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(1958). Samples were collected from July 1955
through June 1956.

. Estimated Mg?* concentration.represents 32% of

the 1966-1956 Cj value. If the Mg2*+ concentration
were zero, which is unrealistic, the C; value would be
36.2 peq liter™, or about three times the current
value.

. Sulfate in pre-Industrial Revolution (PIR) (around

1800) stream water was estimated at 20 peq liter =7
[T. J. Sullivan et al., Nature 345, 54 (1990); T. J.
Sullivan, in Acidic Deposition and Aquatic Ecosys-
tems, D. F. Charles, Ed. (Springer-Verlag, New York,
1991)], and NO,~ was estimated at 5 neq liter~7,
equaling 25 peq liter=" for SO,2~ + NO4~. PIR
values of ANC were probably about 20 peq liter=,
resulting in a C;; estimate of about 45 peq liter=".
Initially, in response to increases in emissions of SO,

and consequent atmospheric deposition of SO,2~, )

C, concentrations in drainage water probably in-
creased stoichiometrically with increases in SO,2~.
Empirical relations between SO, emissions and
stream SO,2~ at HBEF suggest stream concentra-
tions of SO,2~ + NO,~ of 96 neq liter =" in 1940. If
Cg increased stoichiometrically with increases in
S0,2~, C, and ANC would have been 116 and 20
weq liter~7, respectively, in 1940.

. The weathering rate of Ca2* was estimated from

Ca:Na (molar ratio) in bedrock, assuming that all
streamwater Na™ was derived from rock weathering.
Calcium release from weathering before 1963 was
assumed to be the same as the average from 1963
t0 1998, 105 eq ha~" year~'. Before 1973, net bio-
mass storage was assumed to be constant (718 eq
ha=" year—") [on the basis of F. H. Bormann and G.
E. Likens, Pattern and Process in a Forested Eco-
system (Springer-Verlag, New York, 1979)], and af-
ter 1973, its value came from a logistic curve fitted to
data from 1965 to 1992, Although a logistic curve
can be fitted to bulk precipitation input from 1956 to
1994 (2 = 0.87), we used linear trends and project-
ed the 1955-1956 value (350 eq ha~' year~7) to
1940. Estimated streamwater Ca2* output was
based on a relation between SO, emissions and
concurrent SO,2~ + 5 peq liter=1 of NO, ™. Before
1963, the amount of precipitation and streamflow
was taken as the average for 1963 to 1993,
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History of Ancient Copper Smelting Pollution
During Roman and Medieval Times
Recorded in Greenland Ice

Sungmin Hong, Jean-Pierre Candelone, Clair C. Patterson,*
Claude F. Boutront

Determination of copper concentrations in Greenland ice dated from seven millennia ago
to the present showed values exceeding natural levels, beginning about 2500 years ago.
This early large-scale pollution of the atmosphere of the Northern Hemisphere is attributed
to emissions from the crude, highly polluting smelting technologies used for copper
production during Roman and medieval times, especially in Europe and China. This study
opens the way to a quantitative assessment of the history of early metal production, which
was instrumental in the development of human cultures during ancient eras.

Most emissions of pollutants to the global
atmosphere of our planet occurred after the
Industrial Revolution, driven by the com-
bination of unprecedented growth in the
population of the Earth and massive tech-
nological and economic development. The
only exception reported so far is lead emis-
sion. Time series recently obtained from
Greenland ice (1) and Swedish lake sedi-
ments (2) indicate that there was early
hemispheric-scale atmospheric pollution
from lead during Greek and Roman times.
The importance of this early lead pollution
remained relatively limited, however; cu-
mulative lead deposition to the Greenland
ice cap during the eight centuries of the
flourishing of the Greek and Roman civili-
zations (~400 metric tons) was about an
order of magnitude lower than lead deposi-
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tion from post—Industrial Revolution fallout
[~3200 metric tons (3)]. Here we report
evidence that cumulative early atmospheric
pollution from copper before the Industrial
Revolution was one order of magnitude
greater than that from the Industrial Revo-
lution to the present.

