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Osmium is among the least abundant elements in the Earth’s
continental crust. Recent anthropogenic Os contamination of the
environment from mining and smelting activities, automotive
catalytic converter use, and hospital discharges has been
documented. Here we present evidence for anthropogenic
overprinting of the natural Os cycle using a ca. 7000-year record
of atmospheric Os deposition and isotopic composition from
an ombrotrophic peat bog in NW Spain. Preanthropogenic Os
accumulation in this area is 0.10 & 0.04 ng m2y~". The
oldest strata showing human influence correspond to early
metal mining and processing on the Iberian Peninsula

(ca. 4700—2500 cal. BP). Elevated Os accumulation rates are
found thereafter with a local maximum of 1.1 ng m~2 y~ during
the Roman occupation of the Iberian Peninsula (ca. 1930 cal.
BP) and a furtherincrease starting in 1750 AD with Os accumulation
reaching 30 ng m~2y~' in the most recent samples. Osmium
isotopic composition ('¥0s/'®0s) indicates that recent elevated
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Os accumulation results from increased input of unradiogenic
Osfromindustrial and automotive sources as well as from enhanced
deposition of radiogenic Os through increased fossil fuel
combustion and soil erosion. We posit that the rapid increase
in catalyst-equipped vehicles, increased fossil fuel combustion,
and changes in land-use make the changes observed in NW Spain
globally relevant.

Introduction

Osmium is a widely used ultratrace element in geochemical
studies owing to its depletion in the Earth’s crust relative to
the bulk Earth and its chondritic starting material (I, 2), and
to variations in its isotopic composition caused by the
decay of '87Re and '%°Os to ¥70Os and '%6Qs, respectively (3, 4).
Applications of Os as a geochemical tracer include the
quantification of global weathering processes (5) and the
study of major geochemical reservoirs on Earth (6—8). Due
to itslow concentration in most environments and its limited
industrial usage, few studies have focused on the environ-
mental relevance of Os, and the biogeochemical cycling of
Os in surface environments remains poorly understood.
Osmium is present at concentrations <1 pg m2 in the
troposphere (9—11), and regional variations in '¥’0s/'#0s in
airborne particles (0.35—1.05in New Haven, CT (9); 0.30—2.83
in Boston, MA (10); and 0.40—0.77 in Mexico City, Mexico
(11)) and precipitation (from 0.16 in Mangalore, India to
0.44 in Montana (12)) indicate that multiple sources con-
tribute to the atmospheric Os budget. High (radiogenic) #”Os/
1880s values of ~1 are characteristic of the eroding continental
crust (1), whereas low (unradiogenic) '¥7Os/!#0s values of
0.1—0.2 are characteristic of mantle-derived rocks and ore
deposits (13, 14), volcanic material (15, 16), and undif-
ferentiated meteorites (17). Anthropogenic sources are
expected to have an unradiogenic isotope signature because
Os is in general mined from mantle-derived ore deposits
(13, 18, 19). Unradiogenic anthropogenic Os sources that
contribute to the atmospheric Os budget include medical
facilities (OsO, fixative for electron microscopy, emitted from
hospital incinerators) (9, 13), automobile exhaust catalysts
(Os impurities in platinum-, palladium-, and rhodium-based
catalysts) (20, 21) and industrial metal production (smelting
of Os-containing sulfide minerals) (12, 14).

Long-term records of atmospheric deposition such as
those obtained from ombrotrophic peat bogs (22—25) enable
the study of anthropogenic disturbances of the natural cycles
of trace elements. Elevated Os accumulation rates over the
past two decades have been determined in peat cores from
Thoreau’s Bog near Boston (19). The research presented here
provides a ca. 7000 year long record of Os accumulation
from an ombrotrophic peat bog in NW Spain.

