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1. INTRODUCTION

1.1 General

It is now well recognized that the huge amounts of metal discharge from industrial
emissions into the air, water and soils have no doubt resulted in the great impact on the
regional and global cycling of trace metals since the Industrial Revolution [Nriagu,
1990]. To evaluate the impact of anthropogenic emissions on the natural cycles of toxic
heavy metals, it is needed to understand a general historical trend in occurrence of these
elements in the atmospheric system which is a main route of the transport of pollutant

aerosols emitted from various anthropogenic sources.

The well preserved and dated snow apd ice layers deposited in Greenland ice cap give
us an unique way to investigate on a global basis the historical pollution of the
atmosphere of the Northern Hemisphere for various toxic heavy metals stemming from
the industrial activities [Wolff and Peel, 1985; Boutron, 1995; Boutron et al., 1995]. In
fact, the study on the changing occurrences of heavy metals in this frozen archives was
stimulated by a pioneering work performed by C. Patterson and his co-workers twenty
six years ago [Murozumi et al., 1969]. They analysed the north-west Greenland snow
and ice block samples collected from the walls of an inclined shaft at the Camp Century
area (77° 10'N, 61° 08'W, elevation 1866m a.s.l) and from a virgin trench site (76°
46'N, 58° 52'W, elevation 1800m a.s.1.) 80 km east by south-east of the Camp century.
The estimated ages of the saniples collected ranged from 1753 to 1965 AD. In addition,

a single block of the Holocene ice dating back to about 2800 years B.P. was also
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collected at Camp Tuto (76° 25'N, 68° 20'W) for the measurement of the Holocene
natural Pb concentration level. From this splendid work, they obtained the first time
series of Pb concentrations which showed that the Pb concentrations in 1753 AD was
already elevated to about 10 pg/g with respect to that (< 1pg/g) of the Holocene
natural one and that the continuous ~ 5 fold increase of Pb concentrations until the
1930s was followed by the subsequent rapid increase by a factor of ~ 4 during the time
span of about 30 years. As a result, the Pb concentrations were found to increased by
up to a factor of 20 during the last two centuries. At that time, they suggested an
interpretation that the remote Arctic atmosphere was already polluted for Pb about 200
years ago by the uncontrolled Pb mining and smelting activities and an enormous
increase of Pb concentrations after the 1930's had resulted from the introduction and

subsequent massive use of Pb alkyl additives in automotive fuels.

Since then, many investigators made their efforts to reconstruct a historical trend of
various heavy metals such as Hg [Weiss et al, 1971a; Carr and Wilkniss, 1973;
Appelquist et al., 1978], Se [Weiss et al., 1971b], and Cd, Cu and Zn as well as Pb
[Weiss et al, 1975; Herron et al, 1977] for evaluating the dominant source
contribution, using the same snow and ice samples as ones of Murozumi et al. or the
samples recovered from the newly excavated snow pits and deep ice core drilled at the
Dye-3 (65°N, 44° W) and Crete (71°N, 37°W) in Greenland. In these studies, they
claimed that most of the heavy metals contents contained in modern and ancient
Greenland snow and ice had originated not from the industrial emissions but from the
natural sources such as the crustal dusts, volcanic emanations, biological volitilization,
and the degassing processes of the earth's crust and, therefore, that man-made

pollutants contribution was not responsible for the changing occurrences of heavy
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metals during the time span comparable to that of previous Patterson and co-worker's
investigation. Also they suggested that Pb concentrations presented by Murozumi et al.

[1969] for the pre-1900 period was anomalously low.

However, this controversy was ended when Ng and Patterson [1981] analysed three
ice core sections of the Camp Century Greenland deep ice core (77° 10N, 61° 08'W,
elevation 1885) whose ages ranged from 2700 to 5500 years B.P. They confirmed that
the natural Pb concentrations free of a possible influence from the ancient Pb smelting
activities (i.e., Roman and medieval German operations) was really at the pg/g level as
previously claimed by Murozumi et al. [1969]. For this work, the mechanical
decontamination by chiselling successive veneer layers of ice core section was for the
first time used instead of the previous melting and washing procedures. It was,
moreover, proposed that the penetration of the outside contamination towards the inner
part of core section had to be checkéd by analysing seperately each veneer layer in
order to obtain a reliable data. Consequently, their confirmation led to a definitive
conclusion that the previous investigations on various heavy metals present in
Greenland snow and ice had suffered severe contamination problems during field

sampling, laboratory analysis or both.

Owing to the revolutionary decontamination process executed by Ng and Patterson
[1981], thereafter, the reliable time series of heavy metals could have been obtained by
various investigators using the Vostok (78° 30'S, 106° 54'E) and Dome C (74° 39'S,
124° 10'E) deep ice cores of East Antarctica [Boutron and Patterson, 1986; Boutron et
al., 1987; Batifol et al., 1989; Boutron et al., 1990,1993; Vandal et al, 1993].

Unfortunately, however, any reliable time series of various heavy metals was not
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produced to evaluate a large scale pollution of the atmosphere of the Northern
Hemisphere in human history from Greenland ice samples, although short-term (yearly
or decadal) variations of heavy metals deposition flux over southermn or central
Greenland snow were measured by various investigators [Wolff and Peel, 1988;
Boutron et al, 1991; Savarino et al., 1994]. Just recently, Candelone et al. [in press]
obtained the reliable time series of Pb, Cu, Zn, and Cd covering the time period of the
post Industrial Revolution, that is, about 220 years, using Eurocore samples collected
at Summit (72° 34'N, 37° 37'W, elevation 3238m a.s.1, mean annual temperature -
32°C, mean annual snow accumulation rate 23g cm? yr') in central Greenland. This
work was aimed to confirm the change of Pb concentrations level with time at one site
over Greenland in comparison with that of Murozumi et al. [1969], for which they
used the samples collected from various sites, and to assess human impact on the
natural atmospheric cycles of other heavy metals such as Cu, Zn and Cd on an
hemispheric scale. Candelone et al. [in press] found that the general trend of the
temporal variations of Pb concentrations obtained from both Murozumi et al. [1969]
and themselves are similar, although there is a slight dicrepancy in concentration level,
which is probably due to the differences in altitude and geographical area of the
sampling sites and/or due to the unexpected contamination occurred in the previous
analytical procedures. It was also observed that the concentration level determined in
their snow and ice samples started to increase as early as the 1770s for Zn and from the
1850s for Cu and Zn and reached the maximum at the different time for each individual
metal, that is, ~ 1961 for Zn, ~1972 and 1969 for Cd and Cu, respectively.
Enhancement factor in concentration was found to amount to be ~ 8 for Cd, ~ 5 for Zn,
and ~ 4 for Cu. They attributed these temporal variations to the changes of worldwide

anthropogenic emission rates to the atmosphere of the Northern Hemisphere, assuming
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that the Cu, Zn and Cd contents determined in the ice sample 220 years ago are entirely
natural in origin, while the natural Pb loading in the atmosphere of the Northern
Hemisphere was already perturbed on a significant scale by the anthropogenic Pb
pollutant aerosols emitted from the extensive Pb mining and smelting prosesses at the

time of the Industrial Revolution.

As mentioned above, much attention on the large scale heavy metal pollution in the
atmosphere of the Northern Hemisphere have been paid to the limited time period, i.e.,
the past two centuries, because the industrial emissions of the contaminants to the
atmosphere were regarded to have become significant on a global basis after the
Industrial Revolution. However, Patterson et al. [1970] proposed that Pb production
rate in Roman times was comparable to that at the onset of the Industrial Revolution
and hence the amplitude of the anthropogenic pollution in the atmosphere of the
Northern Hemisphere for Pb during the Roman times might be of the same order of
magnitude as that for the Industrial Revolution, which was evidenced from the
measurement of Pb contents in Greenland ancient ice sample. His proposition implied
definitively that a reconstruction of the time variations in occurrence of heavy metals
had to be extended in time to the long period enough to understand a full historical
course of the anthropogenic pollution. This was a principal motive of the study for Pb
presented in this thesis. In order to properly assess to what extent man gave rise to a
large scale perturbation of natural atmospheric cycles of various heavy metals, on the
other hand, it is indispensable to decipher the natural occurrences of those heavy metals
in the atmosphere and their time-dependent modulation in accordance with the control
factors. For this, the comprehensive time series have to be obtained for the last full

glacial period as well as the Holocene, during which the climatic conditions have
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changed to a great extent so that we could have a general picture of the control factors
for the changes of natural source contributions to the atmospheric heavy metals
burden. The above mentioned investigation was expected to yield a comprehensive
understanding of the changing occurrences of heavy metals in Greeniand snow and ice,
for instance, the preceded investigation of Candelone et al. [in press]. Consequently,
the study presented here was designed and carried out in order to extend our
knowledge about the biogeochemical cycles of heavy metals in the atmosphere of the

Northern Hemisphere from the past to present.

This thesis consists of eight components in the form of articles (I-VIII) which present
all the analytical procedures and results obtained by analysing fourty seven ice core
sections from GRIP deep ice core. The purpose and basic background of each article is

presented in section 1.3 in order to make the ultimate objective of this thesis clear.

1.2 Field sampling

In 1990-92, the multinational European Greenland Ice-core Project (GRIP) drilled an
ice core at Summit (72° 58N, 37° 64'W, elevation of 3238m above sea level, annual
mean air temperature -32°C) in central Greenland (Fig. 1). The 3028.8-m-long core
was recovered by an electromechanical drill, which covered the past 250 kyr according
to the time scale given from Dansgaard et al. [1993]. The author analysed for Pb, Cu,
Zn, and Cd fourty seven ice core sections which cover the Holocene period (< 10,000
years B.P.) and the last full glacial cycle (10,000 - 150,000 years B.P.). As many other
investigations were conducted on the same core sections, only a limited part of the core

cross section was available for this study (see Article I). Each core section is 55cm long
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and thus the time span of the accumulation of ice ranges from three years for the
shallow depth to about 200 years for the deep one. This allows us to obtain an average
concentration value of more than one year of accumulation of ice in each core section
for eliminating a possible influence of seasonal variation in concentration. The time
scale used here was established by counting annual layers back to 14.5 kyr B.P. and

beyond that by ice flow modelling [Johnsen et al., 1992; Dansgaard et al., 1993].

1.3 Presentation of each component

Article I : An improved method for decontaminating polar snow or ice cores for heavy
metal analysis

The outside of core sections to be analysed is generally contaminated by various
metals originating mainly from the waﬂ retaining fluid when such a fluid is required to
prevent the closing of the drilling hole at great depths. The first requisite procedure to
obtain reliable data is, therefore, to decontaminate them by removing the outside

contamination in order to get the clean central part of the core section.

After Ng and Patterson [1981] developed the revolutionary decontamination
techniques which involved the mechanical chiselling of successive veneer layers from
ice core samples instead of melting-washing method used by the previous investigators,
their method was widely used and improved by several investigators [Boutron and
Patterson, 1986; Boutron et al, 1990; Boutron et al., 1993]. However, this method
was not fully satisfying, because the ice samples had to be hold with the operator's

hands so that the blank contribution was still high for the low concentration level of
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heavy metals measured. For instance, the blank contribution was found to account for
up to 50-75% for the heavy metal contents present in the Holocene ancient ice of the
Antarctic [Boutron and Patterson, 1986; Boutron et al., 1990; Boutron et al., 1993].
Taken into account that the Holocene natural level of various heavy metals to be
measured from GRIP ice core was presumed to be down to sub pg/g, it was mandatory

to improve the decontamination procedures for obtaining reliable data.

All the core sections analysed for this thesis were decontaminated using an improved
method : the core sections were drilled while being hold horizontal in a polyethylene
lathe inside a laminar flow clean bench in a cold room. The whole procedural blank
including the chiselling procedure was determined by using an artificial ice core made
by freezing ultraclean water whose heavy metals contents were known beforehand. It
was found to amount to 0.015 pg/g for Cd, 0.11 pg/g for Pb, 0.2 pg/g for Zn and 0.25
pg/g for Cu, respectively, for inner core. The blank contribution accounted for about
30% for Pb and Cu, 10% for Cd and insignificant for Zn (for the lowest concentration
value obtained in this work). The heavy metals concentrations presented in this thesis
represent the values corrected for blank contribution derived from the whole analytical

procedures.

When all the analytical procedures are completed, it is essential to determine the full
outside-inside profiles in concentrations for each ice core section and each heavy metal.
If a clean plateau of concentration is observed in the central part of the core, it suggests
that the outside contamination has not penetrated to the central part of the core : the
value obtained in the most inner part represents the original concentration of the

investigated core section. On the contrary, if a continuous decrease of concentration is
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observed from the outside towards the central parts, it can be considered that the very
center of the core was contaminated by the penetration of the outside contamination :
the value of the most central part of the core represents only an upper limit of the
original concentration in the ice. The full outside-inside concentration profiles were

determined for all the investigated core sections.

Article IT : Greenland ice evidence of hemispheric lead pollution two millennia ago by

Greek d Ro civilizations

As mentioned before, Patterson et al. [1970] proposed that as the Romans produced
and used a large amount of lead comparable to that at the onset of the Industrial
Revolution, they might have significantly polluted the atmosphere of the Northern
Hemisphere for lead. According to his estimate of lead production rates during the
Roman period [Patterson, 1972; Settle. and Patterson, 1980], the peak output of lead

production amounted to about 80,000 tonnes per year two millennia ago.

In fact, lead has been a focus of attention as a tracer of the anthropogenic pollution
resulting from the ancient industrial activities, because lead is believed to be the first
metal to be won from its ores [Gale and Stos-Gale, 1981] and to be used in widespread
commercial applications in ancient times [Nriagu, 1983a). In prehistoric times, most of
lead was produced as a by-product of silver production. It was only during the Roman
times that lead became a base metal to have been actively sought for and exploited on
its own right [Nriagu, 1983b]. The quantity of lead mined and produced between about
200 B.C. and 500 A.D. amounts roughly to 18 million tonnes, which accounts for

about 50% of all the lead produced in ancient times [Nriagu, 1983a]. Interestingly, it is
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estimated that the production of lead during the Roman Empire amounted to about 540
g per person per year, while the present-day consumption of lead in the United States
reaches about 5500 g per person per year [Nriagu, 1983b]. Such a wide use of lead in
ancient times, in particular the Roman period, gave rise to lead poisoning which is one
of the earlist occupational diseases contracted by mankind [Nriagu, 1983b]. Patterson
et al. [1987] found that lead level prevailing in Rome was about 1000 fold above
natural level in humans. Furthermore, Gilfillan [1965] even claimed that the chronic
lead poisoning in the Roman upper class, which stemmed mainly from drinking lead-

contaminated wine, was a factor in the fall of Rome.

As mentioned above, lead was a principal metal familiar to ancient people. Therefore
it has been regarded as the first contributor in the large scale anthropogenic pollution of
the atmosphere of the Northern Hemisphere. When Patterson et al. [1970] suggested a
possibility of this Roman pollution for lead, the experimental procedures and techniques
were not good enough to measure lead in the ice samples corresponding to the Roman
times. Indeed a large volume of melted samples (~ 50 1) was required to measure very
low concentration level of lead at that time. Thanks to the continuous development of
analytical techniques and decontamination procedures, which reduced the required
sample volume (~ 50 to 100 ml instead of ~ 50 1), it was possible to analyse Pb in
twenty two sections of GRIP deep ice core covering the period from 3000 to 500 years
ago (the Greek, Roman, Medieval, and Renaissance times) and 7760 years ago (the
Holocene natural level). The results showed that the middle troposphere of the
Northern Hemisphere was already polluted by Pb on a hemispheric scale two millennia

ago, long before the Industrial Revolution.

15
Article ITI :Lead isotope record in ancient Greenland ice from 6000 B.C. to A.D. 1500

: preliminary data

Lead has four stable isotopes, Pb**, Pb **, Pt*"’ and Pt*™, which are present in nature
in average proportions of 1 : 17 : 15 : 37. The first one is non-radiogenic, while the
latter three are the end products of radioactive decay chains : **U **Pb, **U*"Pb and
22Th 2=Pb. Isotopic abundances of lead can significantly vary in different ore bodies in
association with the parent uranium-thorium concentrations in the mother rock, their
decay rates and geochemical cycling processes [Kersten et al., 1992]. Therefore, a
characteristic lead isotope composition occurrs in each natural lead deposit. This allows
us to assess the relative source contribution to lead present in the atmosphere. If major
sources of the industrial lead have their own characteristic isotopic signatures, it is
possible to identify whether the main contributor for lead is natural or anthropogenic in
origin. Moreover, the dominant sourcé regions from where lead originated could be
identified, if the isotopic compositions of the potential source regions differ
significantly. Using lead isotopes, many investigators tried to identify the source of lead
aerosols present in various environments [Petit et al., 1984; Flegal et al., 1993; Rosman

et al., 1993].

Aliquots taken for Pb isotope measurement were transported frozen to Curtin
University (Perth, Australia) where the isotopic composition and concentration of lead
has been measured by Thermal Ionization Mass Spectrometry (TIMS) and Isotope
Dilution Mass Spectrometry (IDMS), respectively [Rosman et al., 1993,1994]. The
isotopic signatures showed that the elevated Pb concentrations from 3000 to 500 years

B.P. have resulted from the anthropogenic Pb aerosols emitted from the ancient Ag/Pb
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mining and smelting activities mainly in Spain, Britain and Germany as a function of the

ages.

Article TV : A reconstruction of historical copper production and its relevance to
copper emission to the atmosphere with ages

An assessment of historical atmospheric pollution requires an understanding of the
history of metal production and associated metallurgical technologies which are linked
to the emissions of metal pollutant aerosols to the atmosphere during metal mining,
smelting and refining processes. In contrast to lead [Patterson, 1972; Nriagu, 1983],

until now, the historical production of copper was not available.

In this work, the worldwide production rates of copper have been reconstructed for
the past 5000 years from a review of the available fragmentary documents. The
temporal changes of emission rates of copper aerosols from copper industrial sources
to the atmosphere have also been estimated. Much attention is paid to the Roman (250
B.C. - A.D. 350) and chinese Sung Dynasty (960-1279 A.D.) period, during which
copper mining and extraction activities were so intense that they may have caused the
large-scale anthropogenic pollution in the atmosphere of the Northern Hemisphere,

long before the Industrial Revolution.

It should be noted that the estimated figures presented in this work are quite

uncertain and are thus expected to be improved by further archaeological evidence.
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Article V : Greater ulative laree scale atmospheric pollution of the Northern

Hemisphere for copper before than the Industrial Revolution

It is not too much to say that the evolution of human history in antique commenced
with the use of metals such as gold, silver, lead and copper for omamentation and
various rituals. Copper was first used from native copper in the Old World around 7000
B.C. and after the development of smelting technology around 5000 B.C., copper
production Was gradually increased as a result of the simple reduction smelting of
copper carbonate and oxide ores (i.e., cuprite, malachite, azurite) in many parts of the
Near East [Patterson, 1971; Darling, 1990]. The beginning of bronze industry indeed
stimulated the massive use of copper for both military and civil purposes, and led to
rapid growth of the ancient civilizations. From about 2500 B.C. copper was mined and
produced on a significant scale by smelting sulfide ores (i.e., chalcocite, chalcopyrite,
bornite, conellite). Thereafter, the quaﬁtity of copper produced in the world fluctuated

greatly with a growth and decline of the powerful ancient empires.

When considering that the mining and smelting processes for copper production were
very wasteful and uncontrolled in ancient times, one can presume that a considerable
amount of Cu aerosols emitted may have polluted on a regional or even large scale the
atmosphere of the Northern Hemisphere. Therefore, it is needed to reconstruct an
historical trend in concentrations of Cu present in Greenland ice for understanding the

extent of the ancient anthropogenic pollution in the atmosphere.

The record of copper concentraton found in Greenland ice samples indicates that the

ancient Cu mining and smelting activities were so intense that the atmosphere of the
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Northern Hemisphere was contaminated on a significant scale from the Greek and

Roman to Medieval times.

Article VI : Deposition of atmospheric heavy metals to the Greenland ice sheet from
the 1783-1784 volcanic eruption of Laki, Iceland

One of the major natural sources of heavy metal emissions to the atmosphere is
volcanoes. According to the global inventory of natural heavy metal emissions
proposed by Nriagu [1989], volcanic inputs can be responsible (median values) for
about 30% for Pb, 35% for Cu, 20% for Zn and 65% for Cd, respectively, of the total
natural emission rates. However, the volcanic contributions can only be order of
magnitude estimates, based on scattered emission rates measured in volcanic plumes. In
fact, emission rates of heavy metals differ from volcano to volcano and vary even for
various stages of eruption of volcanoes [Buat-Ménard, 1988]. Furthermore, the
volcanic impacts on the natural atmospheric cycles of heavy metals tend to be sporadic,
depending on the cataclytic eruptions of volcanoes.

In order to properly evaluate volcanic contributions to the global atmospheric burden
of heavy metals, it is necessary to investigate volcanic layers recorded in the polar ice
sheets. Until now, no data on the volcanic contribution is available for the Greenland

ice sheet.

Greenland ice from the 70.3-m-long Eurocore drilled at Summit, central Greenland,
was chosen to investigate heavy metals contributed from the known volcano. The ice

core section selected was found to contain the great 1783-1784 Laki eruption fallout
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layer. In this ice layer, the well-defined volcanic heavy metals contribution is observed
and thus discussed.
Article VII :

ccurrenc metals (Pb, Cu, Cd. Zn) in central

Greenland ice deposited during the Holocene

From the measurement of Pb and Cu in various core sections, it was revealed that
man began to pollute on a hemispheric scale the atmosphere of the Northern
Hemisphere two millennia ago, long before the Industrial Revolution. This indicates
that the input strength of anthropogenic contaminants to the Arctic atmosphere became
comparable to that from the natural sources. A proper assessment of the contribution
from various natural sources such as the crustal particles, volcanoes, seasalt spray,
biomass buming, and biogenic emissions, offers an opportunity to have a general
picture on the historical change of ﬁe atmospheric cycles of heavy metals in the

Northern Hemisphere.

The estimates of natural contributions have still remained uncertain because of
variable emission rates from natural sources proposed in various studies [Nriagu,
1989]. Another reason is that there are few comprehensive investigations of the
relative strengths of the different natural sources. Also there have been no reliable

investigations of atmospheric heavy metals present in frozen archives of Greenland ice.

In this work, the natural input of heavy metals to Greenland during the Holocene is

assessed in detail using the available data (AL Na, SO, NH,"). Also presented is the
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first reliable time series of Zn and Cd documented in Greenland ice deposited from

8000 years ago onwards.

Article VIII : Changes in natural lead, copper, zinc and cadimum concentrations in

central Greenland ice from 8000 to 150,000 years B.P. - its association
with _climatic changes and resultant variation of dominant source

contribution

The first comprehensive time series of Pb, Cu, Zn and Cd are obtained in this work
for the last full glacial period by the analysis of twenty four sections. The ages of the
samples analysed cover the major climatic stages such as the next to last glacial age
known as the Saale, the last interglacial age (Eemian), several stadial and interstadial

ages during the last glaciation and the last deglaciation to Holocene transition period.

The concentration level of heavy metals determined is found to strongly fluctuate by a
factor of about 320 for Pb, 100 for Cu, 36 for Zn and 13 for Cd, respectively. This
evidences that the input strength of these metals into the high-latitude troposphere had
been regulated in responce to the changes of the large-scale atmospheric circulation and
the areal extent of the source regions, as like that of the terrestrial and marine aerosol
contents recorded at the same site [Mayewski et al., 1994]. From the measurement of
various subsidiary elements (Al, Ca, Na, SO, NH,"), the well-defined relationships
between each individual heavy metal and subsidiary elements are observed and thus
allow us to evaluate the relative strength of different source contributions linked to the
climatic conditions. A remarkable variation of the major source contribution to each

heavy metal is well documented in the samples corresponding to the preboreal to
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Holocene transition period (12,000 - 8000 years B.P.). Taking into account the changes
of Cd/Al and Zn/Al ratios determined, it is proposed that the continental biogenic
emissions may have become the principal contributor for Cd and to a lesser extent for
Zn aerosols contained in the Arctic troposphere during the given time period, which
had resulted from the retreat of the massive land-ice sheet and the following northward

expansion of vegetation area.
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ABSTRACT

An improved method has been developed for the decontamination of Greenland and Antarctic snow
or ice cores for heavy metal analysis. The investigated core sections are chiselled while being held
horizontal in a polyethylene lathe inside a laminar flow clean bench in a cold room. Each veneer
layer and the final inner core are then analysed for Pb, Cd, Zn and Cu by Graphite Furnace Atomic

Absorption Spectrometry in clean room conditions.

The procedural blank was found to range from 0.015 pg/g for Cd up to 0.25 pg/g for Cu. The
quality of the decontamination was checked by studying changes in heavy metals concentrations
from the outside to the center of each core section. In most cases, good plateaus of concentrations
were observed in the central parts, then indicating that contamination present on the outside of the
cores was not transferred to these central parts. Various Greenland and Antarctic cores were
decontaminated, giving new insights into the past and recent occurrence of heavy metals in the

atmosphere of both hemispheres.

KEY WORDS : heavy metals, lead, cadmium, zinc, copper, snow, ice, Greenland, Antarctica,

global pollution
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1. INTRODUCTION

The successive well preserved snow and ice layers deposited in the large Antarctic and Greenland
ice sheets are unique archives of the past and recent changes in the atmospheric concentrations of
heavy metals. Deciphering these archives for heavy metals has unfortunately proved to be very
difficult mainly because the concentrations to be measured are extremely low, down to the sub pg/g

level.

A key point to obtain reliable data is in the cleanliness of the available samples. For near surface
snow, clean samples can be obtained from the walls of clean hand dug pits [1, 2] or trenches [3],
or by using specially designed clean augers [4]. But deeper layers can only be reached by using
large size -electromechanical [5] or thermal [6] drills. Such drills provide us with snow/ice cores
whose diameters range from about 3 to 5 inches (7.5 to 13 cm), the most frequent diameter being

4 inches (10.2 cm).

A major problem is that the cores are always more or less contaminated on their outside. This
contamination originates from various contributions. The main one is the wall retaining fluid
(amongst the fluid used are kerosene and freon [7] and n butyl acetate [8]) when such a fluid is
required to prevent the closing of the drilling hole at great depths. But other contributions can also

originate from the body of the drill, the cable and the handling, packing and storage of the core.

To obtain reliable heavy metals data from such cores, it is therefore essential to be able to
decontaminate them by removing the outside contamination without transferring it to the most

central parts and to check the efficiency of the procedure.
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Although this problem has already been tackled by a few investigators [9-12], none of them has

until now developed a fully satisfying method, i.e. a method which is ultraclean, suitable both for
snow or ice cores, not too much time consuming and which allows to check the efficiency of the

procedure.

We present here an improved ultraclean mechanical decontamination procedure for snow or ice
cores. It has been successfully used for the decontamination of various sections of several snow

and ice cores from Greenland and Antarctica.

2. EXPERIMENTAL

The experimental procedure requires two operators. It consists in chiselling successive layers of
snow or ice from the outside to the central part of the core using ultraclean stainless steel chisels.
The core is kept horizontal, its extremities tightly secured in Low Density Polyethylene (LDPE)

tumblers.

2.1. Laminar flow clean bench in a cold room

The whole decontamination procedure takes place in a laminar flow clean bench located inside a
cold room at - 15°C. The inside of the bench is entirely made out of plastics. Moreover, the working
area is covered with a thin LDPE film which is changed regularly. The bench is fitted with a
special High Efficiency Particulate Air (HEPA) filter (99.999 % efficiency at 0.5 pm) with

particulate board frames and plastic separators. It has no rubber or polyurethane compressible

gasket : the seal between the HEPA filter frame and the ceiling of the bench is made with silicone
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cement [13]. The operators wear full clean room garb over their warm clothing. Over their
isothermic gloves, they also wear shoulder length LDPE gloves and wrist length LDPE gloves over

these. These last gloves are changed as often as required.
2.2. Polyethylene lathe

A major improvement is the fact that during the chiselling, the core is not held with the hands of
the operator and is not laying on any working surface. Instead, it remains horizontal about 20 cm
above the plastic working surface as its extremities are pinched in two LDPE tumblers (Fig. 1). The
lathe is designed so that it can be used in order to decontaminate snow or-ice cores whose lengths
range from 25 to 65 cm. Also, it is suitable not only for cylindrical cores with full section but also
for cores for which only part of the cross section is available. This last situation occurs frequently
for ice cores obtained as part of international programmes : a given core section is indeed cut into
several parts used for different kinds of measurements (Fig. 2). At both extremities, the core is
fastened in the tumblers using 3 to 6 home méde LDPE screws which are screwed, perpendiculary
to the axis of the core, through threaded holes made in the lateral side of the tumblers, Fig. 1.

Depending on the available cross section, several sets of screws of different lengths can be used.

2.3. Chisels

It would have been preferable to make the chisels out of plastics such as LDPE, Fluorinated
Ethylene Propylene (FEP) or Perfluoroalkoxy (PFA) Teflon. Unfortunately, such plastics are too soft

for high density snow and for ice. Therefore, the chisels chosen are similar to those used by Ng and
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Patterson [9] and Boutron and Patterson [10, 11], Fig. 3. They are made out of a single piece of
2 mm thick plate of stainless steel (ref 316 L). The cutting edge is 3 cm wide and 4 cm long. It is

sharpened to a single acute bevel with an angle of 30°.

Before use, the chisels, cleaned as described in 2.5, are kept horizontal inside a LDPE box, each of
them fitted separately in a display rack which prevents any contact between the chisels and allows

the cutting edges not to touch the walls of the box.

2.4. Description of the procedure

The core section to be decontaminated is taken out from the LDPE bag inside which it was
transported frozen from Antarctica or Greenland back to France. After changing their outer wrist-
length LDPE gloves, the two operators introduce the core inside the laminar flow clean bench and
put it in the lathe (Fig. 1). The core is then firmly secured between the two tumblers with the LDPE

screws, Fig. 1.

A first veneer layer 5 to 10 mm thick is then chiselled as follows. A shallow chord shaving is first
made from one end of the core to the other parallel to its axis, the snow or ice chips being allowed
to fall directly into a specially designed LPDE tray held by the second investigator. Using the crank,
the cut is rotated upward about 30° and another shallow chord shaving is made. The procedure is
then repeated until the whole exposed outside surface has been chiselled. The chips obtained from
this first layer are then transferred from the tray into an ultraclean 1 L wide mouth LDPE bottle and

kept frozen until analysis.
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The operators then put on new fresh pairs of LDPE gloves and a second layer is chiselled using
another chisel and a new fresh tray. Depending on the initial cross section of the core, this
procedure is repeated up to 4 times then giving a maximum of 4 successive layers from the outside

towards the center.

The remaining inner core (whose diameter ranges from 2 to 4.5 cm) is then recovered as
follows : the first operator holds it firmly with all LDPE home made tongs while the other operator
breaks the right end with the last chisel. The right hand pillar of the lathe (ﬁart 4 in Fig. 1) is then
moved away. An ultraclean [13] 1 L wide mouth LDPE bottle is pushed onto the inner core until
about half of it is introduced into the bottle. The inner core is broken in its middle with the chisel
and its second half is introduced into a second 1 L bottle. Then the left edge of the inner core is

broken with the chisel.

The bottles containing the chips from the successive veneer layers and the two parts of the inner
core are then packed into double sealed acid cleaned LDPE bags and brought to the main clean

laboratory at 20°C [13].