We analyzed copper in 23 sections of the
3028.8-m Greenland Ice Core Project (GRIP)
deep ice core (4), drilled in central Greenland
at Summit (72°34'N, 37°37'W; elevation
3238 m above sea level). Twenty-one sections
were selected from ice dated from 2960 to 470
years ago (from depths of 619.3 to 129.3 m) in
order to cover the Greek and Roman civiliza-
tions, barbaric and medieval times, and the
Renaissance. Two sections were chosen from
ice dated from 7260 and 7760 years ago
(depths of 1230.4 and 1286.5 m, respectively)
to assess natural Holocene copper concentra-
tions during times before copper production.
We mechanically decontaminated each core
section using ultraclean procedures by chisel-
ing successive veneers of ice from the outside
to the central part as described in detail else-
where (5). Copper concentrations were then
determined with a precision of =10% by
graphite furnace atomic absorption spectrom-
etry (GFAAS) after preconcentration. Each
value was blank-corrected (5). The accuracy
of the data depends on the efficiency of the
decontamination procedure. This was system-
atically checked for all sections by investiga-
tion of radial changes in copper concentra-
tions from the outside to the center of each
individual core section (6). Copper concen-
trations measured in the central parts of the



23 sections ranged from 0.8 to 6.4 pg/g. These
are the first reliable copper data ever obtained
for ancient Greenland ice.

Changes in the copper/aluminum ratio
(7) as a function of the age (8) of the ice are
shown in Fig. 1. Before the beginning of the
production of copper by man ~7000 years
ago, the copper/aluminum ratio was about 2
X 107% (Fig. 1) All copper originated from
various natural sources (9). The copper/
aluminum ratio remained unchanged until
~2500 years ago. From ~2500 to 1800
years ago, the lowest values remained close
to the natural level of ~2 X 10~* but part of
the samples had higher values, up to ~6 X
107% From ~1800 years ago, all values
were above natural levels (range ~3 X
107% to ~17 X 107%),

The high values in the samples from
~2500 years ago are not due to uncon-
trolled contamination of the corresponding
core sections, because the radial concentra-
tion profiles for copper (and aluminum)
across all but one (6) section show excel-
lent plateaus of concentration, which con-
firms that transfer of outside contamination
to the inner parts of the cores cannot be
responsible for the observed high values.
The high concentrations cannot be ex-
plained by changes in contributions from
natural sources. Ancillary measurements of
aluminum, sodium, sulfate, and ammonium
(10) show (I11) that copper from natural
sources such as rock and soil dust, sea salt
spray, volcanoes, and biomass burning is
not responsible for the observed high val-
ues. We interpret these concentrations to
be the result of early large-scale copper
pollution of the atmosphere of the North-
ern Hemisphere long before the Industrial
Revolution.

During ancient and recent times, copper
emissions mainly originated from copper
mining and smelting activities, with only
rather minor contributions from other hu-
man activities [such as production of iron
and other nonferrous metals, wood combus-
tion, and so on (12)]. As a first step toward
obtaining a time series for copper emissions
to the atmosphere that can be used to in-
terpret our Greenland ice data, we recon-
structed past changes in copper production
(Fig. 2) from a comprehensive review (13)
of available literature.

Copper was first produced from native
copper ~7000 years ago (14). Its produc-
tion became substantial ~5000 years ago,
after the development of techniques for
smelting carbonate and oxide ores (15) and
the introduction of tin-bronze, which her-
alded the real Bronze Age. Production then
continuously increased after the develop-
ment of new techniques for smelting sulfide
ores ~4500 years ago (14-16). Cumulative
production from ~ 4000 to 2700 years ago
was ~500,000 metric tons (17).

Fig. 1. Changes in the 18
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ed from the radial profile (6) and should therefore be considered as an upper limit of the original ratio in the
ice. Also shown (triangles) are representative mean values from (3) for ice and snow dated from the Industrial
Revolution to the present, collected at the same location.

The Roman period marked the begin-
ning of a sharp rise in the production of
copper in response to the rapidly increas-
ing use of copper alloys for military and
civilian purposes, especially in coinage
(17, 18). Total production peaked at over
~15,000 metric tons per year ~2000 years
ago (Fig. 2). The main production districts
were in Spain (which accounted for more
than half of worldwide production during
Roman times), Cyprus, and central Europe
(15, 18). Cumulative production from
~2250 to 1650 years ago was ~5 million
metric tons.

