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I n t a y ,  In response to ncreases In emssons of SO, 
and consequent atmospherc deposton of SO,'-. 
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History of Ancient Copper Smelting Pollution 
During Roman and Medieval Times 

Recorded in Greenland Ice 
Sungmin Hong, Jean-Pierre Candelone, Clair C. Patterson,* 

Claude F. Boutront 

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

M o s t  emissions of pollutants to the global 
atmosphere of our planet occurred after the 
Industrial Revolution, driven by the com- 
bination of unprecedented growth in the 
population of the Earth and massive tech- 
 lol logical and economic development. The  
only exception reported so far is lead ernis- 
sion. Time serles recently obtained from 
Greenland ice ( 1 )  and S~vedish lake sedi- 
ments ( 2 )  indicate that there was early 
hemispheric-scale atmospheric pollution 
frorn lead during Greek and Roman times. 
The  importance of this early lead pollution 
remained relatively limited, holvever; cu- 
mulative lead deposition to the Greenland 
ice cap during the eight centuries of the 
fli>urishlng of the Greek and Roman civill- 
zations (-400 metric tons) was about an 
order of magnitude lolver than lead deposl- 
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tion from post-Industrial Revolution fallout 
[-3200 metric tons ( 3 ) ] .  Here ale report 
evldellce that cumulative early atmospheric 
pollution from copper before the Industrial 
Revolution was one order of magnitude 
greater than that from the Industrial Revo- 
lution to the present. 

Lye analyzed copper in 23 sectlons of the 
3028.8-111 Greenland Ice Core Project (GRIP) 
deep ice core (4), drilled 111 central Greenland 
at Summit (72"34'N, 37'37'LV; elevation 
3238 m above sea level). Twenty-one sections 
were selected from Ice dated from 2960 to 470 
years ago (from depths of 619.3 to 129.3 m) in 
order to cover the Greek and Roman civiliza- 
tlons, barbaric and medieval times, and the 
Renaissance. Two sections were chosen fro111 
ice dated from 7260 and 7760 years ago 
(depths of 1230.4 and 1286.5 m, respectively) 
to assess natural Holocene copper concentra- 
tlolls durlng times before copper production. 
We mechanically decontaminated each core 
sectlon using ultraclean procedures by chisel- 
ing successive veneers of ice from the outslde 
to the central part as described in detail else- 
~vhere (5). Copper collcelltrations were then 
determined with a precision of -t 10?/o by 
graphite furnace atomic absorption spectrom- 
etry (GFAAS) after preconcentration. Each 
value was blank-corrected (5). The accuracy 
of the data depends on the efficiency of the 
decontamillation procedure. This was system- 
atically checked for all sections by mvestiga- 
tii>n of radial changes In copper concentra- 
tions from the outside to the center of each 
individual core section (6).  Copper concen- 
trations measured in the central parts of the 
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23 sections ranged from 9.8 to 6.4 pg/g. These 
are the first reliable copper data ever obtained 
for ancient Greellland ice. 

Changes in the  copper/aluminum ratio 
(7)  as a f~lnct ion of the  age (8 )  of the  ice are 
shown 111 Fig. 1. Before the hegitl~~itlg of the  
production of copper by Inan -7000 years 
ago, the copper/aluminum ratio was about 2 
X (Fig. 1 )  All copper originated from 
vario~ls natural sources (9 ) .  T h e  copper/ 
aluminum ratio remained unchanged until 
-2500 years ago. From -2500 to 1800 
years ago, the lowest values remained close 
to the  nat~lra l  level of -2 X but part of 
the  samples had higher values, up to -6 X 
l V 4 .  From -1800 years ago, all values 
were above natural levels (range -3 X 

to -17 x 
T h e  high values in the  samples from 

-2500 years ago are not due to uncon- 
trolled colltalninatio~l of the correspo~ldillg 
core sections. because the radlal concentra- 
tion profiles for copper (and a l u m ~ ~ n ~ m )  
across all hut one 16) sectloll show excel- , , 

lent plateaus of concentration, which con- 
firnls that transfer of outside contalnination 
to the inner parts of the cores cannot be 
responsible for the ohsenled high vahles. 
T h e  high co~lcentrations cannot be ex- 
plained by changes in co~ltributions from 
natural sources. A~lcillarv lneasurelnents of 
a l u m i n ~ ~ m ,  sodium, sulfa&, and ammonium 
(10)  show (1 1 )  that copper from natural 
sources such as rock and soil dust, sea salt 
spray, volcanoes, alld biomass burning is 
not responsible for the observed high val- 
ues. W e  interoret these concelltratiolls to 
he the  result of early large-scale copper 
vollutlon of the atlnosohere of the North- 
ern Hemisphere long before the Industrial 
Revolution. 

