere available to derive separate metal to sulphur ratios for passive and active volcanoes.
Therefore, the mean of the meta to sulphur ratios from al volcano types was used as the typica or most
likely vaue for both active and passve Sates.

45  Forest and Brush Fires
The flux of each element to the atmosphere due to natura forest and brush fires was caculated as:
MF (kg/yea) = 3[ABurned—i xBx RPE X CSmoke X 106 kgng]

where, MF = metd flux to atmosphere (kg/yr)
Aguneti = the areaburned in ecoregion i per year(halyr)
B = biomass consumed per area burned (tonnes’ha)
Ree  =rateof particulate emission per biomass consumed (kg/tonne)
Casn = concentration of metal in emitted ash, soot and other particulate (mg/kg)

For the uncertainty andlyss, variahility in the amount of biomass consumed by fire, variahility in the mass
of particulate emissons emitted between different years, and variability in eement concentrations in the
smoke particulate were considered.

Due to limitations in the avalable data, ecoregions were grouped into three categories. foredt,
grasdand/shrubland and other. The forest category included the boreal forest, borea barrens,
coadtal/mountain forest and mixed forest ecoregions described in Section 4.1. The grasdand/shrubland
category included grasdand and shrubland. The “other” category included desert, tundra and rainforest.
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This latter category was assumed to have a negligible contribution to fire emissons and was, therefore,
omitted from further analyss. Rainforest was adso omitted from analyss of fire-rdated metal emissons
because natura firesin this ecoregion are rare (Goldammer, 1991, 1993).

Biome-specific dataon fires and biomass burnt are presented in Table 4.18. The ecoregion with the most
reiable biomass burning deta is the bored forest ecoregion. Thisis largdly explained by the lack of fire
datistics kept by many countries, particularly developing countries (Levine et d., 1999). Furthermore, fire
datistics are usudly based on adminigrative jurisdictions, not forest types. However, the data presented
by Andreae (1991), Stocks (1991) and Hao and Ward (1993) indi cate that boreal forest burning accounts
for approximately 50% of thetotal particulate emissonsfrom forest fires. Therefore, particulate emissons
from forest fires were modeled using the bored forest data, and the resultant particulate emissions were
doubled. Metal concentrations measured in particulate emissons from forest fires (Table 4.19) were used
with the estimated particulate emissons (Table 4.20) to quantify the metd fluxes from foret fires.

Likewise, the data reported in Tables 4.18 through 4.20 generdly do not distinguish between grasdand
and shrubland ecoregions, and is usudly reported as“savanna burning.” Therefore, these two ecoregions
were combined. Nearly al of the available data is from Africa and South America. Metal concentrations
measured in particulate emissions from grasdand and chaparra fires (Table 4.19) were used with the
edimated particulate emissons to estimate the meta fluxes from grasdand/shrubland fires.

The global, North America and Canada metd flux estimates from fires were cdculated by multiplying the
meta fluxesfrom forests and grassand/shrublands (per kn) by the areas of the respective ecoregions (see
Tables 4.1 through 4.3).

Firesareasource of both fine and coarse particulate matter in the atmosphere. They are, however, varigble
both gpatidly and temporaly. To further complicate matters, many fires(“ prescribed fires’) aredeliberately
st in order to burn areas under optima weather conditions (U.S.EPA, 1996), rather than waiting for
naturd fires, and many other fires are used for agriculture or forest clearing. Therefore, it is difficult to
separate emissons from ddliberate fires from those of naturd fires.

Firesin wild lands (land not used for urban or agricultura purposes) can be divided into three categories
(McMahon, 1999):

. Prescribed fires: fires which are intentionaly ignited for land management purposes, with
predetermined boundaries and under optimum weather conditions (to control the fire and reduce
emissons). Thesefires are frequently lit in areas with ahigh probability of firein order to have the
burning done under controlled conditions. Fires used for agriculture or forest clearing are also
included in this category.

. Wildand fires: fireswhich areignited naturaly in an areawhere prescribed fires are used; they are
managed just like prescribed fires.

. Wildfires: unwanted and unplanned wild land fires.
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For the estimation of the emissons of Cd, Cu, Pb, Hg, Ni and Zn to the atmosphere, wild fires, wildland
fires and prescribed fires (including agriculturd burning) were consdered. However, deforestation fires,
burning of agriculturd waste, burning of logging waste and burning of fue wood were not considered
herein. Prescribed firesareincluded in the estimate since these are often set to burn areas under controlled
conditions that would otherwise be subject towildfires(McMahon, 1999). Agriculturd fireswereincluded
since wild fires in these areas would likely be common in the absence of human interference (Goldammer,
1991). Tropical deforestation burns are not included because the fire frequency in the absence of human
interference is mogt likely quite low, especidly in rainforests (Goldammer, 1993).

45.1 Frequency of fire and anthropogenic interference

The areaburned by firesglobdly isnot well known, especidly for forests, since statistics are often not kept
by developing countries (Levine et d., 1999). Recently, satellite data has been used for some estimates,
though these estimates dtill provide only limitedinformation (Levineet d., 1999). Charcod recordsindicate
that fires have occurred in most biomes, including rainforests and savanna, since before human habitation.
However, the ‘naturd’ frequency of firesis not known for most areas (Clark and Robinson, 1993). The
‘fire return interval’, which is the average number of years between fires a a given location, is highly
variable between different areas; thefire return interva is not known with great confidence in many areas
due to limited or biased sampling data (Johnson and Gutsdll, 1994).

Inpresent times, many firesarestarted by humans, particularly intropical regionswherefiresfor agricultura
purposes are common (Hao and Ward, 1993). However, fire management has played a large role in
reducing naturd biomass burning. In many locations, the number of fires started is higher than in pre-
industrid times, but the total areaburned islower (Trabaud et d., 1993). In the United States and Canada,
emissons from biomass burning are much lower now than in pre-industrid times (Leenhouts, 1998; Taylor
and Sherman, 1996). Some of the firesthat do occur are prescribed burns, often started to ensure that the
fires occur under optimum weather and wind conditions. Prescribed firestypicaly have lower particulate
emissions than wild fires (Ward et d., 1976).