After the fall of the Roman Empire,
copper production greatly declined in Eu-
rope and world production remained low at
~2000 metric tons per year until about the
eighth century (16, 19). It started to in-
crease again during medieval times. In Eu-
rope, this increase was linked with the min-
ing of new German ores beginning in the
ninth century and of Swedish ores (espe-
cially in the Falun area) beginning in the

13th century (16, 19, 20). But during me-
dieval times, the largest share of the pro-
duction originated in China (21, 22), espe-
cially during the Northern Sung period
(10th to 12th century). During that period,
Chinese production reached a maximum of
~13,000 metric tons per year ~900 years
ago (21), which gives a worldwide produc-
tion peak of ~15,000 metric tons per year
~900 years ago, which is comparable to the
Roman peak ~2000 years ago.

Production then fell to a lower level for
several centuries (~2000 metric tons per
year in the 14th century), before increasing
greatly from the Industrial Revolution to
the present, when it was strongly stimulated
by the development of electrical industries.
Present-day production is ~9 million met-
ric tons per year.

Atmospheric emissions related to this pro-
duction varied considerably during the past
seven millennia because of substantial chang-
es in production technologies (16, 23). Dur-
ing ancient times, emission factors were prob-
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Fig. 2. Variations in the copper production rate during the past 5000 years as reconstructed from an

extensive review of available literature.
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ably as high as ~15% because of uncontrolled
and wasteful smelting procedures. Smelting of
sulfide ores required numerous roasting, smelt-
ing, oxidizing, and refining steps (24) per-
formed in crude open furnaces. Emissions re-
mained uncontrolled until the Industrial Rev-
olution (16), when improved furnaces and
metallurgical techniques began to be used. By
the middle of the 19th century, smelting pro-
cedures were reduced to only five steps (16).
These improvements resulted in a sharp de-
crease in emission factors, which were proba-
bly reduced to ~1% at the beginning of the
20th century. Further improvements were
subsequently made, resulting in present-day
emission factors of ~0.25% (25).
Combination of these emission factors
with the production data (Fig. 2) shows that
copper emissions to the atmosphere were as
high as ~2100 to 2300 metric tons per year
at the peak of the Roman Empire ~2000
years ago and of the Northern Sung dynasty
in China ~900 years ago (Table 1). These
emissions were higher than those for the
mid-18th and 19th centuries and represent
as much as ~10% of present-day emissions.
The high copper/aluminum ratios ob-
served in our ice samples dated from Ro-
man times onward (Fig. 1) show that these
emissions were intense enough to produce
substantial copper pollution of the middle
troposphere of the Arctic. Pollutant cop-
per was probably emitted to the atmo-
sphere as small-sized aerosols during the
high-temperature steps of copper produc-
tion processes. These aerosols were easily
transported to the Arctic by well-known
atmospheric pathways (26) from the mid-
latitude areas where they were emitted
(mainly in the Mediterranean basin, espe-
cially Spain, during Roman times; and in

Table 1. Estimated copper emissions to the at-
mosphere, linked with copper production. These
estimates were derived from the production data
shown in Fig. 2, with the assumption that the
copper emission factor was ~15% until the Indus-
trial Revolution and then declined linearily to ~1%
in 1900 and to ~0.25% at present.

Copyper emission to the

Date (years atmosphere (metric

ago)

tons/year)

5000 55

3000 20%
2500 300
2000* 2,300
1250 300
900t 2,100
500 800
250 1,500
150 1,500
50 16,000
5 283,000

“Peak of Roman copper production. Peak of Chi-
nese copper production during the Northern Sung
dynasty. #Calculated with an assumed emission fac-
tor of ~5% for oxide and carbonate ores.
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China during medieval times).

Changes in copper/aluminum ratios in
Greenland ice appear to be in general
agreement with the estimated changes in
anthropogenic copper emissions (Table
1). The Greenland ice data show low (nat-
ural) values until ~2500 years ago, then
medium values from Roman times to the
Industrial Revolution, and finally a sharp
increase in recent times (Fig. 1). We do
not have enough data points for medieval
times to confirm the peak of emissions
during the 11th century (Table 1) and the
periods of low emissions that preceded and
followed this peak. Of interest is the high
variability of the data during the Roman
period. It might be a consequence of the
fact that copper production during Roman
times varied greatly over short time peri-
ods (decades) as a result of pronounced
changes in the need for copper, especially
for coinage. The variability probably does
not reflect changes in atmospheric trans-
port from mid-latitude areas to the Arctic
because it was not observed for lead (1)
(lead production did not suffer such large
short-term changes).