During anclent and recent tlmes, copper 
elnisslons mainly originated froln copper 
mining and s~neltillg activities, 1vlt11 only 
rather nlinor c o n t r i l ~ ~ ~ t i o n s  fi.0111 other hu-  
~ n a n  activities rsuch as uroduction of iron 
and other nonferrous metals, wood comhus- 
tiotl, and so o n  ( 1  2)]. As a flrst step toward 
ohtainlllg a time series for copper enlissio~ls 
to the  atlnosvhere that call be used to 111- 

terpret our Gree~l land ice data, we recon- 
structed past changes in copper production 
(Fig. 2) from a comprehensive revielv (13)  
of available literature. 

Copper was first produced fronl native 
copper -7000 years ago (14).  Its produc- 
tion hecarne substa~ltial -5000 years ago. " ,  

after the development of techl;iques for 
snlelting cashonate and oxide ores (15)  and 
the introduction of tin-bronze, which her- 
alded the real Bronze Age. Production then 
continuously Increased after the develou- 
m e l ~ t  of new tcchniq~les for .;melting sulfide 
ores -4500 pears ago (1 4-1 6) .  C~imulativc 
procluctiol~ from - 4000 to 2700 pears ago 
was -500,000 lnctric tons (17) .  

Fig. 1. Changes in the 
copperaumnm ratio n ' 

I Ice from Summit, central 16r 
Greenland, dated from 
7760 to 470 years ago % 
(black c~rclesj. An open ; 
c~rcle IS used for the core 
section dated from 1248 5 
years ago, because no 
plateau of concentrat~on 
was obta~ned for copper 
n that sect~on (6). The 
cols~eriaum~num ratlo of i , , 
that secton was caculat- 1 I I I I 

ed w~th the use of the 8000 7000 3000 2000 1000 0 

comer value extralsoat- Age of Greenland ice (years ago) 

ed'from the rada profile (6) and should therefore be cons~dered as an upper imt of the or~g~nal ratio n the 
Ice. Also shown (tr~angles) are representat~ve mean values from (3) for Ice and snow dated from the lndustr~al 
Revolution to the present, collected at the same locaton. 

T h e  Roman period marked the  begin- 
ning of a sharp rise in the  productioll of 
copper in response to  the  rapidly increas- 
ing use of copper alloys for military and 
c ivi l ia~l  purposes, especially in coinage 
(17, 18) .  Total  productioll peaked a t  over 
-15,000 nletric tons per year -2000 years 
ago (Fig. 2) .  T h e  nlaill productioll districts 
were in  Spain (which accounted for Inore 
than  half of ~vor ld~vide production during 
Rollla11 times), Cyprus, and central Europe 
(1 5,  18) .  Cummllative production from 
-2250 to  1650 years ago alas -5 lnillion 
metric tons. 

After the fall of the R o ~ n a n  Empire, 
copper production greatly declillecl in  ELI- 
rope and world production relnained low at 
-2000 nletric tons per year until about the 
eighth century (16 ,  19).  It started to in- 
crease again during medieval times. In  ELI- " - 
rope, this increase was linked with the  min- 
111g of new Gerlnan ores beglllllillg ill the  
ninth  century and of Swedish ores (espe- 
cially in the Falull area) beg in~ l i~ lg  111 the 

13th century (16 ,  19, 20).  But during me- 
dieval times, the largest share of the pro- 
duction originated in Chills (21,  22),  espe- 
cially during the Northern SLIII~ period 
(10th  to 12th century). D~lrillg that period, 
Chinese p r o d ~ ~ c t i o n  reached a lnaxilnu~n of 
-13.000 ~ne t r i c  tons ver year -900 vears . , 
ago (21 ), \vhlch gives a worldwide pro'duc- 
tion peak of -15,000 metric tolls per year 
-900 years ago, \vhich is comparable to the  
Roman peak -2000 years ago. 