Experimental Section

Peat Cores. The Os record was obtained from three cores
collected at the Penido de Vello (PVO) peat bog (23, 24, 26),
a remote site in the Xistral Mountains in NW Spain with no
known anthropogenic sources in its immediate vicinity
(43°32’N, 7°35'W; 780 m a.s.l., Supporting Information (SI)
Figure Al). The bogis ombrotrophic, i.e., it receives minerals
only through atmospheric deposition (24). Samples older
than 1850 AD were obtained from a 292 cm core (PVO1)
composed of two subcores (PVO-A: 0—245 cm, collected in
1996; PVO-B: 245—292 cm collected in 2000 approximately
25 cm apart from PVO-A). PVO1 was characterized in detail
byKylander et al. (24). Samples corresponding to 1850—2001
AD were obtained from a 100 cm core (PVO2) collected in
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FIGURE 1. Evolution of Os accumulation at PVO (Panel A).
Details of Os accumulation are provided in Panels B (age:
300—8000 year BP; accumulation rate: 0—2 ng m2 y~') and C
(age: 0—300 year BP; accumulation rate: 0—40 ng m 2 y~'). Age
is presented in year before present (BP) with 2001 AD as
present. Error bars represent 2 standard deviations. Error bars
represent 2 standard deviations for ages (inferred from the age
model) and 5% analytical error (inferred from the analysis of
homogeneous geological reference materials) including
uncertainty resulting from dating error (inferred from the age
model) for Os accumulation.

2001. Details of the dating methods used to establish the
chronologies of PVO cores are provided in the SI. A coal
sample from a power plant in Northern Spain was also
analyzed for Os concentration and '¥Os/!#®0Os.

Osmium Analysis. Osmium was isolated from a few grams
of peat by NiS fire assay (27) after the addition of a tracer
solution enriched in '*°Os. Pooling of multiple samples was
necessary for some depth intervals to obtain enough material
for Os determination. The method preconcentrates Os into
aNiS bead, which is subsequently dissolved in HCI. Residual
HCl-insoluble particles were collected on filters that were
dissolved in hot concentrated HNOs. Volatile OsO, formed
during the dissolution was sparged (28) into the torch of a
multicollector inductively coupled plasma-mass spectrom-
eter (MC ICP-MS, NEPTUNE, ThermoElectron). A multidy-
namic data acquisition routine involving three continuous
dynode electron multipliers allowed for correction of variable
multiplier efficiencies and instrumental mass fractionation.
Osmium concentrations were calculated using the ¥7Os/
1880, 19905/1880s and 1920s/'%0s ratios. The relative internal
standard deviation of 70Os/!®0s, including blank correction,
was always smaller than 2.6%. The precision, accuracy and
procedural blanks of the analytical method are docu-

mented in the SI, as well as by Peucker-Ehrenbrink et al. (29)
and Rauch et al. (J0). Osmium accumulation rates are
calculated from Os concentrations and peat accumulation
rates inferred from peat chronology. Results are presented
as average values +2 standard deviations when a period is
described that is represented by several data points. Error
bars in the figures are described in respective captions. The
uncertainty resulting from uneven Os distribution in peat
could not be rigorously calculated, but the analysis of replicate
samples (7= 2) at 14 cm depth indicates that Os is relatively
homogeneously distributed in peat, yielding Os concentra-
tions of 8.4 and 10.6 pg g ! and '¥70s/'¥0s of 0.91 and 0.86,
respectively. Osmium concentrations and '#70s/'®0s of
potential natural and anthropogenic Os sources are sum-
marized in Table 2.

Complementary Data. Lead isotopic composition (24),
ash content (determined by ashing at 450 °C and presented
as % of dry weight), and rare earth element (REE) concen-
trations (determined by quadrupole ICP-MS after acid
digestion with HNO3, HF, and HCIO,) at PVO as well as tree
pollen at the nearby Pefia da Cadela peat bog (30) comple-
ment the Os record. REE are presented as La/Lu, with La
representing light REE (LREE) and Lu representing heavy
REE (HREE). Chondrite-normalized REE concentrations can
be used to differentiate between crustal and mantle-derived
rocks, as upper crustal rocks typically are enriched in LREE
vs HREE, whereas mantle-derived rocks often show comple-
mentary depletion (31). Enrichment of LREE vs HREE has
also been reported in top-soil (32). Temporal changes in La/
Lu in the peat records therefore likely provide insights into
potential sources of mineral dust, with increasing ratios
corresponding to an increase in the relative contribution of
upper crustal dust or soil.