.2‘5' Cleaning procedures

They are similar to those described in full details elsewhere [13]. For the various small size items

such as the tumblers, the screws, the trays and the 1 L bottles, the initial cleaning before the first

use involved degreasing with CHCI,, then soaking 1 month in a first acid bath at 50°C (25% Merck

"Suprapur" HNO, diluted in ultrapure water [13]), | month in a second acid bath at 50°C (0.1%
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ultrapure HNO, from US National Institute of Standards and Technology (NIST) [14] diluted in

ultrapure water [13]), and finally 1 month in a third 0.1% ultrapure NIST HNO, bath at 50°C.

Transfers from one bath to the next one are made using home made LDPE tongs.

The cleaning between each core decontamination is similar except that soaking is for only 2 hours

in the first bath and for 3 days in the other ones.

-For the very large size items such as the basement of the lathe, a simplified procedure was used.

It however also involved extensive cleaning with HNO,.

Finally, the cleaning procedure for the chisels involved degreasing with ether, then overnight
soaking in 60% HNO, bath (Merck "Suprapur" diluted in purest water) and finally soaking in a
- series of two 0.1% NIST HNO, baths for one week (for the initial cleaning, immersions were for

a much longer time period).

2.6. Analytical procedures

Inside the clean laboratory [13], each veneer layer and the inner core are melted separately in the
1 L wide mouth LDPE bottle in which they were kept. Various aliquots are then taken in 15 ml or
60 ml ultraclean [13] LDPE bottles. A 5 ml aliquot is first taken for the direct measurement of Zn,
Al and Na by Graphite Furnace Atomic Absorption Spectrometry (GFAAS) without prcconccntrationi

using a Perkin Elmer 2380 spectrometer and HGA 500 graphite furnace (pyrolitically coated

T
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graphite tubes) [15]. A 50 ml aliquot is then taken for the determination of Pb, Cd and Cu by

GFAAS after preconcentration (x 50) by non boiling evaporation [15].

If necessary, additional aliquots are also made for subsequent analysis of Pb isotopes [16], organo
Pb compounds [17], Hg [18] and Bi [19, 20]. These last measurements will not be discussed in

the present paper.

3. RESULTS AND DISCUSSION

3.1. Determination of the procedural blank

Such determination is essential to obtain fully reliable data. The procedural blank was determined
by processing an artificial ice core made out by freezing ultrapure water [13] whose composition,
Table 1, was known beforehand. This core was prepared by freezing 2 L of ultrapure water inside
a 2 L LDPE ultraclean bottle. The inside diameter of the bottle was about 11.2 cm, then allowing
to prepare an artificial ice core whose diameter was similar to that of real Greenland or Antarctic

cores.

The bottle was cut using an acid cleaned stainless steel scalpel and the artificial ice core (length
about 20 cm) so obtained was chiselled using exactly the same procedure as previously described
in 2.4. Three layers were chiselled before getting the final inner core. Each layer and the inner core

were analysed separately.

B
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As shown in Table 1, heavy metals concentrations are found to be slightly higher in the last veneer
layer and in the inner core than in the reference water used to prepare the core. The differences so
observed, listed in Table 2, represent the procedural blank. This procedural blank will then be used
for-thc correction of all the values obtained for Greenland and Antarctic real cores. For the inner
core, the blank values are found to range from 0.015 pg/g for Cd up to 0.25 pgl/g for Cu (these
values include the blank of the non boiling evaporation procedure, which represents a rather small
contribution to the total blank). For recent Greenland snow cores in which the concentrations are
relatively high due to very significant anthropogenic contribution, this procedure blank contribution
is extremely small, it represents less than a few percents of the measured concentrations. For ancient
Greenland or Antarctic ice, on the other hand, it can be very significant (up to about 30% for Cu,
25% for Pb, and 10% for Cd and for Zn) since heavy metals concentrations in such ancient ice are

much lower.

- It is interesting to mention that the concentrations measured in the veneer layers are significantly
higher for all four metals than those observed in the inner core, Table 2. This was expected since
the veneer layers are subject to more handling than the inr!cr core : the contact with the chisel is
much more extensive ; the chips do contact the inner tray ; and they are also exposed to the air

flow in the clean bench for a much longer time.

The precision of these procedural blanks is difficult to assess, since the artificial core chiselling
experiment was done only once because it is very time consuming. It is however interesting to
mention that the concentrations measured in the 2nd and 3rd veneer layers of the artificial core were

very similar, then suggesting that the precision on the blanks is probably rather good

(concentrations measured in the st layer were on the other hand found to be significantly higher
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because of the handling of the core prior to its chiselling).

It is important to emphasize that this artificial core was ice, not snow. We have however used the
blank values for Greenland and Antarctic snow cores. It would indeed be extremely difficult to
prepare an artificial snow core of known composition. Moreover, it is our feeling that thg blank
contributions for such a snow core would not be significantly different. If this is not the case,
however, it is expected that the blank for the ice might rather be an upper limit of the blank for the

snow : this would result into a slight over correction of the snow core data.
3.2. Outside - inside concentration profiles

For each decontaminated core section and each investigated heavy metal, it is essential to study in
full details changes in the concentrations from the outside to the inner part of the core. If a clear
plateau of concentration is observed in at least two consecutive layers in the central part of the core,
it shows that contamination present on the outside has not penetrated to the central part of the
core : the plateau value then represents the original concentration in the Antarctic or Greenland
snow or ice. If, on the other hand, a continuous decrease of concentration is observed towards the
center, it evidences that outside contamination has penetrated to the very center of the core : the

concentration measured in the inner part will only represent an upper limit of the real concentration

in the original snow or ice.

Very contrasting situations have been obtained for the different snow or ice cores which we have
decontaminated in this work. Typical outside - inside profiles are discussed in the following

sections.
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3.3. Shallow electromechanical snow core from central Greenland

In July 1989, a 70.3 m long snow core covering the years 1772 - 1989 has been drilled at Summit
(72° 58°N, 37° 64'W elevation 3,238 m a.s.l., mean annual temperature -32°C) in central Greenland
as part of the european "Eurocore" programme. It was obtained using a 4 inches in diameter
electromechanical drill [21]. Such a drill is known to bring significant contamination on the outside
of the core sections mainly because of the contact with the knives (2% C and 11.5% Cr steel) and
the framework .(stainless steel with Teflon coating) of the drill, and the contact of the galvanized
steel cable with the walls of the drilling hole. Concentrations measured in the outermost layer of
the core sections were indeed found to range from 10 to 100 pg/g for Cd, 100 to 500 pg/g for Pb
and Cu, and 1000 to 5000 pg/g for Zn. It must however be emphasized that these values are for the
first 1 cm or so from the outside of the core : the actual contamination present on the very outside
of the core was then probably much higher. Also, it is interesting to notice that it is for Zn that the
contamination is the most pronounced. This suggests that the cable does contribute a significant

fraction of the contamination.

Typical outside - inside concentration profiles are shown in Figs. 4, 5 and 6. In most cases, good
plateaus of concentrations are obtained as illustrated in Fig. 4 for Pb in the 70 m section and for
Cu in the 21.5 m section. This is also the case for the two profiles shown in Fig. 5 : for these last
two profiles the slight difference observed between the inner core and the next to last layer is indeed
within the experimental errors. The fact that good plateaus were observed in most cases was not
easy to foretell. It was indeed to be feared that outside contamination could penetrate deeply into

such porous snow, which was finally not the case.
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In a few cases however, we observed a continuous decrease of concentrations from the outside to
the very center of the core as illustrated in Fig. 6 for Zn and Cu in the 52 m section. For these last
cases, the concentrations obtained in the inner core must then be considered as upper limits of the
original concentrations in the snow. The actual reasons for these few cases are not known, they
could however be linked to difficulties encountered in the field during drilling operations and/or core

handling.

~Fig. 7 shows changes in the concentrations of Zn and Cd measured in the inner core as a function

of the age of the snow from 1773 to 1965. It can be seen that the concentrations of these two metals
have significantly increased from the 1770’s, i.e the Industrial Revolution period, to the 1960’s. The
increase factor is about 5 for Cd and Zn [22]. The causes for these increases are discussed in full
details elsewhere [22]. They are linked to the increasing emissions of these two metals to the
atmosphere of the Northern Hemisphere by human activities during this period (fossil fuels burning,

mining, non ferrous metal industry and refuse incineration [23, 24]).

3.4. Deep electromechanical ice core from central Greenland

At the same location in central Greenland, a 3,028.8 m long ice core was recovered by
electromechanical drilling in 1990 - 1992 as part of the joint european Greenland Ice Core Project

("GRIP"). This core covers the last 250,000 years [5].

The electromechanical drill is described in details in Ref. [25]. Because the depth to be reached was

very important, the drilling hole was filled with a wall retaining fluid. The main constituent of the
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fluid was kerosene. We have decontaminated various sections of this deep ice core. Because many
other programmes of investigations were conducted on the same core sections, only a limited part

of the core cross section (see Fig. 2 b, ¢) was available.

Significant contamination was found to be present in the outermost layer of the sections. This
contamination probably originates at least partially from the fluid. Good plateaus of concentrations
were however obtained in most cases as illustrated in Fig. 8 for Pb in the 1,286 m section (age :
7,760 years BP) and for Zn in the same section. This evidences that the ice acted as a good barrier
against transfer of contamination. from the outside towards the center of the core, at least for the

investigated core sections which were chosen because no visible cracks were seen in them.

Pb concentration, 0.55 pg/g, measured in the inner core of the 1,286 m core section represents the
natural concentration level of Pb in Greenland ice before the Greco-Roman times when man started
to significantly contaminate the atmosphere of the Northern Hemisphere because of silver-lead

mining and smelting [26, 27]. As discussed in [27], it mainly originated from rock and soil dust.
3.5. Deep thermal ice core from central Antarctica

In 1977, 1978 a 905 m ice core was fhermally drilled at Dome C (77° 39'S, 124° 10’E ; elevation
3,240 m a.s.l. ; mean annual temperature : - 53.5°C) as part of a french-american cooperation. It was
thermally drilled in a dry hole which was not filled with a wall retaining fluid [28]. This core covers
the past 40,000 years [29] i.e. the whole Holocene interglacial pcri;ad (the past 10,000 years or 50)
and part of the last Ice Age. Fig. 9 displays the variations of Pb and Cd concentrations from the

outside to the center of the 515 m core section (age : 14,500 years BP). Despite the fact that the
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core was obtained in a dry hole without fluid, pronounced contamination is present on the outside
of the section. This contamination is found to have significantly penetrated to the second layer.

Fortunately, a good plateau of concentration is obtained beyond this second layer, Fig. 9.

Pb and Cd concentrations observed in the central part of this core section, 7.8 pg/g and 0.5 pg/g,
respectively, are typical for Antarctic ice from the Last Glacial Maximum (LGM) i.e the very cold
terminal stage of the last Ice Age. They are mainly originating from soil and rock dust : the
atmospheric cycles of these two metals were indeed dominated by rock aﬁd soil dust during the
LGM when the climatic conditions led to increased aridity, stronger winds and enhanced meridional

circulations [11, 30].
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Pb Cd Cu Zn

Measured concentration (pg/g)

Reference water used to make 0.25 0.01 . 0.2 0.3
the core
Veneer layer adjacent to 0.42 0.033 0.8 1.25

the inner core

Inner core 0.3_6 0.025 0.45 | 0.5

Table 1. Comparative determination of heavy metals in the water used to make the artificial ice

core, in the last veneer layer and in the inner core of this artificial core.
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Pb Cd Cu Zn

Procedural blank (pg/g)

Veneer layer 0.17 0.023 0.6 0.95

Inner core 0.11 0.015 0.25 0.2

Table 2. Procedural blank obtained from the analysis of the artificial ice core.

47

FIGURES CAPTIONS

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Schematic diagram of the Low Density Polyethylene (LDPE) lathe used for the
decontamination of the snow or ice cores. (1) : snow or ice core (length : up to 65cm);
(2) : LDPE tumblers ; (3) : fixed LDPE pillar ; (4) : movable LDPE pillar which can be
slid along the guide rail ; (5) : LDPE guide rail ; (6) : LDPE crank used to rotate the

core ; (7) : LDPE heavy base plate of the lathe ; (8) ; LDPE screw.

Greenland and Antarctic snow or ice cores : schematic view of different typical cross

sections available for heavy metals investigations.
Stainless steel chisel used for the chiselling of the successive veneer layers.

Changes in Pb and Cu concentrations from the outside to the inside in two
sections (depths : 69.88 - 70.22 and 21.10 - 21.45 m) of a 70.3 m snow core

electromechanically drilled at Summit, central Greenland.

Changes in Zn and Cd concentrations from the outside to the inside in two
sections (depths : 29.77 - 30.13 and 43.87 - 4445 m) of a 703 m core

electromechanically drilled at Summit, central Greenland.

Changes in Zn and Cu concentrations from the outside to the inside in one section
(depth : 51.76 - 52.23 m) of a 70.3 m snow core electromechanically drilled at Summit,

central Greenland.




Fig. 7.

Fig. 8.

Fig. 9.
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Summit, central Greenland : observed changes in Cd and Zn
concentrations in snow from 1773 to 1965. Each data point integrates one or two years

of snow accumulation.

Measured Pb and Zn concentrations as a function of radius in one section (depth :
1,285.90 - 1,286.45 m ; estimated age 7,760 years BP) of the 3,028 m GRIP deep ice
core electromechanically drilled at Summit, central Greenland, in a hole filled with a wall

retaining fluid.

Measured Pb and Cd concentrations as a function of radius in one section (depth :
514.89 - 515.07 m ; estimated age : 14,500 years BP) of the 905 m deep ice core

thermally drilled at Dome C, East Antarctica.
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Analysis of Greenland ice core covering the period from 3000 to 500 years ago, the Greek,
Roman, Medieval and Renaissance times, shows that lead is present at levels four- fold
above natural values from ~ 2500 to 1700 years ago (500 B.C. to 300 A.D.). These results
establish that Greek and Roman lead-silver mining and smelting activities polluted the
middle troposphere of the Northern Hemisphere on an hemispheric scale two millennia
ago, long before the Industrial Revolution. Cumulative lead fallout to the Greenland ice
sheet during these eight centuries was as high as 15 percent of that caused by the massive
use of lead alkyl additives in gasoline since the 1930s. Pronounced lead pollution is also

observed during Medieval and Renaissance times.

The history of world lead production, began about six millennia ago, Fig. 1A (I-7). Significant
lead production started only about one millennium later with the discovery of new techniques
for smelting lead-silver alloys from lead sulfide ores (galena) and cupelling silver from the alloys
(1-7). Lead production then rose continuously during the Copper, Bronze and Iron ages (5, 6, 8),
stimulated by the introduction of silver coinage (during those times lead was as much as a 300-
to-1 by-product of silver production) anld the development of the Greek civilization. A
pronounced maximum of about 80,000 metric tons per year (approximately the value at the time
of the Industrial Revolution) was reached during the flourishing of the Roman power and
influence around two millennia ago, Fig. 1A. The use of lead was ubiquitous and most mining

districts in the Old World were known and worked, especially those in Spain, the Balkans,
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Greece and Asia
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Minor (5, 7). Lead production then decreased sharply during the decline of the Roman Empire,
down to a minimum of only a few thousand tons per year during medieval times, before

increasing again from A.D. 1000 with the discovery of the lead/silver mines of central Europe.

Lead poisoning from extensive lead production and use during the Roman times has been
suggested to be one of the causes of the fall of Rome (5, 9, 10). Smelter emissions from these
sources have also been documented to have resulted in significant local or even regional lead
pollution in Europe as evidenced for instance by studies of peat deposits in Britain (11, 12) and
lake sediments in Southern Sweden (13). We show here that it also resulted in significant
contamination of the middle troposphere of the remote Arctic. This therefore indicates the oldest

large scale hemispheric pollution ever reported long before the onset of the Industrial Revolution.

We analysed 22 sections of the 3028.8 m GRIP deep ice core electromechanically drilled in
1990 to 1992 at Summit (72°58'N, 37°64'W, elevation 3238 m above sea level, annual mean air
temperature - 32°C) in central Greenland (14). Fourteen sections were selected from the period
2360 to 1775 years ago (depths of 511.0 to 349.3 m), that are the ~ 600 years corresponding
to the flourishing of the Roman Republic and Empire. Two sections were selected from ice
deposited 3000 to 2500 years ago (depths of 619.3 to 569.3 m), which includes the rise of the

Greek civilization. Five sections were selected from ice deposited 1520 to 470 years ago

(depths of 349.3 to 129.3 m), that is during the Medieval and Renaissance period. Finally, one
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section was chosen in ice from pre-lead production period (7760 years ago, depth 1286.5 m) to
serve as

a Holocene natural background sample. It was not possible to analyze samples deposited 3500

Hong, Candelone, Patterson and Boutron

to 7000 years ago, because this time period corresponds to the brittle- zone depth interval where

the core quality is too poor to allow reliable measurements of heavy metals.

We mechanically decontaminated each core section (length of 55 cm) using an ultraclean
procedure (17) derived from those developed by C. Patterson and his coworkers (15, 16). It
involved the chiselling of successive veneers of ice from the outside to the central part of each
section inside a laminar flow clean bench in a cold room while the core was held horizontally in
an all-polyethylene lathe (17). Each veneer layer was analysed separately in a clean laboratory
(18). Pb contents were determined with a precision of about + 10% by graphite furnace atomic
absorption spectrometry (GFAAS) after preconcentration by nonboiling evaporation (19). We
also determined Al and Na contents by direct GFAAS and SO, contents by ion chromatography.
Blank determinations were performed for each step of the analytical procedure. They included
an evaluation of the blank contributed by the chiselling procedure, which was determined (17)
by processing an artificial ice core made by freezing ultrapure water (18) whose Pb content was
known beforehand. This last blank contribution was found to be 0.11 pg/g for the inner most

veneer layer and 0.17 pg/g for the other layers (17).

In order to check the cleanliness of the most central part of the cores obtained after the chiselling
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was completed, we studied changes of Pb concentrations from the outside to the center of each
of the 22 sections. Significant contamination was observed on the outside (first) layer of the
sections, which confirms that they were significantly contaminated on their outside during
drilling operations. Excellent plateaus of concentrations were on the other hand obtained from

the second

Hong, Candelone, Patterson and Boutron

or third layers, as illustrated in Table 1, which is evidence that Pb concentrations measured in the

most central part of the core sections do represent the original concentrations in Greenland ice.

The results (Fig. 1B) show that Pb concentration was low, 0.55 pg of Pb per g of ice, 7760
years ago before the beginning of lead production, when atmospheric Pb was still entirely
originating from natural sources (24). The corresponding EF,,, value (19) of 0.8, that is close
to unity, shows that virtually all this natural Pb was from soil and rock dust (sea-salt spray and
volcanic contributions are minor as calculated (16) from the measured Na and SO,
concentrations). The Pb concentration at 2960 years ago that is about 5000 years later, was
essentially identical showing that anthropogenic emissions of Pb to the atmosphere three
thousand years ago were still negligible on a hemispheric scale compared with Pb originating
from soil and rock dust (about 4000 metric tons per year for both hemispheres (24)). Then,
record shows that Pb concentration started to increase markedly above this natural background,
at 2500 years ago, up to about 2 pg/g (EF,,, : ~ 3), that is an increase by a factor of ~ 4, and Pb
concentration remained high from ~ 2,500 to ~ 1,700 years ago. This 800 years time period

corresponds to the flourishing of the Greco-Roman civilizations as shown in Fig. 1A. Pb
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concentration declined to low values (0.7 pg/g) around 1500 years ago, that is after the fall of
the Roman Empire, and then increased continuously from 1500 to 500 years ago which is

during the Medieval and Renaissance times.

The high (~ 4 fold above the natural level) Pb concentration and crustal enrichment factor
observed in Greenland ice from ~ 2500 to 1700 years ago cannot be explained by an increase in

natural Pb emissions to the atmosphere : the measured Al, Na and SO,” concentrations in the ice
Hong, Candelone, Patterson and Boutron

do not change significantly during the whole period covered by our samples. We interpret the
increase as a result of anthropogenic Pb emissions to the atmosphere from the large lead-silver
production by Greeks and Romans (production in the other parts of the world such as Asia was
minor and is unlikely to have made a signiﬁcaﬁt contribution (5,6)). This production peaked at
about 80,000 metric tons per year around 2000 years ago and it is estimated that approximately
5 % of the mined and smelted Pb was emitted to the atmosphere (25), which would have given
a peak value of ~ 4000 metric tons per year to the atmosphere. The data show that the resulting
pollution was not only local (35, 6, 9-10) or regional (11-13) in scale, but reached the middle
troposphere (Summit is located at a high elevation of 3238 m above sea level) of the remote
Arctic region. It represents the oldest hemispheric scale atmospheric pollution ever reported, well

before the Industrial Revolution.

The 4 fold increase during the Greco-Roman period for a middle troposphere location in central

Greenland is in excellent agreement with that (~ 5 fold) which was hypothesized by H. Shirahata
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et al. (25); it is lower than the one (~ 10) speculated by C. Patterson earlier (26).

During the Greco-Roman times, most Pb emitted to the atmosphere would have been due to
lead-silver mining and smelting activities in Spain (which contributed about 40 % of the
worldwide production during the Roman Empire), central Europe, Britain, the Balkans, Greece
and Asia Minor (5, 6). The leadrwas produced in open air furnaces with no control on emission
rates. Small Pb aerosol particles emitted during these activities could easily be transported from

these regions to the Arctic through well-known pathways (27, 28). Differences in transport

efficiencies
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between the different source regions and central Greenland cannot however be ruled out. Such
differences could for instance explain why Pb levels in the ice during the Greek and Roman
periods are similar, eventhough Pb production was several fold lower during Greek times.
Alternative explanation could however be in differences in Pb emission rates for mining and

smelting activities during the Greek and Roman times or in uncertainties in the historical data

shown in Fig. 1A.

The cumulative anthropogenic Pb fallout over Greenland from ~ 2500 to 1700 years ago,
estimated by combining a Pb excess value of ~ 1 pg Pb/g over the pre lead time value with a
mean ice accumulation rate of 23 g H;O cm™ yr', is 23 x 10"2 g Pb cm’ yr'. Over 800 years, this
represents 1.84 x 10° g Pb em?. For the whole Greenland ice cap (surface of 1.4 x 10° km?; mean

annual accumulation rate of 34 g of H,0 cm™ yr'), the net deposition is about 400 tons during
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these 800 years. This is as much as ~ 15 % of the cumulative fallout of Pb to Greenland during
the past 60 years linked to the massive use of Pb alkyl additives in gasoline calculated from a

mean concentration of 100 pg Pb/g in 1930-1990 Greenland snow (29).

Further evidence of this hemispheric scale pollution by Greco-Roman civilization could be
found in other archives such as sea sediments in the North Atlantic Ocean and in the
Mediterranean Sea. Analyses of lead isotopes could fingerprint the relative contribution of the

different Ancient mining districts to this pollution.

Hong, Candelone, Patterson and Boutron
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Tablel. Pb concentrations measured in the 2nd and 3rd layers and in the final inner core for five
typical GRIP ice core sections. For three of these sections (129.25 m, 399.3 m and 1286.45 m),
the concentrations are virtually the same in all three sub samples : contamination was only
present in the outside (Ist) layer. For the 349.25 m and 510.95 m sections, the outside

contamination did reached the 2nd layer, but the 3rd layer and the inner core remained free of

contamination.
Depth Age Measured Pb concentration (pg/g)
(m) (years ago) 2nd layer | 3rd layer inner core

129.25 470 4.77 3.99 3.90
349.25 1520 1.79 0.65 0.66
394.3 1775 1.06 1.07 LI
510.95 2360 43 1.64 1.64
1286.45 7760 0.57 0.56 0.55




71
70 Hong, Candelone, Patterson and Boutron
Hong, Candelone, Patterson and
Boutron
Va4
I I I I I € # |
10 6 Industrial Exhaustion of Roman -
Figure Caption :; revolution lead mines A
: =
\% 4 Use of
= 107 — coinage ]
Fig.1 (A) Changes in worldwide Pb production over the past 5500 yrs (redrawn from (3, 4)). g N Silver Discovery a
g p U , cupe?l;tion
(B) and (C) Changes in Pb concentration and Pb crustal enrichment factor (19) in central '8 102 - in Germany  Roman Republic |
5 Spamz? sp}fsg-ucnon and Empire  Rise and fally”
Greenland ice from 2960 to 470 years ago. Each data point was obtained from the analysis & : ™ in New World I | of Athens -
: I I | I X I | L~ ===
of a core length corresponding to exactly 2 years of ice accumulation (except one for which 10 0 1000 | 2000 3000 7 /5000
it was only 1 year because of poor core quality) in order to eliminate the influence of possible Years B.P.
short term (seasonal) changes in Pb deposition. 4
S
g 3 —
=
R
(]
= 2 —
=
®
3]
=
38 1 —
o]
o
0
/S L
§ 6 7 7
o
8 5 _
T C
o 4 _
E
S
L 3 -
C L)
o
T 2 —
2
5 1 - fe T
_ 2 o I N N E R B2
0 1000 2000 3000 7760
' Age of Greenland ice (years B.P.)




% |-

73
72

LEAD ISOTOPE RECORD IN ANCIENT GREENLAND ICE
LEAD ISOTOPE RECORD IN ANCIENT GREENLAND ICE .

(A preliminary result) K.J.R. Rosman!, W. Chisholm!, S. Hong?, C.F. Boutron23 gnd J.P. Candelone2.

ABSTRACT
The isotopic composition and concentration of lead has been measured in samples of the
GRIP ice core up to 150 ky old. The results show a significant depression in the 2*Pb/*’Pb
ratio near 2 ky BP reflecting anthropogenic emissions from industrial activity during Greek
and Roman times. Between 12 ky and 150 ky BP the ratio varies within the range-1.20 - 1.23 }‘
which is similar to that found in sediments from the North Atlantic Ocean. |

*
Rosman, K.J.R.*, Chisholm, W.*, Hong,S.**, Boutron, C.F.** and Candelone, J.P.

| | INTRODUCTION

The permanent ice caps of Greenland and Antarctica are an archive of the aerosols present in

the atmosphere during the past ~ 0.5 My. The analysis of this ice can therefore provide a

record of aerosol composition over this period. Older ice, > 5 ky BP, contains natural ‘

‘ aerosols while younger ice also contains anthropogenic aerosols. Recently Hong et al. (ref 1) ‘:

| - analysed the concentration of lead in ~2 ky old ice from the GRIP core and found that it was |

significantly above background. They attributed this enhancement to anthropogenic ‘
1

*Department of Applied Physics, Curtin University of Technology, Bentley 6102, emissions from industrial activity associated with the Greek and Roman civilisations.
1 ; _ _i
‘: W.A., Australia . Measurement of the isotopic composition of this lead can conclusively demonstrate that this JI
++aboratoire de Glaciologie et Géophysique de I'Environnement d.u (;NRS, pollution was of human origin. We ha_ve thFrefore analy;ed le.a_d isotopes in some ?f thc§e
54 rue Moliére, Domaine Universitaire, BP 96, 38402 St Martin d'Héres Cedex, France same samples and report the results in this paper. In addition we report the isotopic

composition of lead in ice up to 150 ky old.
EXPERIMENTAL TECHNIQUES
Samples were taken from the 3,029 m GRIP deep ice core electromechanically drilled in

1990-92 at Summit in central Greenland (ref 2). Core sections from depths of 239 to 2889 m
corresponding to the period 1 ky - 150 ky were sampled for the present study.

The core sections were mechanically decontaminated using procedures described by
Candelone et al.(ref 3). Each was held in a polyethylene lathe inside a laminar flow clean
bench and successive layers were chiselled away leaving a central cylinder of ice. The chips
obtained for each layer and the inner core were separately melted, then aliquots were
transferred to LDPE bottles and kept frozen until analysis. Only results of measurements on
the inner core samples are reported here.

Samples were transported frozen to Curtin University (Perth, Australia) where they were
processed inside a dust-free laboratory using ultra clean procedures. These procedures have
been described in detail by Chisholm et al. (ref 4). Processing involved evaporation with

' Department of Applied Physics, Curtin University of Technology, Bentley 6102, W.A.,
Australia.

? Laboratoire de Glaciologie et Géophysique. de I'Environment du CNRS. 54 rue Moliére,
Domaine Univ., BP 96, 38402 St Martin d'Héres Cedex, France.

3 UFR de Meécanique , Université Joseph Fourier, Domaine Universitaire, BP 68, 38041
Grenoble Cedex, France.

To be submitted to '"Nature" . l
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HNO,, H,PO, and a 2®*Pb-enriched tracer, inside a PFA beaker, isolated within a PTFE

chamber. All plastic lab-ware which came into contact with the sample underwent rigorous

cleaning successively in chloroform or dichloromethane, HCI and HNO; acids. Concentrated

acids used for sample preparation were purified on site and contained <3 pg Pb/g while the

laboratory water contained <0.03 pg Pb/g. The procedural blank for the determinations has
decreased as the procedures have been improved, but for the measurements described hereit

was in the range 0.4 and 0.8 pg. It was possible to reduce the significance of this blank by

increasing the volume of sample analysed. However the storage blank from the LDPE

storage bottle became significant at low concentration which lead to relatively large

uncertainties in the isotopic ratios for some samples.

Isotopic analyses were performed in a sector field, thermal ionisation, Isotope Ratio Mass
Spectrometer (VG354: FISONS, UXK.). Typically 20-100 pg of lead was loaded onto the
rhenium filament of a modified thermal ion source using a silica gel-based activator. The ion
currents of ~1x10"“A were measured on a Daly detector operating in analogue mode. All
four lead isotopes were measured although-only the 2*Pb/*’Pb abundance ratios will be
discussed in this paper. Corrections for isotope fractionation were made by reference to
measurements of the Standard Reference Material 981 (National Institute of Standards and
Technology).

The lead concentration of each sample was measured by Isotope Dilution Mass Spectrometry
(IDMS). The choice of a 2°Pb-enriched lead ( T,, = 1.5x107 a) for these measurements
allowed both the quantity and isotopic composition to be determined in a single measurement.

RESULTS AND DISCUSSION

The *Pb/’’Pb isotopic ratios of lead deposited at Summit in central Greenland during the
past 4 ky are shown in Figure 1. The corresponding lead concentrations determined by IDMS
are also shown (95% confidence intervals for the uncertainties is £20%). At the time of
writing the Pb contribution to the samples from the LDPE bottles was still being established,
but the trends displayed in the figure should not alter significantly.

The concentrations, represented as squares in the figure, follow a trend similar to that
reported by Hong et al.(ref 1) although our concentrations appear to be slightly higher. The
isotopic ratios progressively decrease from ~3 ky to 1 ky BP, but show a significant
depression of ~2% near 2 y BP indicating a contribution from lead with a lower isotopic ratio.
We have also measured lead isotopes in ice extending back to 150 ky BP. Although the lead
concentration between 9 ky and 150 ky varies widely ( ~5 to ~100 pg/g ) the **Pb/*"'Pb ratio
falls between 1.20 and 1.23. The depression of the isotopic record at ~ 2 ky BP must
therefore be due anthropogenic lead introduced into the atmosphere during Greek and Roman
times. Following the fall of the Roman Empire the isotopic ratio remained below background
reflecting continuing anthropogenic emissions.