Studiesby Leenhouts (1998) for the United States (excluding Alaskaand Hawaii) and Taylor and Sherman
(1996) for British Columbia have atempted to estimate the emissons from biomass burning during pre-
indugtrid times. Leenhouts (1998) carried this one step further and estimated emissions based on current
wildlands having historicd fire return intervas. Trabaud et d. (1993) estimated that historic fire return
intervals were at least 5 to 7 years for a garrigue (atype of French shrubland), 10 to 15 years for maquis
(Mediterranean shrubland), and 30 to 50 years for forests. In Audtrdia, current fire return intervals have
been estimated at 10 to 50 years for arid shrublands, 5 to 20 years for grassy woodlands, and 3 to 15
yearsfor forests (Trabaud et d., 1993).

In the tropics, current average fire return intervals are typicaly about 1 to 5 years for deciduous forests,
pine forests, and savannalgrasdand. However, thesereturnintervals arelargely dueto agricultura burning
and forest clearing (Goldammer, 1991). Higtoricdly, fire was likly common in dry or montane forests,
savannas and grasdands, though the return intervals are not known. The naturd fire return intervas in
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lowland and humid rain forestsare probably on the order of hundreds of years or more (Goldammer, 1991,
1993).

The proportion of fires caused by humansversus naturd causes variesfrom areato area. In modern times,
up to 90% of dl fires may be caused by humans, especidly in tropica savannas (Levineet d., 1999). A
study in Kruger Nationd Park in South Africa(Trollope, 1996) indicated that 47% of fireswere controlled
burns, 10% were caused by lightning, 23% were caused by refugees, and 20% by other causes. In boreal
forests, however, natural causes may dominate; Alberta Environment (2000) statistics indicate that 61%
of dl forest fires occurring in Alberta from 1990 to 1999 were caused by lightning, and these fires were
responsible for over 90% of the areaburned. Cofer et a. (1996) reported that approximately 90% of the
area of bored forest burned globaly is due to wild fires. At present, only 2% of the land area is burned
annudly in lightning-caused firesin the Mediterranean, partly dueto barriersto fire such asroadsand fields
(Trabaud et d., 1993)

452 Relevant particle emissionssize

Over 90% of the particles that are cgpable of remaining airborne and thustraveling long distances are less
than 2 to 3Fmin diameter (Ward et d., 1976); the average particle size has been reported as 0.1 Fm
(McMahonand Ryan, 1976). Particulate emissionsare produced by firesthrough two different processes.
Particles can be produced chemically, from gaseous organic compounds, or mechanicaly, by smal pieces
of fud materiad being released. The mechanicaly produced particles are larger, but adso fewer in number
(McMahon and Ryan, 1976).

45.3 Quantity of biomass consumed by fires

Estimates of the total biomass consumed by wild fires each year are summarized in Table 4.18. These
estimates were used to develop triangular digtributions (minimum, mode and maximum) to represent the
total biomass consumed by firesin forests (dl types) and grasdand, shrubland and savanna. In the absence
of detailed data for other forest types, the forest estimate assumes that boreal forests account for 50% of
al forest biomass burning, consstent with forest biomass burning estimated by Andreae (1991), Stocks
(1991) and Hao and Ward (1993). It was conservatively assumed that the contributions of biomassburning
in tundra and desert were negligible.

45.4 Massof particulate matter emitted to the atmosphere

Severd estimates of regiond and globd fire-rdated particulate emissons are summarized in Table 4.20.
The emission of partidesfrom firesishighly varigble. The emission rate (g particles emitted per kg biomass
consumed) can vary over an order of magnitude, depending on fud type and combustion efficiency. In
generd, areas with large amounts of brush produce more smoke particles than areas without brush, and
fireswith alow combustion efficiency produce more particles than fires with ahigh combustion efficiency
(Ward and Hardy, 1991). Savanna and grassand fires are expected to have lower particulate emissions
due to ahigher combustion efficiency, since the smoldering component of the burn would be lower (Ward
and Hardy, 1991).
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Triangular distributionswere devel oped from the datain Table 4.20 to represent particul ate emissionsfrom
fires occurring in forests or in grasdand, shrubland and savanna

455 Spatial variability in wild fires

Firesare variable among different regions of the world, both in terms of biomass burned and the emissions
from the burning. Over 80% of emissonsfrom biomass burning occur in thetropics, though alarge portion
of thisis anthropogenic (Allen and Migud, 1995). The efficiency of combustion, which affects emissons,
is affected by vegetation type, moisture, and topography (L obert and Warnatz, 1993). Emissions can dso
beaffected by other fuel conditions, including physical arrangement and state of decomposition (McMahon,
1983).

45.6 Temporal variability in fires

Wild firesand prescribed fires are seasond in many areas of theworld. In Canadaand the northern United
States, for example, fires occur mainly over the summer months; in the southern United States, fires occur
mainly in the winter (Ward et d., 1976). Savanna and grasdand fires in the tropics normally occur during
the dry season (Lacaux et d., 1993). Yearly variations can dso be significant, with order of magnitude
differences between different years, particularly in forests. For example, the estimated areas of bored
forest burned have ranged from 2 million hain 1992 to 22 million hain 1987 (Cofer et d., 1996).

The emissonsfromfiresareaffected by westher conditions, including wind, humidity and drying conditions
prior to the fire (McMahon, 1983).

Long-term trends have been observed in fire occurrence, particularly in borea forests. Over the past 50
years, the number of fireshasbeen observed to increase dueto increased road accessand areause causing
more fires. However, in some areas the tota area burned has actualy decreased since the same access
enables quicker detection and response (Stocks, 1991).

45.7 Metalsin fireemissions

Metds naturaly present in vegetation are emitted with particulate matter during fires, though the quantity
varies depending on the type of fire and the location. Sanhueza (1991) concluded that fire was not amgjor
source of Cd, Pb or Zn in the amosphere above a Venezudan savanna. Maenhaut et a. (1996a),
however, found fire to be amgor contributor of Cu, Pb and Zn in the atmosphere above savannas and
brushlandsin Braxzil, though fire was not deemed to be a significant source of atmaospheric Ni in that study.

