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An estimated 500 million vehicles worldwide are equipped
with an exhaust catalyst that uses platinum group
elements (PGE) as the main active components and thus
contribute to global PGE emissions. Although PGE emitted
from automobile exhaust catalysts were first believed to
remain in the roadside environment, we propose here that
fine PGE-containing particles in automobile exhaust have
resulted in a widespread distribution of emitted PGE. Regional
and long-range transport of PGE from automobile exhaust
catalysts is supported by elevated PGE deposition in

both a peat bog located 250 m from traffic and in central
Greenland, respectively. Russian smelters were also
found to contribute to PGE contamination in central Greenland.
Deposition rates estimated for the roadside environment,
the peat bog, and central Greenland were used to provide
a first estimate of PGE deposition in the northern
hemisphere. The results show that deposition of regionally
or long-range transported PGE accounts for a large
fraction of total PGE deposition, and PGE deposition in
the roadside environment represents less than 5% of the
total deposition. Transport at the regional and global scales
represents an important component in the environmental
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cycle of emitted PGE and needs to be further studied to
fully assess the environmental fate of PGE from automobile
exhaust catalysts.

Introduction

Elevated PGE concentrations, which have been measured in
the urban and roadside environment (I—3), are believed to
be the result of automobile exhaust catalyst emissions (4—
6). Automobile exhaust catalysts are devices fitted into the
exhaust systems of vehicles to reduce the emission of carbon
monoxide, hydrocarbons, and nitrogen oxides from the
engine. Palladium, platinum, and rhodium are the principal
active components in automobile exhaust catalysts, and it
has been demonstrated that PGE are released into the
environment during vehicle operation (4—6). Reported PGE
emission rates are believed to lie in the ng km™! range (6).
Platinum emission may be as high as 0.8 ug km~! depending
on speed and vehicle condition, with engine malfunction
causing higher emission as a result of higher exhaust
temperatures (7). Although PGE emission rates are relatively
low, an estimated 500 million vehicles worldwide are
equipped with catalyst technology (8). It comes as no surprise
that PGE are found in urban air (9—14), road dust (10, 12, 15,
16), roadside soil (15—17), and roadside vegetation (18, 19).
While PGE from automobile exhaust catalysts were first
believed to remain in the roadside environment due to rapidly
decreasing concentrations with increasing distance from
roads (I8, 20, 21), the recent finding of elevated PGE
concentrations in central Greenland (8) has raised concern
over the lack of knowledge of atmospheric dispersion of
emitted PGE. It is shown here that PGE are widely dispersed
in the environment as a result of their emission as fine
particles, and deposition on regional and long-range scales
represents a large fraction of the global PGE deposition.

Materials and Methods

This paper synthesizes results obtained within the framework
of a project on platinum group element dispersion at the
regional and global scales. The project aims to (1) characterize
PGE-containing airborne particles in urban areas, (2) assess
regional atmospheric and stormwater transport, and (3)
provide an explanation for the elevated PGE concentrations
reported in Greenland ice and snow. A detailed presentation
of the procedures for sample collection and analysis is not
provided here but can be found in the cited literature.

Airborne particles were collected at two sites in Boston
(U.S.A.) on Whatman 41 filters using a high volume PM-10
impactor (Thermo Andersen, U.S.A.; PM10, particle matter
with a size below 10 um) operated for 24 h at an approximate
flow rate of 67 m® h™!. The impactor was equipped with
optional size-fractionation impaction plates for the collection
of particles with diameters of <0.48 (backup filter), 0.48—
0.96, 0.96—1.48, 1.48—3.0, 3.0—7.2, and 7.2—10.0 um. The
obtained samples were analyzed by quadrupole ICP-MS
(Elan6000, PE Sciex, Canada) after closed vessel microwave-
assisted digestion. Potential interferences were corrected
mathematically (11).