Results and Discussion

Evolution of the Os Record at PVO. Osmium concentrations,
accumulation rates and '¥’0s/#80s vary from 4.1 to 35 pg Os
g!, 0.14-30 ng Os m 2y}, and 0.31 to 0.91, respectively
(Figures 1—3, Table 1). Sharp gradients in Os concentrations
and accumulation rates correspond to historic trends sug-
gesting that Os is immobile at the studied scale. Based on
variations of Os accumulation rates (Figure 1) and inverse
Os concentration against '¥’0s/'®0s (Figure 3B) the peat
record can be divided into three phases.

Phase I, Preanthropogenic Os sources (ca. 4700—6000
cal. BP). Preanthropogenic Os deposition (taken to be ca.
4700—6000 cal. BP based on Os accumulation rates, isotopic
composition and ash content) is characterized by low
accumulation rates (0.10 £ 0.04 ng m? y !) and relatively
constant isotopic composition. The average '#’0s/'#80s of
0.70 £ 0.16 and the mixing trend observed in Figure 3B are
indicative of contributions from both radiogenic and un-
radiogenic sources. Potential radiogenic contributors include
input from local erosion (the local geology is dominated by
radiogenic Variscan mica-granites and underlying sediments
with a depositional age of ca. 7100 + 80 cal. BP have an
1870s/1880s 0f 0.84) and Saharan dust (supported by Pb isotope

TABLE 1. Osmium Accumulation Rates and Isotopic Composition at PV0 during phases 1-III°

phase

phase |, preanthropogenic sources

phase I, early anthropogenic sources
phase lla, copper and bronze ages
phase llb, iron age and Roman occupation
phase llc, intermediate

phase lll, industrial and recent sources
phase llla, industrial period
phase llIb, recent period

age/date

4700—6000 cal. BP
4700—200 cal. BP
4700—2500 cal. BP
1900—2500 cal. BP
1900—200 cal. BP
1750 AD to 2001 AD
1750 AD to 1989 AD
1989 AD to 2001 AD

accumulation rates (ng Os m2y") 1870s/1880s
0.10 £ 0.04 0.70 £ 0.16
0.5+ 0.5 0.54 +£0.25
0.3+0.2 0.53 +£0.28
0.8+0.3 0.41 £ 0.21
0.5+0.1 0.54 +£0.15
9(19) 0.73 £0.34
2.9 (3.9) 0.70 £ 0.38
20+ 15 0.78 + 0.28

? Results are presented as average values +2 standard deviations (error in brackets when it exceeds average value).
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FIGURE 2. Comparison of Os accumulation with global Cu production (37, 41), global platinum group element (PGE) production (47),

fossil fuel combustion (42), tree pollen at a nearby peat bog (30), Pb isotopes (24), ash accumulation, and rare earth elements (La/Lu).
The x-axis is a continuum but with a different scaling for the last 300 years.

data (24); Saharan dust has an #70s/'%0s of 1.2 (33)), whereas
less radiogenic sources may include aeolian dust from the
ultramafic Cabo Ortegal platiniferous deposit ca. 35 km west
of PVO (34) or volcanic emissions with ¥70s/'%0s of <0.4
(15, 16).

Phase 11, Early Anthropogenic Os Sources (ca. 4700—200
cal. BP). This phase is defined by increasing Os accumulation
rates and a well-defined linear mixing array (Figure 3B)
between Os-poor radiogenic and Os-rich unradiogenic
sources. Osmium accumulation rates first increased during
the Copper and Bronze Ages with the onset of metal mining
activities in Europe, including mining on the Iberian Pen-

insula (phase ITa, ca. 4700—2500 cal. BP) (35). The expansion
of mining activities during the Iron Age and Roman oc-
cupation of the Iberian Peninsula (phase IIb, ca. 1900—2500
cal. BP) coincides with a further increase in Os accumulation
rates to a maximum of 1.1 ng m~2 y~! around ca. 1930 + 60
cal. BP. As neither the pre-Roman inhabitants of the Iberian
Peninsula nor its Roman occupants are known to have
explicitly mined or used Os, we hypothesize that Os was
emitted as a byproduct of Cu production from sulfide
deposits, including the Rio Tinto deposit 600 km south of
PVO, where Cu has been mined since 5000 cal. BP (35). This
hypothesis is consistent with the chalcophile behavior of Os
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TABLE 2. Osmium Concentrations and '*0s/'®0s of Potential Os Sources

material

continental crust

Saharan dust

volcanic emissions

cosmic dust

sea water

fossil fuel combustion (coal and petroleum)