Using our measurement on 7758 y BP ice (°*Pb/2’Pb = 1.216 + 0.018 and 1.03 pg Pb/g) to
represent the background yields a value of ~1.17 for the added component in 2037 y BP ice
(**Pb/*"Pb = 1.184 + 0.005 and 3.85 pg Pb/g).
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The **Pb/*'Pb ratios (1:20 - 1.22) which we find in ice between 12 ky and 150 ky BP, is
51'mllar to that found in sediments from the North Atlantic Ocean (ref 5,6), but is sligl;tly
higher tha1.1 ratios found further south. This variation of the isotopic ratio reflects different
source regions or changes to contributions from regular source regions. These changes ma;
result from seasonal effects or other factors related to the glacial cycle, such as changes in seZ
level, wind strength or changing atmospheric circulation patterns. g
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Figure 1. The **Pb/**’Pb and concentration of lead in Greenland ice during the past 3.5 ky.
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ABSTRACT

The historical copper production of the world since the early times had remarkably changed
with the growth and decline of ancient civilizations. During the Roman period (200 B.C.-A.D.
350), Cu mining and smelting activities were very vigorous to supply a needed copper for
monetary base-metal. An estimate of the total amount of copper produced in the Roman World
reaches about 4 to 5 million tonnes which gives an average production rate of about 7,000
tonnes per year with a maximum yearly output of about 15,000 tonnes two millennia ago. The
world's copper production, declined after the fall of the Roman Empire, rised up again in the
Sung dynasty of China (A.D. 960-1279) at a peak of 14,000 tonnes per year in A.D. 1080's.
From the Industrial Revolution onwards, during which the world's Cu production was of the
order of about 10,000 tonnes per year, the amount of copper produced have increased
exponentially. The emission rate of Cu aerosols from uncontrolled and wasteful mining and
smelting activities to the atmosphere in the ancient times is assumed to have reached as much as
about 15%. After the Industrial Revolution, the emission rates decreased gradually to about 1%
in the begining of this century and then about 0.25% at present. The cumulative quantities of
Cu emitted to the atmosphere came to about 600,000 tonnes during the Roman times, which
corresponds to half of the total amount of Cu emitted since this century. It is of worth to note
that the total amount of Cu aerosols released from the early times to the onset of the Industrial
Revolution is estimated to be about 1.67 million tonnes. This figure is comparable to that of

having been emitted since the Industrial Revolution until the present.
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1. INTRODUCTION

The development of metallurgy since the ancient times had played a key role on the growth of
the ancient civilizations. After the discovery of smelting processes around 7000 years ago, man
began to mine and extract metals on a significant scale (Patterson, 1971; Darling, 1990). From
this time onwards, the demand and supply for metals such as gold, silver, copper, and lead had
increased with the progressive development of civilization. The large change of the amounts of
metals produced appears to have followed to the growth and decline of the ancient Empires in
history (Ch'en, 1965; Patterson, 1972). In fact, it is evident that from the onset of the Industrial
Revolution the output of metals mined and smelted rised up enormously due to the great
expansion of the world's economy. Since the twentieth century an exponential increase of metal
prorduction has been an important source of atmospheric pollution by toxic metals on a global
scale, as evidenced by records of heavy metals in polar snow and ice (Wolff and Suttie, 1994;
Candelone et al., 1995).

In general, it was assumed that ancient mining and smelting activities resulted in
environmental contamination by toxic pollutants only on a local and/or regional scale (Nriagu,
1990). Recent study (Hong et al., 1994.) showed, however, that during the Greco-Roman times
mining and smelting activities to produce silver and its by-product, lead, caused a large scale
atmospheric pollution for lead two millennia ago, suggesting that their metallugical operations
were so extensive as to impact on global biogeochemical cycles of lead. Historically, copper

was also one of the metals widely used in the ancient times. In order to study on its historical
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aspect of global environmental cycle, one should certainly need to reconstruct the historical
variation of copper production and resultant Cu emissions to the atmosphere.

The purpose of this study is to reconstruct historical change of copper production from
documentary evidences and to assess the amount of this toxic pollutant aerosols emitted to the
atmosphere with ages. It should be noticed that the world's production rates estimated in this
paper are approximate, because a review of all the archaeological field would be beyond our
scope and a paucity of historical record hampered to face up to the actual quantitative amount
of copper produced in the whole world. For this, we present here a general historical trend with

certain distinctive periods.
2. RECONSTRUCTION OF HISTORICAL COPPER PRODUCTION
2-1. From the Bronze Age to the Roman Empire

Tn antiquity, man began first to use native copper for ornamental and ritual purposes (Darling,
1990). As the pyrometallurgical methods were developed, copper was produced on a small
scale by simple reduction of smelting carbonate and oxide ores found in weathered zone near
the surface during the Copper Age (Patterson, 1971). The demand for copper continued to
increase with the growing of the ancient civilizations during the Bronze Age. Since carbonate
and oxide copper ores occurred in parts of confined areas and became more and more
exhausted, the ancient metallurgists may have devoted their attentions to the enriched sulfide

ores found just beneath the oxidized zone of the surface. At about 2500 B.C., the smelting
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processes of sulfide ores, which involved repeated processes of alternative roasting and
smelting sulfide ores, were developed by virtue of the advance of metallurgical thchniques
(Patterson, 1971; Tylecote, 1976). Thereafter, the Cu production had quantitatively increased
in various regions such as the eastern Mediterranean, Asia Minor, Austria, Spain, and Ireland
(Patterson, 1972; Tylecote, 1976; Gale and Stos-Gale, 1982; Tylecote, 1987). Patterson-(1972)
estimated that the total copper produced in these regions might have amounted to about
500,000 tonnes during the late Bronze Age (2000-700 B.C.). It gives an average production of
400 tonnes per year with an uncertainty due to his approximate estimate from a limited
historical documents. In the Iron Age, the introduction of coinage at about 600 B.C. stimulated
the exploitation of precious metals (gold and silver) and also copper for base-metal of coins
(Patterson, 1972; Healy, 1978). The fundamental use of copper was for bronze coins, bronze
catﬂe or bars for the basis of exchange, utensils, military uses, etc. During the period of 650-
350 B.C., the total Cu production was estimated to be about 700,000 tonnes at an average rate
of 2000 tonnes per year (Patterson; 1972): It was, however, not until the Roman period that the
copper production was remarkably increased through the smelting of sulfide copper ores from
Cyprus, central Europe, Britain, and mainly Spain (Forbes, 1956; Allan, 1970; Patterson, 1972;
Healy, 1978; Tylecote, 1987; Darling, 1990). It is estimated that during the Roman times (250
B.C.-A.D. 350) the amount of copper produced reached about 4 to 5 million tonnes, which
ranges about 10% of the total copper produced for the period pre-1900 A.D (Patterson, 1971,
1972; Nriagu, 1979a). The average production of Roman copper is found to be about 7000
tonnes per year. Of interest is very extensive exploitation and extraction of copper in the

Huelva district of the south-west Spain. In this region alone, an enormous amount of slag
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worked in the Roman period is estimated to be over 30 million tonnes (Forbes, 1956; Tylecote,
1987). The simple evalution combining with a copper content of at least 8% in copper ores and
a rate of recovery of 80% from it gives about 2 million tonnes of copper metal. On the contrary,
we could not exclude any case of overestimate for production rate in Spain, based on an
assumption that during the Roman times an annual copper production in the whole Iberian
Peninsular might not have exceeded the order of 1000 tonnes (Allan, 1970). However, this
estimate was made from the Roman copper slag of 750,000 tonnes at Rio Tinto alone, which
seems to be extraordinarily small amount of slag, compared to the other evaluations for the
amount of copper slag (Forbes, 1956; Tylecote, 1987). In other regions, Roman had produced
a‘bopt 500,000 tonnes of copper at an average rate of 1250 tonnes per year in Cyprus where
was one of the vigorous mining regions since the antiquity (Allan, 1970).

When considering the huge amount of copper production in these two regions, the above
estimate made for the whole Roman copper produced at that time is likely to be reasonable.
The Romans utilized a vast amount of copper for coinage depending on their economic
situation and exported copper and bronze to the rest of the Roman World. In addition, they
introduced brass for a series of coin. As shown in Table 1, it was assumed that the maximum
output might have reached an average production of about 15,000 tonnes around 2000 years
ago (Patterson, 1972), in accordance with the highest Roman mining industries in the Augustan
period (Del Mar, 1968). On the other hand, Darling (1990) suggested that the maximum output
might have occurred between the second and third centuries AD. Anyway, it is believed that the
output of all the metals including copper began to decrease with a reduction of the Roman

Empire's power from the third century A.D. (Forbes, 1956; Aitchison, 1960).
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As to Cu production in the East beyond the Roman World, it is certain that a sizable amount
of copper had been produced in the South-east Asia and Far East since long ago (Gungwu,
1964; Solheim II, 1968). Considering that, when the Han dynasty of China was extending its
influences even to the South-east Asia two millennia ago, an annual Cu production in China
amounted to about 800 tonnes (Archaeometallurgy Group, 1978; Xia et al, 1980), the total
quantity of copper produced in these regions may be of the order of 1000 tonnes by the
beginning of the christian era. This represents that most of copper in the world was evidently

obtained in the Roman World a few centuries before and after the beginning of Christian era.

2-2. Declined metallurgical activities during the Dark Ages

We do not much know the historical information on non-ferrous metallurgy of the immediate
post-Roman period when the barbarian Age commenced in Europe with the collapse of Roman
Empire (Lombard, 1974; Tylecote, 1976)." At this time, european peoples had been inferior to
the peoples in near-eastern countries and even China in the metallurgical knowledge for mining
and extraction of metals.

During the early part of the Medieval times, the world's copper production was at very low
level like that of all the other metals. Copper was mined and produced in the Caucasus, central
Asia ,and Iran beyond the early Roman frontiers (Lombard, 1974). From the middle of
Medieval Ages, the middle East, north Africa, the Caucasus, central Asia, and the Urals became
main source regions for production of copper and copper-base metals in the Moslem World (8-

11 centuries A.D.) (Lombard, 1974). On the other hand, increasing demand for bronze in the
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growing ancient dynasties of China stimulated to produce copper on a large scale, which
amounted to over 1000 tonnes per year at some time (Xia et al., 1980). In Europe, the German
miners started to exploit the copper ores in central Europe before the 10th century (Tylecote,
1976; Darling, 1990). The Moors also revived copper mining activities in southern Spain by the
8th century (Aitchison, 1960; Lombard, 1974). It is probable that the yearly output of copper in

the whole world may not have exceeded 2000 tonnes by the late 10th century.

2-3. Flourishing copper industry in China

For the period of the middle Medieval times, we have to refer to the copper production in
China where was one of the important regions of metallugical development in the ancient
civilization. The amount of copper produced in China fluctuated with the growing and decline
of ancient civilizations like other parts of the world. Table 2 shows an average rate of copper
production in different ancient dynasties of China. During the Western Han period (206 B.C.-
A.D. 23), when the Bronze Age in China came to an end, bronze was replaced by iron in the
production of superior weapons. From this time on, therefore, bronze was used primarily for
coins and mirrows (Fong, 1980). The amount of copper used for minting coins for the period of
108 B.C.-A.D. 6 reached about 98,000 tonnes, which gives an annual Cu production of about
800 tonnes (Archaeometallurgy Group, 1978; Xia et al., 1980). A peak of copper production in
China had occurred in the Northern Sung period (A.D.960-1127) (Table 2). At this time,
copper mining and smelting activities were greatly expanded with relation to the use of their

coins as a standard money for the international trade (Ch'en, 1965). The maximum production
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of copper in 1080's amounted to about 13,000 tonnes a year, which is comparable to that of the
peak of Cu production during the Roman period. Thereafter, copper supply declined and was at
very low rate in the late Southern Sung period. Interestingly, in the 12th century, a portion of
copper was produced by the copper extraction, using cementation processes with iron
displacement from mine waters, caverns and mountain streames (Rostoker and Shen, 1984). In
the following dynasties of Yuan (A.D.1279-1368) and Ming (A.D.1368-1644), we could not
estimate the rates of copper production, but it is likely that the output of copper mined and
smelted was deflated at a low level, since they had not minted a large number of coins because
of insuffficient supply of copper (Xia et al., 1980).

As shown in Table 3, the chinese copper began to be predominating in the worldwide Cu
production from the mid-8th century and this dominance of chinese copper had lasted for 400

years up to the mid-12th century.

2-4. Revival of Cu mining in Europe

After the Moors started to work the copper ores in southern Spain by the 8th century, the Cu
mining activities in central Europe were revived by Frankish miners, extracting Cu in Fahlerz
copper ores of the Saxon Ore mountains in Germany before the end of the 10th century
(Aitchison, 1960; Lombard, 1974; Tylecote, 1976). Since then the German were active in
mining and smelting Cu in the Hartz mountains, Bohemia and Slovakia. The famous Falun
copper mine in Sweden was opened in A.D.1220. From this time onwards, the German and

Swedish output of copper dominated the supply for european Cu consumption. In the early
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16th century, for instance, copper produced in German and Slovakia was of the order of 3000
tonnes per year (Pounds, 1974). And the annual oﬁtput of Swedish copper reached 3000 tonnes
at its peak in A.D.1650 (Tylecote, 1976; Pounds, 1990).

For the whole Cu produced in the western World outside the East, it is difficult to know the
actual total amount with a credit, because we know where the copper ores were worked, but
not quantitative amount produced. To approximately estimate Cu production rate in these
regions during the late Medieval times, we used the amount of tin produced in Europe
(Tylecote, 1976) where most of tin consumed in the western part of the World was produced
and supplied. An average composition of bronze in antiquity was aimed to 90% of copper and
10% of tin (Penhallurick, 1986) and this metallugical aspect may not have changed until the
Medieval times. The principal use of tin was to make bronze before the Medieval Ages, but to
make pewter and bronze later (Pounds, 1990). We assume, therefore, that only one-third of tin
produced was used to make bronze. As shown in Table 4, the approximate estimates of copper
produced in the West and near-east countries so evaluated are found to amount to about 1000
tonnes in the beginning of the 14th century and to increase to about 5500 tonnes in A.D.1650.
This may not be overstimated, because we do not include brass (Cu-Zn) and other copper
alloys (Cu-Sn-Zn-Pb) to make an estimate. The total world's Cu production including those
produced in the East, where the Malaya and China were tin producer, was derived from the
assumption that production rate may be of the order of at least 1000 tonnes in the 14th century
and increase steadily for the following 400 years, although the chinese copper was at a low

ebb, as ascribed in the section 2-3.
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2-5. From the Industrial Revolution to present

The demand for copper was increasing in Europe after the onset of the Industrial Revolution,
as like all the other metals. A remakable aspect is that the smelting center of south Wales
became the largest center of Cu smelting in the world (Day and Tylecote, 1991). The rising
output of copper in Britain from the early 18th century was at its zenith in the late 18th century
at a rate of production of 80,000 tonnes (Tylecote, 1976). In the mid-19th century, three-forth
of the total Cu amount of the world was produced in Britain (Thornton and Abrahams, 1984).
On the other hand, quantity of copper produced in China possessed still a great portion of the
world' Cu production for the period of A.D.1750-1800 (Table 5).

The rounded figures of the world's Cu production show that quantitative amount of copper
increased no more than three times for 100 years from the mid-18th century (Table 5). It is of
interest that the world's Cu amount in A.D.1750 was lower than those of the peaks in the
Roman times and Sung dynasty of China. A dramatical rise of copper consumption arised from
the development of the electric industries in the late 19th and early 20th centuries (Biswas and
Davenport, 1976) and, accordingly, the worldwide Cu production have exponentially increased

to reach about 9 millions metric tonnes per year of present production rate.

3. CHANGE OF COPPER EMISSION RATES TO THE ATMOSPHERE AS A

FUNCTION OF AGES
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As mentioned before, the ancient mining and smelting activities were so extensive as to
suffice increasing need for copper at any distinctive period. The smelting of sulfide ores which
is often a mixture of copper and iron, is complicated to need repeated roasting and smelting
processes for obtaining high purity of copper, while carbonate and oxide ores can be smelted by
the simple reduction smelting with charcoal. Many successive stages of roasting and smelting of
sulfide ores could accompany a lot of emission of toxic elements to the atmosphere, as
evidenced by the fact that the environment near Cu smelter operated in modemn ages was
seriously devastated due to the highly elevated emissions of multi-toxic metals such Cu, As, Sb,
Pb, and Zn as well as sulfur dioxide (Hutchinson, 1979). It is, therefore, no wonder that a large
amount of Cu aerosols should be emitted to the atmosphere through uncontrolled and wasteful
mining and smelting operations in ancient times.

We know the present-day emission rate from various studies (Nriagu, 1979b,c), but not the
ancient one, because of no reliable historical records on a loss rate. Thus we estimate a loss rate
to the atmosphere during the ancient times on the basis of Harkins and Swain's analysis (1907)
of smelter smoke in the beginning of this century. They analysed the smoke expelled from the
stake of the world's largest smelter at Anaconda, Montana of the United States and presented
that an average amount of Cu aerosols released into the atmosphere from the stack of smelter
amounted to 1966 kg per day. Combining the amount of sulfide ores smelted everyday (10,000
tonnes) and the average content of Cu (~ 2%) in ores mined in the United States at that time
(Patterson, 1971; Bairoch, 1993), an approximate calculation of emission rate gives about 1%.
In the great flues and stack, built to prevent all the Cu and As pollutants from being escaped

from the furnaces, Cu emission rate was found to increase to about 8%, which would be much
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more approaching the furnaces. In the case of ancient smelter, smelting operations were done in
the open air, indicating that all the Cu aerosols emitted out of furnaces were escaped into the
atmosphere. Moreover, the ancient technique of smelting processes was uncontrolled, very
wasteful and less efficient, and more many operations of roasting and smelting were involved.
Taking account of these points including rude mining works, we assume that emission rate of
Cu pollutant aerosols emitted from mining and smelting activities to the atmosphere would
reach not less than about 15%. The essential techniques and processes for copper smelting had
not changed very much until the Industrial Revolution since the ancient times (Tylecote, 197 6).
From this time, the development of the furnaces and metallugical technique prompted to
improve efficiency of the extraction of copper and the processes of smelting operation were
reduced to need only five stages by the mid-19th century (Tylecote, 1976). According to
sustained development, it is proved that emission rates from smelting activities became
decreased gradually to reach at about 1% in the beginning of the 20th century. An estimate of
emission rate from Cu mining and smelting in the middle of 1970's accounted for about 0.25%
(Nriagu, 1979b), which represents about 60-fold decrease of emission factor from the ancient
times to present.

Table 6 shows the historical change of an annual amount, estimated by using production and
emission rates with ages, of copper aerosols emitted from mining and smelting activities to the
atmosphere. Surprisingly, it is found that global Cu emissions at the peak of the Roman and
Sung dynasty periods were greater than that in A.D.1850 and lower by a factor of only about
10 than in A.D.1990. In addition, the cumulative Cu emissions for the Roman period came to

about 600,000 tonnes, which account for about half of that for the twentieth century (Table 7).
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It is, moreover, remakable that the quantity of anthropogenic Cu aerosols emitted before the

Industrial Revolution was comparable to that between the onset of Industrial Revolution and

present.

SUMMARY

After the development of smelting technique around 7000 years ago, copper was supplied by
simple reduction smelting of carbonate and oxide copper ores. As the early metallurgist
developed the smelting operations of sulfide ores at about 2500 B.C., a large quantity of copper
was mined and smelted from sulfide ores on a significant scale in Bronze Age. The estimated
amount of copper produced from 2000 to 700 B.C. was about 500,000 tonnes. For the period
of 650-350 B.C., about 700,000 tonnes of copper appear to have been produced for base-metal
of coins with the introduction of coinage at about 600 B.C. The rapide increase of copper
production had taken place during the Roman period. It is estimated that total copper mined
and produced amounted to 4 to 5 million tonnes and maximum output reached about 15,000
tonnes per year around two millennia ago with an average annual rate of 7000 tonnes.

After the fall of the Roman Empire, copper production declined and was at a low ebb by the
8th century. In the middle of the Medieval times, copper produced in China increased greatly
due to the growth of the ancient dynasties of China and, consequently, dominated the world's
Cu production from the mid-8th to mid 12th centuries. At the peak of Sung dynasty of China,
an annual Cu production was about 13,000 tonnes in 1080's. As Sung dynasty declined, the

world's Cu production became low at about 2000 tonnes in the 14th century. In Europe, the Cu
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mining and smelting activities were revived in Germany by the end of the 10th century and then
in Sweden in the 13th century. Since then, the quantity of copper produced in the world
increased gradually until the Industrial Revolution. Thereafter, the world's production rate show
an exponential rise from the 19th century. As a result, the historical Cu production shows a
dramatical change with the development of powerful Empires in the world since the ancient
times (Fig. 1).

We assume, here, that emission rate of Cu aerosols released from uncontrolled and wasteful
mining and smelting activities to the atmosphere may have reached about 15% during the
ancient times. In modern ages, emission rate decreased to about 1% and 0.25% in the beginning
of this century and the present, respectively. Using the production and emission rates with ages,
the historical trend of the annual amounts of Cu emitted to the atmosphere are found that at the
peak of the Roman and Sung dynasty period, the amounts of Cu emission were greater than
that estimated for the Industrial Revolution. Moreover, the total amount of Cu emitted before
the Industrial Revolution is comparable to the estimate of post-Industrial Revolution, indicating
that a vast amount of Cu aerosols emitted from the ancient Cu mining and smelting activities
may have considerably polluted the atmosphere and disturbed the global cycle of copper in the
environment.

Finally, it should be noticed that the reconstruction of historical Cu production and the
estimate of Cu emission presented here came from the limited bibliographies, because a review
of all the related documents is beyond our scope. We expect, therefore, that further detailed and
available reconstruction of historical Cu production rate would be supplemented by other

additional works.
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Table 1 Table 2
Changing Cu production rate during the Roman period. These figures are derived from the Historical record of copper production in China. ;
|
estimates by Patterson (1972). |
Period Cu production (tonnes/yr) |
i
I
d ' (
Annual amount of copper produce Wesyem Han Dynasty
Period (tonnes/yr)
‘ (206 B.C.-A.D. 23) 118B.C.-A.D. 6 800
|
350-250 B.C. 1,900
Tang Dynasty
250-150 B.C. 4,500 |
| (A.D. 618-907) 742-756 1,200 :;
‘ 150-50 B.C. 7,500 806-820 160 ,
847-859 400 :;
50 B.C.-A.D. 100 15,000 :‘1
A.D. 100-200 7,500 Sung Dynasty |
A.D. 200-300 2,300 | northern Sung
! (A.D. 960-1127) 995-997 2,500
! 1,900 | L )
A.D. 300-400 ’ | 1017-1021 1,600
1049-1054 3,100
1064-1067 4,200
1078 8,800
1080's 13,000
southern Sung '
(A.D. 1127-1279) 1127 4,200 :
1162 4,200 '
‘ 1166 160
|
| Qing Dynasty
(A.D. 1644-1911) 1743-1802 7,000
1874 500
1874-1887 288
1888-1906 813
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Table 3

Increasing chinese output of copper and dominant aspect in the world's Cu production during

the mid-Medieval times.

Date (A.D.) Total world production Relative production rate
(tonnes/yr) China The rest *
1150 6,000 4,200 1,800
1080's 14,000 13,000 1,000
1000 3,500 2,500 1,000
750 2,000 1,200 800

*These figures are estimated and rounded from the relationship between silver production rate

and its relative value to copper as suggested by Patterson (1972).

99
Table 4

The estimated amount of copper produced in the late Medieval times.

Date (A.D.) Tin production ~ Cu produced in the rest Global

in Europe’ outside the East total®
(tonnes/yr)
1650 1,850 5,500 6,500
1500 1,600 4,800 5,500
1300 400 1,200 2,000
"From Tylecote (1976).

2For this, we assume that after the decline of Sung dynasty in China the amount of copper
produced in the East decreased, but was still of the order of about 1000 tonnes per year,
considering that Yunnan, one of chief copper-producing areas in China, began to be controlled

under the chinese authorities from A.D. 1253 (Kerr, 1990).
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Table 6

Table 5

The world's copper production from 1750 to 1880 A.D. The estimated amount of copper emitted from Cu mining and smelting activities to the

atmosphere with times.

Date (A.D.)  Annual output (tonnes) Main sources

Date (A.D.) Annual Cu emission

i .y
1880 200,000 Britain 80,000 (x 10° tonnes / yr)

|
1850 30,000% Britain 22,000 1990 22.5

1975 19.7 i

1950 6.2 !

1800 15,000 Europe 8,000 1 H\
Ching 3,000 1905 7.5

1750 10,000 Europe 3,000 |

China  7,000° 1850 1.5 |
1750 1.5

1An estimate extrapolated from the 1900-Cu production, using the annual growth rate (5.5%) 1500 0.8 .

- ' D. (Bairoch, 1993). |

of the world's copper production between 1881 and 1914 A.D. (Bairoch, ) 1080's 21 s
’The pre-1850 figures are derived from Tylecote (1976), Thornton and Abrahams (1984), _— "
Mitchell (1987), and Day and Tylecote (1991). 0 5

3

See Table 2. 500 B.C. 0.3

The pre-1750 figures are derived from the emission rate of ~15%. The post-1750 figures are
estimated by assuming that the emission rates had decreased linearly to ~1 % in A.D. 1900 and

again to ~ 0.25% in A.D. 1975, respectively.
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102 Cu production (tonne / year)
Table 7 — — — -
. . e - o () @)
The cumulative amounts of Cu aerosols emitted from Cu mining and smelting avtivities to the ) Xy = 24 |
| % [ ! | ' [ l
atmosphere at any given periods. l \ Q - i}
o) N\ o D 4
| Sk ‘ N oS |
. . . . : o b 9h 5 ] ‘j
Period Cunmulative Cu emission | S =
> —
x 10°tonnes / yr) =
( L & 3 1
N~ - |
A.D. 1900 - present 12.5 ~ |
AD. 1750 - 1900 4.0 | ] ] “
750 6.6 ;I
.D. 1000 -1 i
) S| 72 3 |
AD. 350 - 1000 2.1 S >0 - 2o — ‘.
o = @ L D
200 B.C. - A.D. 350 6.0 [ 4= @ 5 o = B
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ABSTRACT

The first reliable determination of copper in Greenland ice dated from seven millennia ago
onwards shows values in excess above natural levels from ~ 2500 years ago. This early large scale
pollution of the atmosphere of the Northern Hemisphere for copper is attributed to emissions
from the crude highly polluting smelting technologies used for copper production during Roman
and Medieval times in various parts of the world, especially in Europe and China. Cumulative
deposition of copper to the ice cap is found to be one order of magnitude higher from 2500 years
ago to the Industrial Revolution than from the Industrial Revolution to present.

It is generally assumed that the bulk of the emissions of pollutant species to the global
atmosphere of our planet occurred after the Industrial Revolution, driven by the combination of
the unprecedented growth of the population of the earth and the massive technological and
economical development. Time series of large scale atmospheric pollution stored in archives such
as polar ice caps confirm that this is indeed the case for most investigated polluting species
(1, 2) : anthropogenically induced increasing trends are observed neither for greenhouse gases nor
for sulfur or nitrogen compounds before the middle of the eighteenth century. The only exception
reported so far is lead. For this heavy metal indeed, time series recently obtained from Greenland
ice (3) and Swedish lake sediments (4) conclusively showed the existence of an early hemispheric
scale atmospheric pollution during Greek and Roman times far before the onset of the Industrial
Revolution. The importance of this ca;ly pollution for lead remained however relatively
limited : cumulative lead deposition to the Greenland ice cap during the eight centuries of the
flourishing of the Greek and Roman civilizations, ~ 400 metric tonnes, was indeed one order of
magnitude lower than the post Industrial Revolution fallout flux to the ice cap, ~ 3200 metric
tonnes (5). Here we report evidence that cumulative early atmospheric pollution for copper before

the Industrial Revolution was ane order of magnitude greater than that from the Industrial
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revolution to Present.

We analysed for copper twenty three sections of the 3028.8 m GRIP deep ice core (6)
recently drilled in central Greenland at Summit (72°34'N, 37°37'W, elevation of 3238 m above
sea level) : twenty one were selected fom ice dated from 2960 to 470 years ago (depths of 619.3
to 129.3 m) in order to cover the Greek and Roman civilizations, the Barbaric and Medieval times
and the Renaissance. Two sections were chosen from ice dated Holocene copper concentrations
during pre-copper production times. With the exception of the 7260 years BP sample, these are
the same samples previously analysed for lead in (3). Already described, each core section was
mechanically decontaminated using ultraclean procedures (7). A critical point for the accuracy of
the data is with the efficiency of the decontamination procedure. It was systematically checked
for all sections by investigating radial changes in copper concentrations from the outside to the
center of each individual core section (8). Copper concentrations measured in the central parts
of the twenty three sections are found to range from 0.8 to 6.4 pg/g. These are the first reliable

copper data ever obtained for ancient Greenland ice.
Changes in copper over aluminum ratio (9) as a function of the age (10) of the ice from
7760 to 470 years ago are shown in Fig. 1. Also shown are representative mean values from (5)
for the post Industrial Revolution period obtained from the analysis of a 70 m core drilled at the
same location. Copper /aluminum ratio was about 2 x 10* seven millennia ago, before the
beginning of the production of copper by man ~ 7000 years ago. Copper in the atmosphere was
still totally natural and originated from sources such as rock and soil, the oceans, volcanoes, etc...
(12, 13). It remained unchanged around 3000-2700 years ago. Starting from ~ 2400 years ago,
the. situation becomes different. From ~ 2400 to 1800 years ago, if the lowest values remain close
to the natural level of ~ 2 x 10, higher values, up to ~ 6 x 10*, are observed in part of the
samples. Finally, from ~ 1800 years ago onwards, all values are above natural levels, with the

lowest values being ~ 3 x 10** and the highest being ~ 17 x 10™.
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These high values observed in part of the samples from ~ 2400 years ago onwards are not

due to uncontrolled contamination of the corresponding core sections : the radial concentrations

profiles for copper (and aluminum) in all but one (8) sections indeed show excellent plateaus of

concentrations which confirms that transfer of outside contamination to the inner parts of the
cores cannot be responsible for the observed high values. They cannot be explained by changes
in contributions from natural sources. Ancillary measurements of aluminum, sodium, sulfate and
ammonium (/3) indeed conclusively indicate (15) that natural copper contribution from natural
sources such as rock and soil dust, sea salt spray, volcanoes and biomass burning is not
responsible for the observed high values. We think that they are due to early large scale copper
pollution of the atmosphere of the Northern Hemisphere long before the Industrial Revolution.

We are not aware of any published comprehensive data on past changes in anthropogenic
copper emissions to the atmosphere from prehistoric times to present. Both during ancient and
recent times, these emissions mainly originated from copper mining and smelting activities, with
only rather minor contributions from other -human activities (production of iron and other non
ferrous metals, wood combustion, ... (15). As a first step towards obtaining a time series of
copper emissions to the atmosphere which can be used for the interpretation of our Greenland ice
data, .-we have therefore reconstructed past changes in copper productin, Fig. 2, from a
comprehensive review (16) of available literature. It will be discussed here only briefly, with
special emphasize on the pre-Renaissance times.

Copper was first produced from ngtivc copper ~ 7000 years ago (17). Its production
became however significant only ~ 5000 years ago, after the development of techniques for
smelting carl?onate and oxide ores (/8)and the introduction of tin-bronze which heralded the
beginning of the real Bronze-Age. The production then continuously increased thanks to the
development of new techniques for smelting sulfide ores ~ 4500 years ago (17-19). Cumulative

production from ~ 4000 to 2700 years ago was ~ 500000 metric tonnes (20).
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The Roman period marked the beginning of a sharp rise in the production of copper in
response to the rapidly increasing use of copper alloys both for military and civilian purposes,
especially for coinage (20, 23).Total production peaked at over ~ 15000 metric tonnes per year
~ 2000 years ago, Fig. 2, with the main production districts being located in Spain (which
accounted for more than half of worldwide production during the Roman times), Cyprus and
central Europe (18, 23). Cumulative production from ~ 2250 to1650 years ago was ~ 5 millions
metric tonnes.