Data on meta concentrations in plants and resdud ash are summarized in Table 4.21. Severd previous
emissonsinventories(Nriagu, 1978, 1980a,b,c; Schmidt and Andren, 1980) used metal contentsin conifer
needle and twig ash from Curtin et d. (1974). However, the samplesanalyzed by Curtin et d. (1974) were
collected from areas where previous testing had revedled anomaoudy high concentrations of metds in
vegetation ash, mull ash and soil, including elevated Cd and Pb concentrations at 2 of the sampling Sites.
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Recent work has been conducted on metal concentrationsin the particulate matter emitted by fires. These
data are summarized in Table 4.19. Metd emisson rates are affected by fud type; chaparrd fires have
been shown to have generdly higher metd emissions than conifer logging dash fires, for example (Ward
and Hardy, 1991; seeadso Table4.19). Triangular distributions were developed using the minimum, mean
and maximum measured values for Cd, Cu, Pb, Ni and Zn concentrations in smoke as reported in Table
4.19. Separate distributions were used for firesin forests and in grasdand, shrubland and savanna.

Asshownin Table4.19, Hg wasinvestigated in only one of the cited Studies, and in that caseit was present
below the andyticd detection limit (approximately 0.1% by weight). However, due to its volatile nature,
Hg is expected to be emitted in gaseous form, since the temperatures encountered in fires exceed the
volatilizationtemperatures of most Hg compounds (Veigaet d., undated). Veiga predicted that 90% of Hg
would belost from above-ground biomass burned, based on loss of Hg from burnt foss| fuels. Therefore,
Hg emissons were calculated using measured concentrations of Hg in plants and the estimated biomass
burned, and by assuming that 90% of the Hg in the biomass burned is emitted to the atmosphere.

4.6 M eteoritic Dust

The flux of each dement to the atmosphere due to meteoric and interplanetary dust was caculated as.
MF (kg/year) = Fyp X Aregion/Aciobe X Cup X 10° kg/mg

where, MF = metd flux to aimosphere (kg/yr)
Fuo  =flux of meteoric dust (kg/yr)
Aregion = @eaof the region being considered (Canada, North America, globe) (kn)
Agoe = areaof the globe (knv)
Cup = concentration of metal in meteoric dust (mg/kg)

The Earthiscontinually intercepting meteoritesand interplanetary dust. Thisphenomenon, knownascosmic
flux, isrelatively constant over time (Bruns, 1999). Meteorites and interplanetary dust are classified based
on chemica compostion and physica structure; a commonly used classification scheme is detailed by
Mason (1971). According to Mason (1971), the most common classisthe chondrites, which are believed
to represent undifferentiated (i.e., background) interstellar materid. These are further divided into groups
based largely on the iron content and oxidation state. Other classes of meteorites include achondrites,
gony-irons and irons, dl of which aso have severd groups. Over 80% of dl meteorite falsare chondrites
(Mason, 1971).

In order to estimate the emission of Cd, Cu, Pb, Hg, Ni and Zn to the atmosphere from meteorites and
interplanetary dugt, the following assumptions were employed:

. The rate of cosmic flux is congtant (i.e., N0 mgor meteor impacts).

. The rate of cosmic flux is spatialy uniform (i.e., not dependent on geographic location).
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The flux of metas to the amosphere from meteoritic dust was caculated by smply multiplying the
concentration of the meta in meteoritic dust by the tota flux of meteoritic dust into the atmosphere.
Meteoritic dust inputs to Canada and North America were based ontheir surface areasrel ative to that of
the globe.

For the uncertainty analysis, variability in the following parameters was considered:

. flux of meteoritic dust entering the atmosphere
. concentrations of metasin meteorites.

4.6.1 Relevant meteoritic particle size

Meteorites range in size from sub-micron particlesto 1000 tonne or larger rocks. The cosmic flux entering
Earth's atimosphere is dominated by particles between 0.1 mm and 1.0 mm in diameter in most years,
though the impacts of large (1000 tonne or greater) bodies may dominate over the long term (Love and
Brownlee, 1993). Large amounts of interplanetary dust and ablated materid from meteoritesremainin the
atmosphere (McNell et a., 1998; Jessberger et al., submitted).

4.6.2 Massof extraterrestrial dust entering the atmosphere

The total mass of meteoritic dust entering earth’ satmaosphere (* cosmic flux”) cannot be directly measured,
30 severd different methods have been utilized to estimate the cosmic flux:

. geochemica methods measuring specific meteoritic components in degp sea sediments,
. measuring luminosity caused by particles entering the atmosphere;
. counting craters on meta panels orbiting the earth.

Bruns (1999) summarized severd estimates of cosmic flux; these and others are presented in Table 4.22.
The rdaive accuracies of the different methods of measuring the cosmic flux are not known, but the highest
estimated values were determined based on luminosity, while the mgority of early estimates were based
on geochemica methods. Recent measurements seem to support the luminosity-based estimates, but the
geochemical estimates may better reflect the amounts of heavy metals entering the atmaosphere (Bruns,
1999).

It is expected that recent estimates of the cosmic flux will generaly be more accurate than older
measurements due to improved methods and technology. Therefore, measurements made prior to 1980
were excluded from the coamic flux estimation used herein. A triangular distribution was used to represent
the flux of cosmic dug, usng the minimum, median and maximum val ues estimated since 1980 (see Table
4.22). Since the geochemicd egtimates are bdieved to better reflect the heavy metds entering the
amosphere, and the luminosity estimate of cosmic flux (7.8 x 10° tonnes'year) was severd orders of
meagnitude higher than these other estimates, thisluminosity-based measurement was not considered herein.
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4.6.3 Concentrations of metalsin meteorites and interplanetary dust

The concentrations of metals in interplanetary dust are generdly believed to resemble those found in Cl
carbonaceous chondrites, which are the most basic class of chondrites and are thought to resemble the
background cosmic materia (Lebedinets and Kurbanmuradov, 1992; Mason, 1971). Thisis supported
by measured metal concentrations in numerous interplanetary dust particles (summarized in Table 4.23).
Uncertaintiesare present in the data, dueto different typesof particleshaving different probabilities of being
captured by the Earth, surviving atmospheric entry, or being collected, as well as biassed sampling by
researchers (Jessberger et d., submitted). Furthermore, due to the limited technology for capturing larger
interplanetary dust particles during amaospheric entry, most analyzed particles have diametersranging from
0.005 mm to 0.025 mm, or are larger meteorites collected from the Earth’ s surface where they may have
been dtered or contaminated, while the mass of interplanetary dust entering the atmosphere is dominated
by particles gpproximately 0.2 mm in diameter (Jessberger et d., submitted).