Airborne particles were collected in Tokyo, Japan and
Goteborg, Sweden for characterization by microanalytical
techniques. In Tokyo, airborne particles (PM-7, particle
matter with a size below 7 um) were collected on polycar-
bonate filters using a low flow sampler (SL-30, Sibata, Japan)
for 1—-100 hours at an approximate flow rate of 1.8 m® h™..
In addition, one sample was collected using a cellulose acetate
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filter at a flow rate of 1 m3 h™! for 7 days to determine PGE
concentrations in Tokyo air. In Géteborg, airborne particles
(PM-10 and PM-2.5, particle matter with a size below 10 and
2.5 um, respectively) were collected on PTFE filters using a
virtual impactor (Thermo Andersen, U.S.A.) operated for 24
h at an approximate flow rate of 1 m® h~!. Particles on PTFE
filters were transferred to a carbon adhesive tape for analysis.
PGE-containing particles in Tokyo and Goteborg samples
were identified by electron probe microanalysis (EPMA, JXA-
8900R, JEOL Ltd, Tokyo, Japan) with both wavelength-
dispersive spectroscopy and energy-dispersive X-ray spec-
troscopic detection. PGE-containing particles were then
observed by field emission scanning electron microscopy
(FE-SEM, JSM-6500F, JEOL Ltd, Tokyo, Japan), and major
component concentrations in individual particles were
determined by energy-dispersive X-ray spectroscopy (22, 23).

Sediment cores were collected in Upper Mystic Lake
(UML, 42°,26' N; 71°,09' W) in MA. The lake receives the
entire runoff from a 67 km? watershed with urban and
industrial areas, as well as high traffic roadways. Sediment
cores were collected by freeze coring and dated using ?'°Pb
dating and the concentration profiles of elements with known
historical trends (24). Samples were analyzed by quadrupole
ICP-MS (Elan6000, PE Sciex, Canada) after closed vessel
microwave-assisted digestion and mathematical correction
of potential interferences (24), as well as by sector field ICP-
MS (Element2, ThermoFinnigan, Germany) after NiS fire
assay and with isotope dilution-based quantification (25).

Peat cores were collected from Thoreau’s Bog, in MA (42°,-
38' N; 71°,21' W). The bog is located approximately 250 m
from the closestroad. Samples were dated using 2'°Pb dating
and a physical marker (26). Characterization of peat samples
was performed by X-ray fluorescence (XRF, X-Lab 2000,
Spectro, Canada). As the peat bogis ombrotrophic, the source
of metals to the bog is purely atmospheric (26, 27). Samples
were analyzed by sector field ICP-MS (Element2, Ther-
moFinnigan, Germany) after NiS fire assay and with isotope
dilution-based quantification (26). Osmium concentrations
and isotopic composition were used to determine the natural
input into the bog (26).

Additional results for regional scale dispersion were
obtained from an ice core project in the Monte Rosa Massif
(45°,55' N; 7°,53' E; elevation 4633 m) in the Swiss—Italian
Alps (28). The ice cores were drilled using an electromagnetic
corer and were dated using a combination of techniques
including counting of seasonally varying ionic species and
219ph dating (28). PGE concentrations were determined in
melted samples by sector field ICP-MS (Element2, Ther-
moFinnigan, Germany) with mathematical correction of
potential interferences (29).

Ice and snow cores were obtained from the Summit area
(72°,34' N; 37°,38' W; elevation 3240 m) in central Greenland.
Samples include snow samples collected from a snow pit
and dated using seasonal variations of ionic species (8), snow
samples from a 10.7 m core collected by Auger drilling and
dated using seasonal variations of ionic species (8), and
ancientice samples collected within the 3028.8 m Greenland
Ice Core Project (GRIP) (8). PGE concentrations were
determined in melted samples by sector field ICP-MS
(Element2, ThermoFinnigan, Germany) with mathematical
correction of potential interferences (29).

The origin of the air mass over an area can be determined
using atmospheric models, and therefore these models have
been used for the identification of the source of air pollutants
from long-range transport (30). Daily 10 day atmospheric air
mass trajectories to Summit were obtained for 1992 using
METEX (Meteorological Data Explorer, Center for Global
Environmental Research, Tsukuba, Japan) and HYSPLIT (Air
Resources Laboratory, National Oceanic and Atmospheric
Administration, U.S.A.) with the National Center for Envi-

ronmental Prediction (NCEP, U.S.A.) Reanalysis weather data.
Back-calculations were based on the 3-D Wind model
(METEX) and vertical velocity (HYSPLIT).