After the fall of the Roman Empire, copper production strongly declined in Europe, and
world production remained low at ~ 2000 metric tonnes per year until the ~ eighth century (19,
24). Then it increased again during Medieval times; In Europe, this increase was linked with the
ining of new German ores from the ninth century and of Swedish ores (especially in the Falun
area) from the thirteenth century (19, 24, 25). But during Medieval times, the largest part of the
production originated from China (26,27), especially during the Northern Sung period (tenth to
twelveth centry) : during that period, the Chinese production reached a pronounced maximum of
~ 13000 metric tonnes per year ~ 900 years ago (26), which gives a worldwide production peak
of ~ 15000 metric tonnes per year ~ 900 years ago comparable to the Roman peak ~ 2000 years
ago, Fig. 2.

Production was then rather low again for several centuries (~2000 metric tonnes per year
in the fourteenth century), before increasing massively from the Industrial Revolution to present,
Fig. 2, strongly stimulated by the development of electrical industries. Present day production is
~ 9 millions metric tonnes per year.

Special attention must be given to estimating the emission factors for the release of copper
to the atmosphere during copper production, especially the high temperature processes employed
in smelters. From a comprehensive review (16) of available literature, it is clear that these

emission factors have varied considerably during the past seven millennia, due to the big changes
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in production technologies (19, 21). During ancient times, a reasonable estimate is that the
emission factors were probably as high as ~ 15 % (16). These extremely high values were linked
with the uncontrolled and wasteful smelting procedures which were used then. This was especially
the case for the smelting of sulfide ores, which required numerous succéssive wasteful roasting,
smelting, oxydizing and refining steps (22) performed in rude open furnaces without any control
of emissions. This lack of control of emissions essentially remained until the Industrial Revolution
(19), when highly improved furnaces and metallurgical techniques started to be developped and
implemented. For instance, smelting procedures were greatly improved, requiring only five steps
by the middle of the nineteenth century (19). These major improvements in copper production
technologies resulted in a sharp decrese in emission factors, from the Industrial Revolution
onwards, which were probably reduced to ~ 1 % at the beginning of the twentieth century.
Further improvements were achieved since that, resulting in present day emission factors of ~ 0.25
% (29). This represents an enormous decrease in emission factors by a factor of ~ 60 from ancient
times to present.

When combining these emission factors with the production data shown in Fig. 2, it
appears that copper emissions to the atmosphere were as high as ~ 2100-2300 metric tonnes per
year at the peaks of the Roman Empire ~ 2000 years ago and of the Northern Sung dynasty in
China ~ 900 years ago, Table 1, that is values which are higher than those for the mid eighteenth
and nineteenth century and represent as much as ~ 10 % of present day emissions.

We interpret the high copper/aluminum ratios observed in part of our ice samples dataed
from the Roman times onwards, Fig. 1, as a result of these early anthropogenic copper emissions
to the atmosphere of the Northern Hemisphere, long before the Industrial Revolution. Our ice
data suggest that these emissions were intense enough to result in an early significant copper
pollution of the middle troposphere of the Arctic. Pollutant copper was probably emitted to the

atmosphere in the form of small size aerosols during the high temperature steps of copper

==
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production processes. These aerosols were easily transported from the mid-latitude areas where
they were emitted (mainly the Mediterranean basin, especially Spain, during roman times, and
China during Medieval times) to the Arctic through well documented general circulation features
of the atmosphere of the Northern Hemisphere (30).

Changes in copper/aluminum ratio in Greenland ice during the past seven millennia appear
to be in general agreement with the estimated changes in anthropogenic copper emissions to the
atmosphere shown in Table 1. The Greenland ice data indeed show low (natural) values until ~
2500 years ago, then medium values from the roman times to the Industrial revolution, and finally
a sharp increase in recent times, Fig. 1. We have however not enough data points for the Medieval
times to confirm the peak of emissions during the eleventh century (Table 1) and the low
emissions periods which preceded and followed this peak. Of interest is the high variability of the
data during the Roman period. It might be the consequence of the fact that during Roman times
copper production strongly varied over short time periods such as decades along with pronounced
changes in the need of copper especially for coinage. it is probably not due to large changes in
atmospheric transport from mid-latitude to the Arctic since such a variability was not observed
for lead (3) (lead production did not suffer such big short term changes).

Changes in fallout flux of copper at Summit during the past seven millennia can be
obtained from copper concentrations measured in the ice and the mean local ice accumulatin rate
of 23 g of H,0 cm™ year”, Fig. 3. Fallout flux is found to range from ~ 0.17 x 10" g of copper
cm?year” (pre-Roman period ~ 3000 years ago) to ~ 2.2 x 10" g of copper cm™ year™ (present
day).Cumulative fallout of anthropogenic copper to the whole Greenland ice cap (surface of 1.4
x 10° km?, mean annual accumulation rate of 34 g of H,O cm™ year™) can be calculated from Fig.
3 after correction for copper flux from natural sources (31). The net deposition of anthropogenic
copper to the Greenland ice cap during the Roman period (~ 2500 to 1500 years ago) is found

to be ~ 800 metric tonnes. From the fall of the Roman Empire to the Industrial Revolutin (~ 1500
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to 220 years ago), the deposition is ~ 2000 metric tonnes; The cumulative deposition from 2500
years ago to the Industrial Revolution is then ~ 2800 metric tonnes. These values are much higher
than the cumulative deposition of copper to the Greenland ice cap from the Industrial Revolution
to present, ~ 200 metric tonnes (5). It means that cumulative large scale pollution of the
atmosophere of the Northern Hemishere for copper was much larger before than after the
Industrial Revolution, contrary to what was observed for lead (3). As discussed above, it is
probably largely due to the wasteful and uncontrolled processes which were used for copper
production during the Roman and Medieval times, which resulted in relatively large emissions of

copper to the atmosphere.
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Table 1. Estimated copper emissions to the atmosphere linked with copper production. These

estimates were derived (16) from the production data shown in Fig. 2 by assuming that copper

emission factors were ~ 15 % before the Industrial Revolution, then declined linearily to ~ 1 %

in 1900 and ~ 0.25 % for present (16).

Date Estimated copper emission to the
(years before present (B.P.) or calendar atmosphere (metric tonnes per year)
years
5000 B.P.
3000 B.P.
500 B.P. 300
o' 2300
750 300
1080 2100
1500 800
1750 1500
1850 1500
1950 16000
1990 23000

'Peak of Roman copper production ~ two millennia ago ?Peak of Chinese copper production

during the Northern Sung dynasty ~ 900 years ago.
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Figure legends

Fig. 1. Changes in copper over aluminum ratio in ice from Summit, central Greenland, dated
from 7760 to 470 years ago (black dots). An open symbol is used for the core section dated
from 1248 years ago, since no plateau of concentration was obtained for copper in that section
(8) : copper over aluminum ratio was calculated using the copper value extrapolated from the
radial profile (8) and should therefore be considered as an upper limit of the original ratio in
the ice. Also shown as triangles are representative mean values from (5) for ice and snow
dated from the Industrial Revolution to Present collected at the same location.

Fig. 2. Variations in copper production rate from the time when copper was first produced
from native copper (~ 7000 years ago) to present as reconstructed from an extensive review
(16) of available literature.

Fig. 3. Summit, central Greenland : changes in copper deposition to the ice from 7760 to 470
years ago (black dots ; an open symbol is lised for the data point for 1248 years ago which
should be considered as an upper limit only (8)). Also represented as triangles are

representative mean deposition values from (5) for the post Industrial Revolution period.
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ABSTRACT

In order to better assess the influence of major volcanic events on the large scale atmospheric
cycles of heavy metals, Greenland ice dated from the time of fallouts from the great 1783-1784
eruption of Laki in Iceland has been analysed for Pb, Cd, Cu, Zn as well as for sulfate and other
species. Concentrations of all four investigated heavy metals are found to be greatly enhanced in the
ice layer which corresponds to the fallouts from the eruption, then confirming that such events do
strongly modify the atmospheric cycles of heavy metals. Cumulative deposition of heavy metals to
the whole Greenland ice cap from the 1783-1784 Laki eruption are found to range from 1 metric
tonne for Pb and Cd to 40 metric tonnes for Zn. For Cd, Cu and Zn, it represents a few percents of

total deposition since the Industrial Revolution.
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1. INTRODUCTION

There are now numerous evidences that human activities have been responsible since many
years for the emission of massive quantities of heavy metals such as Pb, Cd, Hg, Cu and Zn to the
atmosphere of our planet [1, 2]. These emissions have resulted in pronounced pollution of various
compartments of the environment and have then become major ecological and health problems [3].
Amongst the unique characteristics of this pollution is the fact that it is, by far, the oldest ever
reported : recent investigation of Pb and Cu in Greenland ice dated from several millennia ago to
present have indeed conclusively shown that it was already significant for Pb and Cu during Greek,
Roman and Medieval times [4, 5], long before the Industrial Revolution, mainly because of early
metals emissions to the atmosphere from Pb, Ag and Cu mining and smelting activities [4, 5]. It must
also be emphasized that its amplitude is very high, especially for Pb. For this last metal,
concentrations observed in Greenland ice dated from the late 1960s are indeed two orders of
magnitude higher than those in ice dated from the pre-Greek times [6].

Any proper assessment of the importance of this pollution requires a good knowledge of
natural emissions of heavy metals to the atmosphere. This is especially crucial when assessing early
pollution during Antiquity [4, 5] : the amplitude of such early pollution remains indeed rather small,
with limited enhancement factors above natural reference levels. It makes it essential to have a clear
understanding of natural levels of heavy metals in the atmosphere before man impact started to be
significant, and of the temporal variability of these levels.

‘Thcse natural emissions are unfortunately difficult to evaluate from the available data on heavy
metals emissions, from the different natural sources (windborne soil and rock particles, seasalt spray,
volcanoes, wild forest fires, continental and marine biogenic sources [7]). There is indeed a large

dispersion in the estimates of the mass flux from individual sources and the emission factors. It results
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in very large uncertainties in the estimated total emission of each heavy metal from any given source
[7]. As an illustration, the range of estimates for Cu given in [7] is as large as 2300-54000 metric
tonnes per year, that is an uncertainty by a factor of more than one order of magnitude.

These estimates indicate that emissions from volcanoes and fumaroles are likely to contribute
a rather large fraction of natural atmospheric heavy metals [7, 8]. These emissions are however only
poorly known because of the episodic nature of volcanic emissions, the very large number of
volcanoes, and the extreme geographical and temporal variability in the metals content of volcanic
plumes. Most attempts to evaluate volcanic emissions of heavy metals to the global atmosphere were
based so far on the determination of heavy metals over sulfur ratios in plumes from selected
volcanoes then deducing global volcanic heavy metals emissions by indexing these ratios to the global
flux of volcanic sulfur [9, 10] or Po?® [11]. There are however major limitations to these approaches,
especially because of the extreme dispersion of the measured ratios.

An alternative approach is to investigate heavy metals in specific layers of atmospheric
archives such as polar snow and ice which are dated on the time when atmospheric fallouts from well
identified volcanic events occurred. These layers can generally be clearly identified by means of solide
conductivity, sulfate or acidity measurements (e.g. [12-14]). At least for the past few centuries and
to a lesser extent since the Antiquity, they can often be related to known major volcanic eruptions
[15]. To our knowledge, the only attempt to use this approach was that by Gorlach and Boutron [16].
They measured Pb, Cd, Cu and Zn in a series of snow samples covering the years 1940-1980
collected in East Antarctica. Ancillary sulfate measurements performed on the samples showed that
one sample corresponded to the fallouts from the eruption of Agung volcano in Indonesia on 17
March 1967. Heavy metals measurements on this particular sample were unfortunately inconclusive

since they did not show evidence of any enhanced values above levels observed in adjacent samples

[16]. Several possible explanations for this lack of heavy metals peak were proposed [16]. Also worth

to be mentionned is the study carried out by Laj and Boutron [17] on a shallow snow/ice core. -
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covering approximately two years of accumulation drilled on the small ice cap which covers the top
of the active Nevado del Ruiz volcano in Colombia [17]. The interpretation of the heavy metals time
series obtained from the analysis of this core, which covered both eruptive and fumarolic periods, was
however made very uncertain because the Nevado del Ruiz ice cap is temperate despite its high
elevation (5389 m above sea level (a.s.l.) at the top). It results in significant liquid water percolation
during part of the year, which is likely to be responsible for major transfers of heavy metals (and other
impurities) from one layer to another.

We present here comprehensive data on the occurrence of heavy metals and other chemical
species in Greenland ice dated on the time of fallout from the great 1783-1784 eruption of Laki
volcano in Iceland [18-22]. They were obtained from the analysis of selected sections of a 70.3 m

snow/ice core drilled at Summit, central Greenland.
2. EXPERIMENTAL
2.1. Field sampling

The 70.3 m snow/ice core was electromechanically drilled in July 1989 at Summit (72°34'N,
37°37'W, elevation 3238 m a.s.l., mean annual temperature - 32°C, mean annual snow accumulation
rate 23 g H,0 cm™ yr) as part of the european "Eurocore" programme, using a drill whose inside
was coated with polytefraﬂuorocthy[cne. As described in detail elsewhere [6], special handling
procedures were used for core handling in order to minimize contamination brought to the outside
of the f:orc. Each core section (~ 1 m long, diameter 9,8 cm) was packed inside double sealed

polyethylene bags and transported frozen to the laboratory.




124

2.2. Identifying the 1783-1784 Laki eruption fallout in the core

It was known beforehand from detailed dating and continuous solid electrical conductivity
and sulfate measurements of nearby cores ([23], and M. Legrand, personal communication, 1995)
that the 1783-1784 Laki eruption fallout layer was probably located in the ~ 67-68 m depth interval.
This was confirmed by solid electrical conductivity measurements [24] along the 67.10-68.025 m
section of the 70.3 m core, Fig. 1 : the Laki peak is clearly found to be in the depth interval 67.52-
67.72 m. This ~ 0.20 m interval corresponds to ~ 9 months of accumulation according to a detailed
continuous oxygen isotopes profiles obtained in a nearby core (H. Clausen, personal communication,
1993).

We have therefore decided to analyse in great detail for heavy metals the whole 67.10-68.025
m section, which covers a ~ 3.5 years time period from 1782 to 1785. It allowed to get data both for
the Laki eruption fallout layer itself (67.52-67.72 m depth interval), but also for the pre and post

eruption layers which can be used as reference levels to assess the Laki eruption impact.

2.3. Mechanical decontamination of the core

Previous measurement of heavy metals in other sections of the 70.3 m core had conclusively
shown that significant contamination was present on the outside of the core sections despite the great
precautions which were taken in the field. We have therefore decontaminated the 67.10-68.025 m
section by mechanically chiselling successive veneers of ice from the outside toward the center, using
ultraclean procedures which have been described in detail elsewhere [25].

It was however necessary to strongly modify the original procedure described in [25]. This

was mainly because the present investigation required to have a good time resolution and therefore

to divide the inner core obtained after the decontamination was completed into as many parts as . -
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possible when considering the sample volume necessary for the analyses. This was also because the

core was unfortunately broken into two parts (lengths : 0.53 and 0.39 m), with the fracture in the

Laki peak interval.

Fig. 2 shows a schematic description of how the core was chiselled. Four or five layers were
chiselled before obtaining the inner part of the core. The inner core so obtained was divided into nine
different parts, Fig. 2, three of them (numbers 3, 4 and 5) corresponding to the Laki peak. It canbe
seen that the inner core was almost continuous, with only a loss of ~ 2 cm from 67.625 to 67.645 due
to the ~ 1 cm shaving of the two sides of the fracture and a loss of ~ 1 cm from 67.305 t0 67.315m
due to the fact that the polyethylene lathe used to support the core section horizontally during the

decontamination cannot accomodate cores whose overall length is larger than 0.8 m.

2.4. Analytical procedures

Each veneer layer and inner core were analysed separately using ultraclean procedures [26].
Pb, Cd and Cu were determined by Graphite Furnace Atomic Absorption Spectrometry (GFAAS)
after preconcentration (x ~ 50) by non boiling evaporation [27]. Following the intercomparative
determinations described in [5], no correction was applied for the preconcentration procedure. Zn,
Al and Na were measured by GFAAS without preconcentration. Sulfate, chloride and fluoride ions
were determined by Ion Chromatography [28]. All values were blank corrected. In most cases, the
precision was ~ + 10 %. For a few samples in which concentrations were particularly low, the
precisi(_)n was however only ~ = 20 %.

Separate aliquots were also taken for subsequent determination of Pb by Isotope Dilution

Mass Spectrometry (IDMS) [29], Pb isotopes by Thermal Ionization Mass Spectrometry (TIMS)
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[29], Bi and Hg by Laser Excited Atomic Fluorescence Spectrometry (LEAFS) [30], and Hg by Cold

Vapour Atomic Fluorescence Spectrometry (CVAFS) [31].

3. RESULTS AND DISCUSSION

3.1. Character of the data

In order to be sure that concentrations measured in the inner part of the core obtained after
the mechanical decontamination was completed (see Fig. 2) did represent the original concentration
in the ice, we studied in full detail changes in concentrations of each investigated metal from the
outside to the inside of the core. Due to sample volume requirements for the analyses and other
experimental constraints, it was however not possible to draw such outside-inside radial profiles for
each of the nine depths intervals corresponding to the nine successive parts (see Fig. 2) of the inner
core. Radial profiles were obtained only for the 67.155-67.23 m, 67.315-67.51 m and 67.78-67.945
m depths intervals.

Very significant heavy metals contamination was found to be present on the outside (first ~
5 mm or so) of the core. It ranges from 78 to 680 pg/g for Pb, 105 to 274 pg/g for Cd, 500 to 3200
pg/g for Cu, and 2820 to 3440 pg/g for Zn. This contamination probably mainly originates from the
electromechanical drill itself, especially the galvanized steel cable [25, 6].

Outside-inside radial profiles show rather contrasting situations, depending on the investigated
metal. For Pb and Cd, concentrations are found to decrease to the second or third layer, but then to
level off in all cases at well established plateau values which then do represent the original
concentration of these metals in the ice, Fig. 3. This is also the case for Cu in two out of the three

profiles, Fig. 3. For Zn, on the other hand, a continuous decrease of concentration is observed from

the outside to the inner core in all three cases, which indicates that for this metal significant amounts,
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of contamination have been transferred from the outside towards the center of the core. This transfer
was however probably limited for the 67.315-67.51 m depth interval since for that interval, the
concentration value for the inner core is only slightly lower than that for the next to last veneer layer.

When referring to the other parts of the core for which no outside-inside radial profiles were
drawn, especially the 67.52-67.72 m depth interval which corresponds to the Laki eruption fallout,
a reasonable conclusion of the above discussion is that the inner core values are likely to represent
the original concentrations in the ice for Pb, Cd and probably Cu. For Zn on the other hand, the inner
core values will probably represent only upper limits of the original concentrations in the ice, except
for depth intervals for which Zn concentrations in the inner cores are found to be very high. This will
be the case for one of the depths intervals in the Laki fallout layers, see. 3.2. : the 490 pg/g Zn value
observed between 67.555 and 67.625 m is probably not significantly influenced by transfer from
outside contamination since it is similar or even higher than the Zn values observed in the third or
fourth veneer layers in the Zn radial profiles.

3.2. Observed changes in measured concentrations during the 1782-1785 time period

Concentrations of Ph, Cd, Cu, Zn, Al, Na, SO,", Cl" and F" measured in the nine successive
parts of the inner core are shown in Table 1.

The sulfate data shown in Table 1 clearly confirm that fallouts from the 1783-1784 Laki
eruption [18-22] are found in the 0.26 m depth interval between 67.555 and 67.745 m, mainly
in the 0.07 m depth interval between 6.555 anq 67.625 m in which sulfate concentrations peak at ~
1100 ng/g, that is a peak value whiéh is as much as ~ 30 times above the sulfate level in nearby
samples. This sulfate signal is in good agreement with that previously observed in other Greenland
cores t;y various authors (see, e.g. [12, 21,_ 32-34]).

It is clear from Table 1 that this 0.07 m depth interval is characterized by greatly enhanced

concentration values for all four investigated heavy metals. The enhancement factor with respect to
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the values measured in the nearby samples are ~ 3 for Pb, 40 for Cd, 7 for Cu and 25 for Zn. It is
tempting to attribute this concentration peak, observed for all four heavy metals exactly at the same
time as the 1783-1784 Laki sulfate signal, to heavy metals fallout from that eruption. Before doing

it, it is however necessary to discussother possible explanations.
3.3. Natural contributions other than volcanoes to the measured concentrations

Natural contributions other than volcanoes are from rock and soil dust, seasalt spray, wild
vegetation fires, and continental and marine biogenic sources [7]. We have estimated the rock and
soil dust contribution from Al concentrations measured in each part of the inner core, Table 1, and
mean estimated heavy metals/Al ratios in rock and soil dust. As discussed in detail in [35], we used
for Pb the mean ratio, 9.5 x 10%, given in [36] for the bulk continental crust. For Cd, Cu and Zn, we
used the mean ratios (4.9 x 10°, 4.2 x 10*and 1.27 x 10, respectively) given in [37] for mean soils.
The rock and soil dust contributions so calculated are found to range from 0.24 to 2.4 pg/g for Pb,
0.013 to 0.15 pg/g for Cd, 0.3 to 3 pg/g for Cu, and 3 to 32 pg/g for Zn. This represents only a very
small contribution for the 67.655-67.625 m sample which corresponds to the Laki eruption fallout
(less than 5 % of measured concentrations). But it represents a significant contribution for the other
samples, especially for the 67.40-67.485 m, 67.315-67.40 m and 67.645-67.745 m samples in which
Al concentrations are rather high.

For Cu, the rock and soil dust contribution so evaluated using the Cu/Al ratio given in [37]
is found to be even higher than the concentrations measured in the ice for all samples but the Laki
one. This is also the case when using Cu/Al ratios for rock and soil given by other authors. It could
indicate that there is some fractionation between Cu and Al during long range atmospheric transport

from source areas to central Greenland [35]. Taking into account the Cu and Al data obtained for

Greenland ice dated from the early Holocene [35] and the last glacial period [38], we have then_
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calculated again the rock and soil contribution for Cu using a tentative Cu/Al ratio of 1 x 10 instead
of 4.2 x 10, The values so obtained, which range from 0.25 to 2.5 pg/g, were used below for the
calculation of the "excess" residual component for Cu in all nine parts of the inner core. It must be
emphasized that this uncertainty in the evaluation of the rock and soil dust contribution for Cu makes
no difference for the interpretation of the Laki peak itself.

Contribution from seasalt spray can be estimated from Na concentrations measured in the
samples, Table 1 (corrected for the contribution from rock and soil dust), using the mean heavy
metal/Na concentration ratio in present day bulk seawater [39] combined with estimated heavy metals
enrichment factors in sea-derived aerosols relative to bulk seawater [40, 41]. This contribution is
found to be always extremely small (less than 1 % of measured concentrations).

Other possible natural contributions are from wild forest fires and biogenic sources.
Quantitative estimates of these contributions would had required ancillary measurements of adequate
tracers such as ammonium [42, 43] and carbon [44, 45] to be made in each of the nine parts of the
inner core. This was not possible because of the very limited sample volumes. Comprehensive
ammonium and carbon measurements have however been performed on various sections of the
Holocene part of the GRIP and GISP2 ice cores (see, e.g., [35, 42-45]. For ammonium,
measurements were also made on samples from the Laki fallout layer taken in a nearby core
(M. Legrand, personal communication), showing no enhancement in ammonium values compared
with mean Holocene values. As discussed in detail in [35], these data suggest that the contribution
from wild forest fires and biogenic sources is probably very limited for Pb and Cu. We have then
assumed that it was negligible for thcée two metals in all nine parts of the inner core.

For Cd and Zn, on the other hand, they suggest that contributions from wild forest fires and
biogenic sources are probably responsible for a significant fraction of Cd and Zn in excess above the
rock and soil dust component for periods without major volcanic events. For these two metals, we

tentatively estimated these two contributions as follows. The wild vegetation (mainly forest) fires
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contribution was evaluated from mean soot carbon concentration in Summit Holocene ice during pre-
Industrial Revolution times, about 2 ng/g [45]. When combining this value with typical mean Cd and
'Zn concentrations in trees and foliage ashes (~ 8 and 200 pg/g, respectively [7]), it gives a
contribution from wild vegetation fires of ~ 0.015 pg/g for Cd and 2.5 pg/g for Zn. This contribution
is totally negligible for the 67.555-67.625 m layer which corresponds to the Laki eruption fallout, but
represents up to ~ 40 % (Cd) and 20 % (Zn) of measured concentrations for the other parts of the
inner core. The contribution from biogenic sources for Cd and Zn was tentatively estimated from
mean particulate organic carbon concentrations in pre-Industrial Revolution Summit Holocene ice,
~ 8 ng/g [45] and average Cd and Zn concentrations in particulate organic matter [7]. The
contribution so estimated (~ 0.011 pg/g for Cd and ~ 0.12 pg/g for Zn) is totally negligible for both
metals for the 67.655-67.625 m Laki layer. This is also the case for Zn for the other parts of the inner
core. For Cd on the other hand, it represents up to ~ 30 % for these other parts.
The total contribution calculated by combining these different natural contributions can be
substracted from the heavy metals concentrations given in Table 1. Changes in the "excess" heavy
metals concentrations so obtained as a function of depth from 67.155 to 67.945 m are shown in

Fig. 4.

3.4. Anthropogenic contributions

The time series previously obtained for Summit ice and snow dated from seven millennia ago
to present [4-6] indicate that the only two heavy metals for which anthropogenic contribution was
already significant in the late eighteenth century are Pb, and, to a lesser extent, Cu. For these two
metals indeed, large scale pollution of the atmosphere of the Northern Hemisphere became significant

long before the Industrial Revolution [4, 5].

It is however difficult to quantitatively estimate this anthropogenic contribution for Pb abd

B
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Cu in each of the nine parts of the inner core from available data [5]. There is indeed only a single
data point for the late eighteenth century in [5] : it indicates a value of 7.6 pg/g for Pb and < 2.8 pg/g
for Cu in Summit ice dated from 1773. These values are moreover mean yearly values obtained from
the analysis of a core section which covered exactly one year of ice accumulation. They do not allow
to evaluate the anthropogenic contribution for Pb and Cu in each of the nine parts of the inner core,
since anthropogenic inputs to the Greenland ice sheet during the eighteenth century are likely to have
been characterized by pronounced short term (seasonal) variations. Such variations have already
been documented for recent snow (see, e.g. [46, 47]), but were probably different in earlier times.
There are presently no data on these earlier short term variations.

Confronted with the lack of data to quantitatively assess this anthropogenic contribution, we
have decided to make no correction for it. It wil however need to be kept in mind for the
interpretation of the Pb depth profile, since the anthropogenic contribution for this metal was
probably rather large at the time of the Laki eruption. For Cu on the other hand, this lack of

correction is probably of little importance, especially for the Laki peak itself.

3.5. Heavy metals fallout from the 1783-1784 Laki eruption to the Greenland ice sheet

After correction for other natural contributions, the signal from the 1783-1784 Laki eruption
appears very clearly for all four heavy metals, Fig. 4. This is the first direct evidence ever reported
of the impact of a well identified volcanic eruption on the heavy metals content of Greenland (and
Antarctic) ice. It confirms for the first time that the large scale atmospheric cycles of heavy metals
are significantly influenced by major volcanic events.

The eruption of Laki began on 8 June 1783 and continued with dwindling intensity until
February 1978 [20, 22]. It produced the largest terrestrial lava flow of the present millennium (a total

of ~ 15 km® of magma was erupted [20]). It resulted in major consequences not only for Iceland
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itself, but also for large parts of the Northern Hemisphere [22]. Immense plumes of ash, dust and
aerosol-forming gases (especially SO,) were indeed released into the troposphere and were widely
dispersed. Fine ash and dust was transported in the troposphere on much of the Northern
Hemisphere, resulting in a long-lasting aerosol haze, resembling smoke. It was detected all over
Europe, in middle Asia, North Africa, China and probably North America [22]. It probably laid
primarily in the troposphere. Although it extended well above ground level (it was perceptible above
3000 m altitude in the Alps), it is now thought that there was probably no large stratospheric
penetration [19, 22].

There are various data showing that heavy metals are emitted in large quantities to the
atmosphere during volcanic eruptions (see, €.g. [8-11, 48-54]. Although there are of course no data
on the emissions of heavy metals during the 1783-1784 Laki eruption (or subsequent eruptions of this
volcano), our ice data conclusively show that such emissions did occur. The emissions were strong
enough to give rise to a very strong signal in Greenland ice for all four investigated heavy metals at
a free troposphere location (Summit is located at a high altitude of 3238 m a.s.1.bove sea level, i.e.
in the middle troposphere). As discussed above, they were probably transported to Summit in the
troposphere rather than in the low stratosphere.

Such tropospheric transport is consistent with the fact that at least for Cd, Cu and Zn, the
heavy metals deposition of excess heavy metals from the Laki eruption lasted only over a rather short
time period. For these three metals, the Laki signal is indeed seen only in the 67.555-67.625 m
sample, Fig. 4, that is a depth interval of 7 cm which corresponds to only about three months. If
stratospheric transport had been important, the deposition to the Greenland ice cap would have lasted
over much longer time periods, at least one or two years.

For Pb however, Fig. 4 indicates that enhanced concentrations are observed for a larger depth

interval (~ 33 cm, which corresponds to about 18 months). This might indicate that the residence time

for lead-enriched small size aerosols from the eruption was greater than that for the three other
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investigated heavy metals. There are however no data on the size distribution for metals enriched
aerosols emitted by volcanoes to support such hypothesis. An alternative explanation could however
be with the anthropogenic contribution for this metal. Seasonal inputs of pollutant Pb from mid-
latitude areas could indeed be superimposed, with the Laki signal itself. This will need to be checked
by analysing these samples for Pb isotopes : the isotopic patterns should allow to clearly seprate the
anthropogenic and volcanic components.

Table 2 shows heavy metal/S ratios measured in the ice for the 67.555-67.625 m depth
interval, The ratios range from 0.30 x 10* (Pb/S) to 13 x 10 (Zn/S). Also shown in Table 2 are the
only other ratios previously measured in snow or ice layers corresponding to fallouts from other
volcanoes. The ratios observed for the Laki layer are much lower, with the exception of Zn, than
those measured in snow deposited ~ 2 km from the crater of the Nevado del Ruiz volcano in
Colombia [17]. They are, on the other hand, higher than those observed at an East Antarctica plateau
site for the layer corresponding to fallout from the 1963 Agung eruption in Indonesia [16]. These
differences are probably linked with the very different transport patterns in the three cases : very short
(few hours) transport over a few kilometres distance only for Nevado del Ruiz ; mid-range
tropospheric transport (days to weeks) from Laki to Greenland ; long-range stratospheric transport
(few years) from Agung to Antarctica. The observed differences in heavy metal/sulfur ratios could
then reflect possible fractionation between heavy metals and sulfur during aging of volcanic aerosols
during transport.

Heavy metals fallout flux from the 1783-1784 Laki eruption to Summit can be estimated from
"excess" concentration proﬁles obser\.fed in the ice, Fig. 4. They range from 6.5 (Pb) to 2800 (Zn)
pg x cm™ , Table 3. If we assume an evenly fallout over the whole Greenland ice cap (surface of
1.4 x 10° km?), the deposition to the whole ice cap is found to range from 0.9 metric tonnes for Pb
to 40 metric tonnes for Zn, Table 3). For Cd, Cu and Zn, this is comparable to yearly deposition in

the 1960s-1970s resulting from man's activities [5]. For Pb, on the other hand, it remains much lower
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than the yearly flux in the 1960-1970s which resulted from the massive use of Pb alkyl additives in

gasoline [5].
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FIGURE CAPTIONS

Fig. 1. Changes in solid electrical conductivity along the 67.1 - 68.025 m section (years 1782-1785) of the 70.3 m snow/ice

core drilled at Summit, central Greenland. (A) : fracture of the core.