A triangular distribution was used to represent the concentrations of metalsin meteoritesand interplanetary
dust. The modd vaue of the distribution was based on the mean of the reported vaues for typical Cl
carbonaceous chondrites. The minimum and maximum vaues were the minimum and maximum average
values reported for the various types of chondrites (see Table 4.23).

4.7 Mercury Vapour Emissons

Unlike other metals, which are primarily found in the atmosphere associated with particulate matter, Hg is
voldile and existsin the atmosphere primarily asvapour (Schroeder and Munthe, 1998). It hasbeen shown
that 95% of the Hg in the atmosphere, and 99% over the oceans, is in the vapour phase (Lindqvist et dl.,
1991; Fitzgerald et a, 1983). While gaseous Hg can occur as a variety of organic and inorganic
compounds, it is mainly released as dlementa Hg (Hg®) (Schroeder and Munthe, 1998).

The following sources of Hg vapour were considered:

. 0ils,

. freshwater surfaces (lakes, rivers and other areas of open fresh water);
. ocean surfaces,

. vegetation.

Gaseous Hg may a so be emitted through vol canic eruptions and geothermd activity; these processeswere
considered in Section 4.3. Large quantities of Hg are also emitted from the Earth’s subsurface crust
(Ebinghaus et d., 1999). This Hg must pass through surface soil, freshwater or the ocean to reach the
atmosphere. Therefore, this processisnot consdered directly herein; emissons from ocean surface, from
surface soil, from lake surfacewater, etc. areconsideredtoindirectly address subsurface Hg contributions.

Emission of Hg vapours is not a unidirectiona process; dl of the sources consdered can aso act as Hg
snks (Ebinghaus et d., 1999). Studies haveindicated that there may be* compensation points’, which are
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source Hg concentrations relative to atmospheric Hg concentrations below which the source will asorb
Hg and above which the source will emit Hg (Kim et d., 1995; Hanson et &l., 1995).

Measured Hg vapour fluxes from soil, surface waters and vegetation are summarized in Table 4.24. All
Hg vapour flux and concentration data prior to 1985 were excluded, since this data is suspect due to
outdated sampling and anaytica practices (Leonard et d., 1998a). For purposes of these calculations,
only positive fluxes were consdered.

4.7.1 Mercury vapour flux from soils

A series of recent studies have now clearly demongtrated the net flux of Hg vapour out of soil (Rasmussen
et d., 1998b; Kim et d., 1995; Carpi and Lindberg, 1998; Poissant and Casmir, 1998; Meyers et al.,
1996) with the flux being proportiona to substrate concentrations of total Hg (Rasmussen et a., 1998b)
aswdl assoil temperature, incident solar radiation, wind speed and turbulence (Carpi and Lindberg, 1998;
Kim et a., 1995; Lindberg et a., 1995; Gustin et d., 1997; Poissant and Casimir, 1998).

Data presented by Rasmussen et a. (1998b) showed a strong correlation between the log of the soil Hg
concentration and the log of the Hg flux from soil. All additiona data.on soil Hg flux from studiesidentified
in Table4.24 (for which both the soil Hg concentration and the soil Hg flux were available) were combined
with the Rasmussen data, and it was found that this relationship still held. Therefore, aregresson equation
was devel oped rel ating the soil Hg concentration and the Hg flux from soil (r*> = 0.87). The Y intercept and
dope of the equation were modelled asnorma distributions defined by the predicted (mean) intercept and
dope and the standard errors of the dope and intercept. The minimum, mean and maximum soil Hg
concentrations used earlier for soil erosion calculations were used here.

4.7.2 Mercury vapour flux from fresh water surfaces

HgP plays akey rolein the aquatic Hg cycle and may represent 10% to 30% of the dissolved Hg content
of lakewater (Amyot et d., 1997ab). Itsrelatively low solubility, and relatively high volatility subsequently
favour the evasion of Hg® from lake surfaces to the atmosphere under appropriate conditions of
temperature, solar radiation, relative humidity, wind speed and turbulence, lake water chemistry and
possibly other factors (Amyot et al., 1995, 1997a,b; Poissant and Casimir, 1998).

A variety of recent sudies have attempted to quantify the flux of volatile Hg from lake weater to the
atmosphereusing different gpproaches. Theseapproachesincludeapredictive (indirect) method employing
the thin film gas exchange modd (Amyot et d., 1997ab; Vandd et a., 1993), the modified Bowen ratio
method (Lindberg et a., 1996; Meyers et d., 1996) and using aflux chamber for direct measurement of
evasve Hg flux (Xiao et d., 1991; Schroeder, 1995; Poissant and Casimir, 1998). All methods
demonstrate anet flux of HgP from | ake surfacesto the atmosphere during the periods of measurement (ice-
free conditions during spring, summer, and/or fal). However, the flux rates derived from these different
gtudies and methods span two orders of magnitude, suggesting sgnificant uncertainty in the quantification
of this phenomenon. It isa so gpparent from eva uations of theinfluence of solar radiation, temperatureand
other factors that the flux of Hg? from lakesto the aimosphere would be negligible at temperatures #0°C,
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and when ice cover prevents solar irradiation of the lake surface, as well as limiting direct atmosphere-
water interaction.

Annud Hg? evasion has been predicted for Lake Ontario (Schroeder, 1996). Other, less certain methods
have been employed to estimate total Hg emission from dl freshwater surface areas in the province of
Ontario (Innanen, 1998).