Changes in the fallout flux of copper at
Summit during the past seven millennia
can be obtained from copper concentra-
tions measured in the ice and from the
mean local ice accumulation rate of 23 g of
H,O cm™? year™!. Copper ranges from
~0.17 X 107 g em™ year™! (in the
pre-Roman period, ~3000 years ago) to
~22 X 107" g em™? year™' (in the
present day). Cumulative fallout of anthro-
pogenic copper to the whole Greenland ice
cap (surface of 1.4 X 10° km?; mean annual
accumulation rate of 34 g of H,O ecm™?
year™ ') after correction for copper flux from
natural sources (27) was ~800 metric tons
during the Roman period (~2500 to 1500
years ago). From the fall of the Roman
Empire to the Industrial Revolution
(~1500 to 220 years ago), ~2000 metric
tons were deposited. The cumulative depo-
sition from 2500 years ago to the Industrial
Revolution is then ~2800 metric tons.
These values are much higher than the
cumulative deposition of copper to the
Greenland ice cap from the Industrial Rev-
olution to the present [~200 metric tons
(3)]. This means that cumulative large-scale
copper pollution of the atmosphere of the
Northern Hemisphere was much larger be-
fore the Industrial Revolution than after it.

This evidence of pronounced, early,
large-scale atmospheric pollution is not
the only interest of the ice data presented
here. They open up the possibility of fu-
ture quantitative studies of the history of
metal production during antiquity. Our
present knowledge of this history, which
was a crucial factor in social and cultural
development, is essentially qualitative. It
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will be especially interesting to analyze
concentrations of arsenic and tin to obtain
quantitative estimates of when the process
of smelting copper alloyed with arsenic to
make hard weapons and tools began, as
well as the process of smelting copper
alloyed with tin, which marked the onset
of the Bronze Age.
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Extraterrestrial Helium Trapped in Fullerenes in
the Sudbury Impact Structure

Luann Becker,” Robert J. Poreda, Jeffrey L. Bada

Fullerenes (Cg, and C,) in the Sudbury impact structure contain trapped helium with a
®He/*He ratio of 5.5 X 107 t0 5.9 X 104, The He/*He ratio exceeds the accepted solar
wind value by 20 to 30 percent and is higher by an order of magnitude than the maximum
reported mantle value. Terrestrial nuclear reactions or cosmic-ray bombardment are not
sufficient to generate such a high ratio. The ®He/*He ratios in the Sudbury fullerenes are
similar to those found in meteorites and in some interplanetary dust particles. The im-
plication is that the helium within the C,, molecules at Sudbury is of extraterrestrial origin.

Fullerenes (Cqo and C,4) have recently
been identified in a shock-produced breccia
(Onaping Formation) associated with the
1.85-billion-year-old Sudbury impact struc-
ture (1). The presence of 1 to 10 parts per
million (ppm) (1) of fullerenes in these
samples from the Onaping Formation raises
questions about the origin of fullerenes and
about the potential for delivery of intact
organic material to Earth by a large bolide
(for example, an asteroid or comet). Be-
cause the Sudbury target rocks are poor in
carbon (C), we have suggested that the
fullerene C was extraterrestrial in origin
(I). There are two possible scenarios for the
presence of fullerenes in the Sudbury im-
pact deposits: (i) that fullerenes are synthe-
sized within the impact plume from the C
contained in the bolide (1), or (ii) that
fullerenes were already present in the bolide
and survived the impact event. We exam-
ine here these possible sources of the Sud-
bury fullerenes by searching for noble gases
trapped inside the fullerene molecule.

The correlation of C and trapped noble
gas atoms in meteorites is well established
(2). Primitive meteorites contain several
trapped noble gas components that have
anomalous isotopic compositions. For exam-
ple, Black and Pepin (3) found anomalous
Ne values in several primitive unmetamor-
phosed meteorites, and Anders and co-work-
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ers (4) reported Kr and Xe values in the
Murchison and Allende meteorites that are
indicative of a presolar origin. Several C-
bearing phases have been recognized as car-
riers of trapped noble gases, including SiC,
graphite, and diamond (5). Fullerenes have
been suggested as a carrier of noble gas com-
ponents in carbonaceous chondrites (6);
however, so. far, the identification of
fullerenes (Cg, and C,) is limited to a single
occurrence in the Allende meteorite (7).