Fig. 2. Schematic representation of how the 67.1-68.025 m core section was decontaminated by chiselling four or five
successive veneers of ice from the outside to the center. The nine parts of the inner core so obtained are numbered from 1 to
9. Tt was not possible to use the two extremities of the core (shown as A and B) since they were fastened in the tumblers of the

polyethylene lathe [25].

Fig. 3. Measured concentrations as a function of radius. For Pb, values are for the ~ 67.78-67.945 m depth interval, sec

Fig. 2. For Cd and Cu, values are for the 67.315-67.5 m depth interval, see Fig. 2.

Fig. 4. Changes in excess concentrations (inner core values) of heavy metals and in sulfate as a function of depth along the 67.1-

68.025 m core section (years 1782-1785) of the 70.3 m snow/ice core drilled at Summit, central Greenland.




142 143

TABLE 1. Summit, central Greenland : concentrations measured in the ice (inner core values) in the
67.155 - 67.945 m depth interval (1782 - 1785). TABLE 2. Heavy metal/sulfur weight ratio measured in ice or snow layers corresponding to the fallout from

known volcanic eruptions

interval (m)

5 : l
Depth Measured concentrations in the inner core q

Metal/sulfur weight ratio (x10™)

Pb Cd Cu Zn Al Na SO, cr . F 'i
(pg/e) (ng/g) Fh o S = |
67.155-67.23 1.8 004 046 35 2.5 2.7 6.8 6.3 3.6 Greenland ice, 1783-1781 Laki 0.30 0.33 0.52 13
67.23-67.305 26 011 16 26 4.5 2.6 28 6.8 5.4 eruption (this work) ‘
67.315-67.40 79 039 29 42 15 2.6 46 12 034 |
| 67.40-67.485 11 0.19 6.4° 35 25 9.7 49 16 29 Antarctic snow, 1963 Agung <0.3 <0.02 <02 <0.2 ]
67.485-67.555 72 062 20 11 5.3 9.5 112 24  LOD" eruption [16]
67.555-67.625 13 126 205 490 5.9 33 1120 68 LOD
67.645-67.745 45 022 32 21 12 10 230 17 0.56 Nevado del Ruiz (Colombia) snow, 26 1.2 98 20
| 67.745-67.845 1.5 021 1.2 24 2.7 1.5 40 54 023 autumn 1985 period [17]
| 67.845-67.945 27 026 13 198 6.1 1.6 22 59 052
i
“For this sample, the value measured in the inner core (18 pg/g) was larger than that for the last veneer (6.4 pg/g). We have

then used this last value. °For these two samples, fluoride concentration was below the limit of detection of ng/g.
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TABLE 3. Heavy metals fallout from the 1783-1784 Laki eruption to the Greenland ice sheet C on d U Cth I ty ( a b SO | ute un ItS)
: @)
— ~N [ —
Heavy metal -_L
Pb Cd Cu Zn
Fallout flux to Summit, 65* 750 115 2800
central Greenland (pg x cm?)
40
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ABSTRACT

The contributions from various natural sources to the heavy metals (Pb, Cu, Cd and Zn)
aerosols contained in the Arctic troposphere during the given Holocene periods (8000-7000
years B.P. and 3000-500 years B.P., respectively) have been investigated to evaluate human
impact on their natural cycles by analysing the ice core sections selected from the Greenland
deep ice core recovered at Summit, central Greenland. From the estimates of natural
contribution, it is found that most of natural Holocene Pb and Cu originated from the wind-
blown dusts and the whole contributions from natural sources such as wind-blown dusts,
volcanoes, seasalt spray, wild forest fires and vegetation cannot be responsible for the observed
Pb and Cu contents in ice covering the period of 3000-500 years B.P. This confirms our
suggestions [9, 10] that during the past 3000 years anthropogenic Pb and Cu pollutant aerosols
have perturbed on an hemispheric scale the natural atmospheric cycles of Pb and Cu. For Cd
and Zn, the measured contents in our samples are estimated to be entirely natural in origin and,
therefore, it is evidenced that the large scale anthropogenic pollution for these two metals in
the Northern Hemisphere had not taken place until the last century as suggested in [7].
Continental biogenic emissions are regarded as a dominant source for Cd and Zn aerosols in
the Arctic troposphere, accounting for about 80 % of the total Cd contents and 50 % of the
total Zn at an average rate. In addition, wind-blown dusts are likely to account for most of the
remaining Cd and Zn contents, although wild forest fires could sporadically release massive

quantities of Cd and Zn aerosols to the atmosphere.
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1. Introduction

AT PRESENT, IT IS well documented that greatly increased human activities since the past
century have become a major factor in temporal and spacial changes of the biogeochemical
oycles of various trace metals in the atmospheric environment (NRIAGU, 1979, 1989). In order
to investigate to what extent they have impacted on the atmospheric natural burden of heavy
metals, much attention has béen given to the measurement of changing occurrences of heavy
metals (especially Pb, Cu, Cd, and Zn due to their toxicities and charateristics as a tracer for
the anthropogenic pollution) in Greenland and Antarctic recent snow and aged ice (MUROZUMI
et al.,, 1969; BOUTRON et al., 1991; GORLACH and BOUTRON, 1992; WOLFF and SUTTLE,
1994; CANDELONE et al., in press). Until recently, the time period covered by most of these
studies represented only the past decades or even few centuries, because it was supposed that
significant large scale pollution by these metals had occurred during the industrial period.
However, very recent measurement of Pb aﬁd Cu contained in Greenland ancient ice revealed
that remarkable large scale pollution by man for these metals had occurred two millennia ago in
the atmosphere of the Northern Hemisphere, due to the extensive mining and smelting
activities of non-ferrous metals (HONG et al., 1994; HONG et al., submitted]. From these
investigations, it is found that, when evaluating human influences on changes in the
biogeochemical cycles of heavy metals in the global troposphere with human history, temporal
changes must be reconstructed, using a time period long enough to show the natural level of
these metals. In addition, estimates of metal contributions from various natural sources are
important in ‘understanding the origin of sources causing their actual changes in the ancient
times.

The objective of this study is to examine in detail the natural and anthropogenic components

of Pb and Cu observed by HONG et al. (1994, submitted). As well, we present, for the first
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time, reliable time series of concentrations of Cd and Zn from the Holocene period which

enable a proper assessment of biogeochemical cycles in the Arctic troposphere.

2. Experimental

2.1 Description of the samples

In 1990-1992, the 3028.8-m-long Greenland deep ice core was recovered by a
electromechanical drill at Summit (72° 34'N, 37° 37'W, elevation of 3238 m above sea level,
annual mean air temperature -32°C) in central Greenland, under the joint European Greenland
Ice-core Project (GRIP). Twenty-three core sections of this Greenland deep ice core were
selected. Twenty-one sections corresponded to the period 3000-471 years B.P. (before
present) (depth : 511.0 m - 129.3 m) which encompasses Greek, Roman, Medieval and
Renaissance periods. The other two sections corresponded to 7290 years B.P. (depth of 1230.4
m) and 7760 years B.P. (depth of 1286.5 m), and were chosen to investigate the Holocene
natural background level for the measured heavy metals. The above mentioned samples are
identical to the ones measured for Pb (except for one of 7290 years B.P.) and Cu (HONG et al,,
1994, submitted). The age of the core sections was obtained using an improved unpublished
time scale for the Holocene (JOHNSEN, personal communication), which was performed by use
of all available time markers such as the known volcanic eruptions and isotopic event at around
8200 years B.P. dated independently in the Dye 3 Greenland ice core and interpolation among
these events. The uncertainty of the time scale is assumed to be negligible for the interpretation
of our result, on the basis of the fact that the estimated error limits proposed in a preliminary

time scale was much less than 1% for the Holocene (JOHNSEN et al., 1992).
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2.2 Decontamination of the samples

The superficial layer of the core sections recovered from a drilling operation is subject to
heavy contamination from various metals. Decontamination of the core is therefore essential to
obtain a reliable data. In our study, all the core sections were mechanically decontaminated
using an improved ultraclean procedure to remove the contaminated outside veneer layer
leaving the clean innermost part of the core, as described in detail elsewhere (CANDELONE et
al., 1994). The whole procedure of decontamination was performed inside a laminar flow clean
bench installed in a - 15°C cold room. This involved the chiselling of successive veneers of the
core from the outside to the central part of each section while being held horizontal in a
polyethylene lath specially designed (CANDELONE et al., 1994). In all cases, the inner cores
obtained were broken into a length corresponding to exactly more than one year of ice
accumulation, depending on the core quality, to eliminate any influence of seasonal variation.

As the blank contribution could be decisive for the measurement of extremely low heavy
metal concentration, the procedural blank for the whole analytical procedure (including the
chiselling step) was strictly checked using an artificial ice core made by freezing ultraclean
water whose heavy metals contents were known beforehand (CANDELONE et al., 1994). It
ranges from 0.015 pg/g for Cd to 0.25 pg/g for Cu. These contributions were found to account
for about 30% for the lowest value of Pb and Cu, while about 10% for Cd and insignificant for

Zn observed in out data.

2.3 Sample analysis

Each veneer layer, obtained after the decontamination operation, was analysed seperately

using ultraclean procedure in a clean laboratory (BOUTRON, 1990). After preconcentration by
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non-boiling evaporation (GORLACH and BOUTRON, 1990), Pb, Cu and Cd contents were
determined by Graphite Furnace Atomic Absorption Spectrometry (GFAAS), using a Perkin-
Elmer 2380 Spectrometer with a Perkin-Elmer HGA 500 graphite furnace. Zn, Al and Na were
measured directly by GFAAS without preconcentration. We also measured SO,” and NE'

contents by ion chromatography. Multiple injections (up to 4 x 50 1) were used for Pb, Cu and
Cd for part of the samples when the concentrations were close to the detection limits. The
precision of the data was estimated to range from 5 to 15%, increasing as the concentrations
approach the detection limits (GORLACH and BOUTRON, 1990). After all measurements were
completed, the concentration values for heavy metals were corrected for blank contribution

from the whole analytical procedures

3. Results and discussion

3.1 Description of the measured concentrations

In order to confirm that the measured concentration values of each core section
decontaminated are representative of the original ones in the ice, it is critical to determine the
full outside-inside profiles in concentrations of each ice core section. As demonstrated in detail
by various authors (see for instance NG and PATTERSON, 1981, BOUTRON and PATTERSON,
1986, BOUTRON et al., 1990, BOUTRON et al., 1993), if the outside contamination penetrated
to the central part of the core, the measured concentrations in each layer should decrease
gradually from the outside to the central part. The value of the most central part of the core
must therefore be considered only an upper limit of the original concentration in the ice. If
good concentration plateaus are observed in the cetral part, the corresponding values of the

inner part of the core sections do represent the original values in the ice.
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Typical profiles of changes in the measured concentrations from the outside to the inside of
the core sections are shown in Fig. 1, 2. For Pb and Cu, good concentration plateaus were
observed in the central part of all the core sections (Fig. 1) but one of 294.3m depth for Cu
(HONG et al., 1994, submitted). For Cd and Zn, outside-inside profiles determined in our
samples are also found to show clearly good plateaus, except for one of 457.1m depth, in
which a continuous decrease of both Cd and Zn concentrations is observed in the same core
section (Fig. 2). While most of the concentration values obtained in the most central parts of
good plateau represent the original ones in the corresponding ice core sections, each Cu, Zn
and Cd concentration measured in the sections of 294.3 and 457.1m depth, respectively, can
serve only upper limit concentration values of these ice core sections because of no satisfying
plateaus in the central parts. Considering that the core section available for this study was not
full but thin one (CANDELONE et al, 1994), it is approved that the improved operation
technique used here is excellent to decontaminate the contaminated ice core and also the
quality of the investigated ice core sectibns was good enough to prevent the outmost
contamination from penetrating to the inside of the core.

All the measured concentrations of heavy metals, Al, SO,>, Na and NH," are listed in Table 1.
In the period of 7000 to 8000 years B.P., during which the atmospheric heavy metals
originated wholly from the natural sources, the measured concentrations remained nearly
constant. From around 3000 years B.P., changing occurrences of the measured heavy metals
are observed. As already suggested by HONG et al. (1994, submitted), the time variations of
the measured Pb and Cu were attributed to the atmospheric pollution by the human activities.
Since the natl}ral components of Pb and Cu are important for understanding their natural cycles
in the Arctic troposphere, we will assess the Pb and Cu contribution from the natural sources

in detail using the data available in our study. Furthermore, we discuss for the first time the
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dominant sources for atmospheric Cd and Zn aerosols and their relative contributions to Cd

and Zn deposition in the remote Arctic during the Holocene.

3 2 Assessment of the contribution from natural sources

The main natural sources of atmospheric trace metals on a global basis include wind-blown
dusts, volcanoes, seasalt spray, wild forest fires, and biogenic activities (NRIAGU, 1979, 1989).
According to global inventories of natural trace metal emissions by NRIAGU (1979, 1989), in
which the total fluxes from various sources to the atmosphere are only order-of-magnitude
estimates because of scattered emission factors from published data, the relative importance of
individual source to ‘different metals is considerably variable. Despite a wide range of
uncertainties in an assessment of natural emission rates, the global inventory of natural metals
fluxes to the atmosphere can be useful to have a picture of evaluating the relative significance
of individual source for the measured heavy metals in our study. Therefore, we first evaluate
the natural contribution from each potential source using the measured heavy metals for the
period of 7000-8000 years B.P., because the atmospheric heavy metals were entirely derived
from natural sources at that time and thus represent the Holocene natural background level.
And an estimated contribution from each source is then compared with the global inventories
of natural emissions proposed by NRIAGU (1979, 1989) for a proper assessment of the relative

significance of various natural sources.

a) volcanoes

The volcanic impact can be evaluated from measured sulfate concentrations. In the

Greenland and Antarctic snow and ice, signals of large eruptions of volcanoes are well

recorded due to the highly elevated sulfur level in the atmosphere (HAMMER et al,, 1980; -
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LEGRAND and DELMAS; 1987; ZIELINSKI et al., 1994). As shown in Table 1, the measured
sulfate concentrations are close to the Holocene background level (30 ng/g). The sulfate value
less than 50 ng/g in Greenland ice deposited during the Holocene could be regarded as being
free of volcanic impact (DE ANGELIS and LEGRAND, 1994). It seems, therefore, most likely
that the volcanic contribution to the measured heavy metals may have been negligible for the
period of 7000-8000 years B.P. However, a small fraction of volcanic contribution resulting
from either non-eruptive volcanic emissions or long residual stratospheric loading caused by a
large eruption of volcanoes could not be dismissed. A tentative estimate of the volcanic
contribution to the heavy metals measured in the Antarctic snow and ice has been estimated by
several authors (BOUTRON and PATTERSON, 1986; BOUTRON et al., 1990; BOUTRON et al.,
1993; BATIFOL e' al., 1989), assuming that about 15% of excess sulfate is volcanic in origin on
a global basis (ZEHNDER and ZINDER, 1980). In fact, it is difficult to estimate an average rate
of volcanic sulfur emission in the global sulfur burden because of the sporadic volcanic
activities resulting in a wide range of estimates (CULLIS and HIRSCHLER, 1980; MOLLER,
1984). According to sulfur isotopic composition measurements (LI and BARRIE, 1993), most
natural aerosol sulfate contained in the present-day Arctic atmosphere is of marine biogenic
and seasalt origin for the period of little volcanism. When considering this observation, it is
probable that over the Holocene period of little volcanism the volcanic portion of excess sulfate
in the Arctic troposphere may have been much lesser than (~15%) proposed previously. In
order to evaluate the contribution from volcanoes, therefore, we prefer to use an estimate that
~5% of excess sulfate at an average rate in the toposphere of the Northern Hemisphere may be
attributed to ‘the volcanic origin, based on the low limit of the estimates for the annual input of
volcanic sulfur emissions (NEFTEL et al., 1985). .
Other problems in evaluating volcanic contribution arise from the facts that the metal/S ratios

in volcanic emission are widely scattered (Table 2) and were measured in volcanic plumes very
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shortly after emission (BUAT-MENARD, 1990). Accordingly, the fractionation between sulfate
and metals occurring in the aged volcanic aerosols during long-range transport is not
understood. From Table 2, it seems that a difference in metal/S ratios could arise from aging of
volcanic aerosols as indicated from Laki (short transport through the troposphere) and Agung
(aged in the stratosphere). Since all the discrepancies mentioned above cannot be put together
into a single explanation, the volcanic contribution has been tentatively estimated with a large
uncertainty by using the metal/S ratios measured in the ice layers corresponding to Laki
eruption (HONG et al., in preparation), assuming these ratios to be representative of the huge
volcanic impact recorded in the Greenland snow and ice. The volcanic contributions so
evaluated are found to account for ~2% of Pb and Cu, <4% of Zn, and <8% of Cd
concentrations, respectively. This implies that volcanoes may have been a minor contributor for
heavy metals during the Holocene period for which sporadic large volcanic activities were not

documented.

b) wind-blown dusts

As described in various studies (HEIDAM, 1985 WOLFF and PEEL, 1988; PATTERSON and
DUCE, 1991; HONG et al., 1994), the contribution from crustal-derived dusts to the measured
heavy metals in the air or snow samples can be conveniently demonstrated by using the crustal
enrichment factor (EF )

EF s = (Xo/Al) / (X/AD o s
where X, and Al,, represent the measured concentration of any element X and of aluminum in
the air or snow samples, repectively, and (X/Al),,y o 15 @ mean composition in the bulk rock or

soils. In general, it is suggested that values of EF ., near one imply eroded crustal particles to

be a dominant source. Elements enriched relative to crustal mean composition (EF, >>1) are ..
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likely to have predominantly non-crustal sources such as natural combustion (volcanism, forest
fires), biological emissions, seasalt spray, and anthropogenic activities.

Until now, the EF__, obtained in the snow or air samples of the Arctic region were calculated
by preferentially using the mean composition of the bulk rock or soils given in Table 3a with
an uncertainty of a factor of about 3, because the EF_, for the prehistoric times, during which
all the airborne trace metals were naturally-derived, were not available to select an appropriate
mean composition for evaluating an enrichment factor of heavy metals compared to the
Holocene natural background level. It is, of course, certain that highly enriched EF,, values of
heavy metals determined in the recent Arctic snow and air have resulted from anthropogenic
pollutant aerosols derived from various human activities (HEIDAM, 1985; WOLFF and PEEL,
1988). Meanwhile, the interpretation for the slightly enriched EF,,, could be confused without
knowing that of the Holocene natural level. For this, we discuss the EF,,, values shown in
Table 3a with the global inventory of natural emissions to select a suitable mean composition
for evaluating EF__, in the remote Arctic region.

As shown in Table 3b, the EF,, calculated by using each mean composition of the bulk rock
or soils given in Table 3a vary by at least a factor of about 4 for Cd and 2 for Pb, Cu and Zn,
repectively. For Pb and Cu, all the EF,, calculated are lower than unit, indicating that all the
given mean compositions could be used as an upper limit. However, it is found that most of Pb
and Cu measured is likely to be crustal origin. This is in good agreement with the global trace
metal fluxes from natural sources to the atmosphere proposed by NRIAGU (1979) as
summarized in Table 4, in which volcanic contribution was eliminated because of little
volcanism during the time period 7290 and 7760 years B.P. Based on this observation, a mean
composition of the bulk crustal rock given by TAYLOR and MCLENNAN (1985) is found to be
proper to appropriately calculate the EF, for Pb and the mean composition of the bulk soils

given by BOWEN (1979) for that of Cu. On the other hand, the contribution from wind-blown
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dusts to atmospheric Zn and Cd on a global basis is smaller than that for Pb and Cu, but
represents a significant fraction, that is, about 30% for Cd and about 70% for Zn (Table 4).
The EF,,, calculated using a mean composition given by BOWEN (1979) approach the
estimated portions of crustal origin in the worldwide natural emissions and thus may be
adequate for estimating the crustal contribution to the measured heavy metals with a certain
uncertainty. From the EF_,, calculated for each element, we can conclude that for the
Holocene natural level the crustal contribution can be attributed to most of the airborne Pb and
Cu, while other natural sources such as wild forest fires, seasalt spray, and biogenic emission
may also be important in the atmospheric Cd and Zn aerosols. The Holocene natural EF__,
determined above for each heavy metal can become useful criteria for investigating temporal
changes of relative strength of natural and anthropogenic emissions to the past and present

atmosphere.

c) seasalt spray

After correction for dust contribution using the Na/Al ratio (0.2867) in the mean crust
composition (TAYLOR, 1964), the obtained seasalt Na concentrations provide an index for
estimating heavy metals contribution from seasalt spray. This contribution can be estimated
from the metal/Na ratios in present-day bulk seawater (DUCE et al., 1983) combined with the
few available data on heavy metal enfichment factors with respect to bulk seawater to present-
day sea-drived aerosols, about 100 for Pb, 1000 for Cu, 10,000 for Cd, and 50,000 for Zn,
respectively (BOUTRON and PATTERSON, 1986; WEISEL et al., 1984; ARIMOTO et al., 1987,
MARING and DUCE, 1989). It should be noted, however, that both the metal/Na ratios and the
metal enrichment factors used here are probably high, since the present-day seawater contains

significant metal pollutants originating from anthropogenic activities (BOUTRON et al., 1990;
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BATIFOL et al., 1989). The estimated contribution from seasalt spray is found to be negligible,
accounting for much less than 1% in all four metals. This corresponds to the estimate shown in

Table 4.
d) other natural sources

Other possible natural contributions come from wild forest fires and continental or marine
biogenic sources (NRIAGU, 1989). These contributions cannot be quantitatively estimated from
our data, but the contribution from one of these sources, wild forest fires, can be evaluated
with respect to its possible impact on the measured hea§y metals concentrations by virtue of
ammonium concentrations determined in our samples. As demonstrated in various studies
(LEGRAND et al., 1992; WHITLOW, 1994; CHYLEK et al., 1995), the unusually high ammonium
peaks recorded in ice cores from central Greenland are thought to originate from the aged
plumes of high latitude forest fires reaching to the remote Arctic atmosphere. On a global basis,
the atmospheric fluxes of trace metals emitted from wild forest fires were estimated to reach
about 1900 tonnes for Pb, 3800 tonnes for Cu, 110 tonnes for Cd, and 7600 tonnes for Zn,
respectively, which account for about 20% of the total natural emission for each element on a
yearly median value (NRIAGU, 1989). Therefore, it is probable that the Arctic atmosphere
could be sporadically perturbed by massive inputs of trace metals originating from high latitude
forest fires.

The ammonium concentrations measured in our study are close to the Holocene natural
background !evel as documented in the ice cores of central Greenland (LEGRAND et al., 1992;
WHITLOW et al., 1994; CH'YLEK et al, 1995). Therefore the contribution to heavy metal

concentrations from wild forest fires over the studied period may have been insignificant.
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Contributions from continental and marine biogenic sources cannot be estimated from our
available data, but are assumed to explain a significant portion of the remaining (about 70-80%
for Cd and 40-60% for Zn) obtained after subtracting the estimated wind-blown dusts,
volcanic, and seasalt spray contribution from the measured heavy metals concentrations. This

assumption is based on the assessment of global natural emissions of trace metals (NRIAGU,

1979, 1989).

3.3 Changing occurrences of heavy metals from 3000 B.C. to A.D. 1500

Over this period, atmospheric pollutant aerosols of anthropogenic origin became a major
contributor to changes in natural cycles of heavy metals in the troposphere of the Northern
Hemisphere. This is the case for Pb and Cu. As mentioned by HONG et al. (1994, submitted),
the extensive Pb and Cu mining and smelting activities in ancient times had already resulted in a
large scale atmospheric pollution for Pb and Cu two millennia ago. Thus natural
biogeochemical cycles of Pb and Cu in the global atmospheric environment had been altered by
anthropogenic aerosols.

Apart from Pb and Cu production in ancient times, Zn was also used to make brass (Cu-Zn
alloy) in the pre-industrial period. Although the amount of zinc produced and consumed during
the ancient times could not be quantitatively estimated at present, it is probable that a
considerable amount of Zn may have been emitted to the atmosphere due to its high volatility
from the Roman times, during which brass was produced on a large scale by the cementation
process for the coinage (DARLING, 1990). The zinc metallurgy had also been developed in
India and China as early as the fourteenth to sixteenth centuries A.D. (DARLING, 1990).
However, it was after the Industrial Revolution that the metallic zinc began to be produced in

comparable amounts to other non-ferrous metals such as copper, lead and tin. For instance,
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average zinc production in Europe reached about 45,000 tonnes per year by the middle of the
nineteenth century (CAMMAROTA, 1979). The total emissions of anthropogenic Zn to the
atmosphere before 1850 A.D. was estimated to be about 2,800 thousands tonnes (NRIAGU,
1979). In the beginning of this century, the annual amount of anthropogenic Zn emissions was
comparable to that emitted from natural sources (NRIAGU, 1979), which caused undoubtly a
large scale pollution in the atmosphere of the Northern Hemisphere as evidenced from the
measurements of Greenland snow and ice (CANDELONE et al., in press).

For Cd, on the other hand, the case is quite different from Zn. Production of Cd commenced
in 1859 A.D. after the discovery of cadmium in 1817 A.D. (NRIAGU, 1980). With increasing
demand for paint pigments and other purposes, the production of Cd rose greatly from 1871
AD. and exceeded 43,000 tonnes per year by 1910 A.D. (NRIAGU, 1980). However,
anthropogenic Cd emissions to the atmosphere may have occurred long before its production,
because cadmium occurs characteristically as an impurities in the sulfide ores of various metals,
especially zinc, lead and copper (NRIAGU, -1980) and, therefore, non-ferrous metal production
would have released a detectable amount of Cd to the atmosphere (ﬁUTTON, 1983).

As mentioned above, for the period of 3000-1500 years B.P., a detailed evaluation of the
contribution from natural and anthropogenic sources is necessary to understand an historical
course of atmospheric pollution. Estimates of natural portions for the measured Pb and Cu will
be presented to make sure of anthropogenic impact on the global atmospheric cycles of natural
Pb and Cu. Also we discuss on the predomjnating sources for the measured Cd and Zn in order
to observe a probable perturbation of natural atmospheric burden caused by the anthropogenic

Zn and Cd aerosols emitted during the preindustrial times.

a) Pb and Cu
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Pb contributions from wind-blown dusts evaluated from the measured Al concentrations
(Table 1) are found to represent variable portions of the measured Pb concentrations, that is,
from about 20 up to 75% except for two core sections of 349.3m (1521 B.P.) and 619.3m
(2956 B.P.), for which all the Pb contents are crustal in origin. As shown in Table 5, the Pb
concentrations are moderately correlated with Al, indicating that a significant portion of Pb
originated not only from wind-blown dusts, but from other sources. The sulfate concentrations
measured in our samples show values close to the Holocene natural background level,
indicating little volcanic activity. However, one 509.3m core section (2351 B.P.) is suspected
to have some volcanic input (Table 1) (DE ANGELIS and LEGRAND, 1994). Estimates of
volcanic contribution from the nss-sulfate concentrations range from 0.008 to 0.019 pg Pb/g,
accounting for less than about 3% of each Pb concentration. This implies that volcanoes make
insignificant contribution to the measured Pb concentrations. The contribution from seasalt
spray also constitutes a negligible portion (< 0.0001%)similar to the Holocene natural Pb. The
correlations of Pb with ssNa and sulfate suggest a minor contribution (Table 5). As a result, it
is observed that wind-blown dusts are still the main source of Pb contents in ice over the
studied period. In Fig 3, the residual Pb, after subtracting the estimated contributions from
wind-blown dusts, volcanoes and seasalt spray, appears to show very similar time variation to
the total Pb concentrations measured.

For Cu, we cannot definitively estimate the contribution from wind-blown dusts, because the
observed Cu/Al ratios for the Holocene natural Cu are found to be depleted with respect to
each mean composition of the bulk rock or soils used to calculate the EF,, (see section 3-1).
This is probably because each mean composition could not explain the fractionation of Cu and
Al concentrations occurring in air masses originating from source areas during long-range
transport (SCHUTZ and RAHN, 1982), and therefore causing unexpected Cu/Al ratio for the

crustal aerosols in the remote Arctic atmosphere. For the period 3000-1500 years B.P., it can
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be known only that a significant portion of the measured Cu is contributed from wind-blown
dusts, based on the correlation between the measured Cu and Al (Table 5). The observed Cu
contributions from volcanoes are found to be 0.018-0.048 pg Cu/g, representing less than 3%
of all measured Cu. The seasalt contributions calculated also constitute a very small fraction (<
~2% ). As like Pb, wind-blown dusts but not volcanoes and seasalt spray contributed a
significant portion of the measured Cu during the studied period. In order to obtain residual
Cu, unexplained by the contribution from wind-blown dusts, volcanoes and seasalt spray, we

used the mean value (0.2 x 10”) of the Holocene natural Cu/Al ratios, regarding that a portion

corresponding to this natural ratio is of crustal origin in each measured Cu concentration.

Therefore, residual Cu was calculated from the following equation :
[Culesigoa = [Cu] {(Cw/Al) - 0.2}/(Cw/Al) - C, - C,

where [Cu] is the measured Cu concentration, (Cu/Al) represents Cu/Al ratio obtained from
the Cu and Al concentrations measured in the same core section, C,, and C; are the estimated
portions for the volcanic and- seasalt- spray . contributions, respectively. The residual Cu
concentrations so calculated are shown in Fig. 4, where it can be seen that natural contributions
from wind-blown dusts, volcanoes and seasalt spray are not responsible for the enrichment of
observed Cu.

The ammonium concentrations in our data allow us to identify a potential contribution from
forest fires. The mean value ( 7.49 ng/g) is within natural level of Holocene Greenland ice
(LEGRAND et al., 1992; WHITLOW et al., 1994; CH'YLEK et al., 1995). The high ammonium
concentrations which are greater than the mean plus one standard deviation ( = 4.29) were
detected in only three core sections (184.2m, 430.7m and 492.3m, respectively). This was not
due to an influence of seasonal vatiation, because the values are yearly averages. Instead, they

are suspected to record wild forest fire events. The Pb and Cu concentrations measured in

»n
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these core sections are found to be enriched with respect to the natural Pb and Cu for the
period of 7000-8000B.P. (Table 1). The fraction of Pb and Cu contributed from forest fires
cannot be estimated, but it is probable that their contributions are small, since the residual Pb
and Cu values corresponding to particularly high ammonium concentrations are not enriched
with respect to others shown in Fig. 5a,b.

Finally, even though the contribution from biogenic sources could not be estimated from our
data, an insight on the heavy metal associated with biogenic sources could be drawn from the
relationship between heavy metal and ammonium concentrations measured in the same core
sections. Now, it is well demonstrated that natural gaseous ammonia (NH,) originates from
continental ecosystems and oceans as a product of biological activities and then ammonia is
converted to ammonium (NH,'), which is subject to long-range transport, in the boundary layer
(DENTENER and CRUTZEN, 1994). Ammonia concentrations over the continent are typically on
order of magnitude higher than over the oceans (DENTENER and CRUTZEN, 1994) and the
continents of North America and Eurasia close to Greenland are important contributors having
influence on aerosol compositions and concentrations in the air over Greenland (WHITLOW et
al., 1992). Ammonium can be therefore considered as a tracer of biogenic components of
continental air masses (MAYEWSKI et al., 1993). The observed correlations of Pb and Cu with
NH,* are found to be negligible (Table 5), which suggests that the continental biogenic
contribution to the measured Pb and Cu may not be significant. Furthermore, no relationship
between the residual Pb and Cu and ammonium are observed (Fig. 5a,b), implying that the
residual Pb and Cu may have arrived in central Greenland independent of the biogenic
component input derived from continents surrounding Greenland.