Hg evasion from rivers has aso been observed. However, the data available for this phenomenon are
extremdy limited a present (Ebinghaus et a., 1999) and, therefore, rivers were not differentiated from
lakes or other freshwater surfaces for purposes of estimating HgP flux.

The minimum, mean and maximum messured Hg fluxes from freshwater sources (presented in Table 4.24)
were used to define triangular digtributions. All available datawere used for the globa estimate; only data
from the United States and the Arctic were used for the Canada and North America estimates. 1t should
be noted that the available datais al from the Arctic, the United States and Sweden; therefore, these data
may not be truly reflective of globa Hg evasion from freshweter. The data were based on measurements
taken during the spring, summer and fall; the Arctic datawas assumed to be reflective of winter conditions
elsawhere.

4.7.3 Mercury vapour flux from ocean surfaces

Much like freshwater, the oceans have been shown to emit gaseous Hg to the atmosphere (Fitzgerad et
a., 1984; Fitzgerdd, 1986; Kim and Fitzgerad, 1986). The flux is caused by seawater that is
supersaturated with dissolved Hg® (Kim and Fitzgerald, 1986). The highest dissolved Hg? concentrations
were measured in cooler, nutrient-rich waters with high biologica productivity, indicating thet the Hg flux
may berelated to biological productivity (Kim and Fitzgerad, 1986). Pongratz and Heumann (1998, 1999)
demongtrated that methylated Hg compounds are rel eased to the atmosphere by marine dgae and bacteria
in the Arctic and North Atlantic.

The only data reviewed on marine Hg vapour flux were equatorial Pacific Ocean data (Fitzgerald, 1986;
Kimand Fitzgerad, 1986) and methylated Hg compound data (Pongratz and Heumann, 1999). Sincethe
latter estimate assumed that dl methylated Hg in the marine atmosphere was produced by marine
organisms, these data were excluded from the calculations.

Global estimates of Hg flux were derived by Fitzgerad (1986) and Kim and Fitzgerald (1986) of 2.3 x 10°
kg and 2.9 + 1.8 x 10° kg per year based on data from the equatorial regions of the Pacific Ocean and
assuming that the Hg flux is directly proportiond to primary production.

The globa marine Hg vapour flux was moddled usng a normad digtribution, defined by the mean and
gtandard deviation of the globa Hg vapour flux estimated by Kim and Fitzgerald (1986). For the North
America and Canada etimates, the marine flux was calculated by subtracting the equatoria Pacific flux
from the globd flux presented in Kim and Fitzgeradd (1986), and further adjusting for the proportion of
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ocean surface prescribed by the 200 nautical mile territoria limit. The equatorid Pecific data were
removed from these estimates to reflect the dependence of Hg flux on biologicd activity.

4.7.4 Mercury vapour flux from vegetation

Research by Lindberg and coworkers (Lindberg et a., 1998; Hanson et d., 1995, 1997) and others
(Siegd and Siegel, 1988; Kama and Siegdl, 1980; Siegd et al., 1980; Leonard et a., 19983, b) have
directly quantified the flux of Hg vapour from plants. Although there is a bi-direction flow of Hg vapour,
thereis anet evasion of HgP out of vegetation (Lindberg et d., 1998). Factors influencing the flux of Hg
from vegetation include canopy area (total leaf surface ared), temperature, solar radiation and wind
turbulence (Lindberg et d., 1998; Siegdl and Siegel, 1988; Leonard et al., 1998a,b). This flux is also
indirectly influenced by soil Hg concentration as Hg content in plantsisafunction of both direct root uptake
from soil and vegeta absorption of Hg vapour evolving from underlying soils with subsequent re-emisson
(Lindberg et a., 1998; Leonard et d., 1998a,b).

Recent dataon Hg vapour flux from plantscomprisesmainly studies performed onforest canopy emissons,
as shown in Table 4.24. Leonard et a. (1998b) compiled the available data and developed a linear
regression equation relating Hg flux from plants to the soil Hg concentration (% = 0.97). Therefore, HgP
evasion from vegetation was derived from this regresson equation employing the soil Hg data presented
ealier in Table 4.8 Since the mgority of the rdliable data summarized in this review were included in the
development of the regression equation, it was used directly herein to estimate the Hg vapour flux from
forests. The Hg vapour flux from grassdand and brushland areas was assumed to be the same asforests per
¥ of exposed plant surface in the absence of specific data from these ecoregions. The grasdand and
brushland areas were assumed to have an exposed plant surface areaequa to the ground surface area; the
forest exposed plant surface areawas assumed to be 5.5t0 9.5 times greater, as per Hanson et a. (1997).
Therefore, the Hg flux per kn?? from grassands and brushlands was 5.5 to 9.5 times |ess than that from
forests. Plants in ecoregions with low vegetation density (desert and tundra) were assumed to have a
negligible contribution to the totd Hg vapour flux from plants.

50 RESULTS OF THE REAPPRAISAL OF NATURAL EMISSIONS TO THE
ATMOSPHERE

The caculated naturd metal fluxes associated with air-borne soil particles, seasdt spray, volcanic activity,
forest and brush fires, and cosmic dust are presented Tables 5.1 through 5.5, respectively. Tables 5.6
through 5.9 present estimated emissionsof Hg vapour from soil, fresh surfacewaters, marine surfacewaters
and terredtria vegetation, respectively. Table 5.10 summarizes tota emissions for each meta from al
natural sources combined, and aso presents the estimates of Nriagu (1989) for globa naturd emissons
for comparison.