Productio~l then fell to a lower level for 
several centuries (-2000 ~ne t r i c  tolls per 
year 111 the 14th century), before illcreasillg 
greatly from the Industrial Revohltion to 
the present, when it was strongly stimulated 
by the development of electrical industries. 
Present-day productioll is -9 lnillion met- 
ric tons per year. 

Atmosuheric e~nissio~ls related to this vro- 
d~lctlon varled considerably during the past 
seven lnllle~lllla hecause of substantial chang- 
es in productio~l technologies (16, 23). Dur- 
ing ancient tlmes, e~nlssioll factors were prob- 

Decline of Roman 

4- 

Beginning 
4- 

E Bronze Age 

Peak production 1 
n Swedish Falun mine 

1 

Rise and fall Roman Republic 
of Athens and Empire 

1 oO :' , ,, , , , , -I 
Years ago 

Fig. 2. Var~ations In the copper production rate during the past 5000 years as reconstructed from an 
extensive revie?;\, of available I~terature. 
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ably as llicll as -1 5% because ot  uncontrolle~i will be especially intcrc,sting to analyre 
anL\ \\-astet~il smelting proceilures. Snie l t i~~g of 
sultiJe o r e  requii-eii numerous ro,lsting, smelt- 
ing, osiili:iny, and refining steps (24) per- 
formed ~n ci-~~ile open t~lrnace.;. Emissioi~b rr- 
~uained uncontrolled until the Ii1d~1strial Re1-- 
olution ( ] t i ) ,  ~ ~ ~ l ~ e i ~  impro\-cd f~imaccs am1 
metall~lrgical tecliii~~jues bcgan to be uscil. 6y 
tlie lnidclle of tlie 19~11 century, smelting pro- 
cdures  \\-ere reduced to 0111~ five steps ( 1  5 ) .  
Tlicse ~ ~ ~ i p r o v c ~ ~ i e n t s  resulted in a shary ile- 
crease 111 emission f;lctors, \ ~ h i c h  \\.ere proha- 
bly reiiuced to -ILb at the heginnil19 of the 
10tli century. Further imnrovemei~ts were 
s~~bse~uc i i t ly  made, resultii~g ill pi-esei~t-day 
e ~ ~ ~ i s s i o n  tactors of -0.25'h (25) .  

C o m b i n a t i o ~ ~  of tl~e.;e cmi.;sion factors 
n - ~ t l i  tlie procluctioii clat,~ (Fig. 3 )  s1101vs that 
copper emissii i~~s to the atmospl1crc n-ere as 
l ~ i g l ~  as -3100 to 3300 metric ton? per year 
at tllc ~ c a k  o t  the Roman Emnire -2000 
years  go and ot  the Nortl1ern S ~ l n g  ilynastp 
in C l l~ i l a  -900 \-ear.; ago (Tahlc 1 ) .  Tlicjc 
cmis.;ions xe re  higher t11a11 those tor the 
mid-1Stl1 ai1d 19th centuries and represent 
as 11iucll as - 10"i) of pre.;cnt-da\- ci~ii,s,slon,s. 

Tl i r  11igl1 c o p ~ ~ e r / a l ~ ~ m i n ~ ~ m  ra t i i i  oh- 
served in our ~ c c  .;amples elated fl-oln Ro- 
i n a ~ i  t i~ne,s oii\~larci (Fig. 1 )  slic~jv tliat tliese 
emissions \\.ere i n t e ~ ~ s e  enough to produce 
suh.;taiit~al copper p o l l ~ ~ t i o n  of tlic ~niclille 
troposphere of the  Arctic. Pollutant c t ~ p -  
per na,s prohablp e ~ ~ i ~ t t e d  to tlic atmo- 
,splicre as ,small-siled aerosols ilurinc the  
11igl1-temperature steps of copper yrocl~ic- 
tion processes. These  aerosols were ca,silv 
transported to the  Arctic by \yell-known 
atmo,sl~lleric 1 ~ 1 t h n a y s  (26) from the  mid- 
latitude areas jvl~ere tlicy were elnittecl 
(malnl\- in tlic Xlcditerranean basin, c.;pe- 
ciallv Spain, during Roman times; ani{ in 

Table 1. Estimated copper emissions to tile at- 
lnosphere linked \r:itii copper prodc~ctcn. These 
estimates were derved f r o i ~  the prodclcton clata 
shovjn ili Fig. 2. ?;,,~tti the assumptioli trat tile 
copper em~ssio~i  factor was -1 5@6 unit tiie Indus- 
trla Revouron and then declned liliearily to -1 O O  

in 1930 alid to -0.25@6 at present. 