As a whole, the contribution from various natural sources estimated from our data cannot be

attributed to the historical variation of the measured Pb and Cu concentrations. This confirms

the previous suggestion that enriched Pb and Cu in comparison with the Holocene natural - -
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background level during the investigated time period have resulted from man-induced Pb and
Cu pollutant aerosols having originated from ancient Pb and Cu mining and smelting activities

(HONG et al., 1994, submitted).
b) Cd and Zn

The measured Cd and Zn concentrations, which are the first reliable time series for these
metals, are found to be variable up to by a factor of about 5 over the investigated time period
(Fig 6a,b) (0.14-0.59 pg/g for Cd and 11.0-50.4 pg/g for Zn, respectively) (Table 1). The
particularly high concentrations of Cd and Zn are observed in three core sections of 184.2m
(723B.P.), 475.1m (2073B.P.), and 492.3m depth (2260 B.P.), resp_ectively. In these sections,
Al concentrations determined are highly elevated, indicating more intensive meridional
transport of crustal dust particles from source areas in mid-latitudes at that time.

In contrast to changes in Cd and Zn coﬁcentrations, on the other hand, Cd/Al and Zn/Al
ratios (we prefer to use metal/Al ratio for evaluating. enrichment of metals compared to the
Holocene natural value, because the difference among each mean composition of the bulk rock
or soils given by various authors (see section 3-1) could make erroneous uncertainties in
estimating the EF ___) do not show any temporal enrichment with respect to those observed in
the period of 7000-8000 B.P. (Fig. 7), for which all measured Cd and Zn are of natural origin.
Only slight enrichments are shown for the time 2956 years B.P. for Cd and 2084 years B.P. for
Zn. We cannot explain this enrichment for Cd an Zn with each one point, but it seems that Cd
enrichment may be caused by analytical uncertainty due to proximity to the detection limit,
although evaporated before analysis. The Zn enrichment may be due to either analytical
uncertainty or anthropogenic influence as described before. Anyway, the overall picture implies

that during the pre-industrial times all the Cd and Zn aerosols contained in the Arctic

i
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troposphere may have been naturally-derived in origin and hence their natural geochemical
cycles of the troposphere of the Northern Hemisphere may not have been perturbed on a global
scale by the human activities. As a result, our time series of Cd and Zn confirms the previous
suggestion by CANDELONE et al. (in press) that a large scale pollution of the Northem
Hemisphere started from the mid-19th century for Cd and from the late 18th century for Zn
corresponding to the enormously expanded global emissions of anthropogenic pollutants to
the atmosphere [Fig. 6, 7].

As the measured Cd and Zn are found to have originated from various natural sources, it is
interesting to estimate principal sources impacting on the Cd and Zn input over Greenland
during the Holocene. The estimated contributions from wiﬁd—blown dusts for Cd are found to
amount to 0.02 to 0.08pg Cd/g, which account for 10-25% at an average of about 15%. For
Zn, their contributions are in the range of 5 to 20 pg Zn/g, representing 25-60% of the
measured Zn with an average of about 45%. This association of the measured Cd and Zn with
crustal contribution is supported from the correlations of Cd and Zn with respect to Al, which
show that Zn is more significantly related to wind-blown dusts than Cd. The estimated volcanic
contributions are slightly greater than those of Pb and Cu, accounting for an average of about
7% for Cd and 3% for Zn. Volcanoes were therefore only minor contributor compared to
wind-blown dusts for Cd and Zn aerosols in the Arctic troposphere for the time period of little
volcanic activities. Also the Cd and Zn contributions from seasalt spray are always negligible as
less as 0.5% in concentration. Finally, as mentioned before, a possible influence from wild
forest fires for the measured Cd and Zn contents can be inferred from ammonium spikes
corresponding to the core depth of 184.2m (723 years B.P.), 430.7m (1936 years B.P.), and
492.3m (2260 years B.P.), respectively, (Table 1). In two core sections of 723 and 2260 years
B.P., the concentrations of Cd and Zn measured appear to be enriched, but not the metal/Al

ratios (Fig. 6, 7). As a strong enhancement of the aluminum level is observed in these core
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sections, larger part of the enriched Cd and Zn contents originated from the increased input of
wind-blown dusts to the Arctic caused by the favorable meteorological condition for their
transport. In addition, a significant part of the remaining Cd and Zn after subtracting the crustal
portion may have been derived from the forest fire. This suggests that wild forest fires could
release sporadically a large amount of Cd and Zn aerosols to the atmosphere so as to perturbe
the atmospheric Cd and Zn cycles in the high latitudes troposphere. However, it must be noted
that any affirmative presumption in out study cannot be given with only a few data points.
Taking into account natural contribution estimated above, a large fraction of the measured
Cd and Zn cannot be explained by natural contributions from wind-blown dusts, volcanoes,
seasalt spray, and wild forest fires. The remaining fractions amount to be about 80% for Cd
and 50% for Zn at an average rate. On the basis of an assessment of the global natural
emissions to the atmosphere (NRIAGU, 1979, 1989), it seems most likely that the contribution
from biogenic sources may be assigned to the remaining Cd and Zn. The amount of biogenic
Cd and Zn emissions from continental vegetation areas could reach about 200 tonnes for Cd
and 9400 tonnes for Zn at a median value, which account for about 65% and 25% of the total
natural emission rates for Cd and Zn, respectively, excluding volcanic emissions because of
negligible volcanic influences in our samples (Table 1). In the light of a wide range of emission
rates estimated, biogenic contributions could increase up to about 90% for Cd and 65% for Zn
(NRIAGU, 1979). The large fraction of biogenic contribution can be evidenced from the
observed correlations of Cd and Zn with NH,' (Table 5), which show that Cd and Zn are
associated with ammonium, tracer of air masses arriving from continental biosphere, in
statistical significance. Moreover, the residual Cd and Zn (after correction from the estimated
wind-blown dusts, volcanic and seasalt spray portions) are found to show even more coherent
relationship with NH,* (Fig. 7) in comparison with those between residual Pb and Cu and NH;*

(Fig. 5A, B), for which both crustal and anthropogenic contributions are dominant. When
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considering that the higher residual Cd and Zn concentrations seem to be linked to wild forest
fires (elevated NH,* level in Fig. 7), it is probable that Cd and Zn aerosols emissions from
continental vegetation may be facilitated by wild forest fires. Therefore, we propose that most
of residual Cd and Zn contents in ice may have originated from continental biosphere by means
of direct biological emissions or wild forest fires.

In addition, the strong correlation (r = 0.814) between Cd and Zn in our samples is likely to
indicate that the geochemical cycles of the atmospheric Cd and Zn aerosols are closely related
each other by virtue of their co-occurrence in the Earth's crust (NRIAGU, 1980). The strength
of Cd and Zn emissions to the atmosphere from various natural sources outside volcanoes can
be estimated by the Zn/Cd ratios observed from our measurement. It gives an average Zn/Cd
ratio of 93 23 with a standard deviation, which appears to be within a range of about 75 to
120 of Zn/Cd ratio in the global natural emissions, estimated by median values given by
NRIAGU (1979, 1989), after subtracting volcanic emission. This agreement of the Zn/Cd ratios
in our data with that of the worldwide natural Cd and Zn emission rates evidences again that
the principal sources for the measured Cd and Zn may have been wind-blown dusts and
continental biogenic emissions, because the contribution from other sources (volcanoes, seasalt
spray, marine biogenic activities) are relatively insignificant in the global natural emission
inventory of heavy metals, provided that the large eruptive volcanisms were absent at a given
time. The temporal changes of the measured Cd and Zn concentrations together with their
Zn/Cd ratios may, therefore, have occurred in accordance with any short-term variations of
individual Cd and Zn emission strength from natural source areas on the continents
surrounding Greenland and/or changes of the meteorological conditions influencing the
meridional long-range transport favorable differently for Cd and Zn (RAATZ, 1991).

Tn summary, the measured Cd and Zn contents in our ice samples for the pre-industrial period

are found to be naturally-drived in origin and to be variable in concentration due to changing - -
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input of the atmospheric Cd and Zn from various natural sources to the Arctic troposphere.
Without any large eruption of volcanoes, the dominant natural sources for Cd seem to be
biogenic emissions from continental biosphere, accounting for about 80% of the total
atmospheric Cd emission, and wind-blown dusts as a secondary natural source. On the other
hand, about half of Zn may originate from wind-blown dusts and a remaining half from
continental biogenic source. Based on the relationship between Cd and Zn concentrations and
ammonium contents in ice, it is assumed that sporadic wild forest fires could release a large
amount of Cd and Zn aerosols to the atmosphere so that the atmospheric burdens of Cd and Zn
in the high-latitude troposphere may increase to a great extent. Finally, the close correlation
between the measured Cd and Zn concentrations seems to indicate that natural geochemical
cycling of Cd ard Zn in the high latitudes troposphere may have similar in pathway of the

transport and deposition.
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TABLE 1 TABLE 2

The concentration data of various elements (Pb, Cu, Cd, Zn, Al, Na, SO,*, and NH,") measured A comparison of the metal/S weight ratio : for Laki (tropospheric transport) and Agung

in the central parts of the investigated ice core sections, Summit, central Greenland. : ) L
(stratospheric transport), the metal/S ratios were obtained in snow layers corresponding to the

Depth Age Measared concentration ages of their eruptions; a wide range of the metal/S ratios measured for various volcanic 1
(@)  (rsBP) plumes are also shown. !
Pb Cu Cd Zn Al  Na SO> NH; Z‘
(pg/e) (ng/g) |
Metal/sulfur ratio (x 10™) ;‘
129.3 471 390 3.14 0.15 179 76 3.7 253 42 Volcanoes {‘
184.2 723 309 3.83 059 504 134 53 266 167 Pb Cu 7n cd
239.3 985 246 355 021 27.1 112 51 290 438 J
294.3 1248 1.29 6.43* 032 31.7 94 39 439 49 , L}
349.3 1521  0.66 246 030 25.7 69 38 331 92 Measured in snow layer J
399.3 1774 0.80 202 023 1838 62 48 351 48 Laki' 0.32 0.52 13 033
401.0 1783 157 263 021 17.1 82 36 408 55 (Greenland)
404.3 1801 1.12 358 0.19 19.0 72 54 364 5.8 ,
416.9 1866 1.02 120 021 141 58 36 224 32 Agung? <03 <0.2 <02 <0.02
422.4 1894 117 130 020 253 66 34 382 103 (Antarctic)
430.7 1936 145 223 034 283 77 32 286 158
435.1 1958 123 090 024 18.1 50 53 329 7.0 Measured in volcanic plumes
446.1 2015 137 125 027 19.1 63 43 260 62 \ \
457.1 2073 319 630 046* 34.0* 164 74 345 95 Range 0.36-1.2 0.6-3.5 0.21-3.8 0.09-0.3
459.3 2084 1.48 3.16 023 27.1 55 51 360 5.1 Meddiativilis 0.8 s g 0.2
469.2 2137 136 133 0.17 202 62 26 340 97
492.3 2260 213 405 049 429 142 57 374 192
509.3 2351 179 192 024 226 97 52 576 59 , , _
511.0 2360 1.64 326 0.18 182 83 54 244 5.1 From Hong et al. (in preparation).
569.3 2674 064 076 0.14 11.0 39 19 405 32 , )
6193 2956 035 086 029 19.1 51 29 259 68 From Gérlach and Boutron (1991).
12304 7290 089 162 024 225 105 40 343 49 , _
12865 7760 055 1.65 025 228 69 24 386 6.7 From Nriagu (1989).

* Value of an upper limit due to no good plateau of concentration (see text).
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TABLE 3

A) Mean composition of the bulk rock or soils given by various authors.

Metal/Al ratio Taylor Taylor Mason Bowen
(x 10 (1964)  (1985) (1966) (1979)
Pb/Al 1.52 0.95 1.60 1.70
CwAl 6.68 8.92 6.77 4.20
Cd/Al 0.024 0.012 0.025 0.049
Zn/Al 8.51 9.51 8.61 1.27

B) The calculated EF,,,, of each heavyy metal for the 7290 and 7760 years B.P. core sections,

using the metal/Al ratios given above.

EF ., calculated

Years B.P.
Element Taylor Taylor Mason Bowen
(1964) (1985) (1966) (1979)
7290 years B.P.
Pb 0.6 0.9 0.5 0.5
Cu 0.2 0.2 0.2 0.4
Zn 2.5 2.3 2.5 1.7
Cd 9.2 20.0 9.2 4.7
7760 years B.P.
Pb 0.5 0.8 0.5 0.5
Cu 0.4 0.3 0.4 0.6
Zn 3.9 3.5 3.8 2.6

Cd 14.7 31,3 14.7 7.4

TABLE 4

The relative strength of various natural source contributions to the global heavy metals
emissions to the atmosphere given by Nriagu (1979) : the summarized values come from the

median values of the total amount of heavy metals emission fluxes ; all the values are rounded

as a percentage.

Relative % of the total global annual emissions

Sources*
Pb Cu Zn Cd
Wind-blown dusts 88 81 68 32
Seasalt spray 0.1 0.5 0.03 0.3
wild forest fires 3 2 6 3.8
vegetation 9 17 26 64

* Volcanic contribution was eliminated due to little volcanisms during the investigated times

(see text).
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TABLE 5

The determined correlation coeffficients between each element : Cd and Zn values obtained in

ice core section of 2073 years B.P. were eliminated in determining correlation coefficient,

because they represent only the values of an upper limit.

Pb Cu Zn Cd Al NH, ssNa SO,

Pb 1 0304 | 0320 |0.199 | 0446 | 0.117 | 0.014 | 0.039
Cu 1 0402 | 0249 | 0.518 | 0.053 | 0.019 | 0.013
Zn 1 0.814 0.598 0.644 0.012 0.001
Cd 1 0.478 | 0.708 | 0.003 | 0.005
Al 1 0.281 0.000 0.008
NHﬂ 1 0.024 0.005
ssNa 1 0.006
SO, 1
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FIGURE CAPTIONS

Figure 1. The outside-inside pofiles of measured Pb and Cu concentrations in the core section
of the 401.0m (1783 years B.P.) of the 3028.8m GRIP deep ice core drilled at Summit,
central Greenland. Good plateaus of concentrations are obtained in the central part of the

core section.

Figure 2. The outside-inside profiles of measured Zn and Cd concentrations in the core section
of the 457.1m (2073 years B.P.) of the 3028.8m GRIP deep ice core. No good plateaus of
concentrations in the central part of the core section are found that the Zn and Cd values

obtained can be used only as an upper limit for the original ones in ice.

Figure 3. Changes of Pb concentrations measured in various ice core sections of the 3028.8m
GRIP deep ice core (full dots) (ﬁom Hdng et al., 1994) and residual Pb concentrations in
the same core sections (full and open squares), obtained after correction from the estimated
wind-blown dusts, seasalt spray and velcanic contributions, for the period of 3000 to 500
years B.P. Open squares represent the core sections suspected to have an influence of wild
forest fires on the basis of the high contents of ammonium (> 15 ppb) in ice; full triangles
are used when the estimated contributions from the wind-blown dusts, seasalt spray and

volcanoes are responsible for the entire Pb concentrations measured.

Figure 4. Changes of Cu concentrations measured in the same core sections for Pb (full dots)
(from Hong et al., submitted) and residual Cu concentrations after correction from the

estimated wind-blown dusts, seasalt spray and volcanic contributions. Symbols (full and

-
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open squares and full triangles) are used for the same cases as Pb in Fig. 3. Note that the

concentration value of 1248 years B.P. is an upper limit (see text).

Figure 5. Residual Pb and Cu concentrations versus ammonium concentrations measured in
the same core sections used in our work. Open dots are used for high ammonium
concentrations (> 15 ppb) which may be indicative of a signal of wild forest fires. No
significant relationship between residual Pb and Cu concentrations and elevated ammonium
contents in ice is found to imply that the contribution from wild forest fires could be
regarded as negligible for the measured Pb and Cu concentrations corresponding to the high

ammonium contents.

Figure 6. Changes in concentration of Cd and Zn measured in the same core sections used for
Pb and Cu (Hong et al., 1994, submitted) from the 3028.8m GRIP deep ice core for the
period of 8000 to 7000 years B.P. and 3000 to 500 years B.P.; open dots represent the core
sections of high ammonium contents (> 15 ppb). Also shown are changes of Cd and Zn
concentrations from Candelone et al. (in press) (full triangles), covering the period from the
Industrial Revolution to present; mean yearly values for the period of 1773 to 1940 and
thereafter, decadal averaged values. Note that Zn and Cd concentrations measured in the

core section of 457.1m depth are upper limit values (see text).

Figure 7. Changes of the Cd/Al and Zn/Al ratios determined from our work (full and open
dots) and from Candelone et al. (in press) (full triangles). Open dots represent the core

sections of high ammonium contents (> 15 ppb) (see text).

185

Figure 8. Residual Zn (full dots) and Cd (cross) concentrations after correction from the

estimated wind-blown dusts, seasalt spray and volcanic contributions are plotted with
respect to the measured ammonium concentrations. A positive increasing trend of residual

Zn and Cd with an increase of ammonium ones are shown.
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ABSTRACT

We have obtained for the first time the reliable comprehensive time series of Pb, Cu, Zn and
Cd for the last full glacial period ranging from 8000 to 150,000 yrs B.P. by analysing various
sections of GRIP deep ice core drilled at Summit in central Greenland. Our results show that
the climatic changes have resulted in the strong variations in concentration level of natural Pb,
Cu, Zn and Cd contained in the high-latitude troposphere of the Northern Hemisphere. The
enhancement factors for concentration between the glacial and interglacial periods amount to
about 320 for Pb, 100 for Cu, 36 for Zn, and 13 for Cd, respectively. Based on a good
correlated relationship between each heavy metal and Al contents measured in our samples,
most Pb and Cu is estimated to have originated from the wind-blown dusts for both the glacial
and interglacial periods. On the other hand, continental biogenic emissions became important as
a main source of Cd and to a lesser extent Zn aerosols contained in the Arctic troposphere
during the warm Eemian and preboreal to-Holocene transition periods, whereas the wind-
blown dusts were the only predominant source during the cold glacial climatic stages. This
characteristic change of relative Cd and Zn contribution from different sources in contrast to
that for Pb and Cu is well documented in our samples corresponding to the late deglaciation
period between around 11,400 and 8000 yrs B.P. That is, after the Young Dryas event ended,
a remarkable increase of Cd/Al and Zn/Al ratios is shown during the time period spanning from
11,400 to 9300 yrs B.P., which is consistent with progressive expansion of vegetation
following the retreat of the massive land-ice sheet. The subsequent decrease of these ratios to
the typical Holocene level can be explained by the stabilization of atmospheric circulation in the

northern high-latitude regions, which have become similar to that for the Holocene stability
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period, due to further advanced reduction of Laurentide ice sheet. Finally, the changes of
metal/Al ratios determined indicate that the variable dust source regions in step with the
climatic changes have altered a mean composition of the crustal particles transported to the
Arctic for Pb and Cu, but not for Zn and Cd. This suggests that crustal portions, calculated by
using a mean composition of the bulk rock or soils, of heavy metals measured in various polar
ice cores during the glacial and interglacial periods can give only an approximate estimate of
crustal contribution and, therefore, lead to an erroneous interpretation to the dominant natural
source contributing to the measured heavy metal concentration level, depending on the large

scale climatic changes.
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1. Introduction

The well-preserved and dated snow and ice deposited in Greenland and Antarctic provide an
unique way of assessing global changes in atmospheric cycles of various heavy metals in the
past [1]. For this, many efforts have been devoted to reveal the changing occurrences of heavy
metals recorded in these frozen archives, with focusing especially on the time period that
human impact have become so great as to have resulted in a large-scale atmospheric pollution
[2-6]. Therefore, it is now agreed in the conclusion that the highly enhanced concentration
level of heavy metals observed in recent or aged snow and ice have resulted from a large
amount of man-induced contaminants. In general, these conclusions were based on the
historical changes of the quantitative emission rates of heavy metals to the atmosphere from
human activities and the concomitant time variations of heavy metal contents measured in snow
and ice deposited during the corresponding ages.

In order to confirm and ‘evaluate the extent-of anthropogenic contribution, however, a
decisive evidence is required on a global basis. This is, of course, to reconstruct the temporal
variations of naturally-derived heavy metals concentration level for the long period enough to
understand the variables responsible for altering the concentration level and also dominant
sources.

While the reliable time series of heavy metals such as Pb, Cu, Zn, Cd, and Hg were presented
for the Antarctic ancient ice dating back to the Last Glacial Maximum (~ 40,000 years) or even
to the next to last ice age (~ 160,000 years) [7-12], no data are as yet available for the
Greenland ice. Very recently, the reliable time series for Pb, Cu, Zn, and Cd were obtained by

analysing various ice core sections of GRIP deep ice core only for the Holocene period [13].
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This is not so long a time span as to decipher any relationship between the changes of heavy
metal contents and climatic changes in the Northern Hemisphere. When considering a
prominent difference in geographical distribution of source regions and atmospheric circulation
system in both hemisphere, one can expect that an aspect of the changing input strength of
heavy metal aerosols with climatic changes in the Arctic troposphere may have been different
from the Antarctic one.

For this reason, we have analysed for the first time various GRIP deep ice core sections
covering the last full glacial period. Here the reliable time series of Pb, Cu, Zn, and Cd are
presented and the temporal variations in concentration and predominating source for them are

discussed in accordance with each characteristic climatic stages.

2. Experimental

2.1 Description of the samples

We have analysed for Pb, éu, an,r andIC;l hveniy_fo-;lr ic;e core sections of the 3028-m-long
Greenland deep ice core, which was electromechanically drilled at Summit (72° 34'N, 37°
37'W, elevation of 3238m above sea level, annual mean air temperature -32°C) in central
Greenland in 1990-1992, under the multinational European Greenland Ice-core Project
(GRIP).

The depth and estimated age, given from [14], for each section (55cm in length) are listed in

Table 1. Our samples cover the time span of the last full glacial cycle ranging from 8000 to

150,000 yrs B.P. (before present). Thus they include various climatic events such as the Saale

i
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glacial and Eemian interglacial periods, the stadial and interstadial stages during the last

glaciation period, and the preboreal to Holocene transition period.

2.2 Decontamination and analytical procedures

For obtaining a reliable data, all the core sections analysed in our study were strictly
decontaminated using an improved ultraclean procedures as described in detail elsewhere [15].
This involved a mechanical chiselling of successive veneers of the core from the outside to the
central part of each section inside a laminar flow clean bench installed in a -15°C cold room so
as to finally get a clean innermost part of the core. After the decontamination was completed,
the obtained samples of each layer were brought to a clean laboratory and then melted at a
room temperature (~20°C). The inner core of each section represents variable ages of ice
accumulation ranging from 4 years for the core section of 8250 yrs B.P. up to about 200 yrs
for 150,000 yrs B.P. a3

Each veneer layer obtained was analysed seperately using ultraclean procedure in a clean
laboratory [16]. Pb, Cu and Cd contents were determined by Graphite Fumace Atomic
Absorption Spectrometry (GFAAS), using a Perkin-Elmer 2380 Spectrometer with a Perkin-
Elmer HGA 500 graphite furnace. When their concentrations were at a low level,
preconcentration by non-boiling evaporation [17] was carried out before the measurement. In
contrast, the high concentration level exhibited in ice deposited during the cold climatic ages
was determined by direct injection. If necessary, multiple injection (up to 4 x 50 1) was used
for the measurement of Pb, Cu, and Cd afier preconcentration or by direct injection when the

concentration was close to the detection limit. For Zn and Al, their concentrations were
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measured directly by GFAAS without preconcentration. We also measured Ca, Na, SO,* and
NH,* contents by ion chromatography. The precision of the data is estimated to range from 5
to 15% [17]. The concentration values of heavy metals determined were corrected for blank
contribution derived from the whole analytical procedures [15].

As already mentioned in various studies [7-11,18], the full outside-inside profiles in
concentration as a function of radius allow us to check the penetration of contaminants from
the outer layer towards the central part of the core. For all the core sections, we examined the
outside~inside profiles and observed good concentration plateaus in the central part of the core,
indicating that the obtained value in the innermost part of each section represent the original

one of the ice deposited at a given time.
3. Results and Discussion

3-1. Time variations of atmospheric heavy metals with the climatic changes during the last full

glacial period

All the concentrations of four heavy metals measured in our samples are listed in Table 1.
They cover the time span of the last full glacial cycle including the Saale glacial age which
preceded the last interglacial (Eemian) period.

As shown in Fig. 1, the observed concentrations of four heavy metals are found to represent
in a similar tendancy a dramatic change with the climatic changes. They vary in antiphase with
'*0 as like the variations of terrestrial and marine aerosol contents in Greenland ice for the

glacial period [19,21]. The highly enhanced level in concentration of each heavy metal in the
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Saale glacial period (~ 150,000 yrs B.P.) decreased to very low level at around 127,800 yrs
B.P. corresponding to the Eemian interglacial period. In this Eemian climatic stage, isotopically
derived temperatures were at least as high as in the Holocene stability and hence a similar
atmospheric circulation to the Holocene was prevailed as evidenced by a comparison of the
observed concentrations of terrestrial and marine aerosols for the Eemian and Holocene [20].
For the heavy metals, the concentration values in our work are also coincident with those of
the Holocene level (Table 2), indicating that the climatic conditions for the atmospheric
burdens of the heavy metals may have been in a great measure similar in both periods. After the
Eemian period, the heavy metal contents in ice show an oscillatory time variations between the
stadial (cold) and interstadial (milder) stages over the last glacial period. Together with the
beginning of the last deglaciation (~ 15,000 yrs B.P.), the concentration level of four heavy
metalé begun to decrease and then came to be close to the typical Holocene level through the
preboreal period. Note that no data for the cold Younger Dryas event (11,550 to 12,700 yrs
B.P.) are available in our samples. - - - -

Our results show that the measured concentrations fluctuated greatly by a factor of about
320 and 100 for Pb and Cu and to a lesser extent by a factor of 36 and 13 for Zn and Cd,
respectively, during the glacial and interglacial ages. These variations cannot be accounted for
by the changes of ice accumulation rates, because the accumulation rates at Summit, central
Greenland, have presumably not varied by more than a factor of three during the period
covered by our samples [22]. As demonstrated in various studies [19-21], the climatic changes
had led to the concomitant variations of atmospheric aerosols, resulting from the changes of
the large-scale atmospheric circulation. These climatic-dependent changes of four heavy metals

were already presented for the Antarctic ice by several authors [7-11]. When compared the

-
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highest concentration values of four heavy metals observed in our Greenland ice samples to the
ones in the Antarctic (Table 3), it is revealed that the heavy metals aerosol loading in the high-
latitude atmosphere of the Northern Hemisphere was much greater for Pb, Cu and Zn than in
the Southern Hemisphere. For Cd, the maximum concentration value is found to be so similar
in both sites. These observed facts could be explained by the dominating sources for the

atmospheric heavy metal emission and the proximity to those source areas (see section later).
3.2 Assessment of the contribution from various natural sources

On a global basis, the wind-blown dusts, volcanoes, seasalt spray, wild forest fires, and
marine and continental biogenic emissions are listed as the main natural sources for the heavy
metal émissions to the atmosphere [23,24]. The relative strength of each source contributing to
the heavy metal aerosol emissions would be modified in different climatic stages of the glacial-
interglacial periods due to the the variations of ice-sheet size, sea-ice extent and vegetation.
When considering that the atmospheric contents level of the terrestrial and marine aerosols
have been enhanced by up to two orders of magnitude so as to have controled the Arctic
atmospheric compositions [19,20], the wind-blown dusts and seasalt spray could be expected
as the dominant sources for the heavy metal aerosols contained in the high-latitudes
atmosphere during the glacial periods.

In our measurement, the measured concentrations of four heavy metals are correlated very
well with Al contents in ice as shown in Fig. 2. A well-defined relationship between each heavy

metal and Al content can be expressed as the followed equations with a correlation coefficient

(@):
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[Pb] = 0.225 [Al] - 2.06  (r=0.98) (1)

[Cul =0.357 [A1] +0.75 (r=0.99) (2)

[Zn] = 0.927 [Al] +18.44 (r=0.98) (3)

[Cd] =0.0036 [Al] + 0.38  (r=0.90) (4)
where [X] represents the concentration of element X (pg/g for Pb, Cu, Zn, and Cd and ng/g for
Al). From the observed relationship, it is found that most of Pb and Cu aerosols are likely to
have originated from the wind-blown dusts over the glacial-interglacial periods on the basis of
their y intercepts (rather negative for Pb and slightly positive value for Cu in equation (1) and
(2)). On the other hand, the situation is different for Zn and Cd. For Zn, the crustal mputs seem
to be responsible for most of the measured contents in ice of the cold stages of the glacial
period. For the warmer periods when Zn concentrations were at a low level, however, the
value of the positive y intercept, 18.44 in equation (3), suggests that a significant fraction of
the measured Zn could be contributed from different sources other than the wind-blown dusts.
This is also the case for Cd. As shown in Fig. 3, the variations of Cd concentrations lower than
1 pg/g, for which the corresponding ages represent the interglacial (warm) or interstadial (mild)
stages (Table 1), are not correlated to Al contents. The occurrence of Zn and Cd different from
that for Pb and Cu (mainly crustal origin) during the warmer climatic stages could be explained
by a difference of dominant sources for each element. For example, over the Holocene period,
the continental biogenic emissions can account for about 70 % of Cd and 50 % of Zn contained
in the Arctic troposphere in contrast to Pb and Cu that have originated principally from the
crustal-derived particles, provided that the contributions from volcanoes and wild forest fires
were insignificant at a given time [13]. Therefore, it is assumed that the observed Zn and Cd

contents level, which are not to a great extent associated with Al contents for the warmer
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climatic stages, could be attributed to the increasing input strength from other sources (mainly
continental biogenic emissions) outside the wind-blown dusts. This characteristic aspect of the
change of dominant sources are well documented in our samples covering the last deglaciation
period and thus will be discussed in detail in the followed section.