The analyses presented herein are believed to be thefirst comprehensve assessments of natural emissons
of Cd, Cu, Pb, Hg, Ni and Zn in Canada and continental North America. A previous assessment
undertaken for naturd Hg emissions in Canada (Environment Canada, 1981b) is consdered inaccurate
(L.Trip, Environment Canada, persond communication). For al metalsbut Hg, the primary natura source
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for Canada and North America appears to be soil particulate matter entrained into the air due to wind
erosion. The contribution from entrained soil particulate ranges from about 51% (Cd - Canada) of tota
natura emissions to nearly 100% (Cu, Ni, Pb - both Canada and continental N.A.). In the case of Hg,
suspension of soil particulate matter is a minor source, representing 2% or less of total atmospheric
emissons. For Canada, emissions of Hg vapour from soil and from terrestrial vegetation are the two
primary sources, congtituting about 94% of tota naturad Hg emissons to the atmosphere in Canada. For
continental N.A.., Hg vapour emission from soil and terrestrid vegetation is aso important (29% and 21%
of total Hg emissions, repectively), however, the contribution from volcanic activity isthe single grestest
natural source, representing 46% of tota Hg emissions to the atmosphere of continental North America.

Globdly, naturd fluxes due to soil erosion represent from 46% (Zn) to virtualy 100% (Cu, Ni) of natura
emissons of the non-volatile metas, while this source condtitutes only about 9% of tota Hg emissons.
Consgtent with earlier globd eva uations of Hg emissionsfrom natural sources, volcanic emissonsprovide
the single greatest source of Hg to the globa atmosphere; about 45% of total emissions. Evasion of Hg
vapour from soil isthe next most Sgnificant source globaly at about 33% of total naturd emissions.

The globa estimates of natural source emissions of al metals were between 1 and 2 orders of magnitude
greater than those of Nriagu (1989) (see Table 5.10). Thisis despite the fact that the analys's conducted
herein omitted biogenic emissonsfor dl metas but Hg. Emissions of metas from al naturd sources but
volcanic activity were higher than those of Nriagu (1989); the naturd flux from volcanoes was
gpproximately equivaent (i.e., smilar order of magnitude) to that predicted by Nriagu (1989).

6.0 DISCUSSION
6.1  Omission of biogenic sources

Unfortunately, the atmaospheric emissions of Cd, Cu, Ni, Pb and Zn due to biogenic emissons could not
be cdculated due to insufficient data on metd concentrations in volatile plant exudates. As areault, the
natura source emissions estimated herein are considered to be consarvative (i.e, likely under-estimate
actual tota emissons). It is expected that this source could be significantly under-estimated in previous
natura source inventories. Nriagu (1989) reported VOC emissions from terrestrid plants of between 2
x 10% kg/yr and 2.5 x 10 * kg/yr. Since that publication, more detailed inventories of volatile compound
emissons from plants have been developed. Guenther et d. (1995), based biogenic emissions data for
numerous plant types and 43 different ecosystems, estimated that 1.145 x 10%? kg of non-methane
hydrocarbons are emitted annudly by terredtrid plants, nearly an order of magnitude higher than the
maximum value considered by Nriagu (1989). Although hydrocarbons emitted from plants are known to
be frequently complexed with metas (Beauford et d, 1975), the actud metal concentrations in the plant
exudates are not well known. A study by Curtin et a. (1974) measured metal concentrationsin exudates
from conifers in the United States, but the trees studied were in locations with anomaoudy high metal
concentrations in soils and/or plants, and are not considered to be representative of typical emissons. No
other gppropriate data of this type were located.

Page 31 Risklogic Scientific Services, Inc.



Critical Review on Natural Global and Regional Emissions
of Six Trace Metalsto the Atmosphere

6.2 Uncertaintiesin Particle Flux Estimates

As noted by other authors, meta fluxes due to soil particle flux to the atmosphere is a significant natura
source. As previoudy noted, we employed the soil flux values reported by Hagen and Woodruff (1975)
for shrubland. Since those data were based dusty periods only, our analysis adjusted their datato obtain
an annud average soil flux. The earlier report by Environment Canada (19814) on particulate emissions
to the atmosphere applied the data of Hagen and Woodruff (1975) data to al days. Therefore, it is
believed that the soil fluxes calculated by Environment Canada (1981a) were 200 times too high.

Two factorsnot directly consdered in our anaysiswith respect to metal emissonsdueto particulate fluxes
were paticle sze and agrid suspenson time. However, the data on particulate fluxes drawn from the
literature for use herein generdly related to particles of sufficiently smal sizeto be agridly entrained. Ten
percent or less of the totd mass of soil raised by the wind actudly remains in the air as suspended
particulate matter (Hagen and Woodruff, 1975). Most particlesin suspended soil rangein size from 1-10
Fm (Eltayeb et d., 1993; Andronova et d., 1993). In the troposphere, particles of this Sze will remain
suspended for gpproximately one week, however, they can remain suspended for much longer periods of
timeif they enter the stratosphere (Prospero et d., 1983). Gillette et d. (1978) suggest that particle Size
during dust sormsis bimodd. Particlesfdl into one of two ranges. 1-30 Fm or 30-100 Fm. The smdler
particlesgeneraly consst of clays, whereasthelarger particlesare usudly quartz with clay coatings (Gillette
and Walker, 1977). With sufficient data, our analysis could be refined to address particles of specific
aerodynamic diameter (<10 um, for example).

Dust sorm days do not distinguish between dust raised localy and that transported from another areaand
gives no indication about the quantity of dust raised (Middleton, 19864). A lot of variation in dust storm
daysis observed from year to year depending on precipitation and avariety of other factors (Middleton,
1985). Therefore, for this study, data collected over many years was preferable.

6.3 Uncertaintiesin Sea Salt Flux

As previoudy mentioned, sea sdt flux is highly dependent on wind speed and other factors (Monahan,
1986). Dueto alack of adequate data, the estimates of sea sdt flux used herein were globa averages.
Likewise, due to inadequate data, the spatia variability in the concentrations of metalsin seawater, and in
the enrichment of metalsin sea sdt, could not be more precisdly quantified or assessed.