The Cg, molecule is large enough to en-
close the noble gases He, Ne, Ar, Kr, and Xe
but is too small to contain diatomic gases
such as N, or triatomic gases such as CO,.
Recent experimental work has demonstrated
that (i) He is incorporated into Cg, during
fullerene formation in a He atmosphere and
(ii) noble gases of a specific isotopic compo-
sition can bhe introduced into synthetic
fullerenes at high temperatures and pres-
sures; these gases can then be released by the
breaking of one or more C-C bonds during
step-heating under vacuum (8). The unique
thermal release patterns for He encapsulated
within the Cg, molecule (He@C,) are sim-
ilar to the patterns for acid-resistant residues
of carbonaceous chondrites (9), suggesting
that fullerenes could be a carrier of trapped
noble gases in meteorites.

To determine the noble gas abundances
and isotopic ratios for the fullerenes, we
undertook a systematic study of acid-resis-
tant residues generated from samples col-
lected at the Dowling and Capreol town-
ships within the C-rich layer (Black Mem-
ber) of the Onaping Formation (10). If the
fullerenes were formed in the impact plume,
then the isotopic ratios of the trapped gases
would reflect the composition of Earth’s
atmosphere (that is, terrestrial) at the time
of the impact. If, on the other hand, the
fullerenes were present in the bolide before
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impact, then the isotopic ratios of the
trapped gases would have an extraterrestrial
signature (3, 4, 11).

We demineralized samples using HEF-
BO5, and the carbonaceous residue was re-
fluxed with toluene to extract fullerenes (1,
12, 13). An ultraviolet-visible absorption
spectrum of the toluene fractions revealed a
peak at 330 nm indicative of Cg, (14). The
toluene fractions were then analyzed by la-
ser desorption (linear and reflectron) time-
of-flight mass spectrometry (1, 15). All of
the toluene fractions showed a strong peak
at mass-to-charge ratio (m/z) of 720 atomic
mass units (amu), which corresponds to
Cqo™, and a peak at 840 amu, which corre-
sponds to C,,* (Fig. 1A). In addition, the
mass spectrum of the Capreol toluene frac-
tion (Fig. 1B) showed a strong peak at 720
amu corresponding to Cg,™ and a peak at
724 amu corresponding to *He@Cy,*. The
mass spectrum (Fig. 1B) of this sample in-
dicates that not only are fullerenes present
in the Sudbury deposits, but they contain
trapped He (16).

Synthetic He@C, molecules release He
upon heating (8). We evaporated a separate
toluene fraction from Sudbury (containing
fullerenes) to dryness, heated the residues
incrementally, and measured the *He and
“He concentrations (Table 1) using a mass
spectrometer (17, 18). The He concentra-
tions in the Dowling sample correspond to
67 atoms of *He per 107 fullerene molecules
and 37 atoms of *He per 10'° fullerenes.
The *He release pattern for the Capreol
sample (Fig. 2) is similar to the release
pattern determined for synthetic fullerenes
(8). The release of *He from the Dowling
sample (Fig. 2) is somewhat greater at lower
temperatures and is attributed to the pref-
erential release of He from C,,. These mea-
surements suggest that the He was released
from fullerenes because no other acid-resis-
tant He carrier phase, such as carbides or
microdiamonds (19), was observed in our
samples nor would such phases produce the
release pattern characteristic of He@Cg,
that we found upon heating.

The *He/*He ratio (sum of all heating
steps) was 5.88 X 1074 for Capreol and 5.46
X 107* for Dowling. These ratios are higher
than the accepted solar wind value of 4.4 X
107* (20) and higher by an order of mag-
nitude than the maximum mantle value of
4.4 x 107% (21). Some meteorites have
been reported to contain He with a higher
3He/*He ratio, produced by a combination
of implantation and cosmic-ray bombard-
ment (20). The ’He/*He ratios measured
for the Sudbury fullerenes are higher than
the 3.0 X 10™* value reported for interplan-
etary dust particles collected in the strato-
sphere and in deep-sea sediments (22). The
implication of the *He/*He results for the
Sudbury fullerenes is that the He within the
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