Date (years Copper ernssoli to the 
atmosphere llnetrc 

ago) 
tons year, 

'Peak of Ro,-.-.an copper p~oduct on ';Peak of C ~ I -  
iese co?per p*oduct~on cit.r17g tiie NortPern Sung 
dynasty ::Calc~~lated wt l i  al- ass~.i-ed el-I ssion 'ac- 
to,.o' -5% 'or oxde ancl carboiate ores. 
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Changes in c ~ ~ ~ ~ e r / a l ~ i r n i n ~ ~ r n  ratios in 
G r e e ~ ~ l a n d  ice appear tii he in 
agrecilieilt \\.it11 the  estimateLl changes in 
a ~ ~ t l ~ r o p o g e n i c  copper c~~iis. ; ions (Table 
1). T l ~ c  Grce~i lani l  ice Ja ta  s11o1~ 1~x1- (na t -  
ural) value.; l i~i t i l  -1500 year? ago, t l ~ e n  
meiii~lm ~.,llues from Rciinail tilncs t ~ >  the  
Industrial R e \ , o l ~ ~ t i o n ,  anil finally a sliarky 
increase in recent times (Fig. 1 ) .  LVe do 
not 11a1.e eni~u911 data point.; tor rncdier.al 
times to co11firm tlic peak of ei~ii.;>ion.; 
iiurinq the  1 l t h  cent~ir \ -  (Table 1)  and the  
periods of low einiasiiins t h ~ t  preceiled and 
f'olliineii this peak. Ot interebt is the  high 
1-ariahilitv o t  tlie data d~iri11c t l ~ c  Roman 
pcrioil. It miglit he a c o n ~ c ~ j u e n c c  o t  tlic 
fact that copper proiluction dui-ing Roman 
t ~ ~ n e s  \.ariecl great l~;  over short time pcrl- 
oJs  (clecailes) a.; a re.;ult of p r o n o ~ ~ n c e ~ i  
chanpes in the  lieeil tor copper, esl~eci;llly 
for coinage. Tlie ~rariahility proh;ll~l\- dors  
not  reflect c l i , i ~ ~ ~ e s  in a t m o ~ p h e r ~ c  trany- 
port from mid-latituiie areas to tlic Arctic 
hecaujc it \vas not  ohser\.ed for l ex l  ( 1 )  
(lc,ld pr i \Juct ioi~ J id  not  suffer s~1c11 large 
s l~or t - term c l ~ a n ~ e s ) .  

Cliange,s in the f i~l l ix~t  tlus of copper at 
Summit during tlie past s c ~ ~ e n  inillennin 
can he o b t a ~ i l e ~ l  trom capper c o n c e ~ ~ t r a -  
tions ilieasureii in the ice and from tllc 
mean local ice ; icc~~i~iula t ion late of 23 9 af 
H-0 cm-' yearp'. Copper range,s troll1 
-0.17 x 10-" g cln-' yearP' ( in  the 
prc-R~>man l?erioil, -3000 \-ears ayo) to 
-2.3 X 10-" g cm-' !.earp' ( in  the 
yrc,scnt clay). Culluilati\.e fallout o t  antliro- 
poyenic copper to the  wl~ole  Greenlanil ice 
cap (surface of 1.4 X 10"km'; mean ann~ia l  
, ~ c c u m ~ ~ l ~ ~ t i o i i  rdte of 34 g oi H'0 cm-' 
y e a r ' )  after ciirrectioii for coyper flus friim 
nat~lral  sources (27) \\.as -800 metric tons 
ii~iring the Roman period (-3500 to 1500 
years ayii). Froin tlic fill1 of the Roman 
Ellipire to tlie 111~lustrial Rcvoll~tion 
(-1500 to 210 !-ears ago), -2090 metl-ic 
t ~ > n s  \\.ere JcpositeLl. T h e  cum~ilativr iiepo- 
sitii>ii trom 2500 years ago to tlie Ini i~~str ia l  
Re \ .o lu t io~~  is tllcil -3800 nietric ton,s. 
Tlicsc ~ral~lcs  are much higl~er  than the 
cumulative Jeyosition of copper to the 
G r e e i ~ l a ~ ~ ~ l  ice cap iron1 tllc InLlustri;il Rev- 
o l u t ~ o i ~  to t l ~ c  present [-?@@ metric tc>ns 
(311. Tliis means that c~irnula t i~-e  large-scale 
copper pc3llutii)n ot tllc ati~ii\splicre ot  the  
Northern Hc~nisphere \\-as m~lc11 larger be- 
tore the Ii~ilustrial Revoll~tion tlian after it. 