6.4  Potential Indirect Anthropogenic Contributions (Re-emission)

While the methods used to caculate fluxes of metals to the atmosphere ensured that direct anthropogenic
emissons were excluded, the estimates il reflect some anthropogenic effects, since the concentrations of
metas in the ocean, soils and vegetation may include anthropogenic deposits that lead to ‘re-emisson’.
Only volcanic emissons and meteoric dust will be free of potential re-emission of metas originating from
anthropogenic sources. For al metas but Hg, these two latter sources represent less than 1% of total
globa emissionsestimates derived herein, suggesting thet re-emisson could be having asignificant influence
on‘naura’ emissonsestimates, by usand other authors. Re-missionisareatively lesser potentia problem
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with respect to Hg as volcanic emissions and meteoric dust contitute about 45% of total globa ‘natura’
Hg emissons.

Although effortswere made herein to consider only those measurementslikely to be unaffected by industria
sources, the long range atmospheric trangport of metals ensures that even the most remote samples are
affected to some extent by human inputs (Fitzgerald et d., 1998). The naturd concentrations of metalsin
the ocean, s0ils, etc. cannot be considered wholly independent of anthropogenic sources, particularly since
the accurate measurement of many metas in environmental media was not achieved until the mid-1970's
or later. Also, the sources of Hg vapours can aso act as sinks, causing estimates of naturd Hg vapour
emissons to include some re-emission of deposited anthropogenic Hg (Ebinghaus et d., 1999).

The ‘re-emission’ of anthropogenic Hg has been atopic of considerable recent research, and estimates of
relative contribution of re-emitted Hg to tota globa atmospheric loadings have been provided by some
authors (Mason et a., 1994; Hudson et d., 1995; Jackson 1997, for examples). Re-emission estimates
have ranged from negligible contributions (Mason et d., 1994) to as much as 20% of total globa Hg
emissions (Hudson et d., 1995; natura - 40%, anthropogenic - 40%, re-emitted anthropogenic - 20%).
Asuming that as much as one third of al Hg emissions from non-(direct)-anthropogenic sources (20% +
(20%+40%)) are, in fact, re-emitted anthropogenic contributions, then the estimates presented herein,
whenadjusted to exclude potentia re-emission, still exceed earlier caculations (Nriagu, 1989, and others)
by aggnificant margin. This is dso the case for the other metals under congderation, if one third of the
natural emissions estimated herein are due to re-emission (see Table 5.10).

6.5  Spatial and Temporal Variability in Volcanic Activity

The estimates of metal emissions from volcanoes did not, and probably could not, adequately reflect the
gpatial heterogenaty of volcanic activity. Volcanic activity is extremdy variable among different regions
of the world. The vast mgority (>94%) of known volcanic eruptions occur within the “volcanic bdts’,
which encompass only 32 000 km in length and represent <0.1% of the earth’s surface (McCldland et
al., 1989). The continental United States (including thosein Alaskaand the Aleutian Idands) had 15 active
volcanoes between 1975 and 1985, about 10% of the globd total (McCldland et d., 1989). Canadahas
no active volcanoes, asisthe case for Audrdia, and many parts of the continents of Europe, Africa and
Ada(Smkineta., 1981). Many more active volcanoesring the Pacific Ocean, in Central America, South
Americaand Asa. Active volcanoes aso exist in continental Africaand in Italy (Smkin et d., 1981).

Likewise, the estimates of metal emissions from volcanoes did not, and probably could not, adequately
reflect the tempora heterogeneity of volcanic activity. For the five year period from 1969 to 1973, for
example, there were 109 reported volcanic eventsinvolving from 17 to 28 different volcanic eventsin any
givenyear (Bullard, 1984). Between 1975 and 1985 there were 158 reported vol canic eruptionsinvolving
from 52 to 65 eventsin any given year (McCldland et d., 1989). Obvioudy, volcanic activity varies from
year to year, decade to decade, eic. Thetypeof activity dso varied, and involved one or more of: ash and
cinder emisson, central crater formation, dome formation, norma explosion (due to steam build up), and
sub-marine eruptions (Bullard, 1984).
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6.6 DataGaps

A vaiety of data gaps are apparent from the description of methods employed herein.  Numerous
assumptions and judgements were necessary to permit the derivation of natura metal fluxes to the
amosphere. These missing dataincluded (but are not limited to) the following:

. direct soil particle flux measurements for ecoregions other than shrubland;
. gze-fractioned aeolian particulate chemigtry;
. sea sdt enrichment factors for Ni and Hg;

. reliable globa data on biomass burned during forest and brush fires,
. direct quantification of the contribution of re-emitted anthropogenic meta's deposition to natura
emissons estimates.

The most Sgnificant data gap identified related to the lack of information necessary to quantify biogenic
emissons of metals other than Hg.  Particularly, data are required on the emission of non-volatile metals
fromvegetation, or at |east data.on concentrations of non-volatile metal s associated with thevol atileorganic
substances emitted by terrestria and marine vegetation. Recent data(Benjamin et a., 1996, 1997; Kempf
et a., 1996; Drewitt et al., 1998; Helmig et d., 1999; Isebrands et d., 1999; among others) suggest that
emisson rates for volatile organic compounds (VOC) from vegetation may be greater than was assumed
by Nriagu (1989). Additionaly, improved models are now available (Geron et ., 1994; among others)
to better quantify biogenic VOC emissions. However, the absence of rdliable data on the co-emission of
non-voldile metds relative to biogenic VOC emissons precludes the rdiable quantification of meta
emissons from biogenic sources and, therefore, we omitted this source of natural emissions from the
andyss presented herein. The omission of this naturd meta source may have resulted in a sgnificant
underestimation of total naturad meta fluxes to the atmosphere.

Entrainment of soil particulate matter into the atmosphere was identified as the mgor natural source for
most of the non-volatile metals consdered herein.  However, estimates were conducted without
consderation of particle size-gpecific metals concentrations (dueto lack of data). Itissmdler soil particles
that will be suspended through wind erosion and that will remain doft for longer periodsof time. Therefore,
additional data on the chemistry of size-fractionated aeolian particulate matter should be collected, since
evidence suggests that metals are concentrated in the smdler soil particle size fractions.