Results and Discussion

Platinum Group Elements in Urban Aerosols. Although it
is now generally accepted that PGE are released from
automobile exhaust catalysts into the environment, the
emission mechanisms and the physicochemical forms of
emitted PGE are still unclear. Mechanical erosion of the
catalyst surface has been suggested as the main mechanism
for PGE emission (4, 5). Particles emitted by mechanical
processes are expected to have diameters of several mi-
crometers. However, 11—36% of PGE-containing particles in
the exhaust of catalyst-equipped gasoline engines were found
to have diameters smaller than 3.14 ym (31). The emission
of fine PGE-containing particles is supported by atmospheric
measurements (11—13) and suggests that chemical reactions
and/or thermal processes are also involved in the release of
PGE from catalysts.

As a result of automobile emissions, PGE occur in urban
air with concentrations typically in the lower pg m~3 range
(9—14). Reported PM-10 concentrations in Goteborgare 14.1
+3.7pgof Pt m~3, 4.9 £+ 3.1 pg of Pd m™3, and 2.9 + 1.0 pg
of Rh m™3 (average + 1o, n = 7) (11). Atmospheric PGE
concentrations in Boston and Tokyo, for which concentra-
tions had not been previously reported, were in the same
order of magnitude with 6.7 + 4.8 pg of Pt m3, 7.5 £+ 5.0 pg
of Pdm3, and 1.1 + 0.9 pg of Rh m~ (average + 1o, n = 12),
and 2.1 pg of Pt m~3, 0.79 pg of Pd m3, and 0.47 pg of Rh
m~2 (n=1) for Boston and Tokyo, respectively. PGE in urban
areas including Boston, MA (this study), Frankfurt am Main,
Germany (14), Goteborg, Sweden (I11), Madrid, Spain (12),
and Vienna, Austria (13) are present in both fine (<2.5 um)
and coarse (>2.5 um) particles, although the size distribution
was found to vary between cities. Further evidence of the
occurrence of PGE in particles with diameters ranging from
approximately 1.5 to 10 um in automobile exhaust and urban
air has also been obtained from direct observation of
individual air particles by scanning electron microscopy
(Figure 1); the lower size limit is the result of instrumental
detection limits, while the upper size limit is the result of size
selective sample collection. Observed particles had different
sizes, shapes, and compositions (Figure 1) with PGE being
present either as major components (Figure 1B) or as a minor
component on an Al/Si oxide matrix (Figure 1A).

Long-range transport of particles with diameters smaller
than 6 um has been reported (32). Therefore, the emission
of fine PGE-containing particles and their occurrence in urban
air suggest the possibility that PGE from automobile exhaust
catalysts can be transported over long distances and become
widely dispersed in the environment.

Regional Transport of Platinum Group Elements. PGE
concentrations are highest in the roadside environment as
aresult of automobile exhaust catalyst emissions. Platinum,
palladium, and rhodium deposition rates in the road and
roadside environment were in the following estimated
ranges: 0.4—6.2, 0.4—8.8, and 0.1-1.8 ug m~2 year™!, re-
spectively (Table 1). A sharp concentration decrease has been
observed within a few meters from roads (15, 17, 18, 20, 21),
although elevated PGE concentrations compared with ex-
pected natural levels have been reported in soil and grass up
to 100 m from roads (15, 17, 18).

Elevated PGE concentrations have also been found in
Thoreau’s Bog, a peat boglocated approximately 250 m from
automobile traffic, and their source was established to be
almost exclusively anthropogenic (26). Catalysts are the only
known anthropogenic source of PGE in the vicinity of the
bog, which receives mineral inputs through purely atmo-
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FIGURE 1. Field emission scanning electron microscope images of PGE-containing airborne particles collected in Ggteborg, Sweden.
Scale bars are displayed on the pictures. Respective EDS spectra are shown on the right. Observed C peaks may be due to the use of

a C-containing substrate.