Metal Production Activities

Metal Sulfide Ores

PGE ores (Bushveld, South Africa)
Noril’sk ores (Russia)

Sudbury ores (Canada)

Iberian Pyrite Belt ores (Spain)
iron ores (Sweden)

chromites

molybdenites

automobile catalytic converters
tunnel dust (representative of automobile emissions)
hospital waste

0s concentrations(ng/g) 18705/1%0s references
0.03 1.4 1
1.2 33
0.14 15, 16
500 0.13 17
0.00001 1.06 8
0.01—285 0.6—6.0 (14, 43, 44, this study)
20-50 0.14-0.20 45
0.8—600 0.1-0.3 46
0.03—89 0.9-15 47
0.05—-0.7 0.4—-29 48
0.02—-0.05 1.6-7.9 14
0.5—-68 0.13 14
10—-100 up to 7000 14
0.006—3 0.1-0.4 14, 20
1.2 0.27 49
0.1-0.2 18

and is supported by the good temporal correlation between
Os accumulation at PVO and global Cu production (36)
(Figure 2B). This hypothesis is also consistent with the pattern
of atmospheric transport of pollution from SW Spain inferred
from source tracing based on Pb isotopes (Figure 2C). Lead
isotope data show a decline in 2°Pb/27Pb centered around
2000 cal. BP which was attributed to Roman mining in SW
Spain (24). Mining operations in SW Spain were abandoned
following the end of Roman occupation and were not
resumed again until the 19th century. The decline in
accumulation rates to 0.5 £+ 0.2 ng m 2 y ! in peat layers
above that corresponding to Roman Os accumulation in the
PVO bog reflects this decline in mining activities. The only
exception to this trend is the high accumulation rate of
0.6 ngm~2y~!at ca. 3720 & 120 cal. BP. This local maximum
may result from volcanic emissions; a global climatic
disturbance that occurred in the 17th Century BCis attributed
to volcanic eruptions, possibly including the Minoan eruption
of Thera, Greece, the Avellino eruption of Mount Vesuvius,
Italy, and the eruption of Mount Aniakchak, AK (37).

Phase I1I, Industrial and Other Recent Anthropogenic Os
Sources (ca. 1750 AD to 2001 AD). A further increase in Os
accumulation rates begins in ca. 1750 + 70 AD and corre-
sponds to an increase in industrial activities, including
mining, on the Iberian Peninsula (Figure 1). Phase IIT is also
marked by an increase in the use of fossil fuels (Figure 2B).
Accumulation rates reach values of 3.6—5.3 ng m™2 y! in
1920—1985 AD, except for a lower accumulation in 1947 +
12 AD which is possibly caused by a decrease in industrial
activities in Europe during World War II. Osmium ac-
cumulation rates increased more rapidly after ca. 1989 + 5
AD, and reached a maximum of ~300 fold preanthropogenic
accumulation rates (30 ng m~2 y 1) in 2001 AD despite the
fact that mining activities on the Iberian Peninsula decreased
during this period and Cu mining in SW Spain ceased in
1984 AD (38). It is interesting to note that current Os
accumulation rates at PVO are higher than those observed
in Thoreau’s Bog near Boston, MA (5 ng m 2 y! (19)) and
in New Haven, CT (5 ng m~2 y~! (9)), despite the less
industrialized surroundings of the PVO site.

The release of Os from automobile exhaust catalysts may
be one major cause of the recent increase in Os accumulation
rates observed at PVO. Platinum-, Pd-, and Rh-based
automobile exhaust catalysts were introduced in Europe in
the late 1980s and were mandated on new gasoline-powered
light duty vehicles in the European Union in 1993, resulting
in a rapid increase in catalyst numbers. Catalysts contain
significant amounts of Os, which is emitted as volatile OsO,
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(20) and is readily reduced and sorbed upon contact with
airborne particles (39) and organic matter. The mining,
smelting, and refining of platinum group elements (PGE)
used in catalysts has been suggested as a possible source of
Os (12). However, the correspondence between the onset of
increased Os accumulation rates and the local introduction
of catalysts indicates that automobile emissions are a more
important Os source at PVO.