This e\.idence of p r i i ~ ~ i i u ~ ~ c e ~ i ,  early, 
large-scale atmo,sFlieric lwl l~i t ion 1s not  
tlic only interest of t l ~ r  Ice ilata presei1tc.d 
here. T h e y  open 1113 the  po,sslbility o t  f ~ i -  

ture iluantitative studies of the l~istory of 
met,ll proc1uctli)n d u r i ~ ~ g  a ~ ~ t i q u i t y .  Our  
present Li1o\~leilgc L > t  this liistorl-, \\lliicll 
wa.; a crucial factor ill social and c~i l tura l  
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conce11trations of arsenic and t in  to  ohtail1 
quailtitativc e,stimate,s of \vlicn tlic process 
of smelt111g copper alloped \\-it11 arsenic to 
iliakc IlarJ Iveapons and tool.; bcgan, as 
\\-ell as the  process of smelting coppcr 
allopecl wit11 t in ,  wliicli lnarkccl the  onset 
o t  tlle Bronze Age. 
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Extraterrestrial Helium Trapped in Fullerenes is 
the Sudbury Impact Structure 

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

60 and C70) in the Sudbury impact structure contain trapped helium with a 
4 to 5.9 x 10~4. The 3He/4He ratio exceeds the accepted solar 

Fullerenes (C, 
3He/4He ratio of 5.5 x 10 
wind value by 20 to 30 percent and is higher by an order of magnitude than the maximum 
reported mantle value. Terrestrial nuclear reactions or cosmic-ray bombardment are not 
sufficient to generate such a high ratio. The 3He/4He ratios in the Sudbury fullerenes are 
similar to those found in meteorites and in some interplanetary dust particles. The im­
plication is that the helium within the C60 molecules at Sudbury is of extraterrestrial origin. 

Fullerenes (C60 and C70) have recently 
been identified in a shock-produced breccia 
(Onaping Formation) associated with the 
1.85-billion-year-old Sudbury impact struc­
ture (J). The presence of 1 to 10 parts per 
million (ppm) (1) of fullerenes in these 
samples from the Onaping Formation raises 
questions about the origin of fullerenes and 
about the potential for delivery of intact 
organic material to Earth by a large bolide 
(for example, an asteroid or comet). Be­
cause the Sudbury target rocks are poor in 
carbon (C), we have suggested that the 
fullerene C was extraterrestrial in origin 
(1). There are two possible scenarios for the 
presence of fullerenes in the Sudbury im­
pact deposits: (i) that fullerenes are synthe­
sized within the impact plume from the C 
contained in the bolide (1), or (ii) that 
fullerenes were already present in the bolide 
and survived the impact event. We exam­
ine here these possible sources of the Sud­
bury fullerenes by searching for noble gases 
trapped inside the fullerene molecule. 