TABLE 1. PGE Deposition Rates in Environmental Compartments

location?

road surface, Germany (0 m)

road surface (0 m)

roadside, Germany (2 m)
Thoreau’s Bog, U.S.A. (250 m)

total deposition®
natural deposition
lake sediments, U.S.A.
1992-2002

prior to catalyst introduction
Massachusetts Bay sediments, U.S.A.
Germany, average atmospheric deposition

central Greenland
total depositiond

natural deposition during the Holocene

deposition rate (zg m~2year™")

Pt

5
0.4-5.6
2.2-6.2

0.55—0.77
0.05

9+5
0.6 +0.3
44

0.73

0.08 + 0.04

0.00015

Pd ref
34
0.4-8.8 0.1-1.8
48
0.68 0.21 26
0.05 0.01 26
10+4 1.3+ 0.4 25
1.2+ 0.6 0.22 + 0.06 25
78 39
49
0.22 £ 0.14 0.011 £ 0.005
47

a Distance to traffic in brackets when available. ? Estimated using a Pt settling velocity of 350 m year~" (50) and PGE concentrations in the range
of 1-16 pg of Ptm~3, 1-25 pg of Pd m~3,and 0.3—5.0 pg of Rh m~3(9, 17— 14), and assuming identical settling velocities for Pt, Pd, and Rh.¢ Estimated
from Pd and Rh deposition (26) assuming deposition has the same relative Pt, Pd, and Rh composition Boston air. ¢ Estimated for 1990—1995 using

data in refs 8, 40.
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spheric deposition. The results therefore provide evidence
for regional transport of PGE from catalysts. At 250 m from
traffic, Pd and Rh deposition rates are in the lower range of
estimated on-road deposition (Table 1), indicating a relatively
efficient transport of emitted PGE takes place at a regional
scale.

Further indication for regional atmospheric PGE transport
has been obtained from alpine ice cores (28), although
additional source characterization is needed to fully establish
all the major sources of PGE in the alpine cores. Platinum
concentrations increased in the 1980s when automobile
exhaust catalysts were first introduced in Europe, but elevated
Pd and Rh concentrations prior to the introduction of catalysts
indicate that additional sources contribute to the occurrence
of these metals in Alpine glaciers (28).

Transport of deposited PGE-containing particles in storm-
water is also expected to result in dispersion of PGE and in
contamination of the aquatic environment, especially where
roadway drainage systems are in place (33). Consequently,
PGE are found in stormwater (34), roadside catch basins
(35), road drainage basins (33, 36), urban rivers (37, 38), urban
lakes (24, 25), and coastal zones (39). In the aquatic
environment PGE accumulate in sediments, and therefore,
sediment cores have provided chronological records of PGE
contamination. In Upper Mystic Lake, PGE concentrations
increased exponentially following the introduction of au-
tomobile exhaust catalysts in 1975 as aresult of anthropogenic
PGE deposition. The flux of PGE reached a plateau during
the 1990s, possibly owing to the stabilization of the percentage
of catalyst-equipped vehicles in the watershed (25). Catalysts
are mandatory on new cars, and it can therefore be
hypothesized that PGE contamination reach a steady state
when most vehicles have been produced after the introduc-
tion of legislation requiring catalysts. Further transport of
PGE in the aquatic environment is also expected to result in
the contamination of coastal areas. Elevated Pt and Pd
concentrations have been reported in Massachusetts Bay,
downstream from Upper Mystic Lake (39). The higher
deposition rates in Massachusetts Bay may be the result of
additional input from high traffic areas in Boston, as well as
from hospitals that use cis-platin and carboplatin for cancer
treatment.

Platinum Group Elements in Greenland. To investigate
the possibility of long-range transport of PGE-containing
particles, ice and snow cores were collected at Summit in
central Greenland, far from anthropogenic sources. PGE
concentrations in 1969—1995 were higher than background
levels in ancient ice with a sharp concentration increase after
1990 (Figure 2) (8, 40). While the results indicate long-range
PGE transport, the source of PGE in Greenland is unknown.
The timing of the concentration increase suggests an
anthropogenic source. Automobile exhaust catalysts and
Russian smelters, in the vicinity of which elevated PGE
concentrations have been reported (41—43), have been
suggested as potential sources of PGE in Greenland (8, 40).
Atmospheric PGE emission by industrial activities has not
been documented but is expected to be limited in importance
compared with emissions from automobile exhaust catalysts
and smelters. There is, however, no direct relationship
between either Russian production or the PGE demand for
catalysts (Figure 3), and the concentration trend in Greenland
(Figure 2). A multiple source origin of PGE in Greenland is
supported by the following points: (a) Particles with diam-
eters <6 um can reach polar regions (31), and fine anthro-
pogenic particles, including fly ash, soot, and metal oxides
have been found at Summit (44). Therefore, the occurrence
of PGE in fine particles in urban air suggests that automobile
exhaust catalysts may be a potent source of PGE in Greenland.