If the observed increase in Os accumulation rates was
caused solely by enhanced input from unradiogenic sources,
then the ¥70s/1880s of the bulk peat should decline. Isotope
mixing relationships for phase III samples show that this is
not the case, however (Figure 3B). Phase IIl samples deviate
from the two-component mixing line defined by phase I and
II samples, and the most recent (phase IIIb) samples lie on
anew two-component mixing line with a steeper slope. The
isotope mixing diagram indicates that radiogenic and un-
radiogenic sources contributed to the most recent increase
in Os accumulation rates. An increased radiogenic contribu-
tion points to fossil fuel combustion or to changes in erosion
rates, the latter possibly linked to increased agricultural
activity and/or desertification in Southern Europe. Fossil
fuels, whose combustion soared after the industrial revolution
(ca. 200 cal. BP, Figure 2B), can have relatively high #7Os/
180s values (Table 2) and may therefore contribute to the
observed deviation from the original two-component mixing
line. In contrast, the increase in tree pollen abundance (i.e.,
increased forest cover resulting in less erosion) and decrease
in La/Lu (upper crustal sources are characterized by a
relatively high La/Lu ratio; we note that an enrichment of
LREE vs HREE observed at a Swiss peat bog since the
beginning of the 19th century and attributed to industrial
emissions (40) isnot observed at PVO) during phase I1I suggest
that fossil fuel combustion is a more important contributor
to the radiogenic component than aeolian dust.