As already demonstrated by several authors [7-11], the wind-blown dusts was estimated to
have contributed most of the heavy metal contents measured in the Antarctic ice deposited
during the coldest glacial periods. This estimate was tentatively made by using the metal/Al
ratios of a mean composition of the bulk rock or soils given from [24,25]. The slopes of the
regression lines presented in equation (1)- (4) are in good agreement with those given from
[24,25] within a factor of two, indicating that the calculation of the crustal contribution using
the metal/Al ratios of a mean composition of the bulk rock or soils may not lead to an
erroneous estimate. However, the quantitative estimate of the crustal contribution to the
observed heavy metals, using the above mentioned metal/Al ratios, may not be straightforward,
if the climatic conditions were different in each investigated periods. The Pb/Al and Cu/Al
ratios determined in our samples, Fig. 1, are found to have changed through the last glacial
cycle including the Saale glacial ‘and the Eemian interglacial ages, despite that they are
estimated have originated mainly from the wind-blown dusts fot both the glacial and
interglacial periods. Since the contributions of other natural sources are regarded as
insignificant for the given times (to be discussed in this section later), it is assumed that the
Pb/Al and Cu/Al ratios may have been altered by the changes of the mineralogical composition
of crustal particle aerosols transported to the Arctic troposphere in accordance with the
climatic changes. This is supported by a tendancy of decréasing Pb/Al and Cu/Al ratios well

associated with a decrease of Al contents, as shown in Fig. 4. The possible explanations for the
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observed changes of the Pb/Al and Cu/Al ratios with ages could, on one hand, be that the
continental source regions producing the crustal aerosols have varied due to the climatic
changes and that the newly exposed continental shelves were involved as a contributor of the
crustal aerosol emissions as evidenced by the observation of changed composition of crustal
aerosols recorded in Antarctic ice core [20,27,28]. On the other hand, stronger atmospheric
circulation and the resultant shorter meridional transport time at the cold stages, compared to
the warmer stages, could have caused a differentiated fractionation by the way of transport of
crustal aerosols and an increase of particle size due to stronger wind velocity for the dust
deflation could lead to a compositional ratio different from that of smaller size between heavy
metal and Al content [29,30]. In contrast to Pb and Cu, the Zn/Al and Cd/Al ratios have
sustained nearly constant during the glacial periods and are found to increase remarkably with a
decrease of Al contents (Fig. 1,4). As the Al contents less than 100 ng/g are observed in the
warm (interglacial) or mild (interstadial) climatic stages, the increase of Zn/Al and Cd/Al ratios
is linked to the changing continental biogenic Zn-and -Cd emissions to the atmosphere as
mentioned before (and see next section). The unvaried ratios during the cold stages (Fig. 1,4)
may suggest that various factors of having caﬁsed the variations of Pb/Al and Cu/Al ratios with
climatic changes have not influenced on the compositional ratio between Zn, Cd and Al
content, but here we could not explain reasonably for this contrary phenomenon, because of no
available data on the mineralogical fractionation during the long-range transport along with a
difference in size of crustal aerosols.

Although most of four heavy metals contents measured in our samples is found to be crustal
in origin, the contributions from other natural sources could be responsible for a portion of the

measured heavy metals concentrations. The measured Na concentrations provide an index for
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estimating heavy metals contribution from seasalt spray, assuming that most of the soluble Na,
which ranges from 2.7 to 86.7 ng/g, determined in our samples by ion chromatography
represents seasalt Na (M. Legrand, personal communication, 1995). This estimate was made
from the metal/Na ratios in present-day bulk seawater [31], combined with the few available
data on heavy metal enrichment factors with respect to bulk seawater to present-day sea-
derived aerosols, about 100 for Pb, 1000 for Cu, 10,000 for Cd and 50,000 for Zn, respectively
[7,32-34]. The contribution from seasalt spray so evaluated accounts for less than 1% for all
measured four heavy metals contents and, therefore, is found to be negligible during the
studied period as like that for the Holocene demonstrated in [13].

The volcanic contribution cannot be estimated from the measured sulfate concentrations in
our study, although possible over the Holocene period [13], because during the glacial periods
the volcanic signature in the sulfate contents determined cannot be identified due to highly
elevated values corresponding to enhanced soil dust input as indicated by M. De Angelis and
M. Legrand [35]. They proposed -that -relatively high sulfate content with respect to
corresponding calcium (mainly derived from terrestrial dusts) content could be attributed to the
volcanic input at that time. In Fig. 5, the relationship between the measured sulfate and calcium
concentrations is well correlated with a slope value of 0.602 (correlation coefficient, r = 0.93)
and, moreover, the positive y intercept value, 32.1 ng/g, is very close to the Holocene
background level of non-volcanism (i.e., 30 ng/g) [35], indicating that elevated sulfate contents
(> 30 ng/g) determined in our samples are associated with the enhanced terrestrial input. The
contribution from volcanic emissions is, therefore, considered to be insignificant due to little
volcanism during the investigated times. Nevertherless, we cannot rule out an intensive

sporadic volcanic iﬁput which cannot be identified by sulfate contents determined in our
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samples. That is, for example, the case of ice core section of 149100 B.P. (depth of 2887.5m).
In this sample, the measured Cd concentration (denoted as a circle in Fig. 2) is particularly
enhanced compared to the other ones with respect to Al contents of corresponding ice core
sections. Since this Cd concentration represents a mean value of about 200 years (estimated
from the length of inner core obtained after decontamination operation), the volcanic signature
could be obscure from the measured sulfate content level. The measurement of metal/S ratios
for various volcanic plumes revealed that the volatile Cd aerosols could be occasionally
enriched in some volcanic plumes emitted during cataclysmic volcanic eruptions by up to two
orders of magnitude relative to those from other volcanoes, whereas not for other heavy metals
[36]. If this is indeed the case for the core section of 149100 yrs B.P., a difference in
enrichment of each individual element may be a reason why Cd concentration alone is found to
be enhanced in contrast to Pb, Cu, and Zn, for which the concentrations level observed in the
same core section is well correlated with Al content. An alternative explanation may be that the
enhancement factor in concentration during the -cold -glacial ages in comparison with the
warmer interglacial ones comes to only about 13 for Cd which is much lower than those for Pb,
Cu and Zn (Table 3). This may give rise to a difficulty for detection of the volcanic input of the
high Pb, Cu, and Zn contents determined in the ice core of 149100 yrs B.P., although Cd
concentration level may have been altered by an influence of volcanic input.

Finally, the measured ammonium contents in ice can give us a tentative evaluation of the
impact of biomass burning on the heavy metals contents [37], granting that the interpretation of
the ammonium concentration recorded in Greenland ice for the pre-Holocene period is not
straightforward [20]. In our data, we detect only two ammonium peaks (24.8 and 15.3 ng/g for

the depth of 2214.3 and 1669.3m, respectively) relative to other ammonium contents lower
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than 10 ng/g. The concentrations of heavy metals in corresponding core sections do not
represent any enhancement with respect to Al contents (Fig. 2), indicating that the contribution

from biomass burning may have been negligible not to be identified.
3.3 Response to the last deglaciation in the atmospheric heavy metal cycles

The last deglaciation (from about 15,000 yrs B.P.) is one of the characteristic geological
periods, because of the abrupt climatic change in contrast to the gradual increase of the
associated solar radiation, reached at its maximum at around 11,000 yrs B.P. [38]. The
prominent climatic events in this period involve the B lling/Aller d as a warm period, an abrupt
return to the glacial climate known as the Young Dryas (YD) cold event, and the preboreal
period followed by the Holocene climatic stability [14]. A transition between each event was
revealed to be extremely rapid, for example, 20 years in the ending of the YD [39].

The above mentioned climatic changes after the onset of the deglaciation must have changed
the atmospheric burdens and cycles of heavy metals in the northern high-latitude regions. Since
the gradual increase of ice accumulation rates at Summit during this period [22,39] could
hinder a proper assessment of the change of atmospheric burden of heavy metals from the
measured concentrations, we use here the fallout flux of each heavy metal instead of heavy
metals contents in ice. As shown in Fig. 6, fallout flux of four heavy metals began to decrease
rapidly from about 15,000 yrs B.P. and were very low at the period corresponding to the warm
B lling event. And they are found to have been slightly elevated at near the onset of the cold
YD event (unfortunately, we have no available data for the full YD period). We assume that

the heavy metal content level in the atmosphere of the YD event may have been as high as for
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other cold climatic stages, on the basis of the increased level of other aerosols in this period
[41]. From the end of the YD event, there is a marked difference in changes of fallout flux and
metal/Al ratios observed for each heavy metal. Fallout flux of Pb, Cu, and Zn continued to
decrease and then sustained low level (Fig. 6), indicating that the atmospheric Pb, Cu, and Zn
burden in the high-latitude regions may have changed in phase with the weakened wind-blown
dusts input from source areas in accordance with the climatic change. In contrast, fallout flux
of Cd is found to increase up to by a factor of 3 at about 9300 yrs B.P. with respect to the B
lling and Holocene level and thereafter decrease again to the typical Holocene level (denoted as
full triangles) given from [13]. A different trend of each individual heavy metal in response to
the climatic change is also shown in the observed metal/Al ratios. The metal/Al ratios for Pb
and Cu show a slight change during the whole deglaciation period, finally approaching the
typical Holocene value (~ 0.8 x 10™ and ~ 2.0 x 10 , respectively) [13]. On the other hand,
both Cd/Al and Zn/Al ratios represent an increase by about 9300 yrs B.P. and the followed
decrease to the mean Holocene value (~ 3 x 10 and~ 3 x 107, respectively), the change being
more dramatic for Cd. The above mentioned different pattern of each heavy metal can be, of
course, explained by the climatic changes and a difference in dominant sources for each heavy
metal.

The climatic changes, triggered by the increasing solar radiation at around 18,000 yrs B.P.,
have altered the large-scale atmospheric circulation and vegetation, resulting from the changes
of ice-sheet size, sea-ice extent, and sea-surface temperature [38]. By 13,000 yrs B.P., the
volume of the Northern Hemisphere ice sheet was diminished by 50% of its maximum extent at
about 18,000 yrs B.P. and the responding northward advances of temperate forest were

characterized [42]. The preboreal period had begun when summer insolation in the Northern
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Hemisphere rised up to a maximum at 11,000 yrs B.P. These climatic changes were
accompanied by the sustained retreat of the North Atlantic polar front [42,43], representing
that the surface atmospheric circulation system to transport the aerosols derived from the mid-
latitude source regions to the Arctic was weakened. Until the early Holocene, the vegetation
continued to be expanded to the north together with the retreat of the land-ice sheet owing to
2° to 4°C higher temperature and wetter climatic conditions than it is at present in both
Eurasia and western North America [38].

As most of Pb and Cu originated from the wind-blown dusts in both cold and warm climatic
stages including the Holocene (see section 3.2 and ref. 13), the abruptly decreasing trend of
fallout flux of Pb and Cu in the transition period of the early deglaciation can be explained by
the weakeness of wind intensity and the areal extent of the circulation system influencing
meridional transport of the wind-blown dusts from the arid mid-latitude regions. The slight but
continuous decrease during the preboreal period is likely to have resulted from the sustained
change of the atmospheric circulation and-the reduced areal extent of deserts and loess
deposits. For this period, the contributions from volcanoes and biomass burning are estimated
to be negligible to the measured Pb and Cu concentrations, because the measured sulfate and
ammonium concentrations close to the Holocene natural background level is representative of
the non-volcanism and non-biomass burning events [13]. When considering the small variation
of the Pb/Al and Cu/Al ratios for the very early Holocene, although the measured Pb and Cu
concentrations are similar to the typical Holocene value, it can be assumed that part of the
wind-blown dusts contained in the Arctic troposphere may still have derived from different
source area$ other than those for the Holocene stability, during which the chinese and Sahara

deserts are likely to be predominating sources [44]. In the early Holocene, the north African-
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Eurasian climate was wetter than it is at present, because of the strengthened summer
monsoons to have increased rainfall [38]. Therefore, the areal extent of the chinese and Sahara
deserts was reduced at this time. In addition, it was suggested that the wind strength was
considerably weakened over the chinease desert and loess at around 9000 yrs B.P. as
evidenced from the geological records in the loess stratigraphy [45]. All of these facts seems to
prove that the contribution from the chinese and Sahara deserts for the wind-blown dusts in the
Arctic troposphere during the early Holocene may have been smaller than it is at present and
hence their reduced contribution may have led to a different metal/Al ratio for Pb and Cu
compared to those for the typical Holocene value.

As mentioned before, the changing occurrences of Cd and Zn are different from those of Pb
and Cu. The Cd/Al ratios represent a dramatic increase up to by a factor of 11 at around 9300
yrs B.P. compared to that of the B lling event and show the followed decrease to the Holocene
mean value, while the Zn/Al ratios are also found to increase by more than a factor of 3 (Fig.
6). On the other hand, the changes in fallout flux of Cd are different from those for Zn. In
contrast to rather stable values of Zn fallout flux, that of Cd shows an increase until around
9300 yrs B.P. and then decrease to the Holocene value as like the Cd/Al ratios. These
characteristic variations in fallout flux and metal/Al ratio is assumed to arise from a difference
in dominant sources for Cd and Zn aerosols contained in the Arctic troposphere. An increase of
the Cd/Al and Zn/Al ratios after the end of the YD event implies that the contribution from
other natural sources outside the wind-blown dusts were increasing, because most of the Cd
and Zn originated from the crustal eroded particles during the cold glacial periods (see section
3.2). From 11,400 to 7290 yrs B.P., the contributions from volcanoes and biomass burning to

the measured Cd and Zn are likely to be insignificant as like for Pb and Cu, based on the
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measured sulfate and ammonium concentrations, which do not represent any signal of the large
volcanic eruption or wild forest fires. As the continental biogenic emissions are responsible for
the greater portions of the total Cd and Zn fluxes emitted from natural sources to the
atmosphere during the whole Holocene [13], the increased areal extent of the vegetation with
the climatic changes may be a major factor to the observed variations of Cd/Al and Zn/Al ratios
for the given period. As already mentioned above, the northward expansion of the vegetation
had occurred in response to the retreat of the land-ice sheet according to the increasing solar
radiation. With a progressive advance of the vegetation, the increased amount of the biogenic
Cd and Zn aerosols emitted from the high-latitude continental biosphere may have begun to
contribute to the Arctic background level of the atmospheric Cd and Zn from about 11,400 yrs
B.P. (Fig.6). The begining time of the biogenic contribution to the measured Cd and Zn is in
good agreement with that of carboxylic acid, formate, in Greenland, for which an increase of
contents in Greenland precipitation (from 11,550 yrs B.P.) was mainly related to emissions
from the high-latitude vegetation [46].-This-agreement- supports our observation that the
biogenic Cd and Zn emissions from the high-latitude vegetation become important in the
atmospheric cycles of Cd and Zn in the Arctic regions from the transition to the preboreal
period.

Of much interest is it that, despite a continuous expansion of the vegetation until 6000 yrs
B.P.[38], the contribution from continental vegetation for both Cd and Zn is found to decrease
from about 9300 yrs B.P. (Fig. 6). This may have resulted from the change of regional
atmospheric circulation in the high-latitudes from this time. The Laurentide ice sheet in the
North America had been reduced in size to a much limited extent by about 9000 yrs B.P., but

still influenced on the climate, that is, the atmospheric circulation in the North Atlantic regions

S
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[38]. Therefore, it is probable that, as the influence of the Laurentide ice sheet on the regional
climate was decreasing to a great extent after around 9000 yrs B.P., the prevailing atmospheric
circulation around Greenland until the very early Holocene began to have changed to become
less favorable for transport of the biogenic Cd and Zn aerosols emitted from the high-latitude
vegetation over the Greenland. On the other hand, the sustained fallout flux of Zn at a low
level since the preboreal, although the Zn contribution from the vegetations increased, suggest
that the contribution from the vegetation for Zn was smaller relative to that for Cd but it was
comparable to that from the wind-blown dusts, as expected from the averaged contribution
from each natural source for the whole Holocene [13]. That is, while the Zn contribution from
the wind-blown dusts decreased as like Pb and Cu with the climatic changes, the biogenic Zn
aerosols was at the same time increased to give a relatively constant burden in the Zn
atmospheric cycle for the investigated times.

In summary, Pb and Cu originating principally from the wind-blown dusts had changed in
phase with the climatic changes, representing a continuous decrease from the last glacial period
to the early Holocene. Based on the slight changes of the observed Pb/Al and Cu/Al ratios, it is
likely that the wind-blown dusts were released from rather different source areas for the
investigated period in comparison to the Holocene stability period. For Cd and Zn, the
increasing biogenic emissions from the vegetation in the northern high-latitudes began to
control the Arctic background level of the atmospheric Cd and Zn from about 11,400 yrs B.P.
Their contribution continued to increase with the expansion of the vegetation owing to the
increasing solar radiation in the Northern Hemisphere until about 9300 yrs B.P. and thereafter
the change of the regional atmospheric circulation in the high-latitudes had led to a decrease of

the contribution from the vegetation to the atmospheric Cd and Zn burdens in the Arctic,
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establishing the typical Holocene cycle of the natural Cd and Zn aerosols by about 8000 yrs

B.P.
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TABLE 1

Pb, Cu, Zn and Cd concentrations measured from the 3028-m-long Greenland deep ice core

Depth  Estimated age™ Measured Concentration (pg/g)
(m) (yrs B.P.)

Pb Cu Zn Cd
1339.3 8250 0.79 2.00 29.7 0.57
1394.3 8775 0.81 1.62 18.6 0.50
1449.3 9310 1.14 1.65 28.7 0.69
1614.3 11400 2.19 4.54 30.7 0.45
1669.3 12800 4.17 14.9 57.8 .37
1735.3 14165 1.78 5.62 32.2 0.23
1765.0 14795 479 77.4 196 1.13
1834.3 16920 83.9 141 340 1.58
1894.2 18910 75.0 112 248 1.12
1924.5 20220 79.7 150 404 1.63
1999.3 23850 443 100 256 1.29
2034.5 25590 151 238 563 2.89
2054.3 26560 121 202 559 2,17
2192.3 34430 7.68 13.7 52.3 0.23
2214.3 35880 125 210 526 1.90
2313.9 42720 2.53 127 75.3 0.31
2334.2 44200 107 157 352 2.20
2384.3 48340 4.04 10.5 30.9 0.54
2424 .4 51400 65.6 157 384 .31
2527.3 64100 127 231 844 3.01
2697.8 91900 2.85 14.4 45.5 0.68
2714.3 95800 3.28 11.7 40.5 0.72
2843.0 127800 0.47 2.40 17,7 0.29
2887.5 149100 80.7 138 422 2.44

*From ref. [14]. Dating by counting annual layers back to 14.5 kyr B.P. and beyond that by

ice flow modelling.

TABLE 2

Comparison of the measured various elements concentration level between the Holocene and

Eemian interglacial periods from GRIP deep ice core

B0/ Pb Cu Zn Cd (pg/g) Al Na (ng/g)

Holocene® -34.8 072 1.64 227 025 87 32

Eemian -33.4 047 240 17.7 0.29 60 40

?A mean value for each climatic period given from ref. [19].

A mean concentration value for the period of 8000 to 7000 yrs B.P. given from ref. [13].
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TABLE 3

The highest concentration value of Pb, Cu, Zn and Cd observed in Greenland and Antarctic ice

deposited from the next to last ice age to the early Holocene

Pb Cu Zn Cd (pg/e)
Greenland® 151 238 634 3.01
Antarctic® 38 33 101 3.00

®From our work of GRIP deep ice core.
®From ref, [7,8,10,11] for Pb, Zn, and Cd and from ref. [9] for Cu, which covered only the past

40,000 years. The values presented were obtained from Vostok or Dome C Antarctic deep ice

core.
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FIGURE CAPTIONS

Figure 1. Changes in concentration (full dots) and metal/Al ratio (open squares) of Pb, Cu, Zn
and Cd measured in the 3028-m-long Greenland Ice Core Project (GRIP) core samples
during the past 150,000 years. Continuous 80 isotopic profile from ref. [14] is shown on
the top, which includes the Saale glacial age (Saale), the Eemian interglacial age (Eem) and
the warm Bélling/Aller¢d (B/A) (12,700 to 14,450 years B.P.) and cold Younger Dryas
(YD) (11,500 to 12,700 years B.P.) events. The timescale is given from ref. [14].

Figure 2. Pb, Cu, Zn and Cd as a function of Al concentrations determined in the GRIP ice
core samples. For Cd, the concentration value of the core depth of 2887.5m, which is
suspected to have an influence of volcanic emissions, is denoted as a circle (see text).

Figure 3. Relationship of Cd below 1pg/g with respect to Al contents. Cd concentrations
below lpg/g were observed in our samples corresponding to the ages of interglacial of
interstadial climatic stages of the GRIP ice core.

Figure 4. Changes of Pb/Al (x10) (full squares), Cw/Al (x10*) (full triangles), Zn/Al (x10° )
(open triangles) and Cd/Al (xlO'S) (open squares), respectively, with respect to Al contents
determined in our GRIP ice core samples.

Figure 5. Sulfate as a function of calcium contents measured in our GRIP ice core samples.

Figure 6. Changes in fallout flux (full dots) and metal/Al ratio (open squares) of Pb, Cu, Zn
and Cd measured in our GRIP ice core samples covering the time period of 8000 to 19,000
years B.P.; full and open triangles represent fallout flus and metal/Al ratios, respectively,
given from ref. [13]. Continuous 130 isotopic profile with the timescale from ref. [14] is

also shown on the top.
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CONCLUSION

Fourty seven core sections, which cover the time span of the past 150,000 years,

from GRIP deep ice core were analysed for Pb, Cu, Zn and Cd : (1) to investigate the
human impact on the atmospheric cycles of natural heavy metals aerosols contained in
the Arctic troposphere during the pre-industrial period (1000 B.C. - A.D.1500), (2) to
decipher the relative contribution strength from various natural sources to the
atmospheric heavy metals deposition over the Greenland ice sheet as a function of the
climatic conditions varied during the last full glacial period (from the next glacial age to
the Holocene stability). All the investigated sections were decontaminated using an
improved method of the previous ultraclean prbcedures involved the mechanical
chiselling of successive each veneer layer of the core section. The strict check of the
reliability of concentration values obtained in the inner core was carried out from the
full outside-inside profile in concentrations of each ice core section. It is found that
most of the heavy metals concentrations determined represents the original ones in the
investigated ice samples, except for only three concentration values serving as an upper
limit, despite the fact that the available core cross sections were not complete. This
implies that an improved decontamination procedure used in this work was effective

enough to be able to measure very low concentrations of heavy metals (down to sub

pe/g).

As to changing occurrences of the measured heavy metals during the human history,
the concentration values determined for each heavy metal are found to be variable up to

by a factor of about 10 for Pb, 8 for Cu, 5 for Zn and 4 for Cd, respectively, during the
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investigated time period (3000-500 years B.P.). These time variations in concentrations
were compared to the Holocene natural level known from the analysis of core sections

of 7290 and 7760 years B.P. and interpreted by using available data.

For Pb and Cu, first of all, most of natural Pb and Cu aerosols contained in the Arctic
troposphere is likely to have originated from the wind-blown dusts during the
Holocene. The estimates of the Pb and Cu contributions from other natural sources
such as volcanoes, seasalt spray and bio@ss buming, which were made from the
measured sulfate, sodium and ammonium concentrations, indicate that their
contributions to the atmospheric Pb and Cu in the Arctic troposphere may have been
insignificant, except when large volcanic eruptions occurred. Of these natural
contributions, the volcanic contribution was based on the metal/sulfur ratios (0.30 x10°*
and 0.33 x 10™* for Pb and Cu, respectively) determined from the measurement of heavy
metals contents in the ice layer contaiﬁing the volcanic aerosols emitted from the large
1783-1784 Laki eruption in Iceland. This allowed for the first time the direct
determination of the episodic contribution of the heavy metal deposition fluxes to the
Greenland ice sheet. The calculated Pb/Al and Cw/Al ratios are found to be enhanced
up to four fold over the Holocene natural level from about 2500 years B.P., indicating
that the unknown source contributions outside the wind-blown dusts have resulted i
the enhancement of Pb and Cu aerosols input to the Arctic troposphere. Since the
estimated contributions from other natural sources mentioned above could not explain
the elevated concentration values and the ratios of Pb and Cu with respect to Al
concentration, an alternative explanation is that the anthropogenic Pb and Cu pollutant
aerosols emitted from the ancient mining and smelting activities may be responsible for

the increase of the atmospheric Pb and Cu input to the Arctic troposphere. The time
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vatiations of Pb and Cu fallout fluxes over the Greenland ice sheet are in good
agreement with the reconstructed historical trends of Pb and Cu production rates since
the ancient times. Therefore, it seems evident that man began to pollute on a
hemispheric scale the atmosphere of the Northern Hemisphere for Pb and Cu from
about 2500 years ago. This is the oldest large scale anthropogenic pollution ever

reported, long before the Industrial Revolution.

It should be noted that there is a difference in general aspects of anthropogenic
pollution between Pb and Cu. For Pb, the concentration began to increase from 2500
years ago and remained high (four times as great as natural values) during the Greek
and Roman times (i.e., 500 B.C. to 300 A.D.). They declined then after the collapse of
the Roman Empire and were at a low level (close to natural one) during the Medieval
times. From the eighth century onwards, it is found that lead concentrations started to
reincrease in accordance with the revival of silver/lead industries in Europe. Cumulative
lead fallout to the Greenland ice sheet during the Greek and Roman period (~ 800
years) was as high as 15 percent (~ 400 tonnes) of that which resulted from the massive
use of lead alkyl additives in automotive fuel since the 1930s. The Cu concentrations
also exceed natural level from about 2500 years ago, and remained high until the late
Medieval times, but exhibited large fluctuation. These fluctuations are attributed to the
fact that copper production varied strongly over short time periods (decades) along
with pronounced changes in the need for coi)per especially for coinage in Europe
during the Greek and Roman times and in China during the Medieval times.
Interestingly, the cumulative deposition of copper on the Greenland ice sheet was found
to be one order of magnitude higher from 2500 years ago to the Industrial Revolution

than from the Industrial Revolution to present. The above mentioned temporal changes
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of anthropogenic lead and copper aerosol deposition documented in the Greenland ice
cap could give us an historical picture on the growth and decline of lead and copper
industries in ancient times, because the archaeological evidences have not been as yet

comprehensible to evidently depict them.

In the case of Zn and Cd, the Zn/Al and Cd/Al ratios determined are found not to
show any temporal variation during the whole Holocene period, whereas their
concentrations are variable with time. This suggests that they are entirely natural in
origin and the relative contributions from each dominant source had been constant,
although the input strength of Zn and Cd aerosols to the Arctic troposphere had
changed. The estimates of the contribution from natural sources revealed that the wind-
blown dusts contribution accounts for about 45% and 15% of the Zn and Cd,
respectively, while volcanic contribution is about 3% for Zn and 7% for Cd. Seasalt
spray contribution was found to bé negligible. Although one cannot evaluate
quantitatively the biomass burning contribution, it is probable that Zn and Cd aerosol
inputs to the Arctic troposphere may have been sporadically enhanced by the biomass
burning in the high latitude regions, because highly enriched concentrations of residual
Zn and Cd after correction from the wind-blown dusts, volcanoes and seasalt spray
contributions are well-correlated with the ammonium peaks. Except these enriched Zn
and Cd concentrations, about 50% of Zn and 80% of Cd cannot be explained by the
natural contributions which were estimated using the available data. When considering
that continental biogenic emissions are regarded to be the greater contributor to the
atmospheric Cd and Zn aerosols on a global basis during the period of little volcanism,
it is assumed that the residual Cd and Zn concentrations may have originated from

continental biogenic contribution. Finally, A good relationship between the total Zn and
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Cd concentrations suggests that their biogeochemical occurrences in nature and

transport behaviors via the atmosphere may be similar.

From the measurement of twenty four core sections whose ages range from 8000 to
150,000 years B.P., it can be seen that atmospheric heavy metals burden was affected
by climatic change. The concentration enhancement factor between the glacial and
interglacial period is about 320 for Pb, 100 for Cu, 36 for Zn, and 13 for Cd,
respectively. For Pb and Cu, it is clearly revealed that they have originated from the
crustal particles through the glacial (cold) and interglacial (warmer) period, as
evidenced by the excellent correlation of Pb and Cu with respect to Al (indicator of
terrestrial input). Despite that, the Pb/Al and Cu/Al ratios are different in different
climatic stages. This indicates a change of the mineralogical composition of the crustal
aerosols with the climatic change. This mineralogical change may have been linked to
the facts that the continental source regions producing the crustal aerosols varied due
to the climatic changes and subsequent atmospheric circulations and that the newly
exposed continental shelves were involved as a contributor of the crustal particle
emissions. In addition, a differentiated fractionation during the transport of the crustal
aerosols may have arised from the changes of intensity and duration of meridional
transport and the variation of crustal particle size caused by a change of surface wind
velocity for the dust deflation. Consequently, the changes of the Pb/Al and Cu/Al ratios
are related with the climatic changes and hence the use of the metal/Al ratios given
from a mean crustal composition could lead to an ambiguous estimate of the crustal

contribution for the different climatic period.
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Finally, for Zn and Cd, it is found that they have also been derived from the wind-
blown dusts during the cold climatic period. When the climatic conditions are similar to
the Holocene ones, however, the situation is different. Based on the observation from
12,000 to 8000 years B.P., during which the characteristic changes of dominant source
contributions are well documented in the investigated ice samples, it is proposed that
continental biogenic emissions of Cd and Zn aerosols become the predominant source
when the climate is warm causing land-ice sheet to retreat and subsequent northward
expansion of the vegetated area. This fact is consistant with the prior suggestion that a
continental biogenic source is the main contributor to the atmospheric Cd and Zn

aerosols during the Holocene period.

In conclusion, this work shows the history of anthropogenic pollution by the heavy
metals since the ancient times as well as the relative contributions from various natural

sources in the troposphere of the Northern Hemisphere during the past 150,000 years.

As an additional remark, it should be emphasized that other heavy metals also have to
be determined in the Greenland ice samples in order to extend our knowledge of the
global changes of their biogeochemical cycles with time. Among these metals bismuth
(Bi) is important as a tracer for evaluating a transport pathway of volcanic aerosols,
because its atmospheric cycle may be dominated by volcanic emissions. Mercury (Hg),
arsenic (As) and tin (Sn) also attract attention because of their high toxicities and
potential for anthropogenic perturbation on their natural cycles in ancient times. In
addition, silver (Ag) could be recommended. as a good tracer of the historical industrial
activities in the light of the fact that ancient people always exploited silver ores owing

to its relevance to economic growth and resultant power of the ancient empires. It may




236

be possible to detect the anthropogenic contribution of Ag in the Greenland ice sheet,

because its natural occurrence is extreamly low.

Despite the interest in these elements, no data are yet available in the Greenland snow
and ice. This is mainly due to the fact that their concentrations in the Greenland snow
and ice are estimated to be extremely low, down to the pg/g level. However, much
efforts have recently been made to determine their occurrences using the ultrasensitive
analytical methods, for examples, Laser Excited Atomic Fluorescence Spectrometry
(LEAFS) for Bi and Cold Vapour Atomic Fourescence Spectrometry (CVAFS) for Hg.
The high resolution Inductively Coupled Plasma Mass Spectrometry (ICP-MS) could
be used to measure As, Sn and Ag contents. All these analytical techniques are now
available to investigate the above mentioned elements. By virtue of collaboration
between our laboratory (LGGE) and other laboratories speciallized for those
measurements in Russia, the United States and Italy, therefore, various reliable time

series of these elements are expected to be obtained in the near future.
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Abstract

An improved method has been developed for the decontamination of Greenland and Antarctic snow or ice cores for heavy
metal analysis. The investigated core sections are chiselled while being held horizontal in a polyethylene lathe inside a laminar
flow clean bench in a cold room. Each veneer layer and the final inner core are then analysed for Pb, Cd, Zn and Cu by graphite
furnace atomic absorption spectrometry in clean room conditions. The procedural blank was found to range from 0.015 pg/g
for Cd up to 0.25 pg/ g for Cu. The quality of the decontamination was checked by studying changes in heavy metals concentrations
from the outside to the center of each core section. In most cases, good plateaus of concentrations were observed in the central
parts, then indicating that contamination present on the outside of the cores was not transferred to these central parts. Various
Greenland and Antarctic cores were decontaminated, giving new insights into the past and recent occurrence of heavy metals in

the atmosphere of both hemispheres.

Keywords: Atomic absorption spectrometry; Heavy mctais; Lead; Cadmium; Zinc; Copper; Snow; Ice; Greenland; Antarctica; Global pollution

1. Introduction

The successive well preserved snow and ice layers
deposited in the large Antarctic and Greenland ice
sheets are unique archives of the past and recent
changes in the atmospheric concentrations of heavy
metals. Deciphering these archives for heavy metals
has unfortunately proved to be very difficult mainly
because the concentrations to be measured are
extremely low, down to the sub pg/g level.