(b) Air mass trajectories determined using METEX and
HYSPLIT indicate that both automobile exhaust catalysts and
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FIGURE 2. Platinum group element concentrations in ice and snow
from Summit in central Greenland (adapted from refs 8, 39).
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FIGURE 3. Changes in (a) Russian PGE production in 1975—2000

(52) and (b) PGE demand for catalyst production from 1977 to 2003,

estimated from ref 53.

Russian smelters are potential sources of PGE in central
Greenland. Ten day trajectories pass over both urban areas
in North America and Europe, as well as smelting centers in
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soil (Australia (76, 17), Austria (57), Germany (36), U.S.A. (17),
sediments (Australia (33), U.S.A. (25)).

Russia. Potential contribution from a wide range of geo-
graphical locations is supported by a study of isobaric
trajectories to Summit over a 44 year period (45), with
potential source areas including North America, Asia, and to
a smaller extent, Europe. There was, however, no direct
correlation between a particular source and concentration
in Greenland (Figure 2), and the late PGE concentration
increase in Greenland compared to the 1975 catalyst
introduction could not be explained by the predominance
of Europe as a source area. (c) PGE ratios have been used to
identify the source of PGE in the urban environment, with
environmental ratios similar to those in catalysts indicating
an automobile exhaust catalyst source (16, 17, 25). PGE ratios
in Greenland were compared with ratios estimated for
catalysts and urban samples, and for dispersed Russian ores,
Russian PGE production, and contaminated samples in the
vicinity of Russian smelters (Figure 4). The comparison of
PGE ratios supports a combination of sources with long-
range transport of PGE emitted from automobile exhaust
catalysts and Russian smelters.

It is therefore likely that elevated PGE concentrations in
central Greenland are the result oflong-range transport from
both urban areas where automobile exhaust catalysts are in
use and Russian smelters. Although PGE emitted by smelters
have been reported to mostly deposit in the vicinity of the
smelters (43), a small fraction may be transported further
and may represent a significant input in remote areas
including Greenland. Platinum, palladium, and rhodium
deposition rates in Greenland in the mid-1990s were
estimated to be approximately 0.08 + 0.04, 0.2 &+ 0.1, and
0.011 £ 0.005 ug m~2 year™!, respectively, based on PGE
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TABLE 2. Catalyst-Derived Pt Deposition Rate and Total
Deposition in the Northern Hemisphere

deposition rate  area deposition

location? (g km~2 year~1) (10° km?)? (metric ton year1)
roadside environments 0.4—6.2 51 0.03-0.4
regional environments 0.5—0.7¢ 7583 4—6
remote environments 0.02—0.069 247402 5—-15
northern hemisphere 255036 9-20

2 Roadside environments represent roads and highways of countries
with large numbers of catalysts, i.e., the U.S.A., western Europe, and
Japan; regional environments represent countries with large numbers
of catalysts (because a large portion of the U.S., Sweden, and Norway
can be considered remote, only half the area was taken into account
for these countries; Canada was considered to be essentially remote
and therefore not taken into account); remote environments represent
areas, including oceans, notincluded in road and regional environments.
b Road lengths and surface areas were obtained from ref 51; widths of
8 and 14 m were assumed for roads and highways, respectively. ¢ The
deposition rate at Thoreau’s Bog was used as a proxy for regional
deposition.  The deposition rate at Summit was used as a proxy for
deposition in remote environments; as both catalysts and smelter are
considered to be major sources of PGE in central Greenland, the catalyst-
derived Pt deposition rate in Greenland was estimated to be 25—75%
of the total deposition.