Observed variations in Os concentrations, accumulation
rates and '®70s/!80s are consistent with multiple Os sources,
and provide constraints on the interpretation of the peat
record. Prior to ca. 200 cal. BP (phases I and II) the profile
defines a 2-component mixing line between an Os-poor
radiogenic component (aeolian dust from local erosion or
from the Sahara) and an Os-rich unradiogenic component
(aeolian dust from a less radiogenic source region, volcanic
emissions or mining activities). However, data deviate from
this 2-component mixing line after this date, as higher Os
concentrations are found along with relatively radiogenic
1870 /1880s ratios in phase III (Figure 3B). The most recent
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samples define a two-component mixing line with steeper
slope than the pre- and early-anthropogenic mixing line.
Three Component Isotope Mixing Model. The isotope
mixing relationships can be used to model the relative
contributions from various endmembers. The experimental
data indicate that at least three endmembers are needed to
explain the observed distribution. While it might appear
attractive to define the endmembers as end-points of two
2-component mixinglines, we choose here to define the three
endmembers as vertices of a triangle that encloses all data
points (Figure 3B). This ensures that the three-component
mixing calculation yields only positive fractional contribu-
tions. It also means that we are treating the radiogenic
endmember of the correlation line with the shallow slope
(phase I and II) as a mixture of an even more radiogenic
endmember (A) with a less radiogenic endmember (C) at
relatively constant mixing ratios. We further assume that the
isotopic composition of the sources, but not their relative
contributions to the PVO site, has remained constant for the
past 7000 years. Two of the vertices are compositionally
similar to the end-points of the steep (phase IIIb) mixing line
and the intersection of the phase III and phase II mixing
lines. Endmember A (30 pg Os g1, ¥70s/1880s = 1.4) lies
close to the radiogenic end-point of the steep (phase III)
two-component mixing line. Its isotope composition has been
chosen to coincide with the average value of the eroding
upper continental crust (1). As mentioned earlier, fossil fuels
may have relatively high ¥70s/!8Q0s and possibly contribute
to this endmember. Although emissions from molybdenite
smelters release Os with very high ¥70s/1%80s (14) and
constitute a potential radiogenic endmember, the dearth of
such smelters in Europe makes them less likely to contribute
to Os deposition at PVO. Based on the intersection of the two
two-component mixing lines near the origin of the isotope
mixing diagram, the ¥70s/'#0s of the unradiogenic, Os-rich
endmember B has to be less than 0.25, and its Os concen-
tration has to be higher than about 80 pg g~!. We assign a
1870s/1880s value of 0.2 and an Os concentration of 100 pg
g ! to this endmember. The third endmember, C, haslow Os
concentrations and an intermediate '¥70Os/!'880s. We choose
an Os concentration of 3 pg g™! and a '¥70s/'®80s value of
0.5, but acknowledge that the Os concentration could be
significantly lower, and that the ¥70s/%80s could be slightly
more or less radiogenic than 0.5. This endmember could
represent an Os-poor mineral phase (aeolian quartz or carbon-
ate) or a coal-combustion product (local coal has a '¥70s/'8Q0s
of ~0.5) with low Os concentrations. In spite of significant
uncertainty in the exact definition of the endmembers we
emphasize that the basic conclusions are not significantly
affected by the choice of endmember composition.
Figure 4A shows the relative contributions of these three
endmembers to the PVO peat record. Most importantly, the
model successfully reconciles the observation that Os
concentrations and accumulation rates increase toward the
top of the core, whereas the '¥70Os/'®0s do not change
significantly. This feature results from concomitant increases
in both the Os-rich unradiogenic (catalytic converters and
other industrial uses) and the moderately Os-rich radiogenic
(aeolian dust, coal combustion) endmember contributions.
Osmium accumulation rates inferred from relative end-
member contributions and assumed Os concentrations
support the interpretation that important changes in the
source of Os at PVO have occurred since ca. 4500 cal. BP
(Figure 4B). Enhanced accumulation of unradiogenic Os
(endmember B) occurred in ca. 3600—4500 cal. BP,
ca. 1800—3000 cal. BP, and after ca. 1750 AD. In contrast, the
accumulation rate of unradiogenic (endmember A) and
intermediate (endmember C) Os consistently increased
starting from ca. 4500 cal. BP. After ca. 1750 AD, a more rapid
increase in Os accumulation is observed for all three
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endmembers. The accumulation of the intermediate Os
endmember decreases after ca. 1950 AD, and Os accumula-
tion is dominated by both radiogenic and unradiogenic
endmembers after ca. 1977 AD. These observations are
consistent with Os emissions from early metal mining and
smelting on the Iberian Peninsula, from metal production
industries in ca. 1750—1980 AD, from fossil fuel combustion
after 1750 AD and from automobile catalyst emissions starting
in the 1980s AD, as well as increasing erosion resulting from
land use changes and desertification starting from
ca. 1500 cal. BP (concomitant increase in the radiogenic Os
component, decrease in tree pollen and increase in La/Lu
support an erosion source from ca. 1500 cal. BP to ca. 200
cal. BP; as fossil fuel combustion increase after ca. 200 cal.
BP, the contribution from erosion becomes less significant).

Implications of Observed Changes. The PVO record
provides evidence for the anthropogenic overprinting of the
natural cycle of Os. However, because human use of Os is
limited to a few specific applications, little of the anthro-
pogenic Os input to the atmosphere results from deliberate
use of Os. The largest anthropogenic effects appear to be
those that release Os as a byproduct or impurity (metal
production activities, automobile exhaust catalysts, fossil fuel
combustion), or result in increased Os input from natural
sources, such as soil erosion. Due to the rapidly increasing
number of catalyst-equipped vehicles, the combustion of
fossil fuels and changes in land use, as well as the atmospheric
dispersion of emitted Os, the changes observed at PVO are
of global relevance. Although current atmospheric Os
concentrations (9—11) are not thought to be a risk factor for
human health, they may affect the use of Os in geochemical
studies in surface environments with low intrinsic Os
concentrations. Chen etal. (12) provide one possible example
for such anthropogenic contamination finding that the '¥70s/
180s of water in the mixed layer of the Atlantic Ocean is less
radiogenic than that of deep waters. We hypothesize that
anthropogenic Os emissions are larger than previously
estimated based on Os isotopic composition or emission
inventories (12) because only unradiogenic Os sources are
considered. Further studies of unradiogenic and radiogenic
anthropogenic emissions and anthropogenically enhanced
natural processes are needed to determine their impact on
the surficial Os cycle.
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