A key point to obtain reliable data is in the cleanli-
ness of the available samples. For near surface snow,
clean samples can be obtained from the walls of clean

* Corresponding author.
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hand dug pits [1,2] or trenches [3], or by using spe-
cially designed clean augers [4]. But deeper layers can
only be reached by using large size electromechanical
[5] or thermal [6] drills. Such drills provide us with
snow/ice cores whose diameters range from about 3 to
5 inches (7.5 to 13 cm), the most frequent diameter
being 4 inches (10.2 cm).

A major problem is that the cores are always more
or less contaminated on their outside. This contami-
nation originates from various contributions. The main
one is the wall retaining fluid (amongst the fluid used
are kerosene and freon [7] and n-butyl acetate [8])
when such a fluid is required to prevent the closing of
the drilling hole at great depths. But other contributions
can also originate from the body of the drill, the cable
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and the handling, packing and storage of the core.

To obtain reliable heavy metals data from such cores,
itis therefore essential to be able to decontaminate them
by removing the outside contamination without trans-
ferring it to the most central parts and to check the
efficiency of the procedure.

Although this problem has already been tackled by
a few investigators [ 9—12], none of them has until now
developed a fully satisfying method, i.e. a method
which is ultraclean, suitable both for snow or ice cores,
not too much time consuming and which allows to
check the efficiency of the procedure.

We present here an improved ultraclean mechanical
decontamination procedure for snow or ice cores. It has
been successfully used for the decontamination of var-
ious sections of several snow and ice cores from Green-
land and Antarctica.

2. Experimental

The experimental procedure requires two operators.
It consists in chiselling successive layers of snow or
ice from the outside to the central part of the core using
ultraclean stainless steel chisels. The core is kept hor-
izontal, its extremities tightly secured in low density
polyethylene (LDPE) tumblers.

2.1. Laminar flow clean bench in a cold room

The whole decontamination procedure takes place
in a laminar flow clean bench located inside a cold room
at —15°C. The inside of the bench is entirely made out
of plastics. Moreover, the working area is covered with
a thin LDPE film which is changed regularly. The
bench is fitted with a special high efficiency particulate
air (HEPA) filter (99.999% efficiency at 0.5 m) with
particulate board frames and plastic separators. It has
no rubber or polyurethane compressible gasket: the seal
between the HEPA filter frame and the ceiling of the
bench is made with silicone cement [13]. The opera-
tors wear full clean room garb over their warm clothing.
Over their isothermic gloves, they also wear shoulder
length LDPE gloves and wrist length LDPE gloves over
these. These last gloves are changed as often as
required.

Fig. 1. Schematic diagram of the low density polyethylene (LDPE)
lathe used for the decontamination of the snow or ice cores. (1)
Snow or ice core (length up to 65 cm); (2) LDPE tumblers; (3)
fixed LDPE pillar; (4) movable LDPE pillar which can be slid along
the guide rail; (5) LDPE guide rail; (6) LDPE crank used to rotate
the core; (7) LDPE heavy base plate of the lathe; (8) LDPE screw.

2.2. Polyethylene lathe

A major improvement is the fact that during the
chiselling, the core is not held with the hands of the
operator and is not laying on any working surface.
Instead, it remains horizontal about 20 cm above the
plastic working surface as its extremities are pinched
in two LDPE tumblers (Fig. 1). The lathe is designed
so that it can be used in order to decontaminate snow
or ice cores whose lengths range from 25 to 65 cm.
Also, it is suitable not only for cylindrical cores with
full section but also for cores for which only part of the
cross section is available. This last situation occurs
frequently for ice cores obtained as part of international
programmes: a given core section is indeed cut into
several parts used for different kinds of measurements
(Fig. 2). At both extremities, the core is fastened in the

(a) {b) (c)

m Available cross section

q Cross section previously cut
NN for other programmes
Fig. 2. Greenland and Antarctic snow or ice cores: schematic view

of different typical cross sections available for heavy metals inves-
tigations.
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Fig. 3. Stainless steel chisel used for the chiselling of the successive
veneer layers.

tumblers using 3 to 6 home made LDPE screws which
are screwed, perpendicular to the axis of the core,
through threaded holes made in the lateral side of the
tumblers (Fig. 1). Depending on the available cross
section, several sets of screws of different lengths can
be used.

2.3. Chisels

It would have been preferable to make the chisels
out of plastics such as LDPE, fluorinated ethylene pro-
pylene (FEP) or perfluoroalkoxy (PFA) Teflon.
Unfortunately, such plastics are too soft for high den-

sity snow and for ice. Therefore, the chisels chosen are

similar to those used by Ng and Paiterson [9] and
Boutron and Patterson [10,11] (Fig. 3). They are
made out of a single piece of 2 mm thick plate of
stainless steel (ref. 316 L). The cutting edge is 3 cm
wide and 4 cm long. It is sharpened to a single acute
bevel with an angle of 30°.

Before use, the chisels, cleaned as described in 2.5,
are kept horizontal inside a LDPE box, each of them
fitted separately in a display rack which prevents any
contact between the chisels and allows the cutting edges
not to touch the walls of the box.

2.4. Description of the procedure

The core section to be decontaminated is taken out
from the LDPE bag inside which it was transported
frozen from Antarctica or Greenland back to France.
After changing their outer wrist-length LDPE gloves,
the two operators introduce the core inside the laminar
flow clean bench and put it in the lathe (Fig. 1). The
core is then firmly secured between the two tumblers
with the LDPE screws, Fig. 1.

Afirst veneer layer 5 to 10 mm thick is then chiselled
as follows. A shallow chord shaving is first made from
one end of the core to the other parallel to its axis, the
snow or ice chips being allowed to fall directly into a

specially designed LPDE tray held by the second inves-
tigator. Using the crank, the cut is rotated upward about
30° and another shallow chord shaving is made. The
procedure is then repeated until the whole exposed
outside surface has been chiselled. The chips obtained
from this first layer are then transferred from the tray
into an ultraclean 1-1 wide mouth LDPE bottle and kept
frozen until analysis.

The operators then put on new fresh pairs of LDPE
gloves and a second layer is chiselled using another
chisel and a new fresh tray. Depending on the initial
cross section of the core, this procedure is repeated up
to 4 times then giving a maximum of 4 successive layers
from the outside towards the center.

The remaining inner core (whose diameter ranges
from 2 to 4.5 cm) is then recovered as follows: the first
operator holds it firmly with all LDPE home made tongs
while the other operator breaks the right end with the
last chisel. The right hand pillar of the lathe (part 4 in
Fig. 1) is then moved away. An ultraclean [13] 1-1
wide mouth LDPE bottle is pushed onto the inner core
until about half of it is introduced into the bottle. The
inner core is broken in its middle with the chisel and
its second half is introduced into a second 1-1 bottle.
Then the left edge of the inner core is broken with the
chisel.

The bottles containing the chips from the successive
veneer layers and the two parts of the inner core are
then packed into double sealed acid cleaned LDPE bags
and brought to the main clean laboratory at 20°C [13].

2.5. Cleaning procedures

They are similar to those described in full detail
elsewhere [13]. For the various small size items such
as the ftumblers, the screws, the trays and the 1-1 bottles,
the initial cleaning before the first use involved degreas-
ing with CHCl,, then soaking one month in a first acid
bath at 50°C (25% Merck “‘Suprapur’’ HNO, diluted
in ultrapure water [13]), one month in a second acid
bath at 50°C (0.1% ultrapure HNO, from US National
Institute of Standards and Technology (NIST) [14]
diluted in ultrapure water [ 13]), and finally one month
in a third 0.1% ultrapure NIST HNO, bath at 50°C.
Transfers from one bath to the next one are made using
home made LDPE tongs.
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Table 1

Comparative determination of heavy metals in the water used to make the artificial ice core, in the last veneer layer and in the inner core of this

artificial core

Measured concentration (pg/g)

Pb Cd Cu Zn
Reference water used to make the core 0.25 0.01 0.2 0.3
Veneer layer adjacent to the inner core 0.42 0.033 0.8 1.25
Inner core 0.36 0.025 0.45 0.5

The cleaning between each core decontamination is
similar except that soaking is for only 2 h in the first
bath and for 3 days in the other ones.

For the very large size items such as the basement of
the lathe, a simplified procedure was used. It however
also involved extensive cleaning with HNO;.

Finally, the cleaning procedure for the chisels
involved degreasing with ether, then overnight soaking
in 60% HNO, bath (Merck “‘Suprapur’’ diluted in pur-
est water) and finally soaking in a series of two 0.1%
NIST HNO, baths for one week (for the initial clean-
ing, immersions were for a much longer time period).

2.6. Analytical procedures

Inside the clean laboratory [13], each veneer layer
and the inner core are melted separately in the 1-1 wide
mouth LDPE bottle in which they were kept. Various
aliquots are then taken in 15- or 60-ml ultraclean [13]
LDPE bottles. A 5-ml aliquot is first taken for the direct
measurement of Zn, Al and Na by graphite furnace
atomic absorption spectrometry (GFAAS) without
preconcentration using a Perkin Elmer 2380 spectrom-
eter and HGA 500 graphite furnace (pyrolitically
coated graphite tubes) [15]. A 50-ml aliquot is then
taken for the determination of Pb, Cd and Cu by
GFAAS after preconcentration ( X 50) by non boiling
evaporation [15].

If necessary, additional aliquots are also made for
subsequent analysis of Pb isotopes [16], organo Pb

Table 2
Procedural blank obtained from the analysis of the artificial ice core

Pb Cd Cu Zn
Veneer layer 0.17 0.023 0.6 0.95
Inner core 0.11 0.015 0.25 0.2

compounds [17], Hg [18] and Bi [19,20]. These last
measurements will not be discussed in the present

paper.

3. Results and discussion
3.1. Determination of the procedural blank

Such determination is essential to obtain fully relia-
ble data. The procedural blank was determined by proc-
essing an artificial ice core made out by freezing
ultrapure water [13] whose composition (Table 1)
was known beforehand. This core was prepared by
freezing 2 1 of ultrapure water inside a 2-1 LDPE ultra-
clean bottle. The inside diameter of the bottle was about
11.2 cm, then allowing to prepare an artificial ice core
whose diameter was similar to that of real Greenland
or Antarctic cores.

The bottle was cut using an acid cleaned stainless
steel scalpel and the artificial ice core (length about 20
cm) so obtained was chiselled using exactly the same
procedure as previously described in 2.4. Three layers
were chiselled before getting the final inner core. Each
layer and the inner core were analysed separately.

As shown in Table 1, heavy metals concentrations
are found to be slightly higher in the last veneer layer
and in the inner core than in the reference water used
to prepare the core. The differences so observed, listed
in Table 2, represent the procedural blank. This pro-
cedural blank will then be used for the correction of all
the values obtained for Greenland and Antarctic real
cores. For the inner core, the blank values are found to
range from 0.015 pg/g for Cd up to 0.25 pg/g for Cu
(these values include the blank of the non boiling evap-
oration procedure, which represents a rather small con-
tribution to the total blank) . For recent Greenland snow
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cores in which the concentrations are relatively high
due to very significant anthropogenic contribution, this
procedure blank contribution is extremely small, it rep-
resents less than a few percent of the measured concen-
trations. For ancient Greenland or Antarctic ice, on the
other hand, it can be very significant (up to about 30%
for Cu, 25% for Pb, and 10% for Cd and for Zn) since
heavy metals concentrations in such ancient ice are
much lower.

It is interesting to mention that the concentrations
measured in the veneer layers are significantly higher
for all four metals than those observed in the inner core
(Table 2). This was expected since the veneer layers
are subject to more handling than the inner core: the
contact with the chisel is much more extensive; the
chips do contact the inner tray; and they are also
exposed to the air flow in the clean bench for a much
longer time.

The precision of these procedural blanks is difficult
to assess, since the artificial core chiselling experiment
was done only once because it is very time consuming,.
It is however interesting to mention that the concentra-
tions measured in the 2nd and 3rd veneer layers of the
artificial core were very similar, then suggesting that
the precision on the blanks is probably rather good
(concentrations measured in the 1st layer were on the
other hand found to be significantly higher because of
the handling of the core prior to its chiselling).

It is important to emphasize that this artificial core
was ice, not snow. We have however used the blank
values for Greenland and Antarctic snow cores. It
would indeed be extremely difficult to prepare an arti-
ficial snow core of known composition. Moreover, it is
our feeling that the blank contributions for such a snow
core would not be significantly different. If this is not
the case, however, it is expected that the blank for the
ice might rather be an upper limit of the blank for the
snow: this would result into a slight over correction of
the snow core data.

3.2. Outside—inside concentration profiles

For each decontaminated core section and each
investigated heavy metal, it is essential to study in full
details changes in the concentrations from the outside
to the inner part of the core. If a clear plateau of con-
centration is observed in at least two consecutive layers
in the central part of the core, it shows that contami-

nation present on the outside has not penetrated to the
central part of the core: the plateau value then repre-
sents the original concentration in the Antarctic or
Greenland snow or ice. If, on the other hand, a contin-
uous decrease of concentration is observed towards the
center, it evidences that outside contamination has pen-
etrated to the very center of the core: the concentration
measured in the inner part will only represent an upper
limit of the real concentration in the original snow or
ice.

Very contrasting situations have been obtained for
the different snow or ice cores which we have decon-
taminated in this work. Typical outside-inside profiles
are discussed in the following sections.

3.3. Shallow electromechanical snow core from
central Greenland

In July 1989, a 70.3 m long snow core covering the
years 1772-1989 has been drilled at Summit (72°58'N,
37°64'W elevation 3238 m a.s.l., mean annual temper-
ature —32°C) in central Greenland as part of the euro-
pean ““Eurocore’’ programme. It was obtained using a
4 inches in diameter electromechanical drill [21]. Such
a drill is known to bring significant contamination on
the outside of the core sections mainly because of the
contact with the knives (2% C and 11.5% Cr steel) and
the framework (stainless steel with Teflon coating) of
the drill, and the contact of the galvanized steel cable
with the walls of the drilling hole. Concentrations
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Fig. 4. Changes in Pb and Cu concentrations from the outside to the
inside in two sections (depths: 69.88-70.22 and 21.10-21.45 m) of
a 70.3-m snow core electromechanically drilled at Summit, central
Greenland.
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measured in the outermost layer of the core sections
were indeed found to range from 10 to 100 pg/g for
Cd, 100 to 500 pg/g for Pb and Cu, and 1000 to 5000
pg/g for Zn. It must however be emphasized that these
values are for the first 1 cm or so from the outside of
the core: the actual contamination present on the very
outside of the core was then probably much higher.
Also, it is interesting to notice that it is for Zn that the
contamination is the most pronounced. This suggests
that the cable does contribute a significant fraction of
the contamination.

Typical outside—inside concentration profiles are
shown in Figs.4, 5 and 6. In most cases, good plateaus
of concentrations are obtained as illustrated in Fig. 4
for Pb in the 70-m section and for Cu in the 21.5 m
section. This is also the case for the two profiles shown
in Fig. 5: for these last two profiles the slight difference
observed between the inner core and the next to last
layer is indeed within the experimental errors. The fact
that good plateaus were observed in most cases was not
easy to foretell. It was indeed to be feared that outside
contamination could penetrate deeply into such porous
snow, which was finally not the case.

In a few cases however, we observed a continuous
decrease of concentrations from the outside to the very
center of the core as illustrated in Fig. 6 for Zn and Cu
in the 52 m section. For these last cases, the concentra-
tions obtained in the inner core must then be considered
as upper limits of the original concentrations in the
snow. The actual reasons for these few cases are not
known, they could however be l_inkcd to difficulties
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Fig. 5. Changes in Zn and Cd concentrations from the outside to the
inside in two sections (depths: 29.77-30.13 and 43.87-44.45 m) of
a70.3-m core electromechanically drilled at Summit, central Green-
land.
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Fig. 6. Changes in Zn and Cu concentrations from the outside to the
inside in one section (depth: 51.76-52.23 m) of a 70.3-m snow core
electromechanically drilled at Summit, central Greenland.

encountered in the field during drilling operations and/
or core handling.

Fig. 7 shows changes in the concentrations of Zn and
Cd measured in the inner core as a function of the age
of the snow from 1773 to 1965. It can be seen that the
concentrations of these two metals have significantly
increased from the 1770s, i.e the Industrial Revolution
period,-to the 1960s. The increase factor is about 5 for
Cd and Zn [22]. The causes for these increases are
discussed in full detail elsewhere [22]. They are linked
to the increasing emissions of these two metals to the
atmosphere of the Northern Hemisphere by human
activities during this period (fossil fuels burning, min-
ing, non-ferrous metal industry and refuse incineration
[23,24]).
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Fig. 7. Summit, central Greenland: observed changes in Cd and Zn
concentrations in snow from 1773 to 1965. Each data point integrates
one or two years of snow accumulation.

J.-P. Candelone et al. [ Analytica Chimica Acta 299 (1994) 9-16 15

! “r )
]
o & 9
g |7 8 @)
5 1+ 1266 m - 30 1266 m -
g
=
8
c 20+ -
[=]
Q
B 05 —
@
o 10} ~
(7]
=
0 0
5 0 5 0
Qutside Inside Outside Inside

Core radius (cm)

Fig. 8. Measured Pb and Zn concentrations as a function of radius in
one section (depth: 1285.90-1286.45 m; estimated age 7760 years
BP) of the 3028 m GRIP deep ice core electromechanically drilled
at Summit, central Greenland, in a hole filled with a wall retaining
fluid.

3.4. Deep electromechanical ice core from central
Greenland

At the same location in central Greenland, a 3028.8
m long ice core was recovered by electromechanical
drilling in 1990-1992 as part of the joint european
Greenland Ice Core Project (‘“‘GRIP’’). This core
covers the last 250,000 years [5].

The electromechanical drill is described in detail in
Ref. [25]. Because the depth to be reached was very
important, the drilling hole was filled with a wall retain-
ing fluid. The main constituent of the fluid was kero-
sene. We have decontaminated various sections of this
deep ice core. Because many other programmes of
investigations were conducted on the same core sec-
tions, only a limited part of the core cross section (see
Fig. 2b and c) was available.

Significant contamination was found to be present in
the outermost layer of the sections. This contamination
probably originates at least partially from the fluid.
Good plateaus of concentrations were however
obtained in most cases as illustrated in Fig. 8 for Pb in
the 1286 m section (age: 7760 years BP) and for Zn
in the same section. This evidences that the ice acted
as a good barrier against transfer of contamination from
the outside towards the center of the core, at least for
the investigated core sections which were chosen
because no visible cracks were seen in them.

Pb concentration, 0.55 pg/g, measured in the inner
core of the 1,286 m core section represents the natural

concentration level of Pb in Greenland ice before the
Greco—Roman times when man started to significantly
contaminate the atmosphere of the Northern Hemi-
sphere because of silver-lead mining and smelting
[26,27]. As discussed in [27], it mainly originated
from rock and soil dust.

3.5. Deep thermal ice core from central Antarctica

In 1977, 1978 a 905-m ice core was thermally drilled
atDome C (77°39'S, 124°10'E; elevation 3240 m a.s.1.;
mean annual temperature: —53.5°C) as part of a
French—-American cooperation. It was thermally drilled
in a dry hole which was not filled with a wall retaining
fluid [28]. This core covers the past 40,000 years [ 29]
i.e. the whole Holocene interglacial period (the past
10,000 years or so) and part of the last Ice Age. Fig. 9
displays the variations of Pb and Cd concentrations
from the outside to the center of the 515 m core section
(age: 14,500 years BP). Despite the fact that the core
was obtained in a dry hole without fluid, pronounced
contamination is present on the outside of the section.
This contamination is found to have significantly pen-
etrated to the second layer. Fortunately, a good plateau
of concentration is obtained beyond this second layer
(Fig. 9).

Pb and Cd concentrations observed in the central
part of this core section, 7.8 pg/g and 0.5 pg/ g, respec-
tively, are typical for Antarcticice from the Last Glacial
Maximum (LGM), i.e the very cold terminal stage of
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Fig. 9. Measured Pb and Cd concentrations as a function of radius
in one section (depth: 514.89-515.07 m; estimated age: 14,500 years
BP) of the 905 m deep ice core thermally drilled at Dome C, East
Antarctica.
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the last Ice Age. They are mainly originating from soil
and rock dust: the atmospheric cycles of these two
metals were indeed dominated by rock and soil dust
during the LGM when the climatic conditions led to
increased aridity, stronger winds and enhanced merid-
ional circulations [11,30].
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Greenland Ice Evidence of Hemispheric
Lead Pollution Two Millennia Ago by
Greek and Roman Civilizations

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

Analysis of the Greenland ice core covering the period from 3000 to 500 years ago—
the Greek, Roman, Medieval and Renaissance times—shows that lead is present at
concentrations four times as great as natural values from about 2500 to 1700 years
ago (500 B.C. to 300 A.D.). These results show that Greek and Roman lead and silver
mining and smelting activities polluted the middle troposphere of the Northern Hemi-
sphere on a hemispheric scale two millennia ago, long before the Industrial Revolution.
Cumulative lead fallout to the Greenland lce Sheet during these eight centuries was
as high as 15 percent of that caused by the massive use of lead alkyl additives in
gasoline since the 1930s. Pronounced lead pollution is also observed during Medieval

and Renaissance times.

The history of human lead production be-
gan about six millennia ago (Fig. 1A) (I-
7). Significant lead production started only
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about one millennium later with the dis-
covery of new techniques for smelting lead-
silver alloys from lead sulfide ores (galena)
and cupeling silver from the alloys (1-7).
Lead production then rose continuously
during the Copper, Bronze, and Iron ages
(5, 6, 8), stimulated by the introduction of
silver coinage (during those times, lead was
as much as a 300-to-1 by-product of silver
production) and the development of Greek
civilization. A pronounced maximum of
about 80,000 metric tons per year (approx-
imately the rate at the time of the Industrial
Revolution) was reached during the flour-
ishing of Roman power and influence
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around two millennia ago (Fig. 1A). The
use of lead was ubiquitous, and most dis-
tricts that were suitable for mining in the
Old World were known and worked, espe-
cially those in Spain, the Balkans, Greece,
and Asia Minor (5, 7). Lead production
then decreased sharply during the decline of
the Roman Empire, down to a minimum of
only a few thousand tons per year during
medieval times, before increasing again
from A.D. 1000 with the discovery of the
lead and silver mines of Central Europe.

Lead poisoning from extensive lead pro-
duction and use during Roman times has
been suggested as one of the causes of the
fall of Rome (5, 9, 10). Smelter emissions
from these sources have also been docu-
mented as resulting in significant local or
even regional lead pollution in Europe, as
evidenced, for instance, by studies of peat
deposits in Britain (11, 12) and lake sedi-
ments in southern Sweden (13). We show
here that smelter emissions also resulted in
significant contamination of the middle
troposphere of the remote Arctic. This oc-
currence marks the oldest large-scale hemi-
spheric pollution ever reported, long before
the onset of the Industrial Revolution.

We analyzed 22 sections of the 3028.8-m
European Greenland Ice-Core Project
(GRIP) deep ice core electromechanically
drilled in 1990 to 1992 at Summit
(72°34'N, 37°37'W, elevation of 3238 m
above sea level, annual mean air tempera-
ture of —32°C) in central Greenland (14).
Fourteen sections were selected from the
period between 2360 and 1775 years ago
(depths of 511.0 to 349.3 m), which are the
~600 years corresponding to the flourishing
of the Roman Republic and Empire. Two
sections were selected from ice deposited
3000 to 2500 years ago (depths of 619.3 to
569.3 m, respectively), a period that in-
cludes the rise of Greek civilization. Five
sections were selected from ice deposited
1520 to 470 years ago (depths of 349.3 o
129.3 m, respectively), during the Medieval
and Renaissance periods. Finally, one sec-
tion was chosen in ice from the pre-lead
production petiod (7760 years ago, depth of
1286.5 m) to serve as a Holocene natural
background sample. It was not possible to
analyze samples deposited 3500 to 7000
years ago because this period corresponds to
the brittle-zone depth interval in which the
core quality is too poor to allow reliable
measurements of heavy metals.

We mechanically decontaminated each
core section (length of 55 cm) using an
ultraclean procedure (17) derived from
those of Patterson and his co-workers (15,
16). It involved the chiseling of successive
veneers of ice from the outside to the cen-
tral part of each section inside a laminar-
flow clean bench in a cold room while the
core was held horizontally in an all-polyeth-
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ylene lathe (17). Each veneer layer was
analyzed separately in a clean laboratory
(18). Lead contents were determined with
a precision of about *10% by graphite
furnace atomic absorption spectrometry
(GFAAS) after preconcentration by non-
boiling evaporation (19). We also deter-
mined Al and Na contents by direct
GFAAS and SO,*~ contents by ion chro-
matography. Blank determinations were
performed for each step of the analytical
procedure. They included an evaluation of
the blank contributed by the chiseling pro-
cedure, which was determined (17) by pro-
cessing an artificial ice core made by freez-
ing ultrapure water (18) whose Pb content
was known beforehand. This last blank con-
tribution was found to be 0.11 pg per gram
of ice (pg/g) for the innermost veneer layer
and 0.17 pg/g for the other layers (17).

To check the cleanliness of the most
central part of the cores obtained after the
chiseling was completed, we studied chang-
es of Pb concentrations from the outside to
the center of each of the 22 sections. Sig-
nificant contamination was observed on the
outside (first) layer of the sections, which
confirms that they were significantly con-
taminated on their outside during drilling

Fig. 1. (A) Changes in worldwide

operations. On the other hand, excellent pla-
teaus of concentrations were obtained from
the second or third layers (Table 1). These
plateaus serve as evidence that Pb concentra-
tions measured in the most central part of the
core sections do represent the original con-
centrations in Greenland ice.

The results (Fig. 1B) show that Pb con-
centration was low (0.55 pgfg, 7760 years
ago) before the beginning of lead produc-
tion, when atmospheric Pb still entirely
originated from natural sources (24). The
corresponding lead crustal enrichment fac-
tor (EF.u.) (19) of 0.8, which is close to
unity, shows that virtually all this natural
Pb was from soil and rock dust [sea-salt
spray and volcanic contributions are minor
as calculated (16) from the measured Na
and SO,?~ concentrations]. The Pb con-
centration at 2960 years ago, about 5000
years later, was essentially identical to that
at the beginning of Pb production, showing
that anthropogenic emissions of Pb to the
atmosphere 3000 years ago were still negli-
gible on a hemispheric scale compared with
Pb originating from soil and rock dust
[about 4000 metric tons per year for both
hemispheres (24)]. Then, at 2500 years ago

our record shows that Pb concentration

Pb production over the past 5500
years [redrawn from (3, 4)]. (B and
C) Changes in Pb concentration
and Pb crustal enrichment factor
(19) in central Greenland ice from
2960 to 470 years ago. Each data
point was obtained from the analy-
sis of a core length corresponding
to exactly 2 years of ice accumula-
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started to increase markedly above this nat-
ural background up to about 2 pgfg (EF_,, .
~3), which is an increase by a factor of ~4,
and Pb concentration remained high from
~2500 to ~1700 years ago. This 800-year
period corresponds to the flourishing of the
Greco-Roman civilizations (Fig. 1A). Lead
concentration declined to low values (0.7
pefg) around 1500 years ago (that is, afrer
the fall of the Roman Empire) and then
increased continuously from 1500 to 500
years ago, during the Medieval and Renais-
sance times.

The high (about fourfold the natural level)
Pb concentration and EF__ observed in
Greenland ice from ~2500 to ~1700 years
ago cannot be explained by an increase in
natural Pb emissions to the atmosphere: The
measured Al, Na, and SO,*~ concentrations
in the ice do not change significantly during
the whole period covered by our samples. We
interpret the increase as a result of anthropo-
genic Pb emissions to the atmosphere from
the large lead-silver production by Greeks and
Romans [production in the other parts of the
wotld such as Asia was minor and is unlikely
to have made a significant contribution (3,
6)]. This production peaked at about 80,000
metric tons per year around 2000 years ago,
and it is estimated that ~5% of the mined
and smelted Pb was emitted to the atmo-
sphere (25), which would have given a peak
value of ~4000 metric tons per year to
the atmosphere. The data show that the re-
sulting pollution was not only local (5, 6,
9-10) or regional (I11-13) in scale but
reached the middle troposphere (Summit is
located at a high elevation of 3238 m above
sea level) of the remote Arctic region. It
represents the oldest hemispheric-scale atmo-
spheric pollution ever reported, well before
the Industrial Revolution.

The fourfold increase during the Greco-
Roman period for a middle troposphere lo-
cation in central Greenland is in excellent

Table 1. Lead concentrations measured in the sec-
ond and third layers and in the final inner core for five
typical GRIP ice-core sections. For three of these
sections (129.25, 399.3, and 1286.45 m), the con-
centrations are virtually the same in all three sub-
samples: Contamination was only present in the
outside (first) layer. For the 349.25- and 510.95-m
sections, the outside contamination reached the
second layer but the third layer and the inner core
remained free of contamination.

Measured Pb

Depth Age concentration (pg/g
(m) (years
ago) 2nd 3rd Inner
layer layer core

1290.25 470 4.77 3.99 3.90
349.25 1620 1.79 0.65 0.66
399.3 1775 1.06 1.07 1.17
510.95 2360 43 1.64 1.64
1286.45 7760 0.57 0.56 0.5




agreement with that (about fivefold) hy-
pothesized by Shirahata and colleagues.
(25); it is lower than the increase (about
tenfold) speculated by Patterson -earlier
(26). During the Greco-Roman times, most
Pb emitted to the atmosphere would have
been due to lead-silver mining and smelting
in Spain (which represented ~40% of the
wotldwide Pb production during the Roman
Empire), Central Europe, Britain, the Bal-
kans, Greece, and Asia Minor (5, 6). The
Pb was produced in open-air furnaces with
no control on emission rates. Small Pb aero-
sol particles emitted during these activities
could easily be transported from these re-
gions to the Arctic through well-known
pathways (27, 28). However, differences in
transport efficiencies between the different
source regions and central Greenland can-
not be ruled out. Such differences could, for
instance, help to explain why Pb levels in
the ice during the Greek and Roman peri-
ods are similar, although Pb production was
severalfold lower during Greek times. An
alternative explanation could be the differ-
ences in Pb emission rates for mining and
smelting activities between the Greek and
Roman times or uncertainties in the histor-
ical data shown in Fig. 1A.

The cumulative anthropogenic Pb fall-
out over Greenland from ~2500 to 1700
years ago, estimated by combining a Pb
excess value of ~1 pglg over the value
during the pre-Pb time with a mean ice
accumulation rate of 23 g of H,O em™?
year™!, is 23 X 10712 g of Pb cm™? year ™.
Over 800 years, this rate represents 1.84 X
1078 g of Pb cm™2. For the whole Green-
land ice cap (surface of 1.4 X 10° km”
mean annual accumulation rate of 34 g of
H,0 cm™? year™!), the net deposition is
about 400 tons during these 800 years. This
estimate is as much as ~15% of the cumu-
lative fallout of Pb to Greenland during the
past 60 years that is linked to the massive
use of Pb alkyl additives in gasoline, calcu-
lated from a mean concentration of 100 pg
of Pb per gram in 1930 to 1990 Greenland
snow (29). Further evidence of this hemi-
spheric-scale pollution by Greco-Roman
civilization might be found in other ar-
chives, such as sea sediments in the North
Atlantic Ocean and in the Mediterranean
Sea. Analyses of lead isotopes could finger-
print the relative contributions of the
different ancient mining districts to this
pollution.
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