concentrations and snow accumulation rates (Table 1).
Comparison between deposition rates in urban areas and
Greenland indicate a relatively high deposition rate for
Greenland, considering that Pt input in Greenland is from
long-distance atmospheric transport. The high deposition
rates in Greenland could, however, be related to additional
input from Russian smelters. PGE ratios (Figure 4) and the
absence of correlation with air mass trajectory, PGE produc-
tion (Figure 3a), and PGE demand for catalysts (Figure 3b)
suggest that both automobile exhaust catalysts and Russian
smelters represent a significant fraction of total PGE deposi-
tion.

Importance of Automobile Exhaust Catalyst Emission
for Global PGE Deposition. PGE are concentrated in the
Earth’s core and mantle with only trace concentrations in
the Earth’s crust (46, 47). Therefore, the natural cycling of
PGE at the Earth’s surface and in the atmosphere is expected
to be limited in importance, and even a small anthropogenic
input may significantly affect PGE fluxes. There is now
increasing evidence that PGE fluxes have been altered by
automobile exhaust catalyst emission into the atmosphere.
Platinum, palladium, and rhodium deposition rates in
Thoreau’s Bog increased up to 15-, 14-, and 21-fold,
respectively, over natural deposition rates owing to anthro-
pogenic input from automobile exhaust catalysts (Table 1)
(26). Platinum, palladium, and rhodium deposition rates on
road surfaces are 10—100, 10—200, and 10—200 times higher
than natural deposition in Thoreau’s Bog. A more dramatic
increase in deposition was found for Pt in Greenland, with
1992—-2002 deposition corresponding to 600 times the
estimated natural deposition (48). Although the source of Pt
in Greenland may include both automobile exhaust catalysts
and smelters, catalysts are expected to represent a significant
fraction of Pt deposition in Greenland.

A global catalyst emission of 0.8—6.0 metric tons of Pt
year~! can be estimated assuming that 500 million vehicles
are equipped with catalysts with an average yearly mileage
of 15 000 km vehicle™! (8) and an average emission rate of
0.1-0.8 ug km™! (7). A first estimate of Pt deposition in the
northern hemisphere can also be obtained from deposition
rates in Table 1 and using Pt deposition rates at Thoreau’s
Bog and Summit as proxies for the deposition of Pt in regional
and remote environments. The total Pt deposition was found
to be 9—20 metric tons year™! (Table 2). The observed
difference between emission and deposition may be the result
of an underestimation of emission rates, an overestimation



of deposition rates, or the occurrence of additional sources.
Underestimation of emission rates may result from differ-
ences between emission tests and actual on-road emission
(7). Error in the global estimates may arise from spatial
variations of deposition rates, especially for deposition in
regional and remote environments for which results from
two sites are used to represent large areas. Despite potential
errors in the estimation of Pt deposition, it is clear that
deposition at regional and global scales represent a large
fraction of total Pt deposition (Table 2). In contrast, roadside
deposition represents only a small fraction (<4.5%) of total
Pt deposition. A similar distribution can be inferred for Pd
and Rh using the same assumptions as for Pt deposition.
Total Pd and Rh depositions in the northern hemisphere are
20—50 metric tons year ! and 2—4 metric tons year’},
respectively, although Pd deposition may be affected by
higher input from Russian smelter owing to the relatively
high Pd concentration in Pd ores. Roadside deposition
represents less than 3.1% and 5.1% of total Pd and Rh
deposition, respectively.

The number of cars equipped with catalysts is expected
to increase in coming years, with their introduction in
developing countries and rapidly growing markets including
China and India. Thus, there is a need for improved
understanding of the still relatively unclear fate of PGE
emitted from automobile exhaust catalysts. The first assess-
ment of PGE deposition in the northern hemisphere provided
here indicates that a relatively large fraction of PGE emitted
from catalysts is transported at both regional and global
scales, resulting in a widespread contamination. It is therefore
clear that further assessment of the fate of emitted PGE should
include regional and long-range transport. This study also
indicates that fine metal-containing particles emitted from
automobiles are ubiquitous in the environment.
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