The correlation of C and trapped noble 
gas atoms in meteorites is well established 
(2). Primitive meteorites contain several 
trapped noble gas components that have 
anomalous isotopic compositions. For exam­
ple, Black and Pepin (3) found anomalous 
Ne values in several primitive unmetamor-
phosed meteorites, and Anders and co-work-
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ers (4) reported Kr and Xe values in the 
Murchison and Allende meteorites that are 
indicative of a presolar origin. Several C-
bearing phases have been recognized as car­
riers of trapped noble gases, including SiC, 
graphite, and diamond (5). Fullerenes have 
been suggested as a carrier of noble gas com­
ponents in carbonaceous chondrites (6); 
however, so far, the identification of 
fullerenes (C60 and C70) is limited to a single 
occurrence in the Allende meteorite (7). 

The C60 molecule is large enough to en­
close the noble gases He, Ne, Ar, Kr, and Xe 
but is too small to contain diatomic gases 
such as N2 or triatomic gases such as C0 2 . 
Recent experimental work has demonstrated 
that (i) He is incorporated into C60 during 
fullerene formation in a He atmosphere and 
(ii) noble gases of a specific isotopic compo­
sition can be introduced into synthetic 
fullerenes at high temperatures and pres­
sures; these gases can then be released by the 
breaking of one or more C-C bonds during 
step-heating under vacuum (8). The unique 
thermal release patterns for He encapsulated 
within the C60 molecule (He@C60) are sim­
ilar to the patterns for acid-resistant residues 
of carbonaceous chondrites (9), suggesting 
that fullerenes could be a carrier of trapped 
noble gases in meteorites. 

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

impact, then the isotopic ratios of the 
trapped gases would have an extraterrestrial 
signature (3, 4, 11). 

We demineralized samples using HF-
B03 , and the carbonaceous residue was re-
fluxed with toluene to extract fullerenes (J, 
12, 13). An ultraviolet-visible absorption 
spectrum of the toluene fractions revealed a 
peak at 330 nm indicative of C60 (14). The 
toluene fractions were then analyzed by la­
ser desorption (linear and reflectron) time-
of-flight mass spectrometry (1, 15). All of 
the toluene fractions showed a strong peak 
at mass-to-charge ratio (m/z) of 720 atomic 
mass units (amu), which corresponds to 
C6 0

+ , and a peak at 840 amu, which corre­
sponds to C 7 0

+ (Fig. 1A). In addition, the 
mass spectrum of the Capreol toluene frac­
tion (Fig. IB) showed a strong peak at 720 
amu corresponding to C 6 0

+ and a peak at 
724 amu corresponding to 4He@C60

+, The 
mass spectrum (Fig. IB) of this sample in­
dicates that not only are fullerenes present 
in the Sudbury deposits, but they contain 
trapped He (16). 

Synthetic He@C60 molecules release He 
upon heating (8). We evaporated a separate 
toluene fraction from Sudbury (containing 
fullerenes) to dryness, heated the residues 
incrementally, and measured the 3He and 
4He concentrations (Table 1) using a mass 
spectrometer (17, 18). The He concentra­
tions in the Dowling sample correspond to 
67 atoms of 4He per 107 fullerene molecules 
and 37 atoms of 3He per 1010 fullerenes. 
The JHe release pattern for the Capreol 
sample (Fig. 2) is similar to the release 
pattern determined for synthetic fullerenes 
(8). The release of 3He from the Dowling 
sample (Fig. 2) is somewhat greater at lower 
temperatures and is attributed to the pref­
erential release of He from C70. These mea­
surements suggest that the He was released 
from fullerenes because no other acid-resis­
tant He carrier phase, such as carbides or 
microdiamonds (19), was observed in our 
samples nor would such phases produce the 
release pattern characteristic of He@C60 

that we found upon heating. 
The 3He/4He ratio (sum of all heating 

steps) was 5.88 X 10~4 for Capreol and 5.46 
X 10~4 for Dowling. These ratios are higher 
than the accepted solar wind value of 4-4 X 
10~4 (20) and higher by an order of mag­
nitude than the maximum mantle value of 
4.4 X 10 - 5 (21). Some meteorites have 
been reported to contain He with a higher 
3He/4He ratio, produced by a combination 
of implantation and cosmic-ray bombard­
ment (20). The 3He/4He ratios measured 
for the Sudbury fullerenes are higher than 
the 3.0 X 10~4 value reported for interplan­
etary dust particles collected in the strato­
sphere and in deep-sea sediments (22). The 
implication of the JHe/4He results for the 
Sudbury fullerenes is that the He within the 
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