7.0 CONCLUSIONS
7.1 General

Presented herein are quantitative estimates of natural emissions to the atmosphere of Cd, Cu, Pb, Hg, Ni
and Zn. The omission of biogenic emissons from terresirial vegetation for al but Hg may have resulted in
a ggnificant underestimation of total natural metd fluxes to the atmosphere for those non-volatile metds.
Natural emissons estimates for Canada and continental North Americaare believed to bethefirgt rdiable
andyses of their kind. Also presented for the first time are gatigticaly rigorous estimates of the 90%
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confidence limits on estimated mean and median emisson vaues. These confidence limits were derived
through the gpplication of probabilistic analys's, incorporating known variability in the numerous factors
required to quantify metal emissions to the atmosphere from natural sources.

With respect to globa emission estimates, the estimates presented herein are between 1 and 2 orders of
meagnitude greater than those of Nriagu (1989). Given gainsin the volume of available dataand literature
from which to derive such estimates, the improvements in data collection and andytica methods, and the
quantificationof fluxesfrom previousy unmeasured or unrecognized sources, it isbdieved that theestimates
presented herein, and their 90% confidence limits, are the most reliable estimates of natural source
emissons to date.

For Cd, Cu, Po, Ni and Zn, the entrainment of soil dust particlesinto the air is a predominant source of
natura emissionsto the atmosphere. For mercury, vol canic emissions of Hg vapour predominate. Various
uncertaintiesthat hamper preci se quantification of aimaospheric emiss onshave been recognized throughout,
but statistical methods have been employed to provide 90% confidence limits (spanning from the 5"
percentile to the 95™ percentile probabilities surrounding the mean) in order to provide some measure of
the uncertainty surrounding expected average emissons. This is the firg published inventory of naturd
source emissons of metals to provide such quantitative confidence limits.

The on-going regulatory concern for metas in the environment is generdly a odds with the god of
sugtainable and/or environmentally sound exploitation of natural resources. Despite agenera recognition
that natura sources contribute to the environmenta load of metals, there has been no rigorous attempt to
update natural emission estimatesin more than a decade. However, for the sustainable use of metals, an
integral and important component of western economies, it is essentid that the contributions of natural
rel eases to the atmosphere be quantified as accurately as possible. Only then can regulations designed to
control or curtail meta pollution achieve the desired god. Also, by recognizing the uncertainty in such
edimates of natural emissons, and by quantifying that uncertainty, regulatory agencies can better predict
the environmenta consequences of their planned legidation.

7.2 Cadmium

Natural emissonsof cadmium to theamosphere occur mainly viasoil particleflux and fires; minor amounts
areaso emitted with seasalt spray or fromvol canic eruptions. The predicted contribution of meteoritic dust
to natural cadmium emissionsisnot significant. Mean estimates of thetotal natural cadmium flux are’5.3x10*
kgly for Canada, 7.1x10° kg/y for North America, and 4.1x10” kgly globally (Table 5.10).

7.3 Copper

Soil particle flux is the dominant natural source of copper in the aimosphere, with much smaler
contributions from sea st pray, volcanoes and fires. Meteoritic dust does not appear to be asignificant
source of copper in the atmosphere. The mean natural emission rates for copper are 2.6x10° kgly for
Canada, 5.0x107 kgly for North America, and 2.0x10° kgly globally (Table 5.10).
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7.4 L ead

Naturd emissons of lead to the atmosphere are predominantly from soil particle flux; fires, seasdt soray
and volcanoes also emit some lead to the atmosphere. Predicted emissions due to meteoritic dust are
inggnificant. The mean predicted natura emissions of lead to the atmosphere are 9.7x10° kg/y for Canada,
4.5x107 kgly for North America, and 1.8x10° kgly globally (Table 5.10).

7.5 Mercury

The andyses indicate that the largest naturd source of mercury in the aimosphere is volcanic emissons.
Evason of mercury vapours from soil is dso a raively large source, though there is considerable
uncertainty inthisestimate (the 5™ and 95™ percentiles differ by dmost 2 orders of magnitude). Soil particle
flux and evasion of mercury vapours from sea water and plants are relatively minor natural sources of
mercury in the atmosphere; emissons from fires, sea sat spray and meteoritic dust are relatively
inggnificant. All sources of mercury vapour evas on are subject to uncertainty, Sincethese arebi-directiona
processes whereby both anthropogenic and natural mercury can be deposited and re-emitted; these
processes are adso dependent on factors such as temperature, solar radiation, wind, turbulence and
vegetation cover.

The mean natural emission rates predicted for mercury are 1.1x10° kgly for Canada, 5.6x10° kgly for
North America, and 5.8x107 kgly globaly (Table 5.10).

7.6 Nickel

Much like copper and lead, natural emissons of nickel to the amosphere are mainly due to soil particle
flux, with much smdler contributions from volcanoes, fires, and sea salt. Due to the lack of published sea
water to seasdt enrichment factorsfor nickel, the emisson rate dueto seasdt spray islikely conservative.
Meteoritic dust emissons are much smaler than the other sources examined. Mean naturd emissions of
nicke to the atmosphere are predicted to be 1.0x10° kgly for Canada, 2.5x107 kg/y for North America,
and 1.8x10° kgly globally (Table 5.10).

77 Zinc

Globdly, the largest source of natural emissions of zinc to the aimosphere is sea At, closdy followed by
soil particle flux. However, the emissons due to sea st are subject to a high degree of uncertainty, with
the 5 and 5™ percentile estimates differing by more than 2 orders of magnitude. This uncertainty results
fromlarge differencesin estimates of zinc enrichment on emitted seasdt particles. Firesand volcanoes are
minor sources of zinc in the atmosphere, and contributions from meteoritic dust are inggnificant. Mean
predicted natural emission rates are 4.6x10° kgly for Canada, 3.8x107 kgly for North America, and
5.9x10° kgly globally (Table 5.10).
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7.8 DataGaps

The mogt significant gap identified related to the lack of datato quantify biogenic emissons of metals other
than Hg. Dataare required on the concentrations of non-volatile metas associated with volatile organic
substances emitted by terrestria and marine vegetation to enable the quantification of meta emissonsform
this natura source. Also, dataare required to establish reliable enrichment factorsfor both nickel and zinc
in seasdt soray, and aso on the chemistry of aeolian particulate